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ABSTRACT

Rolling-resistance drives the focus of the majority of tyre developments because of its
considerable impact over fuel economy and CO2 emissions considering the enormous
amount of vehicles in use worldwide. Many efforts were carried out to lower the rolling-
resistance but had no to little gains due to the tyre’s complexity and the resultant trade-
offs in the overall performance. This research offers a promising novel and simple tyre
solution of four inner chambers to decrease the rolling-resistance while maintaining the
other key driving performances satisfactorily. In this research, a full 3D finite element
model of the tyre was developed using Abaqus 6.13-1 and validated against several
experimental prototypes of single, dual and five multi-chambers respectively for targeted
rolling performances. Using the validated finite element model as a base model, the
“total design” approach of Stuart Pugh was followed to generate and select the best sub-
optimum design of multi-chamber tyre solution. With parametric investigation using the
full-factorial design of experiments, an optimum structural design with the best cavity
volume and inflation settings were reached. The optimum design provided a 28%
decrease in the rolling-resistance, a matching grip, a satisfactory cushioning and an

enhanced cornering to that of the standard (baseline) tyre.
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CHAPTER (1): GENERAL INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Although they have been around for a long time, for over a century, the pneumatic
rubber tyres in vehicles are still being used worldwide in the transportation of over 60%
of the population and goods [1]. There is a growing demand for pneumatic rubber tyres
that have reached over one billion annually in the global market and that figure is
expected to keep rising in the upcoming years [2, 3]. Such growing demand is
accompanied with increasing needs for further developments and improvements of
pneumatic tyres to meet the diverse functional driving requirements more conveniently

and the changing economic, environmental and health necessities and concerns [4, 5].

Furthermore, those demands and needs for pneumatic tyres are to be understood and
expected due to the benefit and the crucial role the tyres play in vehicles as they are the
only dominant alternative that can efficiently and effectively handle the vehicle ride
under a wide diverse range of driving conditions [6]. In fact, there are no other practical
alternatives to pneumatic rubber tyres; it is unrivalled and unmatched in its applications
and strength and resilience properties in the automotive sector [6]. Moreover, tyres are
the only medium and connection between the vehicle and the road; between which the
tyres transmit vertical, longitudinal and lateral forces that would govern and control the

vehicle’s dynamical handling and driving performance [7].



One of those needs for further improvement is the crucial need to minimise the tyre’s
rolling-resistance which is continually drawing a great deal of focus and consideration
[8]. This is since the rolling-resistance can have a serious negative impact on the vehicle
driving performance, the energy source(s) sustainability, and the environmental
wellbeing [9]. In order for the vehicle to move, the vehicle’s engine needs to exert certain
mechanical energy on the drive wheels to overcome all the opposing forces to the
vehicle’s movement such as inertial forces, gravity forces, wind resistance and tyre’s
rolling-resistance [10]. The rolling-resistance of the tyre is the main contributor among
those opposing forces that try to oppose the vehicle’s movement and causes energy
loss which in turn leads to more fuel consumption and hence more vehicle’s CO2

emissions [8].

Although vehicle engines, nowadays, are more efficient with the help of advanced
technology, it is not of good use if the rolling-resistance is not lowered. This is because
higher rolling-resistance means further lowering vehicle performance in terms of limiting
its speed, causing more power loss and reducing its fuel economy (i.e. higher fuel
consumption), which in return leads to more undesired vehicle emissions and hence air

pollution and global warming (Greenhouse phenomenon) [10, 11].

The tyre’s rolling-resistance can be held accountable for around 20% to 30% of the total
fuel consumption of vehicle depending on the drive cycle and the vehicle’s category
used [8]. Many experimental measurements have been performed that show that fuel

consumption corresponds almost linearly with the variations in rolling-resistance in
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general [10]. A ~10% reduction in rolling-resistance would result in ~1% improvement in
fuel economy depending on the vehicle’s type [12-14]. Even though it might seem a
small improvement, it holds a remarkable effect on lowering CO2 emissions and
improving the environment considering the massive amount of vehicles in use around
the globe [15]. In 2008, the International Energy Agency (IEA) described the use of
lower rolling-resistance tyres as the best approach to decrease CO2 emissions in the

transportation field [13, 16].

Such effect of the rolling-resistance has made vehicle manufacturers, governments and
research institutions place huge interest and put forward tremendous efforts toward
reducing rolling-resistance in tyres and improving fuel economy in vehicles [17-19].
According to Europe technical centre of Nexen tire, the rolling-resistance of the tyre is
beginning to drive and hold the focus of tyres’ developments worldwide in which it is
anticipated that, in the future, the research on tyre’s rolling-resistance will continue to
grow to be intense and very demanding [18]. The legislation across the globe is placing
very strict and challenging requirements for enhancing the vehicle’s fuel efficiency.
Europe’s 2021 emissions regulations demand a limit of 95g/km of CO2 emissions from
vehicle manufacturers which, in terms of fuel consumption, is 4.1 L/100Km for petrol and
3.6 L/100Km for diesel. To meet those limits, car makers are targeting the rolling-

resistance coefficient of 7.0 kg/tonne dropping to 6.5 by 2020 [18].



1.2 AIMS AND OBJECTIVES

1.2.1 Overall Aim

The core aim of this research project is to develop an advanced tyre structural design,
which is capable of controlling the tyre’s profile and its stiffness, for lowering tyre’s
rolling-resistance without compromising other essential features, like the tyre’s grip and

cornering performance, in accordance with the driving/road conditions.

1.2.2 Objectives
In order to accomplish the aim of this research project, the following key objectives are
specified and targeted:

A. Experimentally evaluate the standard design of the chosen tyre for rolling-
resistance and other driving requirements.

B. Introduce basic practical changes to the standard tyre design to have a different
structural design prototype to evaluate for the same performance outputs
experimentally.

C. Develop and validate working finite element (FE) models of the standard and the
structurally altered tyres to compute the rolling-resistance correctly.

D. Generate novel design concepts of the tyre structure which have the potential to
reduce the rolling-resistance.

E. Develop and evaluate the proposed novel structural designs using the validated
FE models to select the best sub-optimum design for low rolling-resistance and

meeting the other driving requirements.



F. Perform parametric analyses using the validated FE models to investigate the
influence of various main structural aspects on the rolling-resistance and the
other requirements and identify the best structural settings for all the driving

requirements.

1.3 SCOPE AND LIMITATIONS

Based on the aim and objectives of this research project, the scope of the research will
involve investigating mainly the effect of introducing different novel structural designs to
a standard tyre on the rolling-resistance and the other driving requirements like the tyre’s
grip, cushioning and cornering performance. To independently examine the structural
effects of the tyre, the principal rolling-resistance as a result of only the internal losses
(i.e. hysteresis damping) in the tyre structure is assessed, which can represent up to
95% of the tyre’s total rolling-resistance at steady-state rolling on a straight flat path [8].
In that regard, the selected tyres are evaluated at straight and steady-state free-rolling
settings on a smooth road-surface drum to eliminate the effects of acceleration,
deceleration, and road roughness on the tyre’s rolling-resistance. In addition, the tyres
are to roll at constant low velocity (i.e. 30 Km/h) to remove the impact of aerodynamic

drag on the tyre’s rolling-resistance [20, 21].

There are several limitations which have restricted the research scope of this project.
First of all, this research project is self-funded with limited resources at hand and a tight
time frame to accomplish. Given the tyre is a highly complex product, the task of

manufacturing new and actual structural prototypes of the targeted tyres to test
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empirically is found to be very expensive, highly time-consuming, and extremely difficult
to achieve especially if it is to involve a “trial-and-error” approach which usually yields no
or little gains in return in practice [8]. With that in mind, the evaluation of the “design
manufacturability” is another research aspect that was not possible to include within the
scope of this research project due to the lack of the required resources. Likewise, the
inflation mechanism of the different tyre chambers is excluded. Once this research
project is published, the author looks forward to attracting potential sponsor(s) to

evaluate the “design manufacturability” as future work.

Nevertheless, some measures were taken to minimise those limitations and address
them to a degree. Finite element modelling (FEM) is used as a credible, cost-effective,
and time-saving alternative to the expensive experimental solution of developing and
testing new structural designs of the tyre [22]. Furthermore, for selecting the best novel
design, apart from considering all the driving requirements, careful consideration is given
for the “design manufacturability” by ensuring the simplicity and conciseness of the
selected structural design of the tyre. Also, some considerations on the “design
manufacturability” and the “inflation mechanism” are given as novel concepts for future

work in chapter (8) of this thesis.

Another limitation to this project's scope is the incapability of the laboratory tyre/drum
test rig to provide a testing rolling speed above 50 Km/h or acceleration/deceleration
rolling conditions. Due to that, the effect of the travelling speed over the rolling-

resistance was not possible to verify and investigate since such an effect is only
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perceptible at around 80-100 Km/h and above whereas below 80 Km/h there is no
apparent effect except for aerodynamic drag influence [20, 23]. Similarly, the effect of
the tyre’s net weight on the rolling-resistance was not included because the tyre’s
rotational inertia has almost no influence over the rolling-resistance during straight free-
rolling whereas its impact is more observable during “acceleration-and-braking”
conditions, which are not supported by the tyre/drum test rig. This goes in line with

Walter [24].

Regardless, again, care is taken to ensure having a proposed structural design of the
tyre that is simple and concise in a way that would avoid gaining unnecessary extra
weight and have a marginal increase in the net weight. In addition, if any further weight
is gained, it would be easily compensated by equivalent weight reduction either in the

wheel, the vehicle or both.

1.4 THESIS LAYOUT AND CONTENTS
The work carried out in this research project in order to achieve the aim and the
objectives in section 1.2 is covered and documented by this thesis over eight chapters in

total as illustrated in Figure 1.1 and laid out as follows:

This chapter (i.e. chapter (1)) serves as a general introduction to the research work
carried out and presented in this thesis. It highlights the context and the rationality
behind the research work conducted, the research aim and objectives achieved, the

scope of the research, and the different aspects of research covered in this thesis.
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For chapter (2), a brief introduction about the concepts of pneumatic tyres and its rolling-
resistance relevant to the research project is given. This is followed by critical analysis
and criticism of the current literature work on the subject of both the rolling-resistance
determination and the tyre developments for low rolling-resistance. Based on this, the
best practices to follow, the ineffective practices to avoid, the norms and regulations to
meet, the targeted specifications to achieve, and the potential research gaps to exploit

for the new tyre design to be achieved in this research project are identified.

In chapter (3), the process used to capture the material physical properties of the
different components of the real tyre(s) and incorporate it into the FE solution to simulate
tyre rolling is explained and described. This involves both the “standard” and “dual
chamber” tyres adopted especially for this research project excluding “prototype 0.5” tyre
for confidentiality reasons since its design, manufacture and ownership belongs to an

external third party under different development project.

With regard to chapter (4), it illustrates the development process of the full 3rd FE tyre
model in Abaqus software for the “standard” tyre from capturing the actual geometrical
profile of the tyre, converting the profile into a full FE model with proper mesh refinement
and validating the model against relevant experiments for static and dynamic tyre
properties. “Prototype 0.5” tyre is not included in this chapter too for the same

confidentiality reasons.



Chapter (5) shows further validation of the proposed FE capability in chapter (4) to
simulate the multi-chamber tyre solution. This involved validating two multi-chamber
solutions, one with dual chambers and the other with five chambers (i.e. prototype 0.5),

against the corresponding experiments for static and dynamic tyre properties.

As for chapter (6), the chapter covers the initial designing for several potential
prototypes of the targeted multi-chamber tyre design (i.e. designs I, Il and IIl) and their
evaluation using the validated FE model(s) for low rolling-resistance and satisfactory
levels of the other driving requirements like tyre’s grip, cushioning and cornering

performance.

In chapter (7), a parametric investigation of the most promising design (i.e. design Il)
from the initial designs covered in chapter (6) is shown and discussed in order to reach
the optimum design settings that would address all the driving requirements
satisfactorily. The investigation includes studying the effects of inner-chamber design

(i.e. designs II-1 and 11-2), cavity volume and inflation pressure for the best settings.

Chapter (8) is the closing chapter of this thesis where a summary of the main research
findings is given highlighting the research novelty and contributions to the current
research field. In addition, the potential areas in this research work that can be

expanded and subjected to further research in the future are identified and suggested.
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CHAPTER (2): LITERATURE SURVEY

2.1 INTRODUCTION

For over a century, the “pneumatic rubber tyre” has been existent since its first practical
invention by John Boyd Dunlop in 1888 [4]. Across the past nearly 100 years, the
“‘pneumatic tyre” went through many improvements such as incorporating carbon black
by Pirelli into tyre’s compound in 1907, inventing the first radial tyre design(s) by Arthur
Savage in 1915, further developing and commercializing the radial tyres by Michelin in

1946, and introducing Tubeless tyres by Goodrich in 1952 [25-28].

To this day, the cycle of tyre improvements is still on-going with growing increase in the
development needs due to the vital role played by the tyre, as the sole choice with no
equivalent contender yet, in enabling and maintaining the complicated vehicle operation
[6]. This is since it is the only physical link between the vehicle and the road which
transmits the necessary driving forces between them in attempt to meet the wide diverse

ride and handling requirements over different road conditions [4].

In line with this research project’s aim and objectives, this chapter mainly aims to
explore, investigate and analyse in-depth the existing research on “tyre structural
design” and its developments with respect to lowering “tyre rolling-resistance”. This
involves looking at the implications, merits and limitations of the current development

studies along with indicating any relevant gaps or opportunities to exploit further for
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future research. Prior to that, this chapter gives coverage to some relevant fundamental
and principal information on tyres and its rolling-resistance to serve as background
material for the subsequent chapters and to understand this research. Henceforth, the
‘rubber” term is used to indicate the vulcanised and filled polymer compounds of the

tyre.

Several sections of the review work done by the author in this chapter, as the main
owner and contributor, especially sections 2.3, 2.4 and 2.5, were published as a part of
a publication plan for this research project work. Those publications can be referred to

through [8, 29, 30].

2.2 WORKING PRINCIPLE OF PNEUMATIC TYRES

As an introduction to the topic of pneumatic tyres, basic background on pneumatic tyres
in terms of their functions and general construction can be found in appendix (A).
Furthermore, the common terminologies and definitions used for the pneumatic tyres in
today’s tyre industry can be found by referring to 1ISO 4223-1:2017 standard [31]. In this
section, a generic overview of how tyres work and behave under the most common

driving conditions are highlighted as follows.

2.2.1 Basic Representation
A very basic and simple representation of the tyre alone (i.e. excluding the vehicle body
and its suspension) is the following single degree-of-freedom system shown in Figure

2.1 below [32, 33]:

12



Driver

Seat

Body

Road

—— e — — - — = __z_______‘

ABSORBER
Cu | y UNSPRUNG MASS
TIRE SPRING TIRE DAMPING

a) “Mass-Spring-Damper” Model(s). % b) lllustrative Model of a Passenger-Car.

v

Rolling Direction

|
|
i
Road Surface
Damping <— /
Stiffness <— EJ;/
Compression DeCompression

c) A Tire undergoing Compression and Decompression
in its Contact Patch as it rolls on Road.

Figure 2.1 Basic Mass-Spring-Damper Model of a Rubber Tyre [13, 32, 34]
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Although the tyre representation in Figure 2.1 does not reflect the actual nature and
behaviour of the tyre in vehicles, it still does give a general understanding of how the
tyre behaves. Here, the spring along with the damper is supposed to reflect the visco-
elastic properties of the tyre and how it acts when it is subjected to load/deformation. In
other words, the tyre acts as a cushion (i.e. damper) to absorb the deformations due to
loads or road irregularities and then returns back (i.e. functioning like a spring) to its
original shape once the source of deformation ceases. Basically, the equation of motion

for such a model would be as follows:

F)=my.a+cy.Vutky. Xy (2.1)

2.2.2 Forces and Torqgues/Moments

According to Erdogan [35], the tyre’s forces are produced as a result of two elements
and they are the friction at the contact patch and the elastic deformation of the tyre.
Using SAE J670e coordinate system, the forces and its moments/torques to act on a

tyre in general are represented as follows in Figure 2.2:
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Figure 2.2 Forces and Moments Acting on Tyre using SAE J670e Coordinates [25]

In Figure 2.2, along the x-axis, ideally, a longitudinal force (Fx) acts from the road on the
tyre during the tyre’s acceleration or deceleration. The longitudinal force is generated
based on the “angular velocity” (Q) of the tyre about the spin axis of the wheel; which in
turn is determined by the “wheel torque” (T) that is produced from the drive axle of the
vehicle’s engine and acts about the spin axis of the wheel on the tyre. This longitudinal
force of the tyre is responsible for the vehicle’s rolling performance, in terms of traction

and braking, and overcoming the opposing force (Fg) to tyre’s forward movement which
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is to be discussed in section 2.3.1.1 [5]. About the x-axis, a moment/torque called the
“overturning moment” (Mx) acts on the tyre as a result of the lateral transferal of the
vertical load (i.e. normal force) between the tyre and the road, with reference to the

contact centre, due to cornering or road irregularities.

Along the y-axis, ideally, a lateral force (Fy) acts from the road on the tyre during
cornering and/or if the tyre was cambered to a side. However, in reality, the lateral force
acts away or off from the ideal y-axis and the contact centre due to the deformation of
tyre’s contact patch during cornering. The distance between the “contact centre” and
“‘where the lateral force is actually applied” is called “pneumatic trail”; which acts as a

moment arm for the lateral force as seen in Figure 2.3 below.

Pneumatic Trail

Direction of Heading

i
Slip Angle, o

~— —

. { irecﬁ()n 0
Slip Region ~—Contact Patch f Trave,
Figure 2.3 Deformation of Tyre’s Contact Patch during Cornering [36]
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Basically, the lateral force of the tyre is generated as a result of the forces formed due to
two non-zero angles during cornering/turning; namely the “slip angle” (a) and the

“camber angle (i.e. inclination angle)” (y) as shown in both Figure 2.2 and Figure 2.4.

X
V“E(
;";
w—sz

Figure 2.4 Forces and Angles of Tyre from its Top View (on left) and Front View (on

right) [37]

The tyre’s lateral force, caused by those two angles, is accountable for the vehicle’s
stability and the cornering performance [5]. About the y-axis, a moment/torque called the
“rolling-resistance moment” (My) acts on the tyre as a result of the fore-aft shift of the
normal pressure (i.e. normal force) between the tyre and the road at the contact-patch in
the direction of tyre rolling (i.e. forward or backwards) with reference to the contact

centre [32]. Principally, this is because of the hysteresis effect induced by the tyre
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deformation at the contact-patch during rolling [38]. Such a phenomenon is to be

discussed further in the next section.

Along the z-axis, ideally, a normal force (Fz) acts from the road on the tyre once the tyre
gets into contact with the road surface. Such force is largely responsible for the
deformation of tyre’s structure, the production of frictional forces, and the determination
of “tyre loaded radius” (R;) as shown in Figure 2.2 [39]. About the z-axis, a
moment/torque called the “aligning moment” (Mz) acts on the tyre as a result of a
combination of two shear forces on the road surface, namely the longitudinal force (Fx)
and the lateral force (Fy) [39]. In the case of a non-zero slip angle (&), such a moment
can act as a restoring moment for the tyre from the travel direction to the heading

direction [25].

2.2.3 Deformational Behaviour

Mainly, as indicated previously, the conventional pneumatic tyre is made up of a filled
and cross-linked synthetic rubber (i.e. long-chain polymers) due to its special
characteristics, which provide the tyre with the necessary strength (i.e. with the aid of
reinforcement plies), resilience, adhesion and cushioning to perform the wide diverse
and sophisticated requirements of vehicle driving on the road [40]. However, once it has
undergone a deformation, the tyre rubber displays both an elastic-solid and a viscous-
fluid like mechanical responses (i.e. viscoelastic behaviour) after it is restored back to its

original shape [41, 42]. The “elastic” part is related to returning the tyre to its original
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shape (i.e. restoring the tyre’s remaining mechanical energy) while the “viscous” part

represents the delay in the tyre restoration (i.e. mechanical energy dissipation as heat).

This delay, often called “hysteresis effect”, can be seen in the phase lag between the
applied stress and the resulting strain responses during repetitive cycles of
loading/unloading as indicated in Figure 2.5. This occurs as a result of the rubbing of the
intertwined long-chain molecules against each other in the internal rubber structure (i.e.
internal damping) leading to heat generation and dissipation during the repetitive tyre

deformation and restoration process [42].

A
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Figure 2.5 Typical Phase Lag between the Stress and Strain Responses as a Function

of Time [10]

In Figure 2.6, a closer look at the stress-strain response for a full strain cycle (i.e. one

complete loading/unloading cycle) reveals the occurrence of energy loss (in the form of
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heat) per each strain cycle as the unloading path follows a different route to that of the
loading one. Such a difference forms an “ellipse”, often called the “Hysteresis Loop”, in
which its area represents the energy loss (i.e. the shaded area in the stress-strain

curve).

Stress

Y

Strain

Figure 2.6 Typical Stress-Strain Response for a Strain Cycle [43]

In addition to viscoelasticity’s effect in terms of tyre’s hysteresis, the rubber's
viscoelasticity is also greatly responsible for the “surface adhesion” between the tyre and
the road [44]. The “surface adhesion” can be considered primarily accountable for the

“tyre’s friction”, namely “grip” [11, 36].

2.3 ROLLING-RESISTANCE
“Rolling-resistance” is a term that is frequently heard and used in vehicle ride with

respect to the operational interaction between the tyre and the road surface; as a
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performance indicator and an assessment criteria especially for fuel economy, braking
distance, tread-wear and other operational aspects related to noise, vibration and

harshness (NVH) [4, 45].

2.3.1 Description and Concept

Over most of the literature, it can be observed that rolling-resistance is being interpreted
and viewed through one of two distinct perspectives [9-11, 46-48]. Traditionally, the
rolling-resistance has been investigated and viewed as a “force” that opposes the tyre
travel path and hence resists its rolling. This concept is limited only to the cases of free-
rolling tyres on flat road surfaces under steady-state conditions, whereas for other
scenarios of driving conditions, it tends to be inconsistent and inadequate. A later and
more comprehensive concept of rolling-resistance is the one where rolling-resistance is
investigated and treated as an “energy loss” caused due to tyre rolling. Those two

concepts of rolling-resistance are further discussed below:

2.3.1.1 Rolling-Resistance as a “Force”

In this perspective, the rolling-resistance is tackled and interpreted in terms of “force”
and “moment” balance at the contact patch. According to the “force” concept of rolling-
resistance, when a pre-loaded tyre freely rolls on a flat and hard road surface under
steady-state conditions; the resistance to the tyre’s rolling is generated as follows in

Figure 2.7 below [11, 49]:
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Figure 2.7 Tyre’s Rolling-Resistance as “Force” and “Moment” for Steady-State

Conditions [11]

During tyre rolling, the front half of tyre’s contact patch experiences compression
accompanied with some losses in the form of heat as a result of the tyre deformation,
under a vertical load and against the road surface as it rolls, and the viscoelastic nature
of its material (i.e. hysteretic damping effect). As the tyre continues to roll, at the rear
half of the contact patch, the tyre starts to return back to its normal shape but only after
a certain period of time has passed (i.e. “relaxation time”) as not all of the stored elastic
energy at tyre’s interface region with the road is recovered back to the tyre. Again, this is

due to the hysteresis damping.

Such behaviour leads to a longitudinal shift (t;) in the application point of the “reaction to

the normal load” (-F7) at the contact patch from being exactly underneath the wheel spin
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axis toward being in the first half of the contact patch as illustrated in Figure 2.7. This
shift produces a moment about the wheel spin axis that opposes and resists the tyre
rolling (i.e. rolling-resistance moment (My)). Furthermore, there is the generation of a
longitudinal shear force (i.e. rolling-resistance force (Fgr)) at the contact patch that
opposes and resists the forward movement of the tyre. The rolling-resistance force (Fg)
creates a moment about the wheel spin axis that counteracts the rolling-resistance

moment (My).

To maintain the steady-state rolling condition, a force is required to be implemented from
vehicle’s engine to the wheel centre that is equivalent to the rolling-resistance force (Fgr)
in magnitude but in-line with the tyre rolling direction. This way both the rolling-
resistance moment (My) and the rolling-resistance force (Fg) will be balanced out and
cancelled. For steady-state conditions, basically, the rolling-resistance (Fgr) can be

calculated from the longitudinal shift (t;) as indicated below:

_ Rolling Resistance Moment _ (Fz) X (t;) _ (Fz) X (t;)

Fr = =
R Loaded Tyre Radius Re R. cosB (2.2)

Where

0 = Angle between “R” and “R¢” as shown in Figure 2.8.
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Figure 2.8 Loaded and Unloaded Tyre Radiuses [11]

2.3.1.2 Rolling-Resistance as an “Energy Consumed”

At this perspective, the rolling-resistance is viewed as the “loss incurred in mechanical
energy” of a rolling tyre deflected under a vertical load. In this concept, it is emphasized
that the rolling-resistance to be taken as a scalar quantity, which is the “energy per unit
distance”, and not to be regarded as a “force” (i.e. a vector quantity) despite both

guantities having the same measuring units (i.e. Joule/Metre = Newton) [48].

With this alternative concept, the rolling-resistance is seen as a representation of all the
mechanical energy losses of the tyre in the form of heat as a result of the tyre rolling for
a unit distance [9, 10]. According to thermodynamics principles, the energy losses of the
rolling tyre occur due to multiple work and heat transfer mechanisms. For straight-line
and steady-state free-rolling on a flat road surface, those mechanisms are mainly as

follows and seen in Figure 2.9 [10, 11, 50-53]:
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a)

b)

Most of the energy transformation or loss happens internally within the tyre’s
structure in the form of heat dissipation as an outcome of the “viscoelastic
behaviour of tyre material(s) (i.e. mechanical hysteresis)” when the tyre rolls and
experiences deformation due to a vertical load and/or road irregularities (i.e. 80 to
95% of total rolling-resistance). Further details on tyre deformation and hysteresis

effect were covered in section 2.2.3.

“Aerodynamic drag” as a result of tyre rolling against surrounding air causing the
air to act as a barrier that is rubbing against the tyre and slowing down from its
rolling movement leading to thermal energy generation or heat exchange. This
mechanism starts to be perceptible after 30 km/h and becomes significant when
the tyre is rolling at high velocities (i.e. 0 to 15% of total rolling-resistance) [20,

21].

“Friction/slip” between the tyre and road surface and between the tyre and wheel-
rim during tyre rolling. Mainly, during rolling, a part of the contact patch of the tyre
tends to stick momentarily to the road surface while the rest of the contact patch
area starts to rub against the road surface causing slipping or friction to occur at
the interface and hence heat generation. This mechanism is the least contributing

to rolling-resistance (i.e. ~5% of total rolling-resistance).
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Figure 2.9 Main Mechanisms Responsible for Tyre Rolling-Resistance [20]

In general, the intensity and extent of rolling-resistance rely on the sort of tyre, the type
of road surface, and the vehicle operating conditions (e.g. tyre’s load, inflation pressure
and speed) in use [10]. Unlike the “force” concept, here, rolling-resistance can be
calculated for both “steady-state” and “transient” driving conditions as indicated below

according to both Pillai [9] and LaClair [10]:

For any “Steady-State” conditions, according to “conservation of energy” principle, the

rolling-resistance can be determined based on the “net mechanical power input” of the

tyre (i.e. the rate at which energy is transformed into heat due to tyre rolling) as follows:
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RRE = m (2.3)

For “Transient” conditions, the rolling-resistance can be determined through the
modification of the earlier Eq. (2.3) in which the rolling-resistance is calculated based on
the “changes of the tyre’s thermal energy” as indicated below:
du .
(G~ Q)

RRE = V—S (2-4)

2.3.2 Rolling-Resistance Calculation

In this section, a careful review is conducted over the mainstream approaches used to
measure the tyre’s rolling-resistance in the current research field to select the best
methods possible to evaluate the tyre’s rolling-resistance properly in this research
project in accordance with the research aim and objectives in section 1.2. From the

literature, three main approaches are found and they are as follows:

2.3.2.1 Analytical Approach

Generally, the analytical approach uses mathematical modelling to describe certain
physical mechanisms in the tyre application. This involves representing the tyre structure
through a basic physical set-up, like a ring, plate or string, which can be expressed
mathematically based on empirical tyre parameters/constants to approximate the

mechanical response of interest [5, 54, 55].
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Commonly, in the analytical models, the tread is treated as a pre-stressed interface with
a given bending stiffness whereas the sidewall is of either elastic or viscoelastic
foundation upholding the tread region [5, 55]. As highlighted previously, the tyre is a
highly non-linear and complex product whether it was for its geometry, material
response or contact boundary conditions [56]. This has made it extremely difficult to
develop analytical models capable of predicting tyre’s rolling-resistance accurately over

the tyre structure [22].

Nevertheless, several efforts were made to estimate the overall tyre rolling-resistance.
Stutts and Soedel [57] introduced a model where the tread is represented as a fixed
extension band supported by a sidewall of elastic foundation in which the rolling-
resistance is determined based on the deflection at the contact-patch. Kim and Savkoor
[58] predicted the hysteretic loss using an elastic ring model with viscoelastic foundation.
Various analytical models, including a flexible ring model, for rolling-resistance
calculation were performed by Miége and Popov [59]. Li et al. [60] proposed an elastic
brush model to compute the energy lost based on the integral of the loading/unloading

curve functions at the contact patch.

In general, the available analytical models are found to be simple, inexpensive and time-
saving and sometimes give useful perceptions about the physical mechanisms and the
total rolling-resistance. Nevertheless, those models have oversimplified geometrical and

material definitions compared to the actual tyre. This has made those models incapable
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of capturing the rolling-resistance accurately given the tyre’s complexity and the diverse
rolling conditions especially the dynamic, non-linear and more sophisticated contact
problems. In addition, the analytical approach is found unable to predict the energy
dissipation in detail across the tyre structure. Those findings go in line with that of Yang

[5], Hoever [54] and Andersen et al. [22].

2.3.2.2 Experimental Approach

Many researchers have pointed out that, with drum testing, it is possible to precisely
predict the direct rolling-resistance of tyre (i.e. due to tyre’s internal losses) at the
desired testing conditions and protocols without the interference of other factors like
changes in temperature, road roughness and dryness unlike the other methods [12, 22,
61-63]. In that regard, Smith [61] commented that the drum method allows for consistent
and repeatable measurements to be achieved enabling evaluating, rating and
comparing tyres and their characteristics. Contrarily, this forms a big challenge and an
obstacle that needs to be addressed for the other measuring methods, specifically, the
“trailer” and the “on-vehicle” (i.e. coast-down and fuel consumption) according to

Sandberg [50], Andersen et al. [22] and Ejsmont et al. [63].

However, both Smith [61] and Ejsmont et al. [63] highlight that the drum method is very
limited when it comes to replicate the actual-world scenarios accurately and to measure
everything related to the rolling-resistance contribution in the vehicle. Such limitation can
be largely overcome by using, for example, the on-vehicle testing which is a broad way

to measuring all things influencing the rolling-resistance in the vehicle. In line with this
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research project goal(s), the “laboratory drum testing” is chosen as the best method to
measure experimentally the rolling-resistance due to the tyre deformational behaviour
(hysteresis damping) at the contact patch, at free-rolling condition, compared to other

measuring methods like the “trailer” and “on-vehicle” tests.

2.3.2.3 Finite Element Approach

Many studies on the tyre rolling-resistance prediction were conducted utilising finite
element approach as a cost-effective, time-saving and adequate substitute to the time-
consuming and expensive experimental method [22, 54, 64-66]. In the existing literature,
various methods were used to estimate the tyre’s rolling-resistance in terms of either
“drag force” or “energy dissipation” [54, 67]. The second term is broadly used to describe
the tyre rolling-resistance since it is more comprehensive and valid regardless of the

given rolling condition [65, 67, 68].

Generally, to evaluate the tyre rolling-resistance as an energy loss, the finite element
(FE) model would need to have both a deformational module and a dissipative module
of the tyre [22, 66]. For the deformation component, the FE approach is found to be
capable of providing detailed geometrical tyre models subjected to exact
boundary/loading conditions with well-developed and precise hyperelastic/elastic
material models (e.g. Yeoh, Neo-Hooke and Arruda-Boyce models) [54, 66, 68]. For the
dissipation component, generally, one of two methods is implemented to calculate the
tyre energy dissipation and it is either by a “viscoelastic theorem inside a post-FEA

processing code” or “viscoelastic material functions within the FEA solution”.

30



In the “viscoelastic theorem” option, commonly, a commercial FE platform is utilised
together with an external in-house developed code. The FE platform would have a 3D
elastic FE tyre model subjected to either a static contact (non-rolling) analysis or a
steady-state rolling analysis. Separately, the loss properties of the tyre materials are
obtained experimentally. The external code is used as a post-FEA processing tool to
analyse either the elastic strain energy outputs or the time records of the stress-strain
cycles of the FE tyre model with the material loss properties captured experimentally to

compute the tyre rolling-resistance as per the given viscoelastic theory.

Luchini et al. [69] proposed a strain-based viscoelastic theory (i.e. “Directional
Incremental Hysteresis”) that is applied with a quasi-static FE tyre model to compute the
rolling-resistance. A reasonable match was observed between the computed and the
experimental results. Ebbott et al. [70] introduced a semi-coupled approach in a
thermomechanical analysis. The tyre energy loss was calculated through a linear
dissipation module based on the strain history obtained from an elastic static-contact FE
model and the experimental loss parameters. However, some deviations were found

between the computed and the experimental rolling-resistance results.

Ghosh [65] conducted a similar investigation to Ebbott et al. [70] but with a non-linear
viscoelastic in-house code to determine the energy dissipation. Nearly 10% error was
found between the estimated and the experimental results. Cho et al. [71] calculated the

tyre rolling-resistance using an in-house Fortran code and a static-contact FE model.
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Similarly, an error of ~13% was noticed between the computed and the experimental
results. Other investigations including Shida et al. [72], Wei et al. [68], Ma et al. [73],
Hoever [54], and Golbakhshi and Namjoo [74], have used similar approaches and very

similar results were reported.

Evidently, the majority of the available “viscoelastic theorem” studies normally use in-
house developed codes which are not accessible to the public. A further drawback is the
involvement of linear viscoelasticity based assumptions within the theory solution to
describe the highly non-linear viscoelasticity of the tyre rubbers. Nandi et al. [40]
highlighted the same conclusion. Moreover, the viscoelastic theory comprises of a
detailed and long dynamic analysis of the tyre that would usually include simplifications
and assumptions to arrive at an approximated solution of restricted precision. The
theorem method is best suited to use with static-contact FE models rather than dynamic

rolling especially when the complexity of the contact problem increases.

For the method of the “viscoelastic functions of the FEA solution”, it would involve the
usage of a “viscoelastic material model” within a commercial FEA solution to estimate
the tyre rolling-resistance. The viscoelastic model is defined by inserting its material
coefficients into the FEA solution matrix. These coefficients are computed based on
time-domain or frequency-domain experimental data, in some cases, under various

strain or frequency cycles.
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Ghosh et al. [75] attempted to compute the tyre rolling-resistance by using an equation
of Pillai and Fielding-Russell [76] and extracting its parameters from a steady-state
rolling FE simulation with a linear viscoelastic model (i.e. Prony series). A single rolling
condition was validated only with ~12% error between the computed and the
experimental results. Kim et al. [77] proposed a method for fitting the prony series model
of a dynamic rolling-tyre FE simulation against the experimental material loss-tangents
for different loading frequencies. The tyre rolling-resistance was calculated based on the
dissipation energy output. A good agreement was achieved between the computed and

the experimental outcomes.

Hernandez et al. [64] used an equation of Schuring [78] to calculate the tyre rolling-
resistance based on the longitudinal reaction force obtained from a free-rolling FE
simulation with a prony series model fitted under different temperatures and frequencies.
No experimental validations were provided to support the FE results. Rafei et al. [79]
have used a non-linear viscoelastic model called “Bergstrom-Boyce” model based on the
“parallel rheological framework” (PRF) to predict the tyre’s rolling-resistance at a steady-
state rolling using Abaqus/Standard. A poor validation was provided with differences
between the FE and the experimental results which may refer due to the insufficient
fitting of the adopted material model and the inadequacy of the Abaqus/standard
procedure to the non-linear PRF-based model, especially for a dynamic rolling case.

Both Nandi et al. [40] and Nyaaba et al. [80] made the same remarks.
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Observably, most of the available “viscoelastic models in the FE solution” treat the tyre
viscoelasticity as linear instead of being non-linear as in reality. The validity of the FE
solution relies greatly on the accuracy and scope of the experimental fitting procedure
used to compute the viscoelastic model’s parameters and its suitability to the rolling
condition(s) investigated. A further matter is the trade-off involved between the output
accuracy, the set-up complexity, and the computational resources needed for the FE

tyre model.

Overall, the tyre rolling-resistance can be estimated with a reasonable degree of
accuracy using the current FE approaches. Nevertheless, the tyre FE solution for the
rolling-resistance is yet an incomplete task and more improvements are still required.
The reason behind that is the complexity of the mechanism bonding the hysteresis
phenomenon with the rolling-resistance which becomes more sophisticated with the
involvement of the various tyre design and operational parameters [8]. The main
challenge lies in obtaining a realistic material model for the rolling-resistance FE solution

that is capable of capturing the non-linear viscoelasticity of the tyre rubbers.

For this research project, the “power-law strain hardening model” (i.e. a non-linear
viscoelastic model) of the “parallel rheological framework” is used to calculate the tyre’'s
rolling-resistance through a proposed new method as shown in chapters (3) and (4) of

this thesis.
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2.4 ROLE OF OPERATIONAL CONDITIONS

The operational parameters of the tyre play an important role in influencing the tyre’s
physical properties especially the rolling-resistance in which their consideration is
necessary to take into account whenever a new tyre design is sought along with their
maintenance during operation. In this section, only three core operational parameters
are considered with respect to their relationship to rolling-resistance because they are
controllable parameters with a significant effect on the rolling-resistance and they are as

follows:

2.4.1 Normal Load

In general, the normal load (vertical force) is exerted on the tyre as a result of the
vehicle’s weight coming into contact with the road surface through the tyre as a medium.
Across the literature, it is evident that increasing normal load has a remarkable impact
on increasing rolling-resistance too in a nearly linear manner. This is because an
increase in normal load would mean further bending and shearing of tyre construction at
the contact-patch and hence higher deformation and hysteresis damping [10, 15, 20].
Being a major player in influencing rolling-resistance, the coefficient of rolling-resistance

(CR) is basically expressed with respect to normal load (F;) as follows:

Fr (2.5)
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Michelin [20] conducted an experimental measurement of rolling-resistance under
different loads, for passenger-car tyre according to ISO 8767 standard, in which it has
been found that the rolling-resistance force (Fr = Fgrg) increased proportionally with the
increase of load (Fz) while the rolling-resistance coefficient (Cr = Cgrg) has actually
moderately decreased with the load as indicated in Figure 2.10. LaClair [10] refers the
reason behind the decrease of the rolling-resistance coefficient to the increase of tyre’s
temperature because of load increasing which leads to reducing the coefficient of rubber

hysteresis losses and in return decreasing the rolling-resistance coefficient.

A FRR or CRR
with a base of 100
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100 - e
— Cr
80 -
Z as % of Z.,
60 | : L L | >
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Figure 2.10 Rolling-Resistance at Different Normal Loads for Passenger-Car Tyre [20]

Many other investigative studies reflect the same pattern of the almost linear
proportional relationship between the rolling-resistance and the vertical load. Examples

of such studies are indicated in Table 2.1 below:
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Table 2.1 Influence of Vertical Load on Tyre’s Rolling-Resistance [8]
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Operating Conditions y o
o 0| c
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37



Tyres
. Radial (FR78-
7 |[82] Experimental 14) Tyre - = =] = = — 0
Experimental &
8 | [83] Thermal Radial Tyre - = =] == - 0
Modelling
Numerical (FE .
: . Radial
9 |[84] Modelling) with Passenger- | — | — | = | - | — _ T
Experimental Car Tvre
Validation y

Key Indicators:
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\

?

: Slight Decrease
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N/A : Not Applicable
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Improvements that can be made to lower the effect of normal load on rolling-resistance
are limited and constrained by the vehicle’s size and the nature of usage. Yet, many
developments were made to minimise vehicle’s weight especially in passenger-cars
such as replacing vehicle engine’s parts, wheel (rim) and vehicle body panels with

lightweight materials like aluminium alloys, plastics and fibres.

2.4.2 Rolling Velocity

Across the literature, increasing rolling speed exerts nearly no change on rolling-
resistance until the speed reaches ~100km/h where rolling-resistance starts to slightly
increase then dramatically increase as the speed arrives at and exceeds ~120km/h.
Such influence of higher speeds is due to several phenomena that take place. As speed
increases so do the centrifugal (inertial) forces in the tyre which with higher speeds lead
to the creation of standing waves (i.e. vibrational energy) in the tyre’s circumference and
hence increasing rolling-resistance through hysteresis effect [10, 15]. Increasing the
speed would also raise the frequency at which tyre deformation occurs increasing in
return the loss-tangent (dissipation factor) of tyre material(s) [10]. Moreover, at higher
speeds, there is the growth of aerodynamic drag as seen in Figure 2.11 that acts against

tyre movement and hence causes rolling-resistance to rise significantly [20].

However, sometimes, rolling-resistance might decrease with speed increase due to the
rise in tyre’s temperature to the point where the loss-tangent (dissipation factor) gets
affected and decreased and hence the rolling-resistance too as indicated previously with

the case of the normal load in section 2.4.1 [10, 15].
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Figure 2.11 Impact of Tyre Size and Speed on Aerodynamic Drag [20]

Michelin [20] performed an experimental measurement of rolling-resistance under

different speeds, for passenger-car tyres according to ISO 8767 standard, in which it has

been found that the rolling-resistance (Frr) increased significantly as the speed reached

and exceeded ~120km/h as shown in Figure 2.12.
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Figure 2.12 Rolling-Resistance under Different Speeds for Passenger-Car Tyres [20]
Many other studies exhibit a good agreement with Michelin’s experimental results in

Figure 2.12 in terms of the relationship of rolling-resistance with speed. Examples of

those studies are given in Table 2.2 below:
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Table 2.2 Role of Rolling Velocity on Tyre’s Rolling-Resistance [8]
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43



Attempts were made to keep the vehicle’s speed within the range where the rolling-
resistance is stable and not experiencing an increase like including the “cruise control”
unit to enable the driver to maintain constant speed of vehicle or the “warning indicator”
in vehicle’s dashboard to warn the driver when reaching high speed (i.e. 120km/h).
Alternatively, developments were made to the tyre construction, especially the design
and materials of the reinforcement cords, to minimise the intensity of standing waves or

make sure the standing waves occur at very high speed [86-89].

2.4.3 Inflation Pressure

With respect to the existing literature, compared to the impact of load and speed, the
inflation pressure has the most notable influence over rolling-resistance where rolling-
resistance tends to be inversely proportional to pressure for hard road-surfaces. With
temperature increase, besides the material effect indicated previously, the rolling-
resistance would decrease more because of the further increase in pressure due to the

thermal expansion of air inside the tyre [15].

Such effect on rolling-resistance is because the increase in pressure would make the
tyre harder and holds its shape more firmly compared to a lower pressure tyre. This
would lead to a lower area of contact-patch with the road along with lesser bending and
shearing stresses created in the tyre; which means less tyre deformation and hence less

tyre hysteretic damping [10, 11, 15, 20, 32].
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Michelin [20] conducted an experimental measurement of rolling-resistance under

different pressures, for a passenger-car tyre according to ISO 8767 standard, in which it

has been found that the rolling-resistance decreased significantly with the pressure

increase as seen in Figure 2.13.
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Figure 2.13 Rolling-Resistance under Different Pressures for Passenger-Car Tyres [20]

Many other studies generally match Michelin’'s experimental results in Figure 2.13 in

terms of the relationship of rolling-resistance with pressure for normal hard road-

surfaces. Examples of those studies are indicated in Table 2.3 below:
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Table 2.3 Effect of Inflation Pressure on Tyre’s Rolling-Resistance [8]
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It is economically and environmentally wise to maintain the tyres at the proper inflation
pressure to help to keep rolling-resistance down. This is as a decrease in inflation
pressure by 15% below the targeted pressure can lead to a rise of 2.7% in fuel
consumption [91]. To minimise from such drawback, pressure monitoring and self-
inflation mechanisms are increasingly introduced and utilised. However, they are mostly
applied in military and commercial transportation sectors such as the Tiremaax-Pro,
MTIS, and TPCS systems. In contrast, for passenger-car vehicles, only the pressure

monitoring solution is commonly applied [92-99].

Most of those developments were done on the commercial vehicles rather than the
passenger-cars due to the profound gains it has on fuel economy for commercial
vehicles which far exceed that of the passenger-cars. This is especially as the
commercial vehicles can house the inflation systems properly unlike the passenger-cars

where it could be of an issue [15, 100, 101].

Regardless, there are two potential prototypes of self-inflation systems that can be
included as a part of the tyre assembly. While those prototypes are set initially for
commercial vehicle usage, there are current plans in motion for the passenger-car
usage too [94, 100-102]. The first prototype is the Goodyear AMT or Coda SIT where
the inflation is induced from the peristaltic pumping (loading/unloading) effect of the tyre
and the second one is the Aperia’s Halo in which the inflation is supplied by a pendulum

pump fitted to the wheel hub and operated from tyre rolling motion [99, 102, 103].
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2.5 TYRE ADVANCES FOR LOW ROLLING-RESISTANCE

Principally, the way the tyre is designed and constructed determines its performance
and response under different drive/road conditions. In this section, a state of the art
review is conducted on the existing development research related to the tyre structural
design and its effect on rolling-resistance with focus on the deformational hysteresis
effect since it is the key contributor to the dominant majority of the tyre’s rolling-
resistance. In addition, this is to independently investigate the tyre structural role in
reducing the rolling-resistance in line with this research project’'s aim and objectives.
Accordingly, the current literature is found to fall under three categories of the tyre

structural design and those categories are as follows:

2.5.1 Body Configuration and Construction

This section concerns the studies done on the building-up parts of tyre’s structural body
and its overall effect on rolling-resistance. One of the major advances done in this field is
the production of “Radial-Ply” tyres, by Michelin in 1946, and its replacement of the
energy-consuming “Bias-Ply” tyres [27]. The adoption of radial tyres, as an alternative
tyre construction, has brought a remarkable reduction in tyre’s rolling-resistance as seen
in Figure 2.14, which can count up to an average of ~25% or more, compared to that of
older Bias tyres constructions [78, 104, 105]. There is even the claim of this reduction

reaching ~40% for the conventional radial tyres [106].
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Figure 2.14 Tyre Advances for Rolling-Resistance Reduction [20]

Across the literature, many studies confirm the fact that radial tyres provide much lower

rolling-resistance compared to that of bias tyres as summarised in Table 2.4.
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Table 2.4 Advances in Body Construction [8]
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The advantage of the radial tyre over bias tyre with respect to rolling-resistance
reduction can be referred obviously to the difference in the ply-construction between the
two in terms of the number and orientation (angle) of body-plies and the existence of
belts. Generally, the radial tyre contains a single radial-ply with several belts while the
bias tyre consists of several diagonally oriented plies with no belt(s). Such construction
makes the radial tyre have quite low friction internally along with a lot easier cord(s)
deflection when under loading; which results in less heat generation and therefore less

deformational energy and lower rolling-resistance [15, 28, 104, 106].

Although the existing studies indicate positive effects of radial tyres over fuel economy,
most of those studies were conducted under inconsistent experimental conditions
compared to each other which need standardisation to have more proper comparative
investigations. Moreover, the radial tyres’ advantage in fuel economy can be easily lost if
other interrelated factors were not properly maintained like insufficient levels of inflation

pressure or improper driving style [105].

LaClair [10] has reported that the addition of “nylon cap-ply” to the radial tyre
construction can lead to an increase in rolling-resistance by a few percent if the tyre
speed is below ~120kph especially when the tyre is not originally designed to
accommodate the cap-ply. This is because including a cap-ply in the tyre would mean
more mass to include producing further energy dissipation under cyclic deformation that
could count up to ~2% of rolling-resistance. Above ~120kph, the cap-ply has a different

impact on rolling-resistance in which it actually aids in lowering the tyre’s rolling-
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resistance. The reason behind this is that the cap-ply acts as crown reinforcement that
decreases the impact of the centrifugal forces generated, limiting the crown’s curvature
change when in the contact-patch, and hence lowers the increase of rolling-resistance
with higher speeds as was illustrated earlier in Michelin’s investigation in Figure 2.12 of

section 2.4.2.

For the “belt” geometry of the tyre, Lindemuth [28] indicated that having “wider belts”
layer would have diverse effects on the overall tyre performance as shown in Figure
2.15 where the red-dots outside the circle represent an improvement in performance
and vice versa. For tyres with wider belts, the speed-capacity, handling and traction
performances were improved but at the expense of negatively impacting the ride, rolling-
resistance and weight aspects. The increase in rolling-resistance, here, is because the
wider the belt layer would mean the greater the tread area that would be supported
directly by the belt under vertical loading for more contact flatness with the road resulting
in greater deformation of the tread region at the contact-patch. This is in addition to
causing a reduction in tread’s flexibility and more added mass that would consume more

deformational energy [15].
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Figure 2.15 Impact of using Wider Belts on Overall Tyre Performance [28]

Both Yurjevich [108] and Walter [109] have carried out extensive work on designing,
building and testing numerous tyres for the influence of belt geometry on rolling-
resistance as indicated in Table 2.4. In general, the reduction of rolling-resistance in
both Yurjevich [108] and Walter [109] works was achieved whenever there was a
reduction in the size of the belt geometry which meant having less mass and hence less
deformational energy consumed. This investigative work of both Yurjevich [108] and
Walter [109] took tremendous time and costs to complete in which more than a year was

spent on designing, building-up, and testing the tyres.
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As for the “tread” geometry of tyre, there were several investigations done on the effect
of “tread patterns” on rolling-resistance. For example, Keefe and Koralek [110] examined
tyres both with and without tread patterns. They found out that pattern-less tyres
exhibited 8% lower rolling-resistance than that with patterns. For tyres with patterns,
they concluded that the same tyres but with different tread-patterns had no clear change
in rolling-resistance among them. Williams [111] had similar results as illustrated in
Table 2.4. On the other hand, Gerresheim [112] showed that there is a change of 2-5%
in rolling-resistance for similar tyres but with tread-patterns of different block sizes and
arrangements. Those findings can be supported through Knight's [113] work where he
experimented on truck tyres with different tread-patterns and concluded that a block-
pattern led to a rise in rolling-resistance by 15% more than a rib-pattern. Nonetheless,
Knight [113] indicated that such a difference between those patterns might be due to
block-pattern having a deeper tread of 3-5mm (i.e. see the next section 2.5.2 for the

impact of tread-depth on rolling-resistance).

A recent invention by Sandstrom et al. [114] was made which introduces a stiffness
enhanced tread to the tyre by embedding plugs into the tread-cap as seen in Figure
2.16. The embedded plugs, tread-cap and tread-base come in different materials to
each other. Those embedded plugs are supposed to provide the tread with a higher
stiffness vertically meaning less compressive strains to the tread under loading and

hence less deformational energy which in turn lead to lower rolling-resistance without
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largely affecting other tyre’s characteristics. Such a conclusion was claimed to be

reached based on experimental work, but no results of this work were presented.
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Figure 2.16 “Stiffness Enhanced Tread” Tyre [114]

A growing trend in tyre construction is the movement toward developing “Non-pneumatic

(Air-free) tyres” due to its potential gains over pneumatic tyres with respect to lower

58



rolling-resistance, inflation maintenance-free, and no flat-run [115]. According to Rhyne
and Cron [115], those non-pneumatic tyres are usually made-up from flexible spokes
that link the wheel hub to an outer composite shear ring on which a rubber tread is

mounted as shown in Figure 2.17.
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Figure 2.17 Non-Pneumatic (Air-Free) Tyre Construction [118]

Commonly, the spokes and shear band of the outer ring come with a hyperelastic
material, like polyurethane, that promotes flexibility along with lower damping and hence
less viscoelastic energy loss leading in turn to lower rolling-resistance [118]. A practical
example of non-pneumatic tyres is that of Bridgestone’s 2nd generation air-free tyre for

small vehicles with a maximum speed of 60km/h presented in Figure 2.18.
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A) Tyre Layout B) Tyre(s) fitted on Vehicle

Figure 2.18 Bridgestone’s 2nd Generation Non-Pneumatic Tyre [119]

Despite the potentials the Non-pneumatic tyres hold, there are yet limitations and
challenges facing the non-pneumatic tyres that need to be tackled and overcome. One
of those limitations is that the non-pneumatic tyres may sometimes give greater rolling-
resistance than that of the pneumatic tyres due to the usage of a large number of
dissipative lattice spokes to sustain a targeted loading and maintain certain ride
comfortability as the case of “Michelin Tweel” tyre. Such spokes would cause additional
mass, further heat generation, and more inter-spokes friction [116, 118, 120, 121]. Also,
generally, the non-pneumatic tyres are limited to usage with small vehicles of low to
moderate speeds under normal conditions where the usage for conventional vehicles
operation is yet to be realised. However, there are multiple researches and attempts that
were conducted to further improve the non-pneumatic tyres like Kaufman et al. [122], Ju

et al. [123] and Ma et al. [124] on the usage for lunar rovers and passenger-cars and
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Rutherford et al. [125] and Narasimhan et al. [126] on minimising vibration of non-

pneumatic tyres for high speeds usage.

An emerging and prospective design concept of tyre construction is the development of
multiple internal chambers inside the tyre’s cavity (i.e. Multi-chamber tyre) to control the
tyre profile and its stiffness according to the drive/road conditions. Such a concept has
the potential to serve as an alternative improvement to lowering rolling-resistance
without adversely affecting other tyre central characteristics due to the current tyre
structure complexity. Different concepts of multi-chamber tyres are introduced as
untested patent designs in the public domain [30]. Majority of those designs are made to
reinforce tyre beads mounting to the wheel, ensure air-sealed cavity, and address run-
flat conditions [127-131]. Generally, those designs come either as internal tubing
partitioned by radial separators or circular dual to triple chambers placed adjacently or
concentric to each other. Nevertheless, the validity and reliability of those patents are to
be questioned since they claim satisfaction of specific needs only and no investigations
were done to support their solution’s practicality and achievement of various driving

needs.

To enhance off-road grip, further patents were proposed involving the use of either
circular concentric multi-chambers or attachable circular shoe-housing to the tread-
outside containing internal multi-chambers [132-134]. Each of Lambe [135] and
Francesco et al. [136] suggested through their patented designs that better ride comfort

and fuel-saving are possible through having concentric and circular dual-chambers at
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which the internal chamber is inflated at a lower pressure than that of the external
chamber. Such a proposition can be confronted with the chance that the proposed
design settings may negatively affect in turn the tyre’s grip, beads mounting, and
structure balance during rolling. This is especially since the designers did not supply any

validations to back-up their proposition.

Coyote [137] developed an attachable inner chamber that can be used to turn the
conventional tyre into concentric and circular dual-chambers. The internal chamber is
set at higher pressure to back-up both beads mounting and run-flat conditions whereas
the external chamber is set at lower pressure to provide better off-road grip. Each of
Bridgestone [138] and Goodyear [139] has provided separately a prospective design
model of a circular multi-chamber tyre for enhanced handling, comfortability and fuel-
saving by altering chambers’ inflations independently and variously according to
driving/road conditions. Both tyre makers are exerting extensive efforts to further

improve their notional models into actual, makeable and working prototypes.

In an uncompleted project by Fusion Innovation [140], Kubba [117] evaluated a basic
tyre prototype of four inner-chambers empirically and concluded that multi-chamber
solution could influence reducing the rolling-resistance. His evaluation involved building-
up a tyre FE model through Abaqus/Standard which was restricted to estimating the
quasi-static responses besides the cornering performance to a specific range. However,
the FE model was incapable of computing the tyre’s rolling-resistance and the inner

cavity response since neither the medium of cavity air nor its interaction with the tyre
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structure was accounted for. The tyre inflation was compensated by just applying the
relevant distributed loading pressure along the tyre inner-liner in accordance with each

chamber domain.

In the context of multi-chamber tyres, there is weak coverage and shallow literature on
the topic especially with respect to reducing the rolling-resistance since the multi-
chamber tyre is relatively new and immature research area in which it is still in the
designing phase or laboratory prototyping with no actual usage yet. The existing
research projects on this field are on-going and confidential ones belonging to
automobile and tyre institutions. Therefore, it is a research field that is yet to be explored
and investigated in-depth with rich research opportunities and infinite designing

possibilities.

Overall, the existing literature on tyre construction shows that the radial tyre
construction, once its generic design became standardised, has contributed to lowering
the rolling-resistance greatly at one go. Subsequent constructional improvements for
lowering the tyre’s rolling-resistance were done on an incremental basis over a
prolonged period of time. This could be since the experimental development work is a
very difficult task to accomplish because of the high costs, the large time-taken, and the
little or no gains involved in the process due to the complexity of the tyre structure. An
instance on that would be the works of both Yurjevich [108] and Walter [109] mentioned

earlier.
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In addition, usually, the small improvements made in the tyre construction to lower the
rolling-resistance are restricted to the specific tyre that was investigated due to the
complexity of the tyre design and the involvement of many interrelated design factors at
particular settings in the process. A good example is Thompson and Myriam [107]

investigation conducted on different manufacturers tyres as seen in Table 2.4.

2.5.2 Geometrical Dimensions

One of the main dimensional characteristics of the tyre is the “Aspect ratio”. It is the ratio
of tyre’s section height to section width which defines the tyre profile as seen in Figure
A.0.2 in section A.2.1 of appendix (A). On investigating the overall aspect ratio, various
studies indicated different influences of the aspect ratio on the rolling-resistance
indicating the involvement of other design/operating factors in the process. An example

of such studies can be seen from the studies numbered 1 to 8 in Table 2.5.

64



Table 2.5 Advances in Dimensional Settings [8]
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In this context, more detailed investigations were conducted that involved studying
independently the impact of the components of the aspect ratio (i.e. section height and
width), taking into account the role of operating factors too, on the rolling-resistance. In
studies 9 to 11 in Table 2.5, Clark [147] and Curtiss [148] illustrated that the tyre’s
section width had small to marginal impact on the rolling-resistance in which it was
inconsistent. On the other hand, the inflation pressure had an obvious and consistent
influence on the rolling-resistance of inverse proportionality as indicated previously in
section 2.4.3. Furthermore, in Table 2.5, both Treichel [142] and Curtiss [148] showed
that the decrease in rolling speed would help in reducing the rolling-resistance, in line
with the previous findings in section 2.4.2, regardless of the type of change introduced in

section width.

As illustrated earlier in Table 2.5, in some cases, it may appear that an increase in
section width would help in lowering rolling-resistance although it is the influence of the
operating parameters (i.e. inflation pressure and speed). There is the claim that wider
tyres will promote a larger area of tyre’s contact patch and hence less applied force to
each part of the contact patch. In return, this will cause less compression or deformation
to each patch’s part than that of narrower tyres and therefore leading to lower material
hysteresis effect and energy losses at the end [152]. However, this claim might be held
true and valid more toward “solid” tyres rather than “pneumatic” tyres as indicated in

Evans' [153] work.
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Given the anisotropic and viscoelastic nature of the tyre’s rubbers, a wider tyre may lead
to a higher rolling-resistance considering the deformation of the tyre crown curvature at
the contact-patch under vertical loading. This is especially as the crown region at the
contact-patch can account for ~70% of the overall energy losses of the tyre compared to
the tyre’s other regions [10, 154]. Wong [32] comments on this matter by indicating that
the wider the tyre the more aerodynamic drag (wind resistance) it creates; especially at
high speed where its effect on increasing rolling is more evident as seen in the previous

example in Figure 2.11 in section 2.4.2.

For the role of other dimensional parameters together with the aspect ratio on
influencing the rolling-resistance, further investigations were performed and they are
listed as studies 12 to 17 in Table 2.5. As study number 12, Clark [147] highlighted that
both the outer diameter and the inflation pressure had an apparent impact on the rolling-
resistance of inverse proportionality. In study 13, Walter [24] revealed that the wider and
shorter the tyre (i.e. lower aspect-ratio) became, the more the time taken for the car to
reach from 0 to 60mph and the more the fuel consumption reaching 10% more as the
aspect-ratio reduced from 65 to 35. This is because of the reduction in the overall tyre-
and-wheel net-weight (i.e. effective-mass) that higher-profile tyres achieve over lower-
profile ones. This is seen by the increase in the effective-mass from being 2.6% for
195/65R15 tyre to 4.2% for 235/35R19 tyre; equal to an increase by 59kg to vehicle-
weight. Apparently, the more the section-height and the less the section-width of the

tyre, the less the wheel mass will be, resulting in lower net-weight of both tyre and wheel

69



meaning lower rotational inertia-resistance since tyre rubber is much lighter than that of

the metal wheel.

Pillai and Fielding-Russell [141] conducted a series of studies on the impact of aspect
ratio, section height and wheel-diameter on the rolling-resistance as seen in Table 2.5.
In the assessment of their overall work, Pillai and Fielding-Russell [141] concluded the
following:

o If the “tyre radius (R)” is constant, the rolling-resistance would be independent of
the aspect ratio. An example of that is study 1 in Table 2.5 where the change in
section width did not influence the rolling-resistance.

o If the “tyre radius (R)” is changed as a result of changing the aspect ratio, the
rolling-resistance would become affected by the aspect ratio. Higher aspect ratio
would mean longer outer diameter and hence lower rolling-resistance. An example
of that would be studies 14 and 15 in Table 2.5.

o If the “wheel radius (Ry)” and the “section height (H)” are changed oppositely to
each other, rolling-resistance might increase, remain the same or decrease
depending on the resultant change of “tyre radius (R)”. An example of that would

be studies 16 and 17 in Table 2.5.

Other investigations confirming the obvious effect of the outer diameter on the rolling-
resistance, which is of inverse proportionality, are studies 18 to 20 in Table 2.5. Such

evident impact of tyre outside diameter on rolling-resistance can be attributed to the fact
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that tyre radius is interconnected to the length of contact patch area and hence to the
normal load on the tyre. Having larger (longer) tyre radius gives the tyre more stiffness
and less vertical deformation for the same normal load which means lower bending of
tyre radius when it enters and leaves the contact patch region and in return lesser
hysteresis losses [15, 20]. The outer tyre diameter is closely related to the aspect ratio
as it contains one of the aspect ratio’s components and it is the section height as a part
of its dimension. Therefore, this makes the aspect ratio have an influential impact on
rolling-resistance through the tyre’s outer diameter whenever the introduced change is

involving the tyre’s section height.

Another tyre dimension of an impact on the rolling-resistance is the “tread depth
(thickness)”. According to the studies 21 to 25 in Table 2.5, it is apparent that the
reduction in tread depth would result in a decrease in rolling-resistance too and the rate
of rolling-resistance reduction will vary based on certain factors like inflation pressure,
tyre type and tread material. The main reason behind the consistent impact of tread
depth on rolling-resistance is the fact that the principal cause for rolling-resistance is the
energy losses due to rubber deformation (hysteresis effect); so the less the rubber
material the less the deformation will be and hence the less the rolling-resistance will be
in return. Walter [24] highlights that decreasing tread mass for passenger-car-radial
tyres is more effective and important in lowering rolling-resistance (i.e. inertia-resistance)
than changing the wheel material from steel to alloy (i.e. a lighter material). In general,

having a thinner tread for the tyre would help lower rolling-resistance and hence the fuel
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consumption along with manufacturing costs, but on the other hand, it will shorten the

lifespan of the tyre (wear life) and lower from its traction capability.

An overall look at the trend of the existing literature on the dimensional design of
pneumatic tyre for low rolling-resistance reveals that there are infinite possibilities of
configuring and altering the dimensional parameters of the tyre. Every possibility holds
and dictates certain changes to the tyre construction and its capabilities leading in turn
to diverse impacts on rolling-resistance depending on the given tyre. As such, the
investigative researches’ results on the tyre’s dimensional impact on rolling-resistance
are found to be almost mixed. This is because of the high likelihood of interactions and
interferences between the numerous design elements of the tyre with each other, like
material(s), components orientation and dimensional constraints, in which compromises
in some features over the others are inevitable. Furthermore, added to the equation is
the influence of operational tyre parameters, like the inflation pressure, normal load and
speed which the tyre needs to meet and withstand. The inconsistency of testing
conditions can be taken as another reason for the diversity of literature results on the
impact of dimensional tyre changes on rolling-resistance. Such findings are in

agreement with that of LaClair [10] and Schuring and Futamura [81].

However, there have been on-going developments in the tyre field which provide
promising opportunities to exploit for further improvement of tyre’s rolling-resistance.
Among which is the evident, notable and consistent impact of “tyre outside diameter” on

rolling-resistance as proved across many relevant pieces of literature where increasing
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the outside diameter would clearly help in decreasing the rolling-resistance [10, 15, 20,
32, 141]. There is an increasing movement toward this trend of developing “tall and
narrower” tyres by tyre manufacturers like “Fiat Chrysler Automobiles” which is putting a
fruitful effort toward developing tall and narrow tyres as a new promising approach for
minimising rolling-resistance and trade-off between the tyre’s characteristics like rolling-
resistance, handling, braking and NVH [155]. Nevertheless, there are vehicle
manufacturers that use low profile (shorter and wider) tyres for better vehicle driving
performance in terms of improved road-grip, steering response, cornering capability,
traction and braking but at the expense of increasing rolling-resistance (i.e. higher fuel
consumption) and lowering ride comfort (i.e. poor cushioning against road shocks and

damages) [20, 156]. For higher profile tyres, it is the opposite scenario.

Choosing between having a low profile (shorter and wider) tyre and a higher profile
(taller and narrower) one will always involve trade-offs in the tyre’s features and
characteristics as highlighted earlier. A promising concept that could further lower the
trade-offs between tyre’s characteristics especially between low profile and higher profile
tyres is having “dynamically changing tyre profile” that is capable of accommodating
both low and higher profile for the same tyre according to the driving and road situation
at hand. Such a concept was already highlighted in the previous section as the “multi-
chamber tyre” concept. This concept holds a potential solution that could be far better
than most of the existing tyres designs if it is to be successfully made real. This is since
the current literature only offers fixed/permanent changes to the tyre’s profile (i.e. aspect

ratio) that were not so effective in addressing the diverse and conflicting needs of the
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vehicle whether it was in terms of driving performance or fuel economy which require

different characteristics of the tyre especially the dimensional ones.

2.5.3 Material Compounds

The tyre has a complex structure as it is made up from over 200 raw materials, to form
its rubber compounds and cord reinforcement, in order to carry out the diverse driving
functions under different operating conditions from normal to extreme ones [157, 158].
The literature addresses the tyre’s material(s) improvement, for better rolling-resistance,
through looking at one of two areas or both, i.e. less hysteresis in the material(s) through
modifying “rubber compounds” and/or less tyre deformation through modifying “cord-
reinforcement” [53, 106, 159]. This is with the focus on the “rubber compounds” as it has
a dominant impact on rolling-resistance [53, 82]. The hysteresis losses of tyre’s rubber-
compounds, due to its viscoelastic behaviour under cyclic deformation, can be held
responsible for 80-95% of total rolling-resistance of the tyre as indicated previously.
Among the tyre’s regions, the hysteresis losses occur mostly in the tread (crown) region
which typically represents ~70% of energy dissipation compared to the tyre’s other
regions; the sidewalls and the bead, which hold ~15% each [82, 154]. In addition, to
having large rubber mass and being the only part of the tyre in contact with the road,
there are rigorous efforts toward improving tread material(s) for lower rolling-resistance

and better traction (grip) [10, 15, 81].

One of the development areas of tread compounds is where Hunt et al. [82] investigated

the influence of implementing different tread polymers on rolling-resistance respectively
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as indicated in Table 2.6. It was concluded that changing tread polymer has an apparent
impact on rolling-resistance where the natural rubber (NR) tread had the lowest rolling-

resistance and the butyl (IIR) tread had the highest rolling-resistance.
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Table 2.6 Advances in Tyre Materials [8]
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Volk et al. [160] performed a more innovative way by using different polymers for the
shoulders and the central portions respectively for the same tyre tread, in which the
shoulders’ polymer had lower rolling-resistance, in attempt to achieve lower rolling-
resistance and other desired features like better traction with a minimum trade-off.
Generally, those two features, lower rolling-resistance and better traction (grip), are both
important and vital to achieve in the tyre in order to function efficiently but the problem is
that one feature cannot be achieved without compromising the other feature and vice
versa [10]. This is due to the tyre’s material hysteresis which needs to be low to reduce
rolling-resistance and vice versa to enhance the traction (grip) at the same time which is
a conflicting requirement. An example of that can be seen in Martini [161] experimental

work in Table 2.6.

An alternative approach to improve tread-compounds in a way that would minimise the
trade-off between rolling-resistance and traction (grip) is taking advantage of the
dependency of tyre’s material hysteresis on “polymer’s glass-transition temperature” and
“frequency of tyre surface deformation” along with the occurrence of grip and rolling-
resistance at different temperatures and deformational frequencies [10, 81]. In Table
2.6, Bond et al. [162] proposed to have a tread material that would offer low hysteresis
properties at low temperatures and frequencies where normally rolling-resistance occurs
and high hysteresis at high temperatures and frequencies where generally grip (traction)
occurs. Other researchers suggested having a tread material with a close glass-
transition temperature to that of traction domain, in an attempt to meet the opposing

requirements for both low rolling-resistance and enhanced traction, by providing high
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loss-tangent at low temperatures for higher traction and low loss-tangent at higher
temperatures for lower rolling-resistance both for the same frequency range [143, 163,

164] .

Further development works on tread polymers to meet the rolling-resistance and traction
requirements involved improvements through using different “polymerisation methods”
(.,e. emulsion to solution), changes to both “polymer's microstructure and
macrostructure”, and “polymer chain-end alterations” [172]. On polymer's
macrostructure, several researchers concluded that decreasing chain-end concentration
through reducing molecular weight distribution would decrease the material hysteresis
and hence rolling-resistance [164-166]. Fujimaki et al. [167] and Oshima et al. [168]
reported significant minimisation in rolling-resistance through achieving a better
dispersion of carbon-black as a result of increasing the interaction between polymer-
chains and carbon-black via modifying chain-ends. Futamura [81] showed similar
findings to the earlier effects of macrostructure and chain-end modification on rolling-

resistance.

With regard to polymer’s microstructure, many studies point out the need to control the
composition and microstructure in a way that would give an adequate balance between
the glass-transition temperature, hysteresis and tensile strength properties of the
polymers to satisfactorily meet the rolling-resistance and traction requirements [173-
175]. However, it is not easy to modify the polymer’s microstructure without influencing

the macrostructure too. If the macrostructure is to be considered in tyre design, the
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influence of composition and microstructure would be negligible on rolling-resistance

[81].

“Filler chemicals”, like Carbon-black and Silica, used for strengthening and reinforcing
the rubber compound is another way of further developments for low rolling-resistance.
According to both LaClair [10] and Michelin [20], the fall in modulus (i.e. rigidity) and
increase in energy losses of rubber compounds become greater when the filler
concentration is bigger (i.e. smaller distance between the filler aggregates). Therefore,
to minimise the energy dissipation and rolling-resistance in return, a number of solutions
were introduced to widen the spaces between the reinforcing filler aggregates as
indicated under study 14 in Table 2.6 which have some limitations that could lead to a

trade-off between the tyre core features as seen from the example in Figure 2.19.
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Figure 2.19 Common Trade-Offs between Rolling-Resistance and Other Features [20]

A growing trend in tyre developments for low rolling-resistance is the usage of “Nano-
technology” in building-up the material(s) for the tyre different parts to improve their
properties and features further in order to reduce rolling-resistance. On this subject,
several investigations were conducted from which studies 15 to 18 in Table 2.6. Another
emerging trend is the “intelligent or smart materials” which involves the usage of tyre
materials with a built-in sensor, actuator, and control system altogether to react to

particular stimuli in a predetermined way [5, 176, 177]. The intelligent materials started
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as a part of the “tyre monitoring technology” then evolved into the ‘“intelligent tyre
technology”. However, generally, the only practical intelligent tyre technology in use
currently in the market is the “tyre pressure monitoring system” (TPMS) where usually a

“piezoelectric material” is used for the tyre pressure sensor [5, 177, 178].

The intelligent tyre technology is yet to be fully efficient and well established. Most of the
developments done on intelligent tyre materials are still lab-based, and yet to be
practical, and put for market use. An example would be Chen [171] research on the use
of “electro-rheological fluid” as a smart filler for the tyre polymer material(s) to adjust the
tyre’s viscosity and hence lower the rolling-resistance as indicated in Table 2.6. Such
slow development progress can be attributed to the technical difficulties facing intelligent
material(s) application in terms of manufacturing requirements, communication barriers,

coping with extreme operating conditions, service life, and cost incurred [179].

Although its influence is marginal compared to tyre rubbers, Vorachek et al. [53]
illustrated that introducing changes to the tyre reinforcement cords can still influence

rolling-resistance as shown from studies 19 and 20 in Table 2.6.

Overall, the tyre’s material(s) developments for rolling-resistance are a predominant
research field in vehicle tyres with a rich literature and on-going intensive efforts of
research. This is because of the tyre’s rubber and cords material hysteresis which is
responsible for the majority (~95%) of tyre’s rolling-resistance. However, having said

that, the development changes made to tyre’s material(s) have the least level of design

83



freedom compared to other design aspects of the tyre (i.e. body construction and
dimensions) where it is unlikely to have significant future developments [82, 154]. One of
the main reasons is the trade-off between the rolling-resistance and the other
performance features if the tyre’s material(s) to involve modifications to meet certain
driving requirements of the vehicle [32, 81]. Another reason would be the difficulty in the
manufacturing process of tyre’s rubber compounds for low rolling-resistance and other
conflicting features which demand different material properties and manufacturing

conditions [10, 20].

Looking at the literature on tyre’s material(s), potential trends for future research can be
seen that may further improve rolling-resistance. One of these trends is the attempts to
reach an enhanced silica (filler) approach to natural rubber for truck tyres which would
result in a remarkable improvement to rolling-resistance if it was to be successful [180].
This is as, currently, there is the problem of being unable to completely couple silica with
the polymer chains of natural rubber for truck-tyres which leads to rising rolling-
resistance and lowering wear-resistance [15]. Another largely growing trend of research
is the field of intelligent material(s) such as nano-materials, magnetic rubber materials,

and so on [180].

2.6 SUMMARY
A major challenge faced in the literature is lowering rolling-resistance without
compromising other performance aspects of the tyre which is extremely difficult.

Apparently, this is due to the many interactions and complex relationships between the
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rolling-resistance and the design and operating parameters of the tyre which make it
very difficult to express such relationship quantitatively or predict rolling-resistance
analytically under such conditions without making simplifications. Therefore, improving
the tyre design for specific features usually includes compromising other features in
unpredictable ways in most cases. That is why rolling-resistance improvement depends
almost completely on experimental results for the targeted tyre(s). Lately, this has been

aided by the use of numerical modelling to help in saving time and cost.

Normally, the improvement in the rolling-resistance would be specific and limited to the
investigated tyre alone due to the tyre complexity. As such, sometimes, results of
investigations of the impact of certain tyre structural design parameters on rolling-
resistance are found to be quite mixed in the literature. The inconsistency of testing
conditions is another reason for this. Also, there are limitations on the availability of
information, on the construction of tyres and their relation to rolling-resistance, from the

manufacturers’ side due to confidentiality reasons.

Regardless of such challenge(s), there are several operating and design parameters
whose effect on rolling-resistance is quite apparent and consistent. With the complexity
of the tyre structure, the operating conditions have a much bigger room for change and
hence have a greater influence on rolling-resistance compared to the changes in the
tyre’s structure. Nonetheless, for the tyre structure itself, the tyre’s material(s) have the
least level of design freedom, and hence less effective, compared to tyre’s body

construction and dimensional aspects.
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In the tyre’s construction, the radial-ply construction brought a large immediate
improvement to rolling-resistance in which it was ~20-30% lower in rolling-resistance
compared to the old bias-ply construction depending on the operating conditions [82].
The subsequent developments to the tyre’s construction were minor ones done on a
gradual basis as it usually consumes a lot of time, costs and efforts due to tyre
complexity. Among the common improvements to rolling-resistance are the reduction
and re-distribution of mass in the tyre’s construction and the usage of non-pneumatic
tyres (Air-free). However, the current designs of non-pneumatic tyres are not as

competitive as the pneumatic tyres in carrying out conventional vehicle(s)’ operations.

For the tyre’s dimensional aspects, there are infinite possibilities for configuring the
dimensional parameters to affect rolling-resistance. One dimensional parameter that has
an evident, notable and consistent impact on rolling-resistance is the tyre’s outer
diameter. A new promising concept that could lower the trade-off between low and high
tyre profile characteristics is a “tyre with dynamically changing profile”. Despite being in
its very early stage of development with no practical application yet, this concept offers a
potential opportunity for research that, if it is successful, would be much better in
addressing the conflicting requirements of the tyre than the fixed/permanent changes to
the tyre’s profile. Based on the operating conditions, a rolling-resistance difference of
~10-20% can be found between the use of low and high tyre profiles (i.e. aspect ratio)

[82].
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The subject of tyre’s materials is a prominent research field due to material hysteresis
being the primary source (~95%) of rolling-resistance. However, it is unlikely to have
significant developments in the near future as it has the least level of design freedom.
Potential areas for future researches would be tread compounds, silica filler solution to

natural-rubber and intelligent-materials for tyres.

To conclude, based on the extensive literature review done, the concept of “multi-
chamber tyre” for low rolling-resistance is chosen as the research topic of this thesis.
This is because this topic is a promising new research opportunity of little findings and
no actual applications yet that can be a potential alternative solution to reducing rolling-
resistance with marginal trade-offs especially for the current compromises between low
and high profiles tyres. Furthermore, the necessary main resources to carry-out such

research are available in terms of laboratory testing equipment and FE capabilities.
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CHAPTER (3): MATERIAL PROPERTIES ACQUISITION

3.1 INTRODUCTION

To achieve this research project aim and objectives, the FE modelling of the targeted
tyre(s) is necessary to save time and costs and to investigate the tyre with greater
details. One of the fundamental and crucial inputs to the tyre FE model is the actual tyre
material properties which are required in order to be able to simulate the real-like

mechanical response of the tyre for given contact conditions.

This chapter shows the complete process followed to capture the required material
properties from extracting the material samples from the actual tyre for experimental
testing up to calculating the material coefficients and the reinforcement’s lay-up needed
as the material property input for the FE model. The overall process is summarised and

indicated in Figure 3.1 below.
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v
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Figure 3.1 Acquisition Approach for Material Properties
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A conventional passenger-car tyre of 225/55 R17 size is chosen as the baseline tyre to

be investigated and structurally improved for this research project which is of adequate

internal cavity space to accommodate the multi-chamber solution, flexible sidewalls,

lightweight, and good fuel efficiency of “B” class according to EU (1222/2009) regulation.

Hereafter, this tyre is to be called the “standard” tyre. At a later stage of this research

project, the standard tyre is modified to accommodate an internal cavity chamber

becoming a “dual chamber” tyre, as seen in Figure 3.2, which is used to validate the tyre

FE modelling further. An inner-chamber housing with an internal tube is used. The

housing is used to hold-in the internal tube and give the inner-chamber its profile shape

whereas the inner tube is used to seal and keep the inflation air inside the inner-

chamber.

Tyre (or Outer
Chamber Housing).

Inner Chamber
Housing.

Tyre

Single Air Chamber

o—>» Wheel Rim

A) Standard Tyre.

Tyre (Outer Chamber Housing)
Wheel Rim

Inner Chamber Housing
Inner Chamber (Tube)
Outer Chamber

B) Dual-Chambers Tyre.

Figure 3.2 “Standard” and “Dual Chamber” Tyres [30]
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Due to industrial confidentiality, neither the material properties nor the material
specimens of the investigated tyre were readily available from the tyre manufacturer in
which it had to be obtained through reverse engineering. To facilitate that, in accordance
with ASTM D412-15a [181], ISO 4664-1 [182], ASTM D885/D885M [183] and other
scholarly works [5, 7], the required material samples were extracted manually from an
actual tyre product identical to that of the investigated tyre as shown in Figure 3.3.
During extraction, care has been taken to ensure that at least three samples of each tyre
component are obtained, which are of similar size, to ensure collected data precision
(i.e. repeatability). Also, for the rubber components, the samples were to be straight and
rectangular strips with its length at least ten times its width to ensure reliable results
given the deformation mode to be subject to (i.e. tension) and the type of testing
machine to be tested on (i.e. large, power-driven and constant-rate-of-extension

operation).
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As shown in Figure 3.3, fundamentally, the tyre is made-up of complex rubber and
reinforcement components. To model the mechanical response of the tyre using FE, the
hyperelastic and viscoelastic properties of the rubber components are needed to be
considered along with the elastic properties of the reinforcement components [5, 7, 184,
185]. This is to be able to simulate the non-destructive and reversible deformation
behaviour under quasi-static and dynamic conditions which are the scope of this

research project.

The acquisition of the relevant material properties for both “standard” and “dual
chamber” tyres is covered in this chapter. A third empirical tyre prototype, called
“prototype 0.5”, made of five inner-chambers, which is used to additionally validate the
author’s FE approach of modelling multi-chamber tyre(s), is not covered in this chapter.
This is because of confidentiality reasons since it is a prototype designed and made by
an external third party (i.e. Fusion Innovation) [140, 186]. However, the process followed
by the author to gain the necessary material properties for the FE input for this prototype

is similar to that covered in this chapter.

The material acquisition work done by the author in this chapter, as the main owner and

contributor, was published as per a publication plan for this research project work. The

related publications can be referred to through [29, 30, 187].
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3.2 DATA ACCURACY AND PRECISION

With any experimental work, there is always bound to be both systematic and random
errors during data collection. Nevertheless, good experimental equipment and practice
can minimise those errors to within negligible levels [188]. In this research, for material
testing, the systematic errors are addressed by ensuring to have measuring equipment
of proper accuracy, performing the necessary calibration work to the equipment, and
conducting the experimental measurement work altogether as per the international
testing standards. For example, for rubber material testing, two RLT z-load cells are
used of 50 N and 500 N load capacities respectively with a full-scale accuracy of 0.03%
for both. Those load cells were calibrated using standard weights in accordance with
ASTM E4-16 standard [189]. To evaluate the cells’ accuracy, the load cells were used to
perform the exact material testing as that intended for the actual main work, detailed in
the next sections, following the relevant testing standards in which the reading error was
calculated from the obtained experimental data using Eq. (3.1) and evaluated against

ASTM D412-15a standard [181].

(Full Scale Error (FS)) X (Load Cell Capacity) 1

00 3.1
Force Measurement 3.1)

Reading Error (%) =

An example of such reading error evaluation is Figure 3.4 for the 500 N load cell
readings of a tread sample and Figure 3.5 for the 50 N load cell readings of each of a

sidewall sample and an apex/chafer sample.
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Figure 3.4 Reading Error (%) for a Tensile Test using 500 N Load Cell
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Figure 3.5 Reading Error (%) for a Tensile Test using 50 N Load Cell

According to ASTM D412-15a and ISO 5893 standards, in Figure 3.4 and Figure 3.5,

both the 50 N and the 500 N load cells show proper measuring accuracy for all tyre

95



samples. This is because the reading error at the smallest force is far below the
allowable error limit of 10% while the remainder of the error trend is below 2% which is
the allowable limit for at least between 20% and 100% of the force measurement range

[181, 190].

As for random errors, several practices were followed to improve data reading precision.
Foremost, the same experimental measurement was repeated several times and an
averaged value of all the measurements done was taken as the final reading. This was
done by having at least three similar samples of each tyre component (i.e. tread,
sidewall, and apex/chafer), testing each of those samples at least three times for the
same measurement, and then taking the average for all the measurements done for all
the samples of each tyre part [191]. Another practice was to apply consistent testing
procedures as per the relevant testing standards under the same testing conditions.
Furthermore, the extracted material samples for each tyre component were shaped and
sized similar to each other following ASTM D412-15a standard and other scholarly

works [5, 7].

To assess the measurement precision or level of random errors, uncertainty analysis of
all the same repeated measurements was performed by calculating the standard
deviation of those measurements from their mean value. An example of such analysis is
the relative uncertainty calculated in Figure 3.6 using Eqg. (3.2) for all the measurement

runs of each tyre component [192].
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Figure 3.6 Relative Uncertainty Analysis

According to ISO 5893 and 7500-1 standards, the experimental measurement work
done on tyre rubber materials has an acceptable random error level since its relative
uncertainty falls below 2% which is the maximum allowable level of the relative
repeatability error for at least between 20% and 100% of the force measurement range

[190, 193].
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3.3 RUBBER COMPONENTS

Due to the limited resources available and the difficulty involved in extracting the
required material samples, only the core rubber components of the tyre, which constitute
the tyre behaviour, were possible to extract and they are the tread, the sidewall and the
apex/chafer as seen in Figure 3.3. This is in addition to the tube of the inner chamber of

the tyre.

3.3.1 Hyperelasticity

The hyperelasticity property represents the elastic response (i.e. energy restored) of the
viscoelastic rubber [194]. It describes the time-independent, instantaneous, non-linear
and elastic deformational behaviour of rubber for finite-strain applications especially
large strains [42, 194, 195]. This behaviour is accompanied with the consideration of
rubber as an isotropic and nearly incompressible material. The rubber is approximated
as an isotropic since almost the same mechanical properties are observed regardless of
the orientation at its un-deformed state, small deformations and under monotonic
loadings [185, 194, 195]. As for the incompressibility, this is due to the rubber exhibition
of negligible volumetric changes during deformation as its bulk modulus is 10,000-
100,000 greater than its Young and shear moduli [42, 195, 196]. There are certain cases
where the rubber behaviour can be primarily described by hyperelasticity alone like
quasi-static loadings and shorter under-loading intervals where the dissipative input is

insignificant [42, 185].
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To capture the real tyre elastic response, the nominal stress-strain experimental data
were obtained for the different rubber components (i.e. tread, sidewall, apex/chafer and
inner chamber tube) through conducting a simple uniaxial tensile test at 100% strain
level using an Instron universal testing machine with sensitive Z-load cells as shown in
Figure 3.7. This is except for the apex/chafer sample which was required to be stretched
to just 60% since it is less flexible and harder than the other samples to fulfil its role of

stabilising the structure around the tyre’s bead.

— Z-Load Cell

— Upper Clamp

| Material
Sample

Lower
Clamp

Figure 3.7 Instron Testing Machine with Z-Load Cell

According to both ASTM D412-15a [181] and ISO 23529 [197], first, the prepared
material samples were thermal conditioned at their loose state at a test temperature of

23 £ 2 °C for at least three hours to reach thermal equilibrium close to that of common
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practice. After thermal conditioning, the material samples were mechanically conditioned
to remove “stress softening” (i.e. Mullins effect) in order to obtain consistent,
reproducible and equilibrium stress-strain results [195, 198]. In the mechanical
conditioning, the rubber samples were stretched to 100% strain at 50 mm/min for ten
loading/unloading cycles in line with Yang [5] and Wei [7]. This is with exception of
having the apex/chafer conditioned at 60% strain instead of 100% strain. After each full
loading/unloading cycle, the rubber samples were left to relax for at least ten times the
preceding loading period before starting the next loading/unloading cycle to allow for
complete recovery from the viscoelastic effects [198]. Once the mechanical conditioning
is done, the rubber samples were removed from the testing machine’s clamps and left to

relax for one hour [5].

For the main test, the rubber samples were stretched to 100% strain (i.e. 60% for
apex/chafer) at 50 mm/min and 23 + 2 °C while recording force-displacement data using
Z-load cells of 500N for the tread samples and 50N for the sidewall, apex/chafer and
inner chamber tube samples. For each sample, this process was repeated at least three
times and an average was taken out of the collected data to ensure precise
measurement. During such a process, after each loading/unloading cycle, the samples
were left to relax for at least ten times the preceding loading period. After the main test,
as per ISO 37 [191], the collected data were finalised by converting the measured force
to the nominal stress using Eq. (3.3) and the elongation to the nominal strain using Eq.

(3.4).
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o = Fp/A, (3.3)
e=8/L, (3.4)

To represent the rubber hyperelasticity of the tyre in FE, several potential strain energy
functions were computed and evaluated through “least-squares curve-fitting” against the
obtained experimental stress-strain data using the material evaluation option available in
Abaqus 6.13-1. During the fitting, the “relative error” (Eg) in nominal stress responses
between the potential hyperelastic function(s) and the experimental data is assessed in

which the best fit function would have the least relative error [194, 195]:
n
Br= ) (1-T"/ T’ (35)
i=1

Using Abaqus, several stress-strain response curves were produced using the potential
strain energy functions against the test data to determine the best fit function as seen in

Figure 3.8 for each rubber component:
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Figure 3.8 Fitting of Various Strain Energy Functions against Experimental Data for (a)

Tread, (b) Sidewall, (c) Apex/Chafer, and (d) Inner Chamber Tube
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According to Drucker stability criterion [194] and the fitting error in Figure 3.8, Yeoh
material model is chosen as the best function to represent the hyperelasticity over the
other functions for all the rubber components. This is because Yeoh function is found to
have a close data-fit, applicable with the other deformational modes, and have low
testing cost. Yeoh is a phenomenological constitutive model, based on continuum
mechanics, of a reduced polynomial form of the following cubic strain energy function of

the first deviatoric strain invariants [7, 194, 195]:
Uy = Cyo(I; = 3) + Cyo(I; — 3)* + C30(I; — 3)°

_|_D_1(]e1 -1)" + D—Z(Iel -1)"+ D—3(lel -1)°

So, from Abaqus, the following long-term Yeoh hyperelastic material coefficients were

obtained in Table 3.1:

Table 3.1 Yeoh Coefficients for Rubber Components

Yeoh Model Parameters
Rubber Part
C10 C20 C30
Tread 0.964 -0.285 0.0901
Sidewall 0.480 -0.105 0.0286
Apex/Chafer 1.57 -1.38 0.923
Inner chamber Tube 0.370 -0.125 0.0374
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To account for incompressibility, the rubber was redefined as nearly incompressible, not
as fully incompressible, for the FE code to work efficiently especially the Abaqus/Explicit
[42, 194]. For this reason, the “D;” coefficient, that governs the compressibility, was
changed from being fully incompressible (i.e. D;=0) to a non-zero value by setting the
rubber’s Poisson ratio to be just below 0.5 for a nearly incompressible option [194]:

2 3(1-2v)

D= =" P
' K, Mo (1 + vp)

(3.7)

Where,

1o = 2C;o = Initial Shear Modulus.
Here, the Poisson ratio (v,) was approximated as 0.49 based on the common range for
the filled vulcanised rubbers in the literature [199-201]. This would give the following “D1”

coefficients for the different rubber components in Table 3.2:

Table 3.2 Yeoh “D,” Coefficients for Tyre Rubbers

Rubber Part Yeoh Model “D,” Parameters
Tread 0.0209
Sidewall 0.0419
Apex/Chafer 0.0128
Inner chamber Tube 0.0544
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3.3.2 Viscoelasticity

Viscoelasticity is the delayed (strain) response to stress change due to rubber’s viscosity
(hysteresis) in terms of material resistance to deformation (i.e. contact and breakdown of
molecules chain entanglements under loading) in the form of heat dissipation [42, 185,
195]. In other words, it is the time-dependent stress-strain behaviour under
loading/unloading conditions that is responsible for phenomena like stress-relaxation
and creep [5, 42, 195]. Due to hysteresis, unlike hyperelasticity, the loading and
unloading stress-strain routes take dissimilar trails from each other [185]. Under real-
world loading situations, rubber exhibits considerable viscoelasticity [42, 80]. Therefore,
for more realistic FE modelling of the tyre, especially Rolling-Resistance, the

viscoelasticity is crucial along with hyperelasticity [7, 40, 185, 195].

In practice, the tyre’s rubber viscoelasticity is highly non-linear. Therefore, for this
research project, a non-linear viscoelastic function (i.e. PRF) is used in FE modelling to
represent the tyre’s viscoelasticity. However, the approach used to obtain the non-linear
viscoelastic function involves the usage of the linear viscoelastic function (i.e. prony
series) as a starting benchmark to calibrate and compute the non-linear viscoelastic

model coefficient as will be seen in details in the next few sections.

3.3.2.1 Linear Viscoelasticity
For linear viscoelasticity, Abaqus uses the prony series function to evaluate and model
the time-domain viscoelastic material property. To calculate prony series coefficients, a

“stress-relaxation test” was conducted for the same rubber samples used in
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hyperelasticity property utilising the same test machine in Figure 3.7. Prior to the main
test, the rubber samples were thermally and mechanically conditioned then left to rest
similar to the way it was done for the hyperelastic property. For the relaxation test,
according to ASTM E328-13 [202], ISO 6914 [203] and Yang [5], each sample was
uniaxially stretched at 100 mm/min to a strain level of 50% of sample’s original length
and held fixed at that position for 2000 seconds at 23 + 2 °C during which the force
change over that time was recorded. After the test is completed, the recorded force is
converted to nominal stress using Eqg. (3.3) as in the hyperelastic property test. Such a
relaxation test was repeated three times for each sample and the stress-relaxation data

collected were averaged.

To import the experimental data to Abaqus for material model fitting, the recorded
“stress-relaxation data” (o(t)) was converted into “normalised shear relaxation moduli”

(g(?)) using the following equations, for small strains, respectively [204]:

. FT(tz/AO _ Git) )
R
G
g(t) = % (3.10)
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A further term needed for Abaqus material evaluation is the “normalised long-term shear
relaxation modulus” (g(e)). This term was determined through conducting an
independent “non-linear least-squares-fit regression” analysis from that of Abaqus. The
independent regression analysis was used to compute and build-up the following (E, (t))

material model to fit the Young modulus (Eg,p(t)) obtained from the experimental stress

data [205]:

N
Ema)zEw+zSE@*ﬁi (3.11)
i=1

This is in order to determine the (E.,) and from which then to determine the (g())
through using Eq. (3.9) to calculate (G()) and (G(0)) separately and then Eg. (3.10) to
calculate (g(«)). To proceed with Abaqus, the experimental data in terms of the
“normalised shear relaxation moduli” ((g() = G(0)/G(0)) < g(t) < (g(0) = 1)) and the
relaxation time (0 <t < o) along with the computed “long-term normalised shear
relaxation modulus” (g(e)) were imported into Abaqus material evaluation tool. The
previous hyperelastic material data were imported too in conjunction with the
viscoelastic data as its elastic response. As a final set-up for a good material-fitting, the
allowable average root-mean-square error was set at ~0.001 and the maximum number
of prony series terms (N) was set at < logarithmic decades = log;o(tmax/tmin), Where
(tmax) @nd (tyin) are the maximum and minimum experimental test time respectively

[195, 204].
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Having the required input data, Abaqus evaluation tool was used to calculate and fit the

“prony series expansion of the dimensionless relaxation modulus” in Eq. (3.12) against

the experimental data using a non-linear least-squares-fit procedure to reduce the fitting

error and reach convergence with the lowest (N) possible within the given error

tolerance [204]:

N
g® =1- ) gi(1-etm)
i=1

(3.12)

The computed prony series coefficients (g, , T;) are given in Table 3.3 for all the rubber

samples:

Table 3.3 Prony Coefficients for Tyre Rubbers

9a

Rubber Prony Model Parameters
Part g1 11 g2 T2 g3 T3
Tread 0.0328 | 12.58 | 0.0358 | 88.42 | 0. 651.45
Sidewall | 0.0445 | 56.69 | 0.0352 | 932.71

Apex 0.0298 | 11.48 | 0.0381 | 88.34

Inner
chamber | 0.0488 | 0.87 | 0.0756 | 11.42

Tube

70.51 | 0.0796 | 594.95
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3.3.2.2 Non-Linear Viscoelasticity

As indicated earlier, the “Parallel Rheological Framework” approach is implemented to
describe the tyre’s rubber non-linear viscoelasticity. For a non-destructive and
recoverable deformation, the PRF function consists of a pure elastic network and

several viscoelastic networks joined with each other in parallel as seen by Figure 3.9.

_____ Elastic :
Pure Part
- Elastic - | - - - ;
Part S ¢ L P Viscous
Part

L] & ...... : :.... ....... I .................... y ...... :

Pure Elastic Network Viscoelastic Networks
(Hyperelastic Model) (PRF Model)

Figure 3.9 PRF Model [206]

The pure elastic network is described via the Yeoh hyperelastic function, developed in
the previous section, to demonstrate the non-linear elastic response of the tyre and stop
the stress from falling into complete relaxation in the PRF model. For the viscoelastic
networks, the deformational response of each network is split into two parts; an “elastic”
one and the other is “viscous”. The “elastic” section is determined using a scaled version
of the same Yeoh hyperelastic function depending on each network’s stiffness level with

respect to the overall material response. As for the “viscous” part, the viscosity is

110



specified through both the “flow rule” in Eq. (3.13) and the “evolution law” represented

by power-law strain hardening model in Eq. (3.14) below [206]:

3. 3.
D = 2—q§”6 = Z—QECFT (3.13)
1
m+1
T = (Aqn[(m + 1)§cr]m> (3.14)

The PRF model coefficients were calibrated against a set of stress-relaxation
experimental data for each rubber sample taken at different strain levels to account for
the non-linearity. The same “stress-relaxation experimental test”, as that in section
3.3.2.1, was repeated for the same rubber samples but at different strain levels of 10%,
30%, 50%, 70% and 90% respectively for each of tread, sidewall and inner chamber
tube samples whereas the Apex sample was tested at 10%, 30%, 40%, 50% and 60%
strain levels respectively. Care was taken to allow enough rest time for the samples after
each loading test before starting the next test (i.e. rest time = 10 x “previous loading

time”) to avoid stress-softening effects [198].

The obtained normalised stress-relaxation test data for all the rubber samples are shown
in Figure 3.10. Based on the normalised experimental data, it is clear that each rubber
sample is of non-linear viscoelasticity nature since its relaxation rate is not the same at

different strains.
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Figure 3.10 Normalised Stress Relaxation Test Data for (a) Tread, (b) Sidewall, (c)

Apex/Chafer, and (d) Inner Chamber Tube
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To fit the PRF model against the obtained experimental data, a calibration model was
built using Isight 5.9.4, as seen in Figure 3.11, to optimise and re-compute the stiffness
ratios (SR) of the viscoelastic networks, Yeoh hyperelastic coefficients (C;o) in Eq. (3.6),
and PRF model coefficients (A, n, and m) in Eq. (3.14) [40, 207].

I- Starting Values of Yeoh + Linearized PRF Model Parameters.!

l. Hooke-Jeeves Direct Penalty Algorithm. "

'L-Objective Function: Minimise Error Measure. |

v

New Combination of
Yeoh + PRF Model
Parameters

“Sum-of-Squared-Difference”
Error Measure of Fitting FE

Optimization Output to Experimental Data

FE Stress-Relaxation Output

s,  (Stress-Time Results of PRF Model) :
S > —> ©

Abaqus Data Matching

I Five Single Unit Element Cubes Model. :
|- Displacement Controlled Uniaxial Test. |
I- Different Strain Level per Cube. [
|
|
|

P e e e e - e - - o - - o - - - - -

| Experimental Stress-Relaxation Data !
| (Stress-Time Test Data)

| Stress Relaxation Test Type.
| - Visco Analysis Step.

Figure 3.11 Isight Optimisation Model [29]

The Isight model set-up contained the following three components:
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A) “Abaqus” Component:

This component contains an Abaqus FE model of five single unit element cubes as
shown in Figure 3.12. Each cube represents a different strain level experienced by
the rubber sample respectively corresponding to the experimental stress-relaxation
test conducted. A single unit element cube is used instead of the real geometry of the
rubber sample experimentally tested to reduce the computational costs greatly [208,
209]. The purpose of the Abaqus component in the Isight model is to use a given set
of Yeoh and PRF coefficients as the “input variables” for the material property of the
cubes to predict each cube’s stress-relaxation history as the “FE output variables”

which to compare with the corresponding experimental data later.
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Note:
R.P. = Reference Point

Figure 3.12 Single-Unit Element Cubes 3D FE Model

However, to begin the Isight optimisation process through Abaqus component, start-
up values of the Yeoh and PRF coefficients are needed. For Yeoh coefficients, those
were obtained from Table 3.1 in section 3.3.1 of rubber hyperelasticity property. As
for the PRF coefficients, a linearised PRF version was possible to obtain from the
prony series coefficients calculated previously in Table 3.3 using the following

conversion equations [210]:
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1
T 6xgxT xC10

(3.16)

i

Whenever the PRF model is in the linear form, its material constants “m” and “n” are
taken as m=0 and n=1 in Eq. (3.14). With that, the linearised PRF model coefficients
were obtained for all the rubber samples and an example of that is shown in Table 3.4

for the tread sample below.

Table 3.4 Linearised PRF Model Parameters for Tread

Hyperelastic (Yeoh Power Law Strain Hardening
yp Linearised PRF Model
Model) Parameters
Parameters
m 0
C10 0.964
n 1
Linear Viscoelastic SR()=g(i)
(Prony Series) _ .
Parameters A(i)=1/(6*g(i)* t;*C10)
gl 0.0328 SR1 0.0328
T, 12.58 Al 0.419
g2 0.0358 SR2 0.0358
T, 88.42 A2 0.0545
g3 0.0370 SR3 0.0370
T3 651.45 A3 0.00717

Adopting the obtained linearised PRF coefficients for the viscoelastic model and Yeoh
coefficients in Table 3.1 and Table 3.2 for the hyperelastic model as starting-up
inputs, the set-up of the cube FE model was done in a way in which each cube was

constrained at its base nodes with respect to the vertical direction and all the
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rotational axes only. In addition, each cube’s top nodes were structurally-distributed
coupled with a reference point created at its top centre. Utilizing a “visco” analysis
step, each cube was subjected to a uniaxial displacement-driven tension at its top
reference point in the upward direction at different strain levels (e.g. 10%, 30%, 50%,
70% and 90%) respectively and held fixed at that strain-level for a simulation time of
2000 seconds. Since unit cubes are being used, the “force” outputs at each cube’s
reference point were treated as the “stress” outputs in the simulation. The “stress-
time” results were requested at each cube’s reference point as the model FE
simulation outputs. An example of those FE outputs in comparison to the relevant

stress-time experimental data is shown in Figure 3.13 for the tread sample.

3.00E+00
2.75E+00 e» e» F.E. Strain_10%
2.50E+00 i _— e el e EXp._Strain_10%
F.E._Strain_30%
2.25E+00 OOooooo o _ _30%
2.00E+00 - em oExp. Strain_30%
—~ \. ®000000e .
N 1.75E+00 ®00o0000c0c000000m000000000000 —F.E._ Strain_50%
< '\
g 1.50E+00 ‘ - K  @» e Exp. Strain_50%
Z 1 256400 @ Eb @D @D @D D Em e @, ,,,FE Strain_70%

r
|

m .
$ 1.00E+00 Exp._Strain_70%

— - F.E._Strain_90%

Str

7.50E-01

i 0,
5.00E-01 | NefialSa S S0 S . SR S0 S anam.g —  C<P-_Strain_s0%
2.50E-01

0.00E+00
0 250 500 750 1000 1250 1500 1750 2000

Time (S)
Figure 3.13 Tread Stress-Time Results of Linearised PRF Model and Test Data
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There is an obvious difference between the FE outputs and the experimental ones
because the PRF is in the linear form in which its modelling effects are the same as
that of the Prony series model. With Isight optimization model in Figure 3.11, this
difference is eliminated and the PRF model is fitted and converted to its non-linear

form which is appropriate to describe the rubber non-linear viscoelasticity.

B) “Data Matching” Component:
In this component, the FE simulation stress-relaxation outputs from Abaqus cube
model were fitted and compared against their relevant experimental stress-relaxation

data using “sum-of-squared-difference” as the fitting error measure.

C) “Optimisation” Component:

Here, the Hooke-Jeeves direct penalty algorithm was selected to optimise both Yeoh
and PRF coefficients against the “objective” of minimising the “sum-of-squared-
difference” error measure received from the “data matching” component. Based on
the fitting error received from “data matching”, the “optimisation” component would
send a new combination of Yeoh and PRF coefficients to “Abaqus” component to run
and produce new stress-relaxation FE outputs until the fitting error is negligible. The
Hooke-Jeeves procedure was set to run for 4000 evaluation iterations with a relative
step size of 0.5 and allowable maximum failed runs of 4000. This is to allow the

optimisation procedure to execute an effective exploration for the best fit solution.

119



The Isight optimisation process was repeated as many times as needed until a “sum-of-
squared-difference” fitting error of nearly zero was reached. Figure 3.14 shows an
example of the fitted FE stress-relaxation outputs against their corresponding

experimental results after the Isight optimisation is finalised for the tread sample.
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Figure 3.14 Tread Stress-Time Results of Optimised PRF Model and Test Data [29]

The following Table 3.5 shows the final optimised Yeoh and PRF coefficients for all the

rubber samples:
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Table 3.5 Optimised Yeoh and PRF Model Coefficients for all Rubbers

Inner

Material Model Tyre Rubber Component(s) Chamber

Parameters

Tread Sidewall Apex Tube
C10 0.641 0.386 0.789 0.221
Yeoh C20 -0.0738 -0.0346 -0.155 -0.0299
C30 0.0315 0.00950 0.152 0.00924
SR1 0.396 0.123 0.000110 0.0358
SR2 0.0306 0 0.394 0.0843

SR3 000740 | | 00361 | 0124
AN\

Al 3.869 0.755 0.163 26.662
nl 4.044 2.715 1.050 1.0859
m1 -0.650 -0.132 -0.0112 -0.0316
A2 0.304 0.0381 1.499 0.803
n2 2.769 1.223 6.496 1.132
m2 -0.00720 -0.330 -0.348 -0.105

A3 0.364 &\\\\\\\\\\\\\\\\\\\\\\\\\\ 0.0488 0.0956
Eeheae
\\\\\\\\\\\\\\\%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 1.0815
AN -0.0822

PRF

Based on the optimised material coefficients, Yeoh’s “D1” coefficients were re-calculated
for all the rubber samples using Eq. (3.7) similar to how it was done in section 3.3.1 to

maintain tyre’s nearly incompressibility in FE modelling. The re-calculated Yeoh’s “D1”

coefficients are indicated below in Table 3.6:
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Table 3.6 Yeoh “D1” Coefficients for all Rubbers (Re-Calculated)

Rubber Part Yeoh Model “D,” Parameters
Tread 0.0314
Sidewall 0.0522
Apex/Chafer 0.0255
Inner Chamber Tube 0.0911

3.3.3 Density

As a part of the essential material properties to define for tyre FE modelling, the density
for all the rubber components was specified at 1200 kg/m3. This was based on the past
investigative research done by the vehicle dynamic group in University of Birmingham
which concluded that the density for the different rubber components of the tyre is found
very close to 1200 kg/m3 commonly [5, 7]. Other literature gave the same finding [211,

212].

3.4 REINFORCEMENT COMPONENTS

For the tyre, the reinforcements are the embedded cords and plies inside the tyre
rubbers used to give the tyre the strength and endurance to withstand various loading
conditions while retaining its shape. As shown in Figure 3.3, all the reinforcement
components for the tyre were extracted. This involved extracting fibre samples of the
polyester carcass and polyamide cap plies and steel samples of the belt and bead
cords. In addition, fabric and polyvinyl-chloride (PVC) samples of the top and the side of

the inner chamber housing respectively were extracted.
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3.4.1 Elasticity

The reinforcements’ behaviour is treated as isotropic and linear elastic of negligible
viscoelasticity since they undergo only small and reversible deformations during normal
tyre operations [5, 7, 195]. Based on that, the elastic Young’s modulus was calculated
for all the reinforcement components by subjecting each reinforcement sample to a
uniaxial tensile test in accordance with ASTM D1776/D1776M-16 [213], ASTM

D885/D885M-10a [183], ASTM D2969-04 [214] and Wei [7] work.

For the fibre and fabric samples, according to ASTM D1776/D1776M-16, no mechanical
conditioning was needed to prepare the samples for testing. However, thermal
conditioning was required in which the samples were left exposed at their loose state at
20 + 2 °C for at least two hours (except for polyamide samples which were conditioned
for 16 hours). According to ASTM D885/D885M-10a, for the main tensile test of the
fibre/fabric samples, the Instron machine of constant-rate-of-extension type with a 50 N
load cell, as shown in Figure 3.7, was used. Before the main test, each sample was pre-
tensioned marginally to ensure it is in a straight upright position ready for the main

tension test.

In the main test, each sample was stretched uniaxially up to ~5% strain at 20 £ 2 °C at a
travel rate in mm/min of 50% of the nominal gage length of the tested sample. During
the test, the generated tensile force and the travelled displacement in tension direction
were recorded and converted later to the nominal stress using Eg. (3.3) and the nominal

strain using Eg. (3.4) respectively. Based on that, the elastic Young's modulus was
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calculated from the gradient of the nominal stress-strain relationship at the elastic region
as seen in Figure 3.15 or using Eqg. (3.17) alternatively. This tensile test was repeated

three times for each sample and an average of the calculated Young’s moduli was

obtained.
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Figure 3.15 Experimental Stress-Strain Data for (a) Cap Ply, (b) Carcass (Body) Ply, (c)

Inner Chamber Housing Top, and (d) Inner Chamber Housing Side

As for the steel samples, according to ASTM D2969-04 and Wei [7] work, no
conditioning is required to be done. Prior to the tensile test, the steel samples were pre-
tensioned at 1% of the full-scale force to ensure the samples are in an upright position
ready for the tensile test. At the tensile test, the samples were stretched up to ~2%
strain at 20 £ 2 °C at a travel rate in mm/min of 5-10% of the nominal gage length of the
tested sample. During the test, the tensile force and the travelled displacement were
recorded, converted later and averaged, the same way as the fibre/fabric samples case,
to calculate the elastic Young’s modulus as seen in Figure 3.16. For testing the steel

samples, the Instron machine with a 2 KN load cell was used as shown in Figure 3.17.
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Figure 3.16 Experimental Stress-Strain Data for (a) Steel Belt and (b) Bead
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Figure 3.17 Instron Machine with 2 KN Load Cell

Built-in Load Cell

Upper Clamp

Material Sample

Lower Clamp

The final elastic Young’'s moduli calculated from the uniaxial tensile testing for all the

reinforcement components are shown in Table 3.7 below:

Table 3.7 Finalised Elastic Young’'s Moduli for all Reinforcements

Reinforcements

Young’s Modulus (MPa)

Steel Belt 200000
Bead 200000
Carcass (Body) Ply 5000
Cap Ply 3400
Inner Chamber Housing Top 4400
Inner Chamber Housing Side 3140
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To account for the compressibility of the reinforcements in FE modelling, the Poisson
ratio (vp) was specified at ~0.3 for all the reinforcements since it is the common
compressibility level found for most tyre reinforcements according to the relevant

literature [5, 7, 201].

3.4.2 Lay-up Structure

The lay-up of the reinforcements within the tyre (rubber) structure was necessary to
include in the tyre FE modelling since it helps in determining and constituting the tyre’s
overall strength and flexibility to a great extent. To identify the required lay-up settings of
the reinforcements, the cross-sectional area of the reinforcing cord/string, the spacing
between the cords/strings, and the angle of cord/string orientation inside the tyre
(rubber) structure are necessary to specify for each reinforcement component (i.e. steel-

belt, bead, carcass, and cap-ply).

For the cross-sectional area, according to ASTM D2969-04 [214], a micrometer with
~0.01 mm precision was used to measure the diameter at three different locations along
each reinforcing cord/string length and take the average of those readings as shown in
Figure 3.18 for example. This procedure was repeated at least three times for all the
reinforcement samples of the tyre. Overall average measurement is taken of all the
samples of each reinforcement component. Based on the cord’s diameter measurement,

the circular cross-sectional area was calculated using the following Eqg. (3.18):
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AR =T X I‘Rz (318)

Figure 3.18 Cord Diameter Measurement using Precision Micrometer

As for the spacing between the cords and their orientation angle, an “image processing”
technique was applied to measure those lay-up settings, as indicated in Figure 3.19,

similar to that of Wei [7].
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Figure 3.19 Image Processing Technique for Reinforcement Lay-Up Capture

In preparation for “image processing”, the relevant cord/string sheet layer for each
reinforcement component was extracted from the tyre and cleaned-up until the cords
lay-up was visible. A high-resolution image of each cord/string sheet layer was captured
and imported to a processing computer in a picture format using a 1200 ppi resolution

scanner. Using “GetData Graph Digitizer” software, the scanned image was scaled to
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1:1 actual size and the relevant cords coordinates, indicating the spacing and the
orientation angle, were captured. Those cords coordinates were exported later to a CAD
program (i.e. SolidWorks) as coordinate points data to draw-up the cords lay-up and
measure both the relevant spacing and orientation angle at three different locations for
an average measurement. The obtained spacing and orientation angle for all the
reinforcements are shown in Figure 3.20. Based on that, the finalised lay-up settings of
all the tyre reinforcements for the FE input were acquired and are indicated in Table 3.8

below.
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Figure 3.20 Cords Spacing and Orientation
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Table 3.8 Lay-Up Settings for all Tyre Reinforcements

Reinforcements Area-per-Bar (mm?) | Spacing (mm) Orier(lé)aetgcige,?ngle
Cap-Plies 0.075 0.6 90
Body-Plies (CarCass) 0.11 0.71 0
Steel-Belt 1 0.125 0.55 63
Steel-Belt 2 0.125 0.55 117
Beads 1 0.1 90

3.4.3 Density
According to the relevant literature, the density of the reinforcements was specified as

follows in Table 3.9 [5, 7, 200, 212]:

Table 3.9 Reinforcements’ Density

Reinforcements Density (Kg/m3)
Cap-Plies 1300
Body-Plies (Carcass) 1500
Steel-Belts 7800
Beads 7800
Inner Chamber Housing Top 1400
Inner Chamber Housing Side 1450

3.5 SUMMARY
In this chapter, the acquisition process of the necessary material properties for tyre FE
modelling was explained. The acquisition procedure involved fitting the relevant material

functions against their corresponding experimental test data using Abaqus evaluation
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and Isight optimisation tools accordingly. Since only the reversible deformation of the
tyre is of interest, the hyperelastic and viscoelastic properties of the tyre rubbers and the
elasticity of the tyre reinforcements were measured and captured. Uniaxial tensile
testing was performed for both tyre rubbers and reinforcements to measure their
hyperelastic and elastic responses respectively. Stress relaxation test was conducted for
the tyre rubber viscoelasticity. Other material properties like the density and the Poisson

ratio were possible to obtain from the relevant literature resources.

The reinforcement’s lay-up within the tyre (rubber) structure was captured in terms of the
cross-sectional area of rebar cords using a precision micrometer, the spacing between
the cords and the cords orientation angle using an image processing technique. Given
the limited resources and information accessibility, the required material samples for
experimental testing were manually extracted from an identical actual tyre to the
investigated one. To ensure the accuracy and precision of measurements, the testing
equipment and procedures applied were according to ASTM and ISO standards along

with established scholarly works.

135



CHAPTER (4): DEVELOPMENT AND VALIDATION OF FINITE

ELEMENT MODEL FOR STANDARD TYRE

4.1 INTRODUCTION

FE solution is growingly replacing the time-consuming and costly experimental approach
as a cost-effective, time-saving and reasonable alternative for predicting the tyre
performance under most contact/driving conditions and for designing tyres [66, 67, 215,
216]. However, for the FE solution to yield correct outputs, the input data of the tyre FE
model are necessary to be provided in an accurate and detailed format [72, 215].
Mainly, these input data are the “material properties” and the “tyre geometry” [5]. A
leading and widely used FE code for tyre analysis and design is Abaqus due to its non-

linear capabilities, rebar feature, and handling of complex problems [66, 217].

This chapter uses the material properties data obtained in the previous chapter as one
of the main inputs to develop an accurate and a working 3D FE model of the 225/55 R17
standard tyre (i.e. baseline design) using Abaqus 6.13-1 as per this research project
objective(s). As indicated in chapter (3), the standard tyre is a conventional tyre that has
a single chamber design as shown in Figure 4.1. The development process involved
capturing a detailed 2D profile image of the actual tyre, transforming the captured image
into a CAD drawing, creating an FE geometry from the CAD drawing, setting-up the FE
model, refining model’s mesh and validating the FE model against experimental tests as

seen in Figure 4.2. The FE development work done by the author in this chapter, as the
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main owner and contributor, was published as per a publication plan for this research.

The related publications can be referred to through [29, 30, 187].

Tyre

Single Air Chamber

o—>» Wheel Rim

Cross-Sectional Cut View

Figure 4.1 Standard (Baseline) Tyre
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Figure 4.2 Tyre FE Model Development
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4.2 GEOMETRICAL FEATURES CAPTURE

As highlighted earlier, it is necessary to have an accurate and detailed representation of
the actual tyre geometry in FE modelling to help in ensuring the correct simulation of the
given contact/rolling problem. However, due to commercial confidentiality, such tyre
geometry was not readily available. Therefore, an alternative approach was
implemented to capture the actual tyre geometry empirically as indicated in Figure 4.2
and similar to Yang [5] and Wei [7] which involves the processing of a high-resolution

image of a 2D cross-sectional profile sample of the tyre.

In this “image-processing” approach, firstly, a clean-cut strip sample of the full cross-
sectional profile of the tyre, in the lateral direction, was extracted manually from the
actual tyre in which the embedded reinforcement layers were visible to see in the
sample as shown in Figure 4.3. To capture an image of this strip sample that replicates
closely the actual tyre profile mounted on wheel-rim at “0” KPa inflation, the extracted
strip sample was required to be positioned exactly similar to that of the actual tyre
profile. For this purpose, the 2D coordinates of the actual tyre outer profile (i.e. mounted
on wheel-rim at “0” KPa) were captured through 3D laser scanning using “Faro Edge
ScanArm” to adopt as a reference guideline through which to set-up the strip sample at
an equivalent position to that of the actual tyre. This is by using a board with a 1:1 print

of the outer profile based on which to fit the strip sample.
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Figure 4.3 Image Capturing and Processing for Cross-Sectional Tyre Profile
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Similar to the image processing procedure in section 3.4.2, a high-resolution image of
the strip sample of the tyre cross-section at “0” KPa was captured and imported to a
processing computer using a 1200 ppi resolution scanner as seen in Figure 4.3. The
imported 2D tyre image was treated with “adobe photoshop” to extract only the tyre
profile excluding irrelevant surroundings in the image. Later, the treated image was
exported to the “GetData Graph Digitizer” to scale it 1:1 and extract the coordinates of all
the rubber and reinforcement components of one half of the tyre profile since it has a
symmetrical profile about its centreline. Those coordinate points were exported to
“SolidWorks” to create a detailed 2D and half CAD drawing of the symmetrical cross-
sectional tyre profile to use later as a sketch input to generate the different tyre parts in

Abaqus as seen in the next sections.

4.3 FE MODEL SET-UP

4.3.1 2D Axisymmetric Modelling

After setting up the material properties and the rebar lay-ups obtained in the previous
chapter in Abaqus model tree, the first stage of tyre modelling was to create a detailed
2D axisymmetric FE model of the tyre (i.e. to include reinforcements details) which to be
used to create a 3D version of the tyre model later. To create the 2D axisymmetric
model, the 2D CAD drawings of SolidWorks acquired from image processing in section
4.2 were imported to Abaqus/CAE as the geometry input for different axisymmetric tyre
parts. In Abaqus/CAE, the sketch of the half tyre profile was mirrored about its symmetry

axis to obtain the full 2D profile of the tyre cross-section. The 2D axisymmetric model
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was created and partitioned to its sub-parts as seen in Figure 4.4 below for the standard

tyre.

Cap Plies Triad
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Figure 4.4 2D Axisymmetric Model of Standard Tyre

4.3.1.1 Rubber and Wheel-Rim Components

Given the tyre structure complexity and the usage of explicit dynamic solver to run the
whole tyre analysis (i.e. see section 4.3.3 for more details), the rubber components in
the 2D axisymmetric tyre model were modelled as deformable and twistable shell parts
with reduced-integration bilinear axisymmetric quadrilateral solid elements (CGAX4R)
similar to Bekakos et al. [218]. This is since linear-order reduced integration decreases
“simulation time” particularly for 3D modelling, is robust for “large strain” applications,
and prevents “shear (volumetric) locking” (i.e. over-stiffen response) by offering constant
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volumetric strain across the element especially as the rubber response is nearly
incompressible [219, 220]. Furthermore, with proper meshing, the quadrilateral (i.e.
hexahedral in the 3D model) elements have a better convergence rate and can provide
an accurate solution with lower costs [219]. The relevant material properties from the

model tree database were assigned to each rubber component.

Nevertheless, the linear-order reduced integration elements may suffer from
“hourglassing” (i.e. Non-physical (zero energy) modes) during deformation which could
influence solution accuracy. To reduce the hourglassing effect greatly in the tyre model,
the enhanced hourglass control algorithm was used for the rubber elements
accompanied with reasonably fine meshing (i.e. see section 4.4.3 for greater details).
Also, a groove-less tread profile was used, as shown in Figure 4.5, to distribute the
loading or contact-patch over more elements to help in minimising hourglassing by
avoiding concentrated or point loading/contact which works on exciting hourglassing
modes [219-221]. This is since tread grooves have a negligible impact on tyre’s rolling-
resistance, which is the main performance measure in this research project [8, 30, 67,

77].
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Figure 4.5 Groove-Less Tyre Rubber Profile with Fine Mesh and Wheel-Rim Assembly

As seen in Figure 4.5, the tyre wheel-rim was modelled by a rigid body definition using
“tie” constraint function that contains and links the “wheel centre node”, the “tyre/rim
contact nodes”, and the “rim wire surface” (i.e. modelled using SFMGAX1 element)
altogether to form the wheel-rim assembly. The wheel-rim assembly was treated as a

rigid part that is non-deformable since it exhibits almost no to very tiny and negligible
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strains in practice during normal operation. Point-mass and rotary-inertia elements were
coupled to the wheel centre to represent the wheel-rim’s weight (8 Kg) and rotational

inertia (0.249 Kg.m?) respectively in Abaqus/Explicit.

Unlike the actual (asymmetric) rim, the wheel-rim was drawn as a simplified symmetric
rim profile made of nodes and wire surfaces to minimise the model complexity and the
required computational costs. Furthermore, the wheel-rim is assumed to have no or
negligible impact on tyre performance, especially rolling-resistance, agreeing with others
work [64, 67, 74, 77]. This is because only steady-state free-rolling conditions are
investigated in this research, as indicated in section 1.3 of chapter (1), where wheel-rim
rotational inertia has almost no impact [24]. Also, according to the aim of this research
project, the wheel-rim assembly, in the tyre structural designing that was done, remained
the same without any changes whether in the geometry or the physical properties in all

the design versions.

4.3.1.2 Reinforcement Components

Given its shape and lay-up nature, the tyre’s cord reinforcements were represented as
deformable and twistable wire rebar layers with linear axisymmetric surface elements
(SFMGAX1). The relevant material properties and rebar characteristics (i.e. rebar area,
spacing between cords, and cord orientation angle) from the model tree database were
assigned to each reinforcement component. The cord reinforcements were added to the
axisymmetric tyre model as embedded regions inside the relevant rubber bodies as the

host. Similar modellings of tyre reinforcements are Yang et al. [222] and Wei et al. [223].
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4.3.2 3D Modelling of 2D Profile, Air Cavity and Road

Using the “symmetric model generation” and “symmetric results transfer” procedures
available in Abaqus/Standard, the 2D axisymmetric tyre model was revolved 360° to
create the full 3D tyre model as shown in Figure 4.6. During such a process, the
elements of the rubber and reinforcement components were transformed to its
corresponding 3D version; hexahedral (brick) solid elements (C3D8R) and quadrilateral
surface elements (SFM3D4R) respectively. Also, an “input’ file was generated
comprising the model definition data. This “input” file was updated to include the
necessary material properties for all the tyre components and to create other model’s

parts and required simulation steps to run the tyre analysis as will be indicated next.

The full 3D tyre model was chosen over the 2D tyre model in order to be able to
investigate the complete tyre design and its performance in-depth in a manner similar to
that in practice and in line with this research goal. This is since the main work of this
research involves introducing new structural designs to the standard design along the
entire tyre circumference. With such 3D model, a visual on the performance of the entire
tyre structure during rolling is possible to investigate its deformational response including
vibratory oscillations in relation to the total energy dissipation and other driving
performances such as cushioning and cornering. This would involve not only the tyre

footprint but the outer circumference of the whole tyre as will be seen in section 4.5.4.
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Figure 4.6 2D to 3D Tyre Model Development

To account for the trapped air inside the tyre’s cavity, the conventional approach
followed by many researchers was to apply uniform pressure load on the tyre’s inner-
liner (i.e. internal surface) to simulate tyre inflation only [224-227]. However, this method
is found ineffective in accounting for the air response across the whole cavity and the

air/tyre interaction during deformation since it considers the tyre cavity as a void with no
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link or relation to the tyre’s structure especially if there is more than one cavity chamber

inside the tyre [30].

In this research project, an alternative solution was used to account for the cavity air
behaviour more realistically in relation to the tyre structure. This solution was the “fluid
cavity capability” provided by Abaqus. The fluid cavity capability is used to couple the
deformation of tyre structure with the pressure and volume of its cavity air. The capability
has two approaches available to create the cavity air volume (i.e. a surface-based
approach and an element-based one). The “surface-based” approach was chosen in this
research as it has better functionality, is easier to implement, is more suitable for 3D

modelling, and requires lower computational costs [185, 228].

To model tyre’s cavity air using “surface-based fluid cavity capability”, the “air cavity
boundary” was specified through a closed-loop (element-supported) surface definition
and a “cavity reference node” was created at the wheel-hub centre for each air chamber
in the tyre. Based on both the “air cavity boundary” and the “cavity reference node”,
Abaqus would construct and compute internally the air cavity volume(s) of the tyre using
fluid volume elements (F3D4) [228]. The air medium inside the tyre cavities was
assumed to behave as a compressible ideal gas [229-231]. Based on which, the air
properties, as an ideal gas, were included in the model “input” file in terms of the
molecular weight and the universal gas constant. Furthermore, the gas temperature was

specified at 25 °C based on the assumption of isothermal behaviour corresponding to
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that of the experimental testing done for tyre’s rolling-resistance as will be seen in

section 4.5.2.2. Similar work was done by Behroozi [185].

The tyre’s cavity air was treated as an ideal gas because it agrees with the main
assumptions for the kinetic theory of ideal gases. First, the intermolecular forces created
from air molecules collision with each other inside the cavity chamber are insignificant in
contrast with the tyre forces in action. Next, the air molecules have point masses that
are too small in comparison to how far each molecule is apart from the other in which
the overall volume of all molecules would be trivial with respect to the volume of the tyre
cavity. Moreover, under normal working conditions, tyres operate at inflation pressures

and temperatures that conform to the ideal gas laws [232].

As shown in Figure 4.6, to model the contact road surface, the model input file was
updated with a 3D analytical (rotational) surface definition accompanied with rigid body
definition to create an analytical rigid surface drum with 360° revolution and its reference
node using ARSR elements. At drum’s reference node, the drum was assigned an
estimated mass and rotational inertia in order to run the explicit analysis procedure of
the tyre model as will be seen later. An analytical rigid road drum, with a smooth and flat
surface, was modelled to match the corresponding drum used in the experimental
testing in section 4.5.1 which is taken as nearly non-deformable in practice. This is

besides reducing the tyre model complexity and computational costs.
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4.3.3 Simulation (Analysis) Steps

To run the full 3D tyre model for the targeted rolling analyses, Abaqus/Explicit solver
was used to run the entire tyre analysis. There were several reasons to choose
Abaqus/Explicit solver only over Abaqus/Standard and also over the coupled use of both
Abaqus/Standard and Abaqus/Explicit together to run the complete tyre analysis. Firstly,
unlike the Abaqus/Standard, Abaqus/Explicit is found to have the capability to handle,
efficiently, non-linear and large deformational dynamic problems, including quasi-static,
with complex contact conditions [56, 233-237]. This involves 3D problems with large
rotations and discontinuities whether in contact or due to material wrinkling [56, 235]. All
of these aspects are found commonly in the 3D tyre analysis, which is a highly non-
linear FE problem whether it was for the geometry, the material response, or the contact

boundaries [56].

Apart from that, Abaqus/Explicit offers an economical solution of the dynamic rolling
simulations and avoids the non-convergence issues of the analysis in comparison with
the Abaqus/Standard [56, 235, 238]. This is because Abaqus/Explicit uses a central-
difference integration approach to directly compute the dependent (targeted) variables at
a later time using known quantities at the current time without the need for any iterations
or convergence checks since such computation is done over many sufficiently small time
increments that would ensure the solution advances gradually and stays on track [56,
234, 235]. On the other hand, Abaqus/Standard uses Hilber-Hughes-Taylor integration
approach to determine the dependent variables at the current time through solving a

coupled set of equations several times (iteratively) until a solution is converged for each
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time increment [56, 234, 239]. Such an approach would require significant computational
resources. Due to that, Abaqus/Standard is more suited to use for static and steady-

state rolling problems [56, 224].

Although Abaqus/Explicit uses a large number of time increments, the Abaqus/Explicit
gives an inexpensive solution for dynamic rolling problems since each increment
requires neither iterations nor simultaneous equations to solve in comparison to
Abaqus/Standard [235, 240]. Regardless, it seems proper to use Abaqus/standard to
run the quasi-static tyre analyses (i.e. tyre inflation and vertical loading) and then to
transfer the results to Abaqus/Explicit to run the part of the dynamic rolling analysis as a
more efficient computational approach as seen in others’ work [241-244]. This is since
using Abaqus/Explicit to run the quasi-static tyre processes for its normal time period is
computationally unrealistic as it would require an unreasonably very small size of the

time increment and an enormous number of increments [236].

However, for this research project, the coupled usage of both Abaqus/Standard and
Abaqus/Explicit to run the complete tyre analysis, as suggested above, was not
possible. This is because the PRF material module used to represent the tyre
viscoelasticity in the tyre FE model is not compatible with the “steady-state transport”
and the “import” features of the result transfer procedure between Abaqus/Standard and
Abaqus/Explicit. Nandi et al. [40] outlined the same finding. To be able to use
Abaqus/Explicit for the quasi-static tyre analyses and obtain an economical solution in

this research, the simulation speed of the quasi-static processes (i.e. tyre inflation and
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vertical loading) were artificially increased by reducing the total step time of each

process in which the dynamic effects are eliminated [40, 236].

Therefore, with Abaqus/Explicit as the solver for the entire tyre analysis, the tyre model
input file was updated with three simulation steps in order to run the complete tyre
analysis of steady-state free rolling either in straight-line or at a slip angle as shown in
Figure 4.7. In these simulation steps, the time increment was set below the stability limit
of the central-difference operator to ensure a stable solution. For the first step, the tyre
was inflated quasi-statically by applying the targeted inflation air pressure at the relevant
cavity reference node. In the second step, a general contact definition was created to
account for the complicated contact and any discontinuities between the tyre and the
road drum with a coulomb (constant) friction coefficient of 0.75 during rolling similar to
that of the experimental set-up in section 4.5.1 in which free-rolling conditions are used
[245-248]. This step involved bringing the tyre into initial contact with the drum and then
vertically loading the tyre against the drum quasi-statically by applying the prescribed

vertical load at the wheel reference node (RP2).
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Figure 4.7 FE Simulation Steps for Complete Tyre Analysis

For the third step, the tyre was contact-driven by the road drum for steady-state free
rolling around its wheel reference node (RP2) in a straight-line at a targeted constant
speed. This is through rotating the road drum at the relevant angular velocity around its
reference node (RP3) for at least three seconds to ensure reaching a steady-state
rolling. In this step, a small amount of viscous contact damping was used to minimise
the numerical noises in Abaqus/Explicit solution without influencing the physical rolling
process. This was done by introducing a contact-damping property within the general
contact definition of the tyre/drum with a unitless damping coefficient (0.03) as a fraction
of the tyre critical damping computed internally by Abaqus/Explicit solver at the contact-

patch during analysis [249]. For cornering simulation, the same simulation steps, as in
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straight-line rolling, were used with the exception of changing the orientation of the road
drum to lie at an angle relative to the tyre’s longitudinal axis corresponding to the

targeted cornering slip angle as seen in Figure 4.8.
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Figure 4.8 Tyre/Drum Model Orientation for (a) Cornering and (b) Straight-Line Rolling
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To further minimise from the solution noises, Abaqus/Explicit analysis was run in “double
precision” mode for more precise numerical roundoff of the FE results given the size and
the nature of the FE tyre model [250, 251]. Furthermore, for the FE post-processing
stage, the FE solution outputs were treated using low-pass (finite impulse response)

filtration whenever it was needed to remove the numerical noises [252].

4.4 MESH REFINEMENT

To have a working FE model that yields the correct tyre response, a fine element mesh
of the FE tyre model is required in terms of shape and density in which a mesh-
independent, consistent and accurate FE solution is obtainable with no convergence
problems and with the minimum computational costs possible. For this purpose, the
following mesh refinement analyses were done in which a uniform 3D meshing was

used across the entire tyre circumferentially since the tyre is being modelled explicitly:

4.4.1 Shape Quality

An “element shape quality” analysis was performed on the 2D axisymmetric tyre model
(i.e. as the cross-sectional interface of the 3D tyre model) using the mesh verification
tool available in Abaqus/CAE. In the analysis, the quality of the model’s element shape
was assessed through its aspect ratio (i.e. ratio of the longest to the lowest side of an
element) and internal angles [253]. According to the default criteria of Abaqus [253], the
element shape is of good quality if the aspect ratio is below 10 (i.e. no large aspect
ratios) and each internal angle falls between 10 and 160 degrees (i.e. no extreme corner
angles).
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The mesh quality analysis showed that the standard tyre profile, shown in Figure 4.5,
had a good shape quality since the worst aspect ratio was found no more than 5.1
whereas the corner angles had a minimum of 25 and a maximum of 150.5 degrees in
the model in which the average minimum angle was 72 and the average maximum was
108 degrees. The mesh refinement was more focused toward the tread region since it
has the largest mass entity and is the only part that is in contact with the road;
experiencing most of the deformation in the model. Although further mesh refinement is
possible, the current fine meshing was used since a balance was needed to be achieved

between the mesh refinement level and the computational efficiency [5].

4.4.2 Sensitivity Analysis

A “mesh convergence evaluation” was conducted on the entire 3D tyre model to
determine the appropriate mesh density circumferentially that would provide mesh-
independent, consistent and accurate FE outputs using minimum computational
resources [254]. For this purpose, the 3D model of the standard tyre was subjected to a
quasi-static footprint analysis at a common vertical load of 4000 N and a reference
inflation pressure of 220 KPa using different mesh densities from coarse to fine similar to
Yang [5]. The maximum pressure at the tyre contact-patch was assessed as the FE
output and the CPU time was recorded as shown in Figure 4.9 using four CPU
processors with 20 GB memory to run the 3D model analysis. The FE output of the

maximum contact pressure was chosen since it is closely related to the tyre’s grip,
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inflation pressure, vertical loading and hence rolling-resistance which are all of interest

and to be investigated in this research work later in the next chapters.

Qausi-Static Footprint Analysis at 4 KN Vertically & 220 KPa
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Figure 4.9 Mesh Convergence Analysis for 3D Standard Tyre Model

According to the convergence results in Figure 4.9, the 3D tyre model starts to yield
consistent FE output at a mesh density of 140 sectors circumferentially and above
whereas the CPU time incurred a linear increase with the increase of mesh density. The
mesh density of 140 sectors would be a proper choice for the 3D tyre model due to its
accurate FE output and reasonable computational cost compared to other mesh

densities. However, for this research work, the best mesh density for the tyre model was
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found to be 200 sectors despite the higher computational cost incurred as will be

explained in section 4.4.3 next.

4.4.3 Energy Outputs Analysis

A further assessment for the validity of the simulation response of the 3D tyre model was
to examine the model’s energy outputs, in particular, the “total energy (ETOTAL)” and
the “artificial strain energy (ALLAE)” [235]. For the “total energy” (ETOTAL), the total
energy of the 3D tyre model was readily obtained as an FE history output from
Abaqus/Explicit analysis in which it is represented in the FE model by the following

energy balance equation [255]:

ETOTAL = ALLKE + ALLIE + ALLVD + ALLFD — ALLWK — ALLPW =~ Constant (4.1)

The total energy of a valid FE model should be “zero” for static analyses and
approximately “constant” at non-zero value with an allowable error of ~1% for dynamic
analyses [235, 244, 256]. Such a trend of total energy confirms that the external
energies are balanced out by the kinetic and internal energies in the tyre model in which
the model solution is physically following the principle of conservation of energy [257,
258]. The ETOTAL output for the standard tyre model was assessed for the economical
option of tyre mesh density of 140 sectors circumferentially and found to show nearly
zero at quasi-static analyses (i.e. tyre inflation and vertical loading) and almost a

constant profile but with more than 1% deviation at the dynamic rolling stage as seen in
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Figure 4.10. However, with mesh refinement of 200 sectors circumferentially, the
standard tyre model was found to yield almost zero ETOTAL at the quasi-static stage of
tyre simulation and nearly constant profile with ~1% error at the dynamic stage
indicating that the model is complying with the conservation law of energy. A similar

finding was reached by Zuo et al. [244].

Quasi-Static Footprint & Steady-State Free Rolling at 4KN
Vertically, 220 KPa & 30 Km/h in Straight-Line
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Figure 4.10 Total Energy (ETOTAL) for 3D Standard Tyre Model

As for the “artificial strain energy” (ALLAE), it is important for the 3D tyre model to have
low ALLAE throughout the tyre simulation in order to ensure that the tyre has a good

mesh quality and is being simulated physically in a proper way with no instabilities
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influencing the solution accuracy such as excessive hourglassing effects as discussed
previously [221, 259, 260]. To verify the level of the artificial strain energy, the ratio of
the artificial strain energy (ALLAE) to the total strain energy (ALLIE) is assessed in
which the ALLAE is considered to be low if the ratio was below 10% as a general rule
[221, 244, 258]. For the 3D standard tyre model, the ALLAE/ALLIE was found to start
with a ratio of above 10% and then fall below it at a later time toward the middle of tyre
simulation for the mesh density case of 140 sectors as indicated in Figure 4.11. For a
more stable model, a mesh refinement of 200 sectors was found to yield ALLAE/ALLIE
below 10%; indicating negligible hourglassing effects and the model is physically
simulating the tyre rolling process correctly. Zuo et al. [244] showed a similar conclusion

in their work.
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Figure 4.11 ALLAE/ALLIE Ratio for 3D Standard Tyre Model

Therefore, based on the previous energy outputs of the standard tyre model (i.e. base
model for tyre designing), a tyre mesh density of 200 sectors circumferentially was

adopted to run the tyre simulations properly.

4.5 FE MODEL VALIDATION

Apart from validating the FE model is functioning correctly in section 4.4, the 3D FE
model of the standard tyre was required to be validated for yielding the same tyre
response as that of the actual tyre it is simulating in practice. This is to ensure having a

working FE model capable of producing FE results that are to be trusted and relied upon
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as true especially for designing purposes. The best way to carry-out such validation was
to conduct the tyre tests of interest numerically using the FE tyre model and compare
the results with their corresponding experimental tests for similarity as illustrated in the

next sections.

4.5.1 Validation (Experimental) Tool

According to the literature survey done in section 2.3.2.2, the best experimental method
chosen for FE validation was the in-door testing using the laboratory tyre/drum rig with
respect to this research aim and objectives. For this research, a “tri-axial electro-
hydraulic tyre/drum rig” was used to conduct the maijority of the experimental tests. The
tyre/drum rig can perform a variety of static and dynamic rolling tests (e.g. footprint,
vertical stiffness, straight-line rolling and cornering). The test rig has three axes of
operation (i.e. vertical, longitudinal and lateral) and two test configurations (i.e. “straight-

line rolling” and “cornering”) as shown in Figure 4.12 and Figure 4.13 respectively.
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Figure 4.13 “Cornering” Set-Up of Tri-Axial Electro-Hydraulic Tyre/Drum Rig

The tyre/drum rig operates through a set of transducers (i.e. tachometer, LVDT and load

cells) and actuators (i.e. speed regulator unit and hydraulic actuators) that are controlled
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by a PC with a controller unit and powered by an electrical motor and a hydraulic pump.
Through the PC with the controller unit, a 2.44 metres diameter drum of a smooth-and-
even steel surface, representing the road in the test rig, was belt-driven by the electrical
motor at a given rolling velocity. In the test rig, the position of the tyre unit was controlled
vertically or both vertically and longitudinally by hydraulic actuator arms (i.e. powered by
the hydraulic pump) via the PC with the controller unit based on the current tyre’s
coordinates supplied by LVDT transducers. This is to re-align the tyre with respect to the
road drum, bring the tyre into initial contact with the road drum, and push the tyre
against the road drum at a given vertical load. Generally, the main experimental
readings that can be obtained from the tyre/drum rig are the force measurements at the
tyre’s wheel spindle using bi-directional pancake load cells of 0.5 tonne capacity with
+0.05% reading (accuracy) error in the vertical, longitudinal and lateral directions

respectively.

Besides the tyre/drum rig, another experimental tool used for FE validation was “Faro
Edge ScanArm” which is a 3D laser scanner probe with an accuracy of £25 um as seen
in Figure 4.14. Faro scanner was used with a PC equipped with a 3D CAD program to
scan and capture the outer tyre profile at different inflation pressures with respect to the
tyre wheel centre as a reference and import the scanned profile as a 3D CAD model

made of numerous coordinate points.
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Figure 4.14 Experimental Set-Up of Faro Edge ScanArm

4.5.2 Validation Scope

The FE model of the standard tyre was validated by measuring a set of tyre properties
that are directly related to this research aim, objectives and scope in sections 1.2 and
1.3 respectively. Both static and dynamic tyre properties were used in the validation
which the FE tyre model is required to predict in order to able to evaluate the different
tyre structural designs (i.e. multi-chamber tyre designs) later with respect to the core
rolling-resistance and other fundamental driving requirements in line with this research
aim and scope. Those static and dynamic tyre properties are highlighted in sections

4.5.2.1 and 4.5.2.2 respectively.
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Besides ensuring the accuracy and precision of FE model in sections 4.3 and 4.4, prior
to conducting the main validation tests, the experimental set-ups for FE validation (i.e.
Faro Scanner and Tyre/Drum Rig) were assessed for their accuracy (i.e. systematic
error) and precision (i.e. random error) as per the relevant assessment standards similar
to that of section 3.2. For example, the longitudinal load cell of the tyre/drum rig was
checked to have up-to-date calibration and the proper accuracy for the rolling-resistance
test (i.e. reading error of £0.5 N) according to 1ISO 18164:2005 [261]. Also, under the
same tyre testing conditions with a minimum of three measurements, the repeatability
(i.e. precision) of the rolling-resistance force readings of the load cell was evaluated and
found to have an acceptable standard deviation of rolling-resistance coefficient

measurements of < 0.075 N/KN in agreement with ISO 28580:2009 [262].

All the FE and experimental runs for both static and dynamic properties validations were
conducted at ~25 °C, assuming an isothermal equilibrium. Furthermore, to ensure and
maintain the precision of the experimental readings, each experimental run of the same
testing conditions was repeated at least three times to obtain an averaged
measurement. For the “tyre/drum rig”, prior to conducting the experiments, the tyre has
been dynamically balanced using a wheel balancer machine as seen in Figure 4.15 to
ensure a stable run and then fitted to the tyre/drum rig and re-aligned properly with the
centres of the road drum, the hydraulic actuator(s) and the load cells for correct

experimental measurements.
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Figure 4.15 Mass Balancing of Standard Tyre/Wheel Assembly using Wheel Balancer

4.5.2.1 Assessment of Static Tyre Properties

As the first stage of FE validation, three quasi-static properties of the tyre were assessed
both numerically and experimentally due to their close relation to the rolling-resistance,
grip and mechanical comfort (cushioning). Those properties are the tyre’s inflation,

vertical (radial) stiffness and footprint area [30] as illustrated below:

A) Inflation Validation:
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For the “inflation” validation, the geometrical changes in the outer tyre profile were
measured at the tread centre and the outermost point of the sidewall of the tyre as a
result of inflating the tyre’s cavity with different inflation pressures respectively as
indicated in Table 4.1. A wide range of inflation pressure was used to evaluate the
capability of the FE model to predict tyre deformation since it is a non-contact test and
there is no risk of damaging the tyre at low pressure whereas the maximum pressure

applied falls within the operating range of the standard tyre.

Table 4.1 Testing Settings for Inflation Validation of Standard Tyre

Test Number | Inflation Pressure (KPa)
0

160

200

240

280

AW |IN|PF

In FE, the inflation step was simulated in the 3D FE model of the standard tyre using
Abaqus 6.13-1 as indicated in section 4.3.3. Since the tyre has a symmetrical profile
circumferentially, the relevant nodal displacements in the inflation direction were
requested as a field output from a reference node at the tread centre and another at the
sidewall outermost. Experimentally, for the actual tyre, similar to FE, the Faro ScanArm
was used to scan and capture the geometrical change at a specific sector of the outer
tyre profile for comparison purposes as seen in Figure 4.14. From the scanned CAD

profile, the coordinates of the tread centre and the outermost sidewall point were
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extracted at the given tested inflation and compared with that of “0” KPa profile as a

benchmark for displacement in the inflation direction.

B) Vertical Stiffness Validation:

For the “vertical (radial) stiffness” validation, the tyre was brought into initial contact with
the road drum and then pushed against the road surface quasi-statically in the vertical
direction for a given vertical displacement while recording the time-history of the normal
reaction force at the tyre centre or wheel spindle for different inflation settings as
indicated in Table 4.2. More practical inflation settings were used for the stiffness
validation to prevent damaging the tyre since it involves contact with the road drum
whereas 220 KPa was chosen as the reference inflation pressure for the standard tyre
given its specifications. The tyre’s stiffness was computed from the relationship slope of
the normal reaction force recorded against the corresponding vertical displacement

travelled by the tyre during contact.

Table 4.2 Testing Settings for Stiffness Validation of Standard Tyre

NJrﬁf)ter Inflation Pressure (KPa) | Vertical Displacement or Deflection (mm)
1 180
2 200
3 220 24
4 240
5 260
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In FE, the vertical stiffness modelling of the tyre was conducted by applying the inflation
and contact simulation steps (i.e. first and second steps) indicated in section 4.3.3.
Since an Abaqus/Explicit solver is used to run the FE simulation, the time-history record
of the vertical reaction force had some numerical noises which were treated through
linear regression. For the corresponding experimental part, the vertical stiffness
validation was performed using the “tri-axial electro-hydraulic tyre/drum rig” shown in

Figure 4.12.

C) Footprint Validation:

As for the “footprint area” validation, two sets of validation tests were conducted by
bringing the tyre into initial contact with the road drum and then vertically loading the tyre
against the drum quasi-statically to a targeted level in which the total area of the contact-
patch was computed once the tyre has reached full contact with the road drum. One set
involved testing the tyre at fixed inflation but different vertical loadings respectively,
whereas the other set had the opposite testing conditions as seen in Table 4.3. In the
first test set, the inflation was made fixed at 220 KPa since it was the normal inflation
level for the standard tyre as indicated earlier while the second test had the vertical
loading made constant at 4000 N since it is found to be within the common range of

operating loads for such tyre category.
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Table 4.3 Testing Settings for Footprint Validation of Standard Tyre

Test Set | Run Number | Inflation Pressure (KPa) Vertical Load (N)

1 1000
2 2000

1 3 220 3000
4 4000
1 180
2 200

2 3 220 4000
4 240
5 260

Similar to stiffness modelling, in FE, the footprint modelling of the tyre was performed by
applying the inflation and contact simulation steps (i.e. first and second steps) indicated
in section 4.3.3. With Abaqus/Explicit solver, the available option to calculate the total
area in contact between the tyre and the road drum was to request the “CAREA” history
output. A contour visualisation of the contact-patch area is not available in
Abaqus/Explicit solver. However, a contour plot of the contact pressure distribution (i.e.
via CPRESS field output) was possible to use as a general approximation of the actual
footprint profile of the tyre [222, 263, 264]. For the experimental counterpart, the “tri-axial
electro-hydraulic tyre/drum rig” was used again to carry-out the footprint tests in which
the tyre footprint area was captured by having the related contact surface of the tyre
sprayed with black-ink beforehand and imprinted against a white A4-paper attached on
the road drum surface. Later, the imprint of the tyre footprint was image scanned into a
PC and processed digitally to capture the footprint outline on 1:1 scale and calculate the

contact patch area from the captured closed-loop outline as seen in Figure 4.16.
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Figure 4.16 Experimental Capture Process of Tyre Footprint Area

In this section, the validation procedures adopted for the tyre static properties were

similar to that done by both Yang [5] and Wei [7].

4.5.2.2 Assessment of Dynamic Tyre Properties
For the second stage of FE validation, three dynamic properties of the tyre were
validated and they are the tyre’s non-uniformity, rolling-resistance and cornering as

indicated next:

A) Non-Uniformity Validation:
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In the “tyre’s non-uniformity” validation, the variations in the vertical (radial) and lateral
forces at the tyre’s centre or wheel spindle were measured while the tyre is in full contact
with the road drum and free-rolling at a steady-state in a straight-line on smooth flat
surface for the rolling conditions listed in Table 4.4 respectively. The reason for
conducting the non-uniformity validation at a constant velocity is to be explained later in
the rolling-resistance validation. The non-uniformity testing was conducted based on that

of Michelin except for the testing conditions to suit this research scope [265].

Table 4.4 Rolling Conditions for Non-Uniformity and Rolling-Resistance Validations of

Standard Tyre
Test Run Inflation Pressure | Vertical Load (N) Rolling Velocity
Set Number (KPa) (Km/h)
1 1000
1 2 290 2000
3 3000
4 4000
1 180 30
2 200
2 3 220 4000
4 240
5 260

Normally, the non-uniformity test is conducted to assess the newly made tyres for any
manufacturing flaws or imperfections resulting in undesirable non-uniformities in the
tyre’s structure during rolling and hence leading to uncomfortable or unstable rolling ride
[266]. Nevertheless, for this research project, the manufacturing flaws are considered

negligible or non-existent since the actual tyre (i.e. standard tyre) investigated is a new
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and an approved end-product, whereas the developed FE tyre model is of perfect
symmetrical geometry and even mass distribution about its rotational axis. In that
regard, the non-uniformity test can be used as an indicator of the deformational
variations in the tyre’s profile during rolling due to the tyre’s structural design and
characteristics [30]. This is since the tyre is free-rolling at a steady-state and on a
smooth flat surface which makes the contribution of traction, braking and road
roughness negligible on the tyre profile stability during rolling leaving the tyre structural

design as the main contributor.

In FE, the non-uniformity test was conducted by applying all the simulation steps
indicated in section 4.3.3 respectively for a free-rolling at a steady-state in a straight-line
in which the history outputs for the vertical and lateral reaction forces at the tyre centre
node (RP2) were extracted once the tyre has reached the steady-state rolling of fixed
velocity. The corresponding experiment was performed using the “cornering
configuration” of the tyre/drum rig in Figure 4.13. This is in order to be able to measure
both the vertical and lateral forces at the tyre wheel spindle when the tyre is free-rolling
at a steady-state of a constant velocity in which the inclination alignment tool with the
digital protractor was used to set the tyre rolling in a straight-line (i.e. 0° slip angle). In
line with ISO 18164:2005 [261], prior to the main test, the tyre was thermally conditioned
for three hours at ~25 °C and then had a warm-up run for 30 minutes for the first testing

conditions and 10 minutes for each subsequent testing conditions. For both the FE and
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experimental outputs, a low-pass (finite impulse response) filtration was applied

whenever it was necessary to eliminate noises from the recorded data.

B) Rolling-Resistance Validation:

For the “rolling-resistance” validation, the same rolling conditions as that of the non-
uniformity validation were used as seen in Table 4.4. In this research project, the rolling-
resistance is described as the “energy lost per unit distance travelled” by the tyre
because it is found to be a more comprehensive definition and valid for a broader range
of applications including complex and highly non-linear contact problems as indicated
previously in section 2.3 [65, 67, 68]. The core rolling-resistance caused by the internal
losses of the tyre structure (i.e. mechanical hysteresis) was chosen to be assessed only
without including other contributing factors. This is in order to be able to independently
evaluate the impact of the tyre structural design on the rolling-resistance in accordance
with this research aim and scope in chapter (1). In this context, the tyre was tested for
rolling-resistance under steady-state and free-rolling conditions of fixed rolling velocity in
a straight-line path on a smooth, even and non-deformable road surface. This is to
eliminate or significantly minimise to a negligible level the effects of traction, braking and

road surface roughness on the tyre’s rolling-resistance [245, 267-269].

Furthermore, the tyre was set to roll at a constant low velocity of 30 Km/h only to
exclude the impact of aerodynamic drag on the tyre’s rolling-resistance [20, 21, 30]. This
is since increasing the rolling velocity above 30 Km/h would lead to the aerodynamic

drag to grow and begin to add more rolling-resistance to the tyre gradually where this
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influence shoots up sharply at 120 Km/h with the formation of standing waves in the tyre
[8, 85]. As for 30 Km/h and below, the rolling velocity is concluded to have no influence
on the tyre’s rolling-resistance [8, 20, 23, 83, 85]. Such experimental set-up would make
the rolling-resistance dependent primarily on the tyre’s structural deformation (i.e.
mechanical hysteresis due to viscoelasticity) which can count up to 95% of the total

rolling-resistance of the tyre under the given rolling conditions [8, 10, 20, 152].

In the FE solution, the same simulation steps as that of the non-uniformity validation
were applied to have the tyre reaches a free-rolling at a steady-state in a straight-line
and a constant rolling velocity. For computational efficiency, a proposed method was
introduced to compute the rolling-resistance according to the “hysteresis damping ratio”
produced by the entire tyre and the “work done by the vertically loaded tyre at the
contact-patch” as shown in Figure 4.17 [187]. In this method, after the tyre reaches a
steady-state under the prescribed rolling conditions, the “hysteresis damping ratio” (HR)
of the entire tyre structure was possible to determine from the gradient of the time
history outputs of the dissipated energy (ALLCD) over the total strain energy (ALLIE) of
the tyre. Given the FE model captures the entire tyre geometry in great detail, the
ALLCD/ALLIE ratio encompasses the hysteresis damping due to any structural
deformations developed in the complete tyre geometry or its dimensional profile during
rolling including the contact-patch. Nevertheless, the ALLCD/ALLIE ratio excludes the

input of the road drum and only considers the input of the complete tyre structure.
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Figure 4.17 Rolling-Resistance Computation in FE Simulation [187]

Under the given rolling conditions, the dominant and governing deformational work that
gives rise to the rolling-resistance in the tyre would be the tyre deformation at the
contact-patch under vertical loading during rolling [270]. Based on that, the energy
needed to deform the tyre vertically against the road drum (i.e. deflection energy (Dg))
was possible to determine through the work done during such process which can be
found from the product of the mean of the normal contact force (Fc) at the contact-patch
against the vertical deflection travelled by the tyre (Dy). To specify the amount of energy
lost during such deformation at the contact-patch (E.c), the “hysteresis ratio” (HR) was
multiplied by the “deflection energy” (Dg). From that, it was possible to compute the
“rolling-resistance force” (Frgr) by dividing up the “energy lost at the contact-patch” (E.c)

over the “length of the contact-patch” (L¢c). As per ISO 18164:2005 for tyre/drum contact
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[261], the rolling-resistance of the tyre (RRE), as the energy dissipated per unit distance

travelled, was determined from the “rolling-resistance force” (Frr) using Eqg. (4.2):

Ry,
Rp

In the experimental part, the rolling-resistance testing was conducted using the “straight-
line rolling” configuration of the tyre/drum rig in Figure 4.12 as per ISO 18164:2005 [261]
except for the testing conditions to meet this research aim and scope. Similar to the non-
uniformity test, thermal conditioning followed by warm-up runs were performed for the
tyre prior to the main test(s). Also, prior to the main test, a skim load test was conducted
where the tyre rolled at the velocity and inflation pressure to be tested at in the main test
but with a very light vertical load of ~100 N to maintain tyre’s contact with road drum
without slippage. The skim load test was used to measure and exclude the parasitic
losses, which involves the frictional losses of the tyre/drum contact, from the tyre's
rolling-resistance measurements [261]. During the main test, the longitudinal force (i.e.
rolling-resistance force) was measured at the wheel spindle when the tyre was free-
rolling at a steady-state of a constant velocity. The measured force was converted to the

rolling-resistance as the energy lost per unit distance using Eq. (4.2).

C) Cornering Validation:

As for “cornering” validation, the lateral forces were measured at the tyre centre or wheel

spindle as the tyre was in full contact with the road drum and free-rolling in a steady-
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state of a constant velocity for different slip angles respectively as indicated in Table 4.5.
A rolling velocity of 10 Km/h was chosen since the velocity has a negligible impact on
the cornering forces for the given slip angles and rolling conditions [271, 272]. This is in

addition to improve the FE computational efficiency.

Table 4.5 Rolling Settings for Cornering Validation of Standard Tyre

Test Slip Angle Inflation Vertical Load | Rolling Velocity
Number (Degrees) Pressure (KPa) (N) (Km/h)
1 1
2 2
3 3 220 4000 10
4 4
5 5

The FE solution for cornering was obtained applying the relevant simulation steps in
section 4.3.3. For the experimental counterpart, the cornering set-up of the tyre/drum rig
in Figure 4.13 was used to set the tyre at different slip angles using the “inclination
alignment tool” and the “digital protractor” provided in which the lateral forces were

possible to measure utilising the lateral load cell available.

4.5.3 Static Validation and Analysis

4.5.3.1 Geometrical Inflation Analysis

As per the inflation validation in section 4.5.2.1, the FE outputs show a good agreement
with its experimental counterpart as seen in Figure 4.18 and Figure 4.19 for the

displacements induced by inflation in the tread centre and sidewall outmost points
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respectively. This indicates the capability of the FE model to predict the deformations in

the tyre profile close to that in practice.

Sidewall Qutermost

Tread Centre Displacement

Displacement (mm)

© 0 0o =R
Do okRr ND O DON

o
o N

¢ Experiment
B FE (PRF)

150 160 170 180 190 200 210 220 230 240 250 260 270 280 290
Inflation Pressure (KPa)

Figure 4.18 Tread Centre Displacement due to Inflation

¢ Experiment
B FE (PRF)

100 120 140 160 180 200 220 240 260 280 300

Inflation Pressure (KPa)
Figure 4.19 Sidewall Outermost Displacement due to Inflation
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With the increase of the inflation pressure, the inflation results illustrate that the tread
would be pushed outward whereas the sidewall would be pulled inward a little to
accommodate a taller and thinner tyre profile. This is because increasing the inflation
pressure would mean more air molecules accumulated inside the tyre cavity and
compressed against each other and the cavity boundaries leading to pushing the (thick
and hard) tread part outward which in turn would cause pulling the (flexible and thin)

sidewalls inward slightly. Similar findings are reached by Yang [5] and Wei [7].

4.5.3.2 Vertical Stiffness Analysis

For the vertical stiffness validation in section 4.5.2.1, a close similarity is observed
between the FE and the experimental results as shown in Figure 4.20, in which the
tyre’s vertical stiffness is represented by the gradient of the relationship between the
vertical load and the vertical deflection of the tyre. This gives another indication on the
FE model capability to simulate the deformational behaviour of the tyre correctly as a

result of contact with the road surface as that of reality.
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Figure 4.20 Tyre Vertical Stiffness at (a) 180 KPa, (b) 200 KPa, (c) 220 KPa, (d) 240

KPa and (e) 260 KPa

In Figure 4.20, it is noticeable that the higher the inflation pressure the stiffer the tyre will
become due to the tyre’s air cavity becoming denser with more air molecules to fill-out
space and lesser room to be further compressed. Lee et al. [273], Yang [5] and Wei [7]

shared the same findings.

4.5.3.3 Footprint Analysis

The footprint validation, in section 4.5.2.1, yielded a fair agreement between the FE
outputs and its corresponding experimental results as seen in Figure 4.21 and Figure
4.22 respectively. This provides further evidence of the FE model capability to compute
the tyre structural deformation properly in terms of the contact interface between the tyre

and the road in relation to practice.
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Figure 4.22 Footprint Area under Different Inflation Pressures
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In Figure 4.21, the footprint area is almost linearly proportional to the vertical load since
increasing the vertical loading would lead to greater tyre structural deformation at the
contact interface with the road given the tyre structure flexibility and the inflation air
compressibility. As for Figure 4.22, the footprint area is nearly inversely proportional to
the inflation pressure. For example, increasing the inflation pressure would mean more
air molecules to resist and withstand the vertical loading on the tyre; making the tyre
stiffer as indicated in section 4.5.3.2 and less prone to deformation at the contact-patch
and vice versa. Similar outcomes were reached by Yang et al. [222], Stallmann and Els
[274], Hoever [54], and Hernandez et al. [275]. Furthermore, an example of the FE
model ability to predict the footprint profile closely to that of the actual footprint through
the contact pressure distribution using CPRESS field output can be seen in Figure 4.23.
Each of Yang et al. [222], Kumar et al. [264] and Vayalat [263] showed a similar

outcome.
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Figure 4.23 Footprint Profile at 220 KPa Inflation and 4000 N Vertical Load [30]
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4.5.4 Dynamic Validation and Analysis

4.5.4.1 Non-Uniformity Analysis

In the non-uniformity validation in section 4.5.2.2, a reasonable match can be found

between the FE and its experimental counterpart for the radial and lateral non-

uniformities in the tyre as shown in Table 4.6. The non-uniformities in the tyre were

expressed in terms of the variations in the respective forces by taking the standard

deviation of the force history record during rolling. Examples on the history record of

force variations are seen in Figure 4.24.

Table 4.6 Radial and Lateral Non-Uniformities of Standard Tyre

2| Radial Non-Uniformity Lateral Non-Uniformity | >,
5] S < ch Variations in Vertical Variations in Lateral S _
~ <
g S |Se|l 325 Force (N) Force (N) 3 E
Q| ¥ |=2| 8% D ¢
et £alE £ =
&9 2 Experiment FE Experiment FE E
1 1000 4.749 4.626 0.510 0.351
1 2 90 2000 10.440 8.842 0.660 0.654
3 3000 17.485 16.441 1.173 0.880
4 4000 23.022 21.819 2.347 1.908
1 | 180 30.358 28.939 2.916 2.742 30
2 | 200 27.4767 25.217 2.526 2.298
2 3 | 220 | 4000 23.022 21.819 2.347 1.908
4 | 240 21.263 21.144 1.923 1.790
5 | 260 18.841 19.999 1.742 1.675
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The validation results indicate the ability of the FE model to adequately simulate the
deformational response of the tyre profile circumferentially during rolling in comparison
to that in practice. This is despite the slight differences between the FE and the
experimental outputs which may be attributed to the marginal manufacturing
imperfections in the actual tyre construction [30]. From Table 4.6, it is noticeable that
increasing the vertical loading on the tyre would lead to more non-uniformities in the tyre
profile during rolling especially radially. This is since the higher the vertical load, the
greater (more violent) the tyre deformation at the contact-patch and its subsequent
reflexes across the tyre circumferentially as a result of the peristaltic pumping effect.
Nevertheless, increasing the inflation pressure of the tyre would help in decreasing the
non-uniformities in the tyre structure during rolling since this would make the tyre stiffer

and less deformable as indicated earlier in both sections 4.5.3.2 and 4.5.3.3.

4.5.4.2 Rolling-Resistance Analysis

For the rolling-resistance validation in section 4.5.2.2, a good agreement was achieved
between the FE and its corresponding experimental results of the rolling-resistance
calculated as the energy lost per unit distance as seen in Figure 4.25 and Figure 4.26
respectively. Such validation shows the ability of the FE model to properly predict the
rolling-resistance, due to the internal losses in the tyre structure, compared to practice

for a variety of rolling conditions.
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Figure 4.25 Rolling-Resistance under Different Vertical Loads for Standard Tyre [187]
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Figure 4.26 Rolling-Resistance under Different Inflations for Standard Tyre [187]
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Under different vertical loads, in Figure 4.25, the rolling-resistance exhibits a nearly
linear proportionality with the vertical load. This is because more vertical loading on the
tyre would mean deflecting the tyre further vertically causing greater deformation of the
tyre structure at the contact patch, as indicated in sections 4.5.3.2 and 4.5.3.3, and thus
further hysteresis damping losses during rolling. At different inflation pressures, in Figure
4.26, the rolling-resistance displays an almost inverse proportionality with the inflation
pressure. This is because a higher inflation pressure would make the tyre stiffer and less
deformable, as indicated in sections 4.5.3.2 and 4.5.3.3, leading to lower mechanical
hysteresis damping during rolling. Similar findings are reached by Hernandez et al. [64],
Shida et al. [72], Ebbott et al. [70], Hall and Moreland [12], and Narasimha Rao et al.

[276].

Furthermore, the FE model provides a logical and sensible contribution share of each
relevant tyre component to the total energy dissipation of the tyre structure using ALLCD
output, as shown in Figure 4.27 for example, in relation to the literature [64, 71, 277].
This is in which the tread region is the sole dominant contributor to the energy loss in the
tyre structure due to its high viscoelasticity for tyre gripping and cushioning since it is the
only part in direct contact with the road. Compared to the tread, the other tyre parts (i.e.
sidewall and chafer/apex) provide small to marginal contribution to the energy losses in

the tyre structure during rolling.
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Figure 4.27 Contribution to Energy Dissipation (ALLCD (%)) by Region for Standard

Tyre

4.5.4.3 Cornering Analysis

In cornering validation as per section 4.5.2.2, the FE model shows a close match to the
relevant experimental results of cornering (lateral) forces at different slip angles as
shown in Figure 4.28. This indicates the capability of the FE model to simulate the
deformational mechanism at the tyre contact-patch that is responsible for generating the

cornering forces in line with that of practice.
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Figure 4.28 Cornering Performance for Standard Tyre

According to Figure 4.28, the standard tyre displays two distinctive responses over the
given different slip angles. Under 3° slip angle, the cornering force is almost linearly
proportional to small slip angles in which it is dependent on the spring-like side
deformation of the contact-patch and the adhesive contact between the tyre and the
road [278]. However, at 3° slip angle and above, the cornering force starts to stabilise
and become independent of the slip angles as the tyre begins to slide and lose its
adhesion with the road [279, 280]. Similar outcomes are given by Wei [7], Yang [5] and

Parisouz [281].

4.6 SUMMARY
This chapter illustrated the development of an operational (full) 3D tyre model in Abaqus

FE code for the standard tyre. A proved image capturing and processing technique was
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used to obtain a detailed 2D drawing profile of the cross-sectional tyre geometry
including the embedded reinforcements. Based on the captured 2D tyre profile, a 2D
axisymmetric tyre model was developed in Abaqus/CAE using the relevant material
properties obtained from chapter (3) to specify all rubber and reinforcement components
of the tyre. The wheel assembly was introduced as a rigid body with a simplified
geometry for computational efficiency. The full 2D axisymmetric model was revolved to
create a full 3D tyre model. The model’s input file was updated to introduce a cavity air
medium as an ideal gas, a road drum as an analytical rigid surface, and the necessary
simulation steps to run the complete tyre analysis. Abaqus/Explicit solver was used to

run the tyre analysis given the nature of simulation and the tyre’s model complexity.

Several mesh refinement assessments were performed to ensure the tyre model yields
a consistent, accurate and valid solution response with no numerical instabilities. To
have a fully validated FE tyre model ready for tyre designing and testing, the FE model
was validated against the relevant experiments for several static and dynamic tyre
properties related to rolling-resistance and other driving requirements in which a method
was proposed to calculate the rolling-resistance based on tyre’s hysteresis ratio. The
validation results demonstrated the capability of the FE model to simulate the
deformation and dissipation processes of the standard tyre during rolling correctly
compared to practice. This is despite the marginal differences between the FE and the
experiments in some of the results which may be referred due to not including the tread
grooving and reinforcement viscoelasticity in FE solution, the numerical noises in the

Abaqus/Explicit procedure, and tolerable manufacturing imperfections in the actual tyre.
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CHAPTER (5): DEVELOPMENT AND VALIDATION OF FINITE

ELEMENT MODEL FOR DUAL-CHAMBER TYRE

5.1 INTRODUCTION

Having a validated and working FE model for the standard tyre in chapter (4), the next
targeted stage would be to structurally develop potential multi-chamber solutions in line
with this research topic. However, prior to that, further validation would be needed for
the developed FE model to ensure its capability to account for the interaction between
the cavity air and the surrounding tyre structure especially for the case of a multi-
chamber tyre. For this purpose, in this chapter, two basic experimental prototypes of
multi-chamber tyre solutions were used to validate the FE modelling approach proposed

by the author for the same static and dynamic tyre properties in chapter (4).

The first prototype involved transforming the standard tyre from containing a single
cavity chamber into comprising concentric and annular dual chambers (i.e. dual-
chamber tyre solution). This is by inserting an inner bead-lock chamber, provided by

Coyote [137], inside the main cavity chamber of the standard tyre as seen in Figure 5.1.
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Figure 5.1 Experimental Prototype of Dual-Chamber Tyre
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For the second prototype, it is a five chambers tyre solution (i.e. prototype 0.5) which
have multiple inner tubes fitted inside 205/50 ZR15 tyre to form each chamber in
addition to the main chamber of the tyre as shown in Figure A.0.7 in appendix (B). This
basic solution was developed and manufactured as a part of “InterjetRR IDP12” project
run by Fusion Innovation in collaboration with the University of Birmingham [186]. The
author assisted in testing prototype 0.5 in the University testing facilities and gained
permission from Fusion Innovation, as seen in appendix (C), to use the experimental
data to further validate the author's FE modelling approach of the multi-chamber

solution.

Mainly, this chapter covers the FE model development and validation of the “dual-
chamber” tyre in which “prototype 0.5” is briefly discussed in section 5.4 with the
relevant FE validation is shown in appendix (B) since it is a design that belongs to
Fusion Innovation and has confidentiality restrictions. In this chapter, the work done by
the author with regard to the dual-chamber tyre solution, as the main owner and
contributor, was published as per a publication plan for this research and it can be found

in [30].

5.2 FE MODEL SET-UP AND REFINEMENT
Fundamentally, the “dual-chamber tyre” is the same as the “standard tyre” with the
exception of the inner chamber housing and its inner tube as shown in Figure 3.2.

Based on that, the developed and validated FE model of the standard tyre in chapter (4)
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was modified to include the dual-chamber solution. To incorporate the geometry of the
inner chamber housing and its tube to the FE model, a similar procedure to the one in
section 4.2 was done to capture the geometry of the inner chamber housing of the dual-

chamber tyre as indicated in Figure 5.2.

2D Profile Extraction from
3D Scanned Model

&

=
2D Sketch of Inner-Chamber |
Housing using “Abaqus” :

2D Housing Outer Profile
Capture

Figure 5.2 Outer Profile Capture of Inner Chamber Housing of Dual-Chamber Tyre

Furthermore, the relevant material properties for the inner chamber housing and its tube
in chapter (3) were added to the FE model tree. The 2D axisymmetric model had the
inner chamber housing partitioned from its tube as adjacent but two separate parts as

seen in Figure 5.3 in which both parts were modelled as deformable and twistable shell
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parts with CGAX4R solid elements given their geometry and set-up. The lower ends of
the inner chamber housing and its tube were set fixed to the wheel-rim using a “tie”
constraint definition since there will be a tight fit with negligible movement between their

interfaces in practice after chamber inflation.

[Outer-Chamber Cavity]

Top of
Inner-

Chamber
Housing

/' Side of
Inner-

'\Chamber
\ Housing

Inner-Chamber Tube

[Inner-Chamber Cavity] |

f [] Inner-Chamber Tube »
‘ ‘{ [ side of Inner-Chamber Housing |
)\ ; [] Top of Inner-Chamber Housing |

>

Figure 5.3 2D Axisymmetric Model of Dual-Chamber Tyre

The 3D modelling procedure of the 2D tyre profile with the road drum was similar to that
of the standard tyre in chapter (4). The same goes for the analysis (simulation) steps
used to run the 3D FE model of the “dual-chamber” tyre shown in Figure 5.4. In the 3D
model, the air cavity was modelled in a similar way to that of the standard tyre in chapter
(4) but with using two separate surface-based cavity definitions to model the air cavity

and its inflation of the inner chamber and the outer chamber independently. As in
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chapter (4), the same mesh refinement analyses were done for the FE model of the
“dual-chamber” tyre in which the model gave close outcomes to that of the standard tyre
since they share the same baseline design and hence a tyre mesh density of 200

sectors circumferentially was chosen to run the FE solution properly.

Cross-Sectional View of Full 3D Tyre Model with
3D Tyre Model Road Drum

Figure 5.4 3D Model of Dual-Chamber Tyre

5.3 FE MODEL VALIDATION

5.3.1 Validation Scope

Prior to conducting the experimental testing, the “dual-chamber” tyre was dynamically
balanced using a wheel balancer machine as seen in Figure 5.5 to ensure stable rolling
around its axis during testing. The FE model of the “dual-chamber” tyre was validated

against the same experimental tests and equipment as that in section 4.5 in chapter (4)
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using the Faro scanner for the geometrical inflation validation and the tri-axial electro-
hydraulic tyre/drum rig for the rest of all validation tests as shown in Figure 5.6 and
Figure 5.7 respectively. This is to verify that the FE model is capable of simulating the
multi-chamber tyre solution correctly for the targeted tyre characteristics compared to
practice. However, the inner chamber used in the “dual-chamber” tyre was not tailored
especially for the investigated tyre (i.e. standard tyre) since it came in a standardised
commercial size for 17-inch wheel tyres in general. This has placed some restrictions on
the range of testing conditions that the “dual-chamber” tyre can be subjected to without
causing damage of the tyre’s chambers due to severe contact during rolling. The

restricted testing conditions are indicated in the next section.
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Balance
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Dual-Chamber Inner Chamber Outer Chamber
Wheel Balancer Machine Tyre Valve Stem Valve Stem

Figure 5.5 Mass Balancing of Dual-Chamber Tyre/Wheel Assembly
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Longitudinal
Hydraulic Actuator

Speed
Regulator Unit

Dual-Chamber '

Vertical Hydraulic
Actuator

202



Inclination
Alignment Tool

Speed
Regulator Unit

Vertical
Hydraulic
Actuator

Chamber Tyre

(b)

Figure 5.7 Experimental Set-Up of Dual-Chamber Tyre for (a) Vertical Stiffness,

Footprint and Rolling-Resistance and (b) for Cornering and Non-Uniformity Validations

5.3.2 Static Validation and Analysis

5.3.2.1 Geometrical Inflation Analysis

For the inflation validation, as seen in Table 5.1, the inner chamber was set constant at
higher inflation to secure the mounting of the tyre’s beads and uphold the outer
chamber. The outer chamber was set at different inflation pressures respectively in
which it was put at a minimum of 180 KPa to prevent an internal clash between the
chambers and at a maximum of 240 KPa to avoid causing wrinklings in the inner

chamber [137].
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Table 5.1 Testing Conditions for Inflation Validation of Dual-Chamber Tyre

Test Number Dual-Chamber Tyre (KPa)
Inner Chamber Outer Chamber
1 280 180
2 280 200
3 280 220
4 280 240
5 260 220
6 300 220

As shown in Table 5.2, a fair agreement is found between the FE and its experimental
counterpart for inflation validation of the dual-chamber tyre. This is despite the slight
differences which may be attributed to the marginal profile non-uniformity of the actual
tyre circumferentially. The dual-chamber tyre exhibits similar behaviour to the standard
tyre with regard to the tread and sidewall movements during inflation at different
pressures. The dual-chamber tyre shows close profile change under inflation to that of
the standard tyre especially for the tread region if the inflation of the outer chamber is
set at the same level as that of the standard tyre. This is since in this case the outer
chamber of the dual-chamber tyre has an identical structure with the same inflation
pressure applied to its inner-liner as the standard tyre in which the inner chamber did not
play a noticeable role given the set-up of the chambers, the cavity air compressibility

and the inflation process occurring quasi-statically.
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Table 5.2 Displacement of Tread Centre and Sidewall Outermost due to Inflation [30]

Inflation Pressure T Sidewall Outermost
Test (KPa) read Centre (mm) (mm)
Number Ckllgrr;ek:er Ckcl)aur:]ebrer FE Experiment FE Experiment
1 280 180 2.105 2.585 1.139 1.185
2 280 200 2.362 2.796 1.081 1.119
3 280 220 2.632 3.047 1.060 1.108
4 280 240 2.914 3.190 1.063 1.071
5 260 220 2.632 2.914 1.060 1.088
6 300 220 2.632 2.909 1.060 1.113

5.3.2.2 Vertical Stiffness Analysis

Under the same inflation settings as in Table 5.1, the “dual-chamber” tyre was subjected
to a maximum of vertical deflection of 24 mm to avoid direct contact between the
chambers inside the tyre. In Figure 5.8, the FE model shows a good match with its
corresponding experimental results for the vertical stiffness property. The dual-chamber
tyre displays a similar stiffness performance as that of the standard tyre in Figure 4.20
for the cases where the inflation of the outer chamber of the dual-chamber tyre is the
same as the standard tyre. This is because the deformation mainly occurs at the outer
chamber only due to its direct contact with the road drum whereas the inner chamber
has negligible deformational changes since it has physical contact with neither the road
surface nor the outer chamber. Such a process makes changing the inflation pressure in
the inner chamber have a little noticeable impact on the vertical stiffness unlike the outer

chamber as seen in Figure 5.8 especially as the tyre deflection is quasi-statically done.
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Figure 5.8 Vertical Stiffness of Dual-Chamber Tyre at (a) 280-180 KPa, (b) 280-200

KPa, (C) 260-220 KPa, (d) 280-220 KPa, (e) 300-220 KPa and (f) 280-240 KPa

5.3.2.3 Footprint Analysis

The footprint validation was conducted under two test sets as indicated in Table 5.3. A
good agreement is found between the FE and its corresponding experiments for the
footprint area of the dual-chamber tyre in Figure 5.9 and Figure 5.10 respectively.
Similar to the stiffness validation, changing the inflation of the inner chamber has almost

no impact on the footprint area, unlike the outer chamber.
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Table 5.3 Testing Conditions for Footprint Validation of Dual-Chamber Tyre

Footprint Area

Test . Inflation Pressure (KPa)
Run | Vertical Load (N)
Set Inner Chamber | Outer Chamber
1 1000
2 2000
1 280 220
3 3000
4 4000
1 280 180
2 280 200
3 280 220
2 4000
4 280 240
5 260 220
6 300 220
18999 T Atinner =280 KPa & Outer =220kPa
16000 -~
14000 +-----mmmmmmmmm e e
12000 -
10000 -
o T A BExperiment  FE (PRF)
6000 - = ________________=EXperiment ¢t (PRF)
4000 -
2000 -
0 T T T T 1
0 1000 2000 3000 4000 5000

Vertical Load (N)

Figure 5.9 Footprint Area under Different Vertical Loading [30]
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Figure 5.10 Footprint Area under Different Inflation Pressures of (a) Outer Chamber and

(b) Inner Chamber

In contrast with the “standard tyre” in section 4.5.3.3 for similar testing conditions, the
“dual-chamber” tyre shows slightly smaller footprint areas; leading to undermining the
tyre’s grip. This is because the outer chamber of the dual-chamber tyre provides less
space for the air molecules to move, re-collide, accumulate and reach saturation to
build-up the pressure level to maintain the tyre shape more efficiently especially
circumferentially where the loading is low or minimum at the contact-patch in which the
air volume is much less compressed. Such a trend conforms with the kinetic theory of
gases and can be seen in the footprint shape obtained for the “dual-chamber” tyre in
comparison to the “standard” tyre in the example shown in Figure 5.11 in which the dual-
chamber tyre had shorter outskirts of its footprint circumferentially. Furthermore, the

inner chamber occupies a larger cavity space in the tyre that is negligibly deformed due
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to its much higher inflation pressure and non-contact set-up, leaving the outer chamber

with smaller space as indicated earlier.
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Figure 5.11 Footprint Profile for Dual-Chamber Tyre and Standard Tyre [30]

5.3.3 Dynamic Validation and Analysis

5.3.3.1 Non-Uniformity Analysis

For the same testing conditions as in Table 5.3, but for a free-rolling case at steady-state
of a constant velocity of 30 Km/h in a straight-line, the FE solution shows a close match
with its experimental counterpart as indicated in Table 5.4. Similar to the previous

validations, altering the inflation of the inner chamber does not noticeably influence the
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tyre’s non-uniformity compared to the outer chamber. In comparison with the standard

tyre in Table 4.6 under similar testing conditions, the dual-chamber tyre has more

uniform rolling. According to the kinetic theory of gases, this is because the internal

structural design of the dual-chamber tyre gives the outer chamber (i.e. that is in direct

contact with the road) a smaller cavity volume for the confined air molecules to move

inside, re-collide and rebuild-up the inflation pressure after passing the contact patch

region during rolling. This is in which reducing the residual vibrational effect of the

peristaltic pumping on the tyre structure circumferentially during rolling. As indicated

previously, in the dual-chamber tyre, the inner chamber will maintain its shape with

negligible changes during rolling which would also help to stabilise the profile of the

outer chamber more efficiently after contact with the road.

Table 5.4 Non-Uniformity in Dual-Chamber Tyre during Rolling

= Inflation =5 Radial Non-Uniformity Lateral Non-Uniformity

v = Pressure S | Variations in Vertical Variations in Lateral

2| & (KPa) s Force (N) Force (N)

= Inner | Outer > Experiment FE Experiment FE
1 1000 4.327 4117 0.569 0.473
2 2000 7.749 6.827 0.607 0.677

1 3 280 | 220 3000 10.553 10.485 0.954 0.851
4 4000 12.280 11.334 1.645 1.420
1 | 280 | 180 20.823 20.147 2.415 2.360
2 | 280 | 200 16.722 16.069 1.865 1.633

5 3 | 280 | 220 3000 10.553 10.485 0.954 0.851
4 | 280 | 240 6.113 7.377 0.766 0.701
5 | 260 | 220 10.831 10.667 1.144 1.079
6 | 300 | 220 10.257 10.485 1.121 0.912
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5.3.3.2 Rolling-Resistance Analysis

Under the same testing conditions as the non-uniformity validation in section 5.3.3.1, the
FE model exhibits a good agreement with its corresponding experiment for the rolling-
resistance (i.e. as energy lost per unit distance) as shown in Figure 5.12 and Figure 5.13
respectively. As with the previous validations, mainly, changing the inflation of the inner
chamber has a negligible effect on the rolling-resistance in contrast with the outer
chamber since the inner chamber experiences almost no deformation during rolling due

to its non-contact set-up and high inflation pressure.

A Tmmm e
At Inner = 280 KPa & Outer = 220 KPa
35+

30 ---mmmmmmemmmemmmemmemmee oo

7 7, _ SCEEEREERREE RN

10 foooo ¢ FE (PRF)
B Experiment

Rolling Resistance (N)

0 1000 2000 3000 4000 5000

Vertical Load (N)

Figure 5.12 Rolling-Resistance at Different Vertical Loads for Dual-Chamber Tyre [30]
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Figure 5.13 Rolling-Resistance under Different Inflations of (a) Outer Chamber and (b)

Inner Chamber for Dual-Chamber Tyre

The dual-chamber tyre provides a lower rolling-resistance performance with a reduction
of over 10% compared to that of the standard tyre in Figure 4.25 and Figure 4.26
respectively under similar testing conditions. Such performance is because the dual-
chamber tyre is subjected to less deformation during rolling at the contact-patch, as it
has a lower footprint area as indicated in section 5.3.2.3, and through its profile
circumferentially since it has a lower radial non-uniformity as shown in section 5.3.3.1.
This would lead to a lower hysteresis damping in the dual-chamber tyre and hence lower

energy losses during rolling.
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5.3.3.3 Cornering Analysis

The cornering validation was conducted under the testing conditions shown in Table 5.5

for both the dual-chamber tyre and the standard tyre for comparison purposes. For the

dual-chamber tyre, a fair agreement between the FE solution and its corresponding

experiment is seen in Figure 5.14. In contrast with the standard tyre, the dual-chamber

tyre shows slightly lower cornering (lateral) forces which may be due to the marginal

interference of the inner chamber with the tyre sidewall deformation during cornering.

This may weaken the tyre’s grip and stability slightly during cornering.

Table 5.5 Cornering Settings for Dual-Chamber Tyre and Standard Tyre

Test Slip Angle Inflation Pressure (KPa) Vertical Rolling
Number | (Degrees) Dual-Chamber Load (N) Velocity
Standard (Km/h)
Inner Outer
1 1
2 2
3 3 280 220 220 3000 10
4 4
5 5
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Figure 5.14 Cornering Performance for Dual-Chamber and Standard Tyres [30]

5.4 FE MODELLING AND VALIDATION OF FIVE CHAMBERS TYRE

Besides the “dual-chamber tyre”, as a further validation of the author’'s FE approach for
modelling the multi-chamber solution, the relevant experimental data of a “five-chamber
tyre” (i.e. prototype 0.5 shown in Figure A.0.5 in appendix (B)) designed by an external
party as a part of a confidential commercial project were used after gaining the required
permission as shown in appendix (C). In relation to the experimental prototype 0.5, the
author has developed a full 3D FE replica of the five-chamber tyre as seen in appendix
(B) using the same methodologies as in chapters (3) and (4) to capture the needed

material properties and geometrical features respectively. Also, the developed FE model
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was mesh refined, assessed for energy output validity, and run for tyre simulation using

the same relevant approaches as in chapter (4).

The testing and analysis of prototype 0.5 tyre performance in FE and its experimental
counterpart were conducted in a similar way to that of chapter (4). According to
appendix (B), the developed FE model of prototype 0.5 shows a good agreement with its
corresponding experiment for different tyre characteristics. This indicates the validity and
the applicability of the author's FE approach to model the multi-chamber tyre solution

close to that of practice.

5.5 SUMMARY

This chapter covered the validation of the FE approach adopted to model the multi-
chamber tyre solution as in practice. For this purpose, two experimental prototypes of
multi-chamber tyres were used and tested for several static and dynamic tyre properties
in FE and its experimental counterpart similar to the way done with the standard tyre in
chapter (4). The first validation involved modifying and turning the “standard tyre” into a
concentric and annular “dual-chamber” tyre by inserting an inner chamber housing with
its tube inside the tyre. Likewise, the FE model of the dual-chamber tyre was an upgrade
of the standard tyre’s FE model by including the inner chamber housing and its tube as
deformable and twistable solid elements in which their material properties were imported
from chapter (3). The FE model of the dual-chamber tyre had a good agreement with its

corresponding experiment for different tyre properties. The “dual-chamber” solution had
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a rolling-resistance reduction of over 10% compared to that of the standard tyre but with

trade-offs in terms of weaker grip and cornering stability.

The second validation involved using an experimental five-chamber tyre (i.e. prototype
0.5) owned by an external third party after obtaining usage permission. A full FE model
of prototype 0.5 was developed following the same methodologies introduced in
chapters (3) and (4) respectively. A close match was achieved between the FE solution
and its experimental counterpart of prototype 0.5 for different tyre characteristics. Taken
altogether, those validations indicate the credibility of the author's FE modelling
approach used to simulate the multi-chamber tyre solution for rolling-resistance and

other driving requirements in line with that of practice.
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CHAPTER (6): PROTOTYPE DESIGNING, EVALUATION AND

CHARACTERISATION

6.1 INTRODUCTION

Having developed and validated a working FE model capable of simulating multi-
chamber tyre solution in chapters (4) and (5) respectively, this chapter uses the FE
model of the standard tyre, as a baseline design, to structurally develop the single
chamber design inside the standard tyre to include potential multi-chamber solutions for
lower rolling-resistance without compromising other driving requirements. In this respect,
in this chapter, the “total design” approach of Stuart Pugh [282] was implemented to
reach a sub-optimum prototype design of the multi-chamber tyre solution that would be
promising toward lowering rolling-resistance and meeting other driving, manufacturing
and maintenance requirements. This serves as the first stage of design development out

of two stages to develop the final design (i.e. optimum design in chapter (7)).

For this chapter, the adopted Pugh’s approach involved determining the essential design
specifications to be met based on the relevant literature, generating potential multi-
chamber designs, evaluating the different prototype designs according to the identified
specifications against the standard tyre (i.e. baseline design), and selecting the best
sub-optimum design for further development later in chapter (7). All the development

work and investigations are done in this chapter using the validated FE tyre model(s)
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from chapters (3) and (4). The work done by the author in this chapter, as the main

owner and contributor, has been published and can be found in [30].

6.2 TARGETED DESIGN SPECIFICATIONS (PDS)

According to the relevant literature and tyre market [283-285], any conventional road
tyre would be expected to have and fulfil a number of core characteristics and roles (i.e.
design requirements) during its product life cycle. Mainly, these key design requirements

fall under three main categories, and they are as follows:

A) Manufacturability:

e Feasible and achievable.
e Easy to manufacture.
e Cost-effective.

B) Driving performance:

o Grip.
e Handling.
e Fuel economy.
e Ride comfort.
C) Maintenance:
e Serviceable (e.g. Puncture repairable, easy to install on a wheel-rim and
vice versa, and has reasonable servicing costs).

e Durability.
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e Flat run handling.

In practice, such design requirements would require extensive and numerous different
testings to be done on different operating conditions, indoor/outdoor and on/off-vehicle.
However, given the research scope, the nature of development work and the available
resources for this research project, several core design requirements were investigated
on a limited range that is sufficient to provide in-depth insights, guidelines and a starting
platform on the new research field of multi-chamber tyre solution for low rolling-
resistance for prospective research and development works. Based on that, in line with
this research aim, the potential multi-chamber designs were assessed using the
validated FE model against the standard tyre, as the baseline, for the following core

design requirements and criteria of the tyre:

a) Contact Grip:

In terms of tyre’s grip, both the “footprint area” and the “contact pressure distribution”
at the contact-patch were evaluated using CAREA and CPRESS outputs of the FE
tyre model respectively similar to that in chapter (4). Such outputs were assessed
because they are the core elements that represent the tyre’s grip mechanism [269].
This is as the footprint area indicates the number of rubber-blocks interacting with the
road surface at the contact-patch, through molecular adhesion, to generate friction
and hence grip. While contact pressure points-out how deep the rubber-blocks are
compressed down against the road surface minimising the void spots at the contact-
patch. In general, a specific balance is required to be maintained between the
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magnitudes of the footprint’s contact pressure and its corresponding contact area to

avoid destabilising the tyre’s grip [286].

b) Cornering:

To assess the cornering performance for different tyre designs, the “cornering
stiffness” was evaluated by determining the gradient of the cornering (lateral) forces
against that of its corresponding slip angles at which the slip angles are close to zero
where the cornering force is linearly proportional to the slip angle [5, 32]. This is
because the cornering stiffness is a more comprehensive and accurate measure of
the cornering property of the tyre especially for comparison purposes between
different tyres [7, 32]. In addition to that, the “footprint area” at a given slip angle was
assessed using CAREA output for more insights on the tyre stability and handling of

turns [30].

c¢) Rolling-Resistance:

As the energy lost per unit distance travelled, the rolling-resistance due to the internal
losses in the tyre (i.e. mechanical hysteresis damping) only was investigated to study
the effect of the tyre structural design on the rolling-resistance as indicated previously
in section 4.5.2.2 of chapter (4) in line with this research aim and objectives. As a
comprehensive measure for comparison purposes, the “rolling-resistance coefficient”
was assessed by taking the quotient of the rolling-resistance force over the normal
force obtained from applying the calculation approach of the rolling-resistance in
section 4.5.2.2 of chapter (4). Besides using the standard tyre as a benchmark in
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evaluating the potential multi-chamber designs for rolling-resistance, another
benchmark that can be used is the target level of rolling-resistance coefficient of 6.5
kg/tonne (or 0.0065) set by the vehicle manufacturers to meet Europe’s 2021
emissions regulations [18]. However, this benchmark is not emphasised in this

chapter until an optimum design is reached later in chapter (7).

d) Ride (Mechanical) Comfort:

For free-rolling on an ideally smooth and flat road surface, assuming negligible
manufacturing imperfections in the tyre, the “tyre non-uniformity” can be utilized, as
expressed in section 4.5.2.2 of chapter (4), to indicate the tyre’s mechanical comfort.
However, for an actual road, the vertical static stiffness of the tyre was evaluated as a
more reliable indication of the tyre mechanical comfort (cushioning) [30]. This is by
determining the slope of the history of the applied vertical load on the tyre over the
resultant vertical deflection of the tyre structure as indicated in section 4.5.3.2 of

chapter (4).

Nevertheless, it was still possible to use the “tyre non-uniformity” to indicate the
deformational intensity of the tyre profile circumferentially during rolling due to the
multi-chamber structural design adopted which can give insights on the stability and
the energy dissipation of the adopted structural design in comparison to the baseline

standard tyre [30].

e) Net Weight, Manufacturability and Maintenance:
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Although the net weight and the manufacturability of the tyre are out of this research
scope as indicated in section 1.3 of chapter (1), careful consideration and care were
given in selecting the best multi-chamber design for low rolling-resistance and other
driving requirements to ensure its simplicity, practicality and conciseness. This is by
looking for a design with fewer structural parts and simple layout configuration of the

following attributes:

e |s possible to make using existing manufacturing technologies.

e Gives sufficient room to uninstall/install from/on the wheel-rim and to perform
puncture repairs.

e Has more than one chamber to maintain rolling and compensate for any failed
chamber in case of run-flat scenario.

e Maintains airtight seal and proper mounting on the wheel-rim.

e Maintains a stable profile during normal operation.

With such design, if there were an increase in weight, it would be of a small
magnitude that can be compensated by a corresponding weight reduction in either

the wheel-rim, the vehicle or both.

Therefore, based on the targeted design specifications mentioned earlier, the proposed
multi-chamber designs were assessed through FE modelling for a lower rolling-

resistance than that of the standard tyre and for either similar or better performance in
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terms of grip, cornering and mechanical comfort (cushioning) compared to that of the
standard tyre. In addition to the simplicity and the practicality of the design, the best
design in meeting such criteria was chosen as the sub-optimum multi-chamber design in
this chapter to be further improved later for the optimum design in chapter (7) as the

second stage of design development.

6.3 DESIGN CONCEPTS GENERATION

6.3.1 Global Behaviour of Tyre Cavity Air

As per the kinetic theory of gases, the pneumatic medium inside the tyre cavity is
formed-up from numerous very small molecules which are spread randomly and distant
from each other in a case of constant, rapid and arbitrary movement and collision
against each other and the cavity walls. This collision between the air molecules and the
cavity walls is what leads to pneumatic pressure formulation inside the cavity. Such
characteristics allow the cavity air to expand and fill out the entire cavity space inflating

the tyre and when subjected to vertical loading to retract and be compressed down.

As a result of the peristaltic pumping effect during rolling, the standard tyre would have a
large part of its cavity air subjected to continuous compression and re-expansion since it
is made up of a single sizeable cavity space. From the standpoint of the air contribution,
after passing the contact-patch region, the re-expansion process of the cavity air in
order to restore and support the tyre profile would have some delay. This is because of
the time consumed for the necessary air molecules to travel across the ample cavity

space, re-collide at the cavity wall, re-stabilise and re-establish the pressure needed to
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support the tyre profile. Such a delay would mean further deformation and
destabilisation of the tyre profile circumferentially leading to greater hysteresis damping

and hence energy dissipation.

6.3.2 Concepts of Multi-Chamber Solution

To minimise the delay in the recovery and stabilisation of the cavity air in the standard
tyre, the multi-chamber solution can be used to trap or restrain the air molecules inside
smaller cavity spaces limiting the travel time and the motion wildness of the air
molecules through the cavity volume. Furthermore, with the multi-chamber option, the
levels of air concentration for specific cavity regions in the tyre can be controlled and
increased to strengthen the tyre’s total stiffness and restrict the tread profile deformation.
In that regard, three novel design concepts of multi-chamber tyre solution (i.e. Designs I,

Il and 1ll) were generated as shown in Figure 6.1.
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Design
Version

Standard Design
(Baseline)

Design Il

| 2D Axisymmetric |
l Model(s) I
L _

I I
: ZONE (0) :
I I
I I
I I

ZONE (1)
ZONE (2-)
ZONE (3)

ZONE (1)

|
|
|
|
|
|
| |
| |
| |
: ZONE (2) :
| == |
|
|
|
|
|
|
|
|

3D Models
(with Road Drum)

Inflation Mode|Zone (0)] Zone (1) Zone (2)|Zone (2-1)] Zone (3)] L-Side | R-Side
Normal 220 KPa| 320 KPa | 220 KPa| 280 KPa | 220 KPa|220 KPa| 220 KPa
Economy |280 KPa|320 KPa|280 KPa| 280 KPa | 245 KPa|220 KPa| 220 KPa

Figure 6.1 Potential Designs I, Il and Il of Multi-Chamber Tyre Solution [30]
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In Figure 6.1, the proposed designs were created on the basis to have different ways of
linking the inner chambers to the core tyre construction (i.e. standard tyre structure) to
evaluate their influence on the tyre driving response. Also, those design concepts were
laid out in an attempt to satisfy the targeted design specifications indicated in section 6.2

along with the following safety and functional pre-requisites:

e Includes a beadlock chamber (i.e. zone 1 chamber) with the utmost inflation
pressure in the tyre to strengthen tyre’s beads mounting on the wheel-rim, back-up
the succeeding chambers, and keep the tyre rolling during run-flat.

e To have a minimum of 35 KPa difference in the inflation of the chambers placed
adjacent to each other vertically in which the beadlock chamber next to the wheel-
rim would have the utmost pressure followed by lower pressure chambers
respectively. This is to prevent excessive wrinklings and distortions in the structure
of the inner chambers that would undermine the rolling stability [137].

e Avoids a completely straight and perpendicular inner chamber walls that are
directly linked to the tyre tread in order to prevent a constantly stiffer tyre at the
cost of ride comfort.

e Avoids small and complicated structure of the inner chambers, which can

negatively affect the design’s integrity, manufacturability, operation and housing.

To improve the capability of the multi-chamber tyre solution in addressing the different

driving requirements, the multi-chamber tyre is to have two interchangeable inflation
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modes (i.e. normal and economy) either manually or automatically using existing
inflation technologies as will be indicated later in chapter (8). Each inflation mode has its
application scope depending on the driving/road conditions at hand. For the normal
inflation mode, the multi-chamber tyre will be inflated at such mode to carry-out the
conventional and day-to-day operational driving requirements, in which tyre’s grip and
cushioning are essential, such as traction, braking, cornering, and rolling over road

surfaces with different hardness and roughness.

As seen in Figure 6.1, the normal mode includes inflating the cavity chambers (i.e.
zones 2, 3, L-Side and R-Side), that is directly responsible for maintaining the tread
contour, at similar pressure level to that of the standard tyre to compare the different
designs against each other and assess the effect of the structural design of inner
chambers on the tyre performance. For greater radial stiffness and hence further
reduced rolling-resistance, the economy inflation mode is used whenever the tyre’s grip
and cushioning are not crucial in situations such as travelling in a straight and flat

roadway with negligible traction and braking.

All multi-chamber designs were investigated under steady-state and free-rolling
conditions similar to that of the standard tyre in chapter (4). Using FE modelling, all
designs were subjected to two rolling tests respectively, straight-line rolling and
cornering, for comparison purposes and to study the effect of structural design on the
driving performance. In the straight-line rolling test, the tyre is set to roll under 4000 N

vertical load, 30 Km/h rolling velocity and at two different inflation modes (i.e. normal and
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economy) respectively as shown in Figure 6.1. In this respect, at normal inflation mode,
the multi-chamber tyre designs were assessed for grip, rolling-resistance and
mechanical comfort (cushioning). As for economy mode, the designs were evaluated for
rolling-resistance mainly. For cornering evaluation, the tyre is positioned to free-roll at
normal inflation mode and under 4000 N vertical load, 10 Km/h rolling velocity and
different slip angles at 0°, 0.5°, 1.0° and 1.5° respectively for cornering stiffness

assessment and at 3° for footprint area assessment.

6.3.3 FE Development of Inner Chambers

For all multi-chamber designs, the developed 2D FE model of the standard tyre in
chapter (4) was used as the base (core) FE tyre model. This is in which the cavity
domain in the FE model of the standard tyre was modified, updated and integrated with
the relevant structural design of the inner chambers (i.e. designs I, Il and llI)
respectively. In all the designs, the inner chambers were built from thin rubber walls with
reinforcement plies implanted inside those walls in its middle cross-section as shown in
Figure 6.1. The rubber walls were modelled as deformable and twistable shell parts with
CGAX4R solid elements whereas the reinforcement plies were modelled as deformable
and twistable wire rebar layers with SFMGAX1 surface elements similar to modelling the

tyre’s sidewall and carcass ply respectively in chapter (4).

Similarly, the rubber walls and its reinforcement plies were made from the same material
properties as that of the sidewall and the carcass ply of the standard tyre respectively in

chapter (3). This is since the sidewall material is of low energy dissipation properties

229



compared to other tyre rubber components as seen in Figure 4.27 in chapter (4) for
example which would decrease greatly from the contribution of the inner chambers to
the overall energy losses in the tyre. Furthermore, no other materials of lower dissipation
properties for the inner chambers were looked for since the material role is out of the

scope of this research project.

The inner wall reinforcements in all the designs have the same lay-up configuration as
that of the standard tyre’s carcass indicated in Table 3.8 of chapter (3). However, for
each inner wall facing the tyre’s tread in parallel, an extra layer of reinforcement was
placed inside the wall throughout the tyre circumferentially with slightly different rebar
lay-up orientation in which the layer is set at 90° angle to the tyre carcass with spacing
between the plies of 0.55 mm. This is to provide the inner walls parallel to the tread with
a more load-bearing capacity to enclose the cavity air and withstand the inflation
pressure with the peristaltic pumping effect during rolling. Figure 6.2 shows an example
on the lay-up of the inner wall reinforcements for design Il in which the other designs

have similar lay-up configuration.

The 3D modelling and analysis procedures for the developed 2D FE model of all the
multi-chamber designs were done similar to that of the standard tyre in chapter (4)
having the same tyre mesh density of 200 sectors circumferentially since all designs

have the same base (core) tyre model and for comparison purposes too.
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Lay-Up of Inner Wall Reinforcements:
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Figure 6.2 Lay-up Orientation of Inner Wall Reinforcements for Design |l

6.4 CONCEPTS EVALUATION

Under the straight-line free-rolling conditions indicated in section 6.3.2, “design II” shows
the least rolling-resistance in contrast with the other designs with more than 40%
decrease in resistance with respect to the standard tyre in both normal and economy
modes as shown in Figure 6.3 and Figure 6.4 respectively. Design Il had the utmost

vertical stiffness, which made it experiences the least deformation in structure as
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indicated in terms of profile radial non-uniformity in Figure 6.3 and Figure 6.4, tyre’s

vertical deflection and footprint width (i.e. tread’s curvature) in Figure 6.5. According to

the first law of thermodynamics and under the assumption of thermal equilibrium, lower

deformation would require lower work to recover it and therefore lower energy dissipated

in the tyre.
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Figure 6.3 Performance of Designs I, Il and Il at Normal Inflation for (a) Rolling-
Resistance Coefficient, (b) Static Vertical Stiffness (N/mm), (c) Footprint Area at Straight
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Figure 6.4 Performance of Designs I, Il and Il at Economy Inflation (a) Rolling-
Resistance Coefficient, (b) Static Vertical Stiffness (N/mm), (c) Footprint Area at Straight

Rolling (mm?), (d) Radial Non-Uniformity (N), (e) Lateral Non-Uniformity (N)

234



185 ~p-mnoemooomnoomoonnoesosoooooeooooooo - 25
180+ oo
175 | =20 _
§17o N B g --------------- B :
£ = = aWidth (Normal)
£ =1 - 15 o
-'é’ 165 11 TNEL = E mWidth (Economy)
2160 1 NS N||[Ef| . & =Deflection (Normal)
= = 10 —
= — s .
o 155 1 V=5 2 mDeflection
(@] — —
L = g (Economy)
150 1 N B s
145 -+ NI B
140 . . B =
Standard Design | Design Il Design lli
Design

Figure 6.5 Vertical Deflection and Footprint Width of Designs I, Il and 11l

The apparent difference in the rolling-resistance between the multi-chamber designs can
be attributed to the sort of structural support involved and the manner of employing the
air volume to uphold the tyre profile. The enhanced stiffness and the reduced
deformational level of design Il were possible as a result of the usage of extra inner
sidewalls to help the tyre’s main sidewalls with holding out against the applied vertical
load. Also, those inner sidewalls isolate the main sidewalls from the core air cavities (i.e.
zones 1 and 2) in order to prevent disrupting and drawing away from the air volume
responsible directly for supporting and upholding the tyre’s tread contour. This is since

the deformational side movements of the tyre’s main sidewalls during rolling would
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agitate and cause bulky movements of surrounding air volume agreeing with Schuring et

al. [287].

However, for the inner sidewalls of design II, they are restrained in the middle by a
lateral inner wall parallel to the tread as seen in Figure 6.2 to keep them in place,
stabilise their motion and limit from the intensity and size of air movement. An obvious
example on the effect and contribution of the multi-chamber designs is the assessment
of “design II” against “design III” in Figure 6.3 at the normal mode in which they
displayed largely different performance outputs despite having similar inflation across alll

the zones.

For the tyre’s grip, each of the footprint area and the contact pressure pattern were
assessed at straight free-rolling and normal inflation mode, as seen in Figure 6.3 and
Table 6.1 respectively. Designs Il and Il show close grip to the standard tyre’s since
they have nearly similar footprint area, footprint profile and contact pressure distribution
to that of the “standard tyre”. Nevertheless, for “design I”, an abnormal contact-patch
profile, dissimilar contact pressure distribution and reduced footprint area are found
leading to weakening and destabilising the tyre’s grip greatly. This can be referred due
to the irregularity of the sidewalls profile and its inflexibility in “design I” which will be

explained further later on.
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Table 6.1 Contact Pressure Pattern of Designs |, 1l and Il [30]

Normal Mode

Standard
Design

| = e e i |
=1

Design | Design I Design 1l

CPRESS STREAD

+5.626e-01
+5.157e-01
+4.688e-01
+4.219e-01
+3.751e-01
+3.282e-01
+2.813e-01
+2.344e-01
+1.875e-01
+1.406e-01
+9.376e-02
+4.688e-02
+0.000e+00

Contact
Pressure
(MPa)

|| T T —

As for the non-uniformity of the tyre profile during rolling at normal and economy modes,
“design I” shows the highest vibrational deformation radially with the “standard tyre”
coming second whereas “design II” displays the lowest radial non-uniformity indicating a
more stable rolling as shown in Figure 6.3 and Figure 6.4. Laterally, “design IlI” exhibits
the utmost oscillation in sidewalls profile whereas the other designs show lower and
nearly similar non-uniformity to each other at each of normal and economy modes. The
apparent divergence in the non-uniformity response among the multi-chamber designs
can be attributed to the stability of the inner chambers and their corresponding cavity air
during rolling, the interaction of the inner chambers with the core tyre structure, and the
flexibility of tyre’s sidewalls. For “design I”, the inner walls of its chambers are directly
integrated with the tyre’s main sidewalls structurally which resulted in restricting tyre’s
sidewalls movement, increasing sidewalls’ rigidity and having an irregular profile of the
sidewalls during rolling as indicated in Figure 6.6. Such rigidity and irregularity of the
tyre’s sidewalls led to unstable and vibratory rolling beside disrupting the cavity air

noticeably which conforms with Schuring et al. [287].
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Design
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DISPLACEMENT
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+1.569e+01
+1.307e+01
+1.046e+01
+7.843e+00
+5.228e+00
+2.614e+00
+0.000e+00
-2.614e+00
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Figure 6.6 Tyre Deformation under Vertical Loading [30]

The “standard tyre” exhibits the most random and bulky movement of cavity air since it
has a single and spacious cavity chamber promoting for such wild air movement as can
be seen from the lateral displacement of the tyre’s sidewall in Figure 6.6 and the tyre’s
vertical deflection in Figure 6.5 which are the greatest compared to the other designs.
The same finding is highlighted by Schuring et al. [287]. As indicated previously, “design

II” offers a multi-chamber solution that isolates the main tyre sidewalls from the core air
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cavities (i.e. zones 1 and 2) which would help in preserving the core air volumes
supporting the tread profile directly while keeping the flexibility and outline of the main
sidewalls. Such solution minimises considerably the wildness of air volume movement
inside the tyre because the air volume is confined into smaller and separate sub-
volumes and the core air cavities are not largely affected by the curvy contour and
movement of main sidewalls. This is since any air volume near and exposed to the main
sidewalls would be excited and disrupted significantly by the sidewalls’ curvy outline and
deformational movement during rolling. Rae and Skinner [288] in addition to Schuring et

al. [287] showed a similar finding.

For “design IlI”, in its design set-up, it has a detachable cavity chamber (i.e. zone 2)
close to the tread region to support the tread contour during rolling. This sort of set-up
led to zone 2 chamber to incur excessive distortion in its profile with lateral slipping due
to the arbitrary movement of air surrounding zone 2 induced by the peristaltic pumping
during rolling, particularly for the normal inflation mode, as shown in Figure 6.3 and
Figure 6.6. In return, such a set-up affected the overall stability of the tyre negatively

during rolling.

In the assessment of tyre cushioning (i.e. mechanical comfort) at normal inflation, using
tyre’s vertical stiffness as seen in Figure 6.3, “design II” is found to have the stiffest
structure (i.e. 243 N/mm) with the “standard tyre” having the lowest stiffness (i.e. 188
N/mm) whereas the other designs were slightly higher than the standard. While the other

designs seem to have a satisfactory cushioning ability, “design II” would experience a
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rougher ride to a degree. Based on the scope of tyre usage, “design II” may be of
tolerable ride comfort because radial passenger car tyres usually come with about 200-
220 N/mm of vertical stiffness [273, 289-291]. In the case, the ride (mechanical) comfort
is emphasised, the tyre cushioning can be further improved by using a compatible car
suspension to substitute for the lack in the required cushioning level, lowering inflation
pressure as appropriate, and altering the structure of the inner chambers to include

inner walls of less thickness or slightly changed layout.

As for cornering response, under the cornering testing conditions indicated in section
6.3.2, designs Il and Il display a close response to that of the standard tyre with small
differences in terms of footprint area and cornering stiffness as shown in Figure 6.7
unlike “design I” which has lower cornering stiffness and larger footprint area. With such
outputs, “design II” has the potential to keep the car’s stability in cornering and achieve
close cornering performance to that of the standard tyre which can be further improved
with the necessary structural modifications as appropriate. Although “design IlI” shows
small differences with the standard tyre, it is unstable during cornering because of the
excessive and irregular distortions in its zone 2 chamber across the tyre
circumferentially, especially at the contact-patch region. In addition to the
underperformance in cornering, “design I” also suffers from rolling instability during

cornering due to its tyre’s sidewall rigidity and irregularity.
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Figure 6.7 Cornering Performance of Designs I, Il and Il at Normal Inflation for (a)

Cornering Stiffness (N/deg) and (b) Footprint Area (mm?) at 3° Slip

6.5 BEST SUB-OPTIMUM DESIGN

Based on the evaluation of the designs in section 6.4, “design II” is found to be the best
and most promising solution among the proposed multi-chamber designs. This is
because “design II” offers the most energy-efficient solution to lower the rolling-
resistance and provides a close performance of tyre’s grip and cornering to that of the
standard tyre with small differences. Furthermore, “design II” has the most stable rolling
profile among the other designs but at the cost of having the roughest ride comfort.
Mainly, the other designs (i.e. designs | and Ill) suffer from rolling instability excited by
the set-up of their inner chambers in relation to the core tyre structure. This is despite

those designs providing slightly decreased rolling-resistance compared to the standard
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tyre but still greater than that of “design II”. “Design I” shows the worst overall

performance, especially in grip and cornering, in contrast with the other designs.

However, although “design II” has the best overall performance over the other designs, it
still needs further development in design to address the driving requirements, in terms of
grip, cornering and cushioning, more effectively. Altogether, “design II” is chosen as the
best sub-optimum design in this chapter to be further improved in the next chapter for an
optimum design for low rolling-resistance while meeting the other driving requirements

satisfactorily (i.e. multi-purpose generalised solution).

6.6 SUMMARY

In this chapter, the initial designing and evaluation of several potential prototypes for the
multi-chamber tyre solution were introduced using the “total design” approach of Stuart
Pugh to identify simple, practical and most promising design for low rolling-resistance
and meeting the other driving requirements as well. Three different designs of the multi-
chamber tyre (i.e. designs I, Il and Ill) were proposed in which each has a different way
of structurally relating its inner chambers to the core (base) tyre construction (i.e.
standard tyre construction) in order to study their structural effects on the tyre
performance. Those proposed designs were developed using the validated FE model of
the standard tyre from the previous chapters as the base FE tyre model. To add
versatility to the function of the multi-chamber solution, the designs were set to include
two interchangeable inflation modes, and they are a normal mode for various driving

requirements and an economy mode for further reduced rolling-resistance. Using FE
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modelling, the proposed multi-chamber designs were assessed against the standard
tyre as the baseline for rolling-resistance, grip, cushioning and cornering performances.
The evaluation of the different multi-chamber designs revealed the following main

findings:

e At the contact-patch, the tyre’s profile deformation and its flexibility can be
influenced noticeably by how the inner chambers are structurally linked-up to the
tyre, how the air volume is handled and exploited to support the tyre profile, and the
level and distribution of air concentration across the tyre.

e Separating the air cavities directly connected to the sidewall and the tread from each
other would considerably assist in stabilising the global air mass responsible for
supporting the tread’s outline while preserving the sidewall’s profile and flexibility.

o After tyre deformation at the footprint, more rapid restoration of the cavity air volume
is possible with a cavity chamber of smaller size.

e The oscillations and distortions of the tyre during rolling rely on how stable the inner
chambers and their air volumes are inside the tyre, the uniformity of the tyre’s shape

and the rigidity of the tyre’s sidewalls.

Based on the evaluation findings, “design II” was found to be the most promising
solution among the other designs since it provides the lowest rolling-resistance with a
decrease of over 40% and the most stable profile during rolling in addition to keeping a

close performance with small differences only to that of the standard tyre in grip and
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cornering. Despite that, “design II” had an undermined cushioning as a result. On the
other hand, “designs | and IlI” were unstable during rolling and hence unsafe, especially
“design I” which had weak gripping and cornering. With that, “design II” is selected as
the best sub-optimum design over the other designs which requires further optimisation
to obtain a tailored and well-balanced design for all driving requirements in terms of
rolling-resistance, grip, cushioning and cornering. Such a requirement is to be covered

in the next chapter.
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CHAPTER (7): OPTIMUM MULTI-CHAMBER DESIGN FOR

LOW ROLLING-RESISTANCE

7.1 INTRODUCTION

As a starting platform for a more developed and optimum design for low rolling-
resistance, this chapter uses the initial promising and novel “design II”, that was reached
in chapter (6), as a base design to create further advanced novel designs of multi-
chamber tyre solution to evaluate and identify the optimum design. In this chapter, the
targeted optimum design is a multi-purpose (comprehensive) design customised for low
rolling-resistance and meeting other crucial driving requirements in terms of grip,
cushioning and cornering satisfactorily. To reach such an optimum design, a parametric
investigation was conducted using the “full-factorial design of experiments” (DoE) with
the FE model of “design II” as the base model to develop and evaluate further designs
for the best inner chamber design and to further optimise that best inner chamber design

for the best cavity volume and inflation pressure settings.

All the multi-chamber designs were assessed at the same free-rolling testing conditions
as that indicated in section 6.3.2 of chapter (6) but at normal inflation mode only unless
otherwise stated to evaluate the designs for all the driving requirements as per that in
section 6.2 of chapter (6) and for comparison purposes too. In the evaluation of the
designs, since a multi-purpose design is targeted and for practicality, the “tyre’s grip”

was given priority to ensure safety and obtaining the required rolling performance
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followed respectively by “cornering” for control and stability during turns, “rolling-
resistance” for fuel-saving and low CO2 emissions, and “cushioning” for mechanical ride
comfort. The work done by the author in this chapter, as the main owner and contributor,

has been published and can be found in [292].

7.2 EFFECT OF INNER CHAMBER DESIGN

7.2.1 Designing Constraints

In addition to meeting the safety and functional pre-requisites in section 6.3.2, several
design restrictions were to be satisfied in modifying “design II” as the base design for
further developed designs in search for an optimum design that is valid and practical.
Firstly, the re-designing of the inner chambers is to include just zones 1 and 2 excluding
the side zones (R) and (L) to prevent interference with the flexibility of the main sidewalls
of the tyre. Next, in zones 1 and 2 combined, the developed designs are to contain a
maximum of two cavity chambers both radially and laterally to ensure simple, realistic
and cost-effective designs. Moreover, for the cavity chambers laid next to each other
laterally in either zone 1, zone 2 or both, the inflation pressure of those chambers is to
be set at the same level to ensure a dynamically balanced tyre during rolling. Finally, in
some of the designs, a curvy inner wall was added vertically in the middle of zone 2 to
avoid the straight wall option in order to ensure a dynamically balanced tyre during

rolling, include fewer chambers only and prevent a constantly stiffer tyre.
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7.2.2 Finite Element Model Development

As per the design constraints in section 7.2.1, the full-factorial DoE in Table 7.1 with the

developed FE model of “design II” from chapter (6), as the base model, were used to

develop further advanced novel designs (i.e. lI-1 designs). Four novel designs of multi-

chamber tyre solution were developed comprising “design II” itself, which was renamed

as “design 11-1-1”, as shown in Figure 7.1. Those designs share the same geometrical

and material features as that of the base design (i.e. design Il or 1I-1-1) in the FE model

for both the tyre and its inner chambers with the exception of the number, location and

outline of the inner walls used to build-up the inner cavity chambers as seen in Figure

7.1.

Table 7.1 Full-Factorial DoE for Further Development of Design II

Number of Inner Chambers
Number Factors
(Levels of Factor)
Zone 1 1
2 Zone 2 1
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Figure 7.1 1I-1 Designs of Multi-Chamber Tyre Solution [292]

7.2.3 1I-1 Designs Evaluation

At the normal inflation mode indicated in Figure 7.1 and using the same free-rolling
testing conditions as in section 6.3.2, the 1l-1 designs (i.e. shown in Figure 7.1) were
evaluated in which each design was found to have specific trade-offs in terms of the
different driving requirements. For straight-line free-rolling at steady-state, the designs
were tested under 4000 N vertical load, 30 Km/h rolling velocity and normal inflation in
Figure 7.1 for tyre’s grip, rolling-resistance and cushioning. With regard to the tyre’s grip,
the contact area and the contact pressure pattern of the tyre’s contact-patch were
evaluated as shown in Figure 7.2 and Table 7.2 respectively. For the area and profile of
the contact-patch, each of designs “llI-1-1” and “II-1-3” maintains a close match to the

“standard tyre” while designs “lI-1-2” and “ll-1-4” display smaller profile. This outcome is
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because of the additional vertical stiffness acquired by both designs “lI-1-2” and “ll-1-4”
as a result of having an extra inner wall added vertically in their zone 2 which made the

designs stiffer and hence less deformable at the footprint region.

Standard Standard
8000 300
Design II- Design II-
1-4 11
Design II- Design II-
1-3 1-2
() (b)

Standard
0.01

Design Design
I-1-4 I-1-1
Design Design
11-1-3 11-1-2

(c)

Figure 7.2 Straight-Line Free-Rolling Performance of 1I-1 Designs at Normal Inflation for
(a) Footprint Area (mm?), (b) Static Vertical Stiffness (N/mm) and (c) Rolling-Resistance

Coefficient [292]
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Table 7.2 Contact Pressure Distribution of 11-1 Designs Contact-Patch [292]

Straight Free-Rolling at Normal Inflation Mode

: . . . Contact-
Design Design Design Design
g g g g Pressure

1-1-1 11-1-2 11-1-3 [1-1-4 (MPa)

e —— +5.652e-01
- +5.181e-01
+4.710e-01
+4.239e-01
+3.768e-01
+3.297e-01
+2.826e-01
+2.355e-01
+1.884e-01
+1.413e-01
+9.420e-02
+4.710e-02
+0.000e+00

Standard

Il
a
1
B
=1
-
-
=
-

|

[

q

i

As for the contact pressure distribution, compared to “standard tyre”, both designs “lI-1-
1” and “lI-1-3” show slightly dissimilar pressure pattern with weaker contact pressures,
especially at the shoulders. This dissimilarity could be due to the intervention of the side
inner walls of zone 2 with how the tread is usually vertically loaded in which the inner
walls act more like a direct rigid linkage of vertical loading upon the tread at a loading
point and orientation that are different from the case with the standard tyre. For designs
“11-1-2” and “1I-1-4”, such dissimilarity is reduced as a result of using a curvy inner wall
vertically in the middle of zone 2 which served more as spring-like support of low rigidity
and friendly orientation with respect to the tyre’s tread minimising the direct loading

impact of the straight side inner walls of zone 2 on the tread.

The isolation of the cavity air into smaller and separate sub-volumes (chambers) in the
[I-1 designs, particularly in the direct route to upholding the tread outline, helped to
maintain the majority of air volume to support the tyre’s tread at the contact-patch during
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rolling and hence to minimise the deformation in the tyre’s structure. This agrees with
both the kinetic theory of ideal gases and the findings of the previous chapter.
Furthermore, the usage of more inner walls vertically, particularly of the straight form or
in zone 2, made lI-1 designs stiffer vertically as can be seen in the cases of designs “II-
1-2” and “lI-1-4” in Figure 7.2 (b) since the inner walls would make the route of vertical
loading across the tyre’s structure to be more directly leading to the tread. Ji [293]
highlighted a similar observation. Such increased stiffness led to lower deformational
levels in the tyre, especially the tread curvature, and hence considerably lower rolling-
resistance at the cost of poorer ride comfort as shown in Figure 7.2 (b) and (c) for

designs “lI-1-2” and “lI-1-4” as an example.

For cornering, the II-1 designs were tested at steady-state free-rolling under 4000 N
vertical load, 10 Km/h rolling velocity, normal inflation in Figure 7.1 and different slip
angles at 0°, 0.5°, 1° and 1.5° respectively for cornering stiffness assessment and at 3°
for footprint area assessment. As shown in Figure 7.3, IlI-1 designs show higher
cornering stiffness compared to the standard tyre due to the additional lateral support
given by the side inner walls of zone 2 to the tyre’s main sidewalls during turning to
offset the related opposite centrifugal forces. Despite that, all the II-1 designs exhibit
smaller contact-patch area in relation to the standard tyre in which designs “lI-1-1” and
“ll-1-4” are found to be smaller slightly. This can be attributed to the high vertical
stiffness of the II-1 designs which made them less deformable at the contact-patch

during rolling as indicated previously.
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Figure 7.3 Cornering Performance of II-1 Designs at Normal Inflation for (a) Cornering

Stiffness (N/deg) and (b) Footprint Area (mm?) at 3° Slip [292]

In total, among the existing II-1 designs, there is no design yet that meets all the
different driving requirements adequately. Based on that, more developments were
carried out on the most promising solution among the II-1 designs and it was the 1I-1-1
design in order to arrive at a more satisfying design for the driving requirements. The
developments involved mainly modifying the side inner walls of zone 2 that are of the
straight form, which seem to cause the undermined performance of the design as
indicated previously. In contrast with the rest of the II-1 designs, the 1I-1-1 design was
selected because it provides the closest contact-patch area to the standard tyre’s, the
least ride roughness (i.e. best ride comfort), and the simplest layout with fewest

components to manufacture.

An improved and more satisfying version of 1I-1-1 design was reached by transforming

the outline and position of the side inner walls of zone 2 from a straight rigid-like to a
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wavy spring-like to attain further elasticity and more supporting loading route toward the
tread footprint. This improved version of 1I-1-1 design is shown in Figure 7.4 under the
naming of “lI-1-1B” design in which its rolling performance with respect to the diverse

driving requirements is covered in the following section 7.3.

KEYWORDS
(1): | Zone (1)
(2): | Zone (2)
(L): | Left Side Zone
(R): | Right Side Zone
(LW): | Lateral Inner-Wall
(LWW): | Lateral Inner-Wall Width
(LWH): | Lateral Inner-Wall Height |

Wheel Rim
Tyre

Road Drum

(b)

Figure 7.4 (a) 2D Axisymmetric and (b) 3D Cross-Sectional Models of 11-1-1B Multi-

Chamber Design [292]
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7.3 EFFECT OF CAVITY VOLUME

Arriving at the best possible structural design of inner chambers (i.e. 11-1-1B) based on
the II-1 designs at the previous section 7.2.3, a further step toward a more optimum
design was to investigate the II-1-1B design shown in Figure 7.4 for the best cavity
volume settings of its inner chambers that would provide the best overall performance
for the diverse driving requirements. This is in terms of lowering rolling-resistance while
maintaining tyre’s grip, cornering and cushioning satisfactorily compared to the standard
(baseline) tyre. Using the full-factorial DoE in Table 7.3 and the FE model of the II-1-1B
design in Figure 7.4, twenty-five various versions of cavity volume settings for the 11-1-1B
design were developed and assessed against the targeted driving requirements using
the same rolling test conditions for straight-line rolling and cornering as in the previous
section 7.2.3 for comparison purposes. The various versions of cavity volume settings
were possible by changing the height and the width of the “lateral inner wall” (LW) of the
[1-1-1B design shown in Figure 7.4 accordingly which would lead to modifying the cavity
volume of all the inner chambers. The changes in the height and the width of the LW
were done within specific dimensional restraints as seen in Table 7.3 to preserve design

practicality as indicated in sections 6.2 and 6.3.2 respectively.
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Table 7.3 Full-Factorial DoE for Cavity Volume Settings of 11-1-1B Design [292]

Number Factor Dimensional Constraints (mm)

30

Lateral Inner Wall Height 58

1 (LWH) ° 45
53

60

110

Lateral | Wall Width 121

5 atera rzlr_l\e/:\;w)a i 132
143

154

For clarity and conciseness, samples of the evaluation results for the twenty-five
versions of II-1-1B design, which represents the population’s main outcomes, are shown
and discussed in this section. This is in which the evaluation results for all the twenty-

five volume versions of II-1-1B design are available in Table A.0.6 in appendix (D).

In terms of grip, the contact-patch area of the tyre is found to grow larger if the LW is
getting wider while its height is set constant at any level above 38 mm or if the LW'’s
height is increasing while its width is set at its maximum of 154 mm as shown in the
example in Figure 7.5 (a) and (b). This can be attributed as a result of the local
orientation axes of the side inner walls of each of zones 1 and 2 are moving nearer
toward the direct route of tyre vertical loading when the LW is getting wider. Such
behaviour would make the vertical loading to be transmitted further directly and greatly
through the side inner walls to the tyre’s tread causing more deformation at the contact-

patch given the curvy profile of zone 2’s side inner walls.
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Figure 7.5 Effect of (a) Width and (b) Height of LW on Footprint Area at Straight Free-

Rolling [292]

Nevertheless, the increase of LW’s height shows an opposite effect on the tyre’s
contact-patch area if the LW’s width is set constant at 132 mm or lower as shown in the
example in Figure 7.5 (b). In addition to moving away from the direct route of vertical
loading, based on Hooke’s law of spring-like bodies and the kinetic theory of gases,
under the indicated dimension set-up, the increase of LW’s height would minimise the
chamber size of zone 2 along with its side inner walls making them stiffer in the process.
Due to such stiffness, lower deformational work of zone 2 chamber would be needed in

order to uphold the tyre’s tread against the applied vertical loading.
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For the contact pressure pattern, as shown in the example in Table 7.4, narrowing the
LW’s width would lead to increasing the contact pressure at the tyre’s contact-patch
centre. This is because reducing the LW’s width would cause shifting the orientation of
the cavity volume in zones 1 and 2 further inward to the tyre’s centreline in which the
pressure/displacement work done by those volumes would be more focused at the
tread’s centre of the contact-patch during rolling. Moreover, increasing the LW’s height
would propagate and strengthen the maximum pressure spots at the shoulders of the
tyre’s contact-patch. This effect is because of the decrease in the size of zone 2 and its
curvy side inner walls which led to reducing the flexibility of the walls and making the
vertical loading transmission through the walls to the contact-patch shoulders more rigid-
like, direct and greater. Such a feature helped in increasing the vertical stiffness of the
tyre as a result of increasing the LW’s height as shown in the example in Figure 7.6 (a)

in which the LW’s width shows no apparent influence over the vertical stiffness.
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Table 7.4 Contact Pressure Distribution for Several 11-1-1B Designs [292]

At Wall’'s Height of 53 mm

At Wall’'s Width of 143 mm

Straight Free-Rolling at Normal Inflation Mode Contact-Pressure
Lateral Inner-Wall’'s Width (mm) (MPa)
110 121 132 143 154
Design Design Design Design Design
I-1-1B-16 | II-1-1B-17 | 1I-1-1B-18 | [I-1-1B-19 | 1I-1-1B-20
+5.652e-01
+5.181e-01
+4.710e-01
+4.239e-01
+3.768e-01
- +3.297e-01
Lateral Inner-Wall’s Height (mm) +%.326e-81
+2.355e-01
3(.) 32.3 45_’ 53 6(.) +1.884e-01
Design Design Design Design Design +1.413e-01
[1-1-1B-4 1-1-1B-9 | 1I-1-1B-14 | 1I-1-1B-19 | II-1-1B-24 +9.420e-02
- — +4.710e-02
SSSSSssss= +0.000e+00
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Figure 7.6 Influence of LW’s Height on (a) Vertical Stiffness (N/mm), (b) Rolling-
Resistance Coefficient and (c) Radial Non-Uniformity (N) and LW’s Width on (d) Rolling-

Resistance Coefficient during Straight Free-Rolling [292]

Regardless of the increased vertical stiffness, the increase in the LW’s height from 45
mm and above is found to cause a slight increase of the tyre’s rolling-resistance as seen

in Figure 7.6 (b). This can be explained due to the small increase in the radial non-
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uniformity of the tyre profile during rolling corresponding to the increase in the LW’s
height. Such an observation means that the tyre tread profile would be experiencing
gradually higher flexing circumferentially during rolling and therefore a small increase in
the rolling-resistance as the LW’s height is increasing. The increase of tyre’s radial non-
uniformity can be attributed to the decrease of the chamber size of zone 2 and its curvy
(spring-like) side inner walls with the increase of LW’s height. This made the cavity
chamber of zone 2 smaller, of lower resilience, more easily disrupted and incapable of
preserving the tyre’s tread outline in place more efficiently in front of the cyclic
deformational oscillations circumferentially resulting from the peristaltic pumping action
during rolling. Despite that, the II-1-1B designs still maintain a lower level of radial non-

uniformity compared to the standard tyre which has non-uniformity of ~21.8 N.

For the LW’s height being constant at any level above 30 mm, the tyre’s rolling-
resistance is found to increase as the LW gets wider as shown in Figure 7.6 (d). A wider
LW leads to a larger deformation at the contact-patch and hence a higher rolling-
resistance because of the side inner walls of zones 1 and 2 are getting near the direct
route of vertical loading of the tyre as indicated previously. This is in which the side inner
walls would start to transfer the vertical load more directly to the tyre’s tread and, with
the curvy side walls of zone 2, the tread would start to deform and get into contact with

the road more.

From the twenty-five volume versions of 1I-1-1B design, the most satisfying three

designs with regard to the tyre’s grip (i.e. as the top priority of design) were chosen for
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further assessment to determine the most balanced and fit design (i.e. multi-purpose
design) for the diverse driving requirements. The chosen designs were 11-1-1B-15, II-1-
1B-20 and II-1-1B-25. As seen in Figure 7.7, the 11-1-1B-20 design shows the most
balanced performance for all the driving requirements in comparison with the standard
tyre, the other designs and the rolling-resistance requirements in relation to Europe’s

2021 emission regulations. This makes II-1-1B-20 design the best solution to adopt.
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Figure 7.7 Performance of 11-1-1B Designs at Normal Inflation for (a) Footprint Area

(mm?) at Straight Rolling, (b) Cornering Stiffness (N/deg), (c) Footprint Area (mm?) at 3°

Slip, (d) Rolling-Resistance Coefficient and (e) Static Vertical Stiffness (N/mm) [292]
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In terms of tyre’s grip, 11-1-1B-20 design exhibits similar profile and area of the contact-
patch along with similar contact pressure distribution in relation to that of the standard
tyre in which the other designs display an undermined grip as shown in Figure 7.7 (a)
and Table 7.5 respectively. In cornering, each of II-1-1B-20 and 1I-1-1B-25 designs
demonstrates better cornering performance than the standard tyre while 11-1-1B-15
design gives a close level to that of the standard tyre as seen in Figure 7.7 (b) and (c).
For the cornering stiffness, the use of the curvy side inner walls in zone 2 gives added
lateral support and stability to the tyre’s sidewalls in 1I-1-1B-20 and II-1-1B-25 designs in
terms of an increased cornering stiffness to balance out the relevant opposite centrifugal
forces during cornering. As for the footprint area during cornering, with the direct and
firm holding provided by the almost undeformed chamber of zone 1, the chamber of
zone 2 and its curvy (spring-like) side inner walls would offer further support to press-
down and keep the tyre’s tread in contact with the road surface resulting in secure and

larger footing of the tyre.
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Table 7.5 Contact Pressure Distribution for 11-1-1B-15, 11-1-1B-20 and 1I-1-1B-25

Designs

Straight Free-Rolling at Normal Inflation Mode

: : . . Contact-
Design Design Design Design
g g g 9 Pressure
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r*} ===

Standard
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+4.239e-01
+3.768e-01
+3.297e-01
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+1.884e-01
+1.413e-01
+9.420e-02
+4.710e-02
+0.000e+00
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The rolling-resistance of each of II-1-1B-15, 1I-1-1B-20 and II-1-1B-25 designs is found
to be lower than that of the standard tyre in which both II-1-1B-15 and II-1-1B-20
designs are almost similar and have the lowest rolling-resistance. In addition to using the
standard tyre as a baseline, 11-1-1B-15 and II-1-1B-20 designs show a rolling-resistance
coefficient of 0.00646 and 0.00639 respectively as seen in Figure 7.7 (d) which
satisfactorily meet the rolling-resistance requirement of 0.0065 set by the vehicle
manufacturers in relation to Europe’s 2021 emission regulations [18]. With regard to the
tyre’s ride (mechanical) comfort, all the three designs show an obvious increase in the
vertical stiffness compared to that of the standard tyre in which [I-1-1B-20 design has
marginally higher stiffness than that of the other two designs as shown in Figure 7.7 (e).
Nevertheless, the vertical stiffness of II-1-1B-20 design falls under the normal range for
passenger car tyres and it is about 200-220 N/mm in which 1I-1-1B-20 design would

have an acceptable level of ride comfort [30, 273, 289].
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7.4 EFFECT OF INFLATION PRESSURE

With the 1I-1-1B-20 design as the best inner chamber design with optimum cavity volume
settings, the next further development was to investigate the 11-1-1B-20 design for the
best inflation settings that would allow for a more improved overall performance if
possible. Several inflation constraints were needed to be met in order to carry out a
proper investigation in addition to the constraints indicated previously in section 6.3.2.
First, the inflation range to be investigated was specified close to the normal inflation
mode in an effort to preserve the physical characteristics of the tyre under safe and
appropriate operating conditions. Secondly, the chamber inflation of zone 1 was set
constant with no changes to retain the stability of the design in terms of securing the
seating of tyre’s beads and supporting the other subsequent chambers. Thirdly, both
side zones (L) and (R) were inflated at the same level of pressure to ensure a balanced

rolling of the tyre.

Implementing the full-factorial DoE in Table 7.6 using the FE tyre model of II-1-1B-20
design, nine various inflation settings of 11-1-1B-20 design were developed and
assessed against the different driving requirements under the same rolling test
conditions for straight rolling and cornering as that of sections 7.2.3 and 7.3 unless
otherwise stated. The complete evaluation results of those nine inflation settings of II-1-
1B-20 design are available in Table A.0.7 in appendix (E). In this section, only samples

of the population’s main trends were used to avoid redundancy.
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Table 7.6 Full-Factorial DoE for Inflation Settings of 11-1-1B-20 Design [292]

Number Factor Pressure Levels (KPa)
200
1 Zone (2) 220
240
200

2 Side Zones (L) and (R) 220
240

Altering the inflation pressure of zone 2 of 1l1-1-1B-20 design is found to show a
noticeable effect on the physical attributes of the tyre while there is no apparent impact
of the size zones (L) and (R). Since zone 2 is directly responsible for upholding the tyre’s
tread, the increase of zone 2’s inflation causes enhancing the contact pressure at the
contact-patch shoulders and boosting the vertical stiffness of the tyre which would
decrease the contact-patch area in both straight rolling and cornering, in addition, to
reduce the rolling resistance as shown in Figure 7.8. Nevertheless, the inflation of zone

2 is found to have no obvious influence on the cornering stiffness.
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Figure 7.8 Effect of Zone 2’s Inflation on (a) Vertical Stiffness (N/mm), (b) Contact-Patch

Area (mm?) and (c) Rolling-Resistance Coefficient at Straight Free-Rolling [292]

As shown in Figure 7.9 as an example, generally, any modifications to the inflation of
zone 2, side zones ((L) and (R)) or both are found to cause trade-offs in the tyre’s rolling
performance for the various driving requirements. In this context, the normal inflation
mode of 11-1-1B-20 design is determined as the best inflation setting for an improved,
satisfactory and balanced overall performance of the tyre since the 1I-1-1B-20 design
was customised and developed at that mode to address the various driving

requirements.
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Figure 7.9 Performance of 11-1-1B-20 Design at Different Inflations for (a) Footprint Area
(mm?) at Straight Rolling, (b) Cornering Stiffness (N/deg), (c) Footprint Area (mm?) at 3°

Slip, (d) Rolling-Resistance Coefficient and (e) Static Vertical Stiffness (N/mm) [292]
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Regardless, as indicated in section 6.3.2 of chapter (6), 11-1-1B-20 design can still be
used under different inflation mode than that of the normal mode shown in Figure 7.1
and Figure 7.9 but within limited operational scope to achieve extended versatility of tyre
functionality according to the given driving/road conditions at hand. As in section 6.3.2,
the 11-1-1B-20 design can be inflated at an “economy mode” as shown in Figure 7.10 in
which only zone 2 inflation will be increased from 220 KPa at the normal mode to no
more than 280 KPa in line with the design constraints in section 6.3.2 whereas the other
zones will remain at their normal inflation mode. This would provide 1I-1-1B-20 design
with an added vertical stiffness making it less deformable and hence having less rolling-
resistance as seen in Figure 7.10. The economy mode would be suitable for usage in
driving situations where tyre’s grip and cushioning are not emphasised such as travelling

in straight and nearly flat roads with minimum traction and braking.

For driving situations where tyre’s grip and cushioning are necessary, like traction,
braking, rolling on bumpy roadway and cornering, the 11-1-1B-20 design will be set at the
normal inflation mode by putting back zone 2’s inflation at 220 KPa as shown in Figure
7.10. Using the 11-1-1B-20 design at the normal inflation mode, a further reduction in the
rolling-resistance was possible by ~28% compared to that of the standard tyre at the
normal inflation mode. As for the 1I-1-1B-20 design at the economy mode, a greater
decrease in the rolling-resistance was reached by ~33% compared to the standard tyre

at the normal mode and by ~7% compared to the standard tyre at the economy mode.
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Figure 7.10 Straight Free-Rolling Performance of 11-1-1B-20 and Standard Designs at

Normal and Economy Inflations for (a) Footprint Area (mm?), (b) Rolling-Resistance

Coefficient, (c) Vertical Stiffness (N/mm) and (d) Contact Pressure Pattern (MPa) [292]
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7.5 OPTIMUM DESIGN VERSUS STANDARD DESIGN

A more comprehensive look on the overall performance of the reached optimum I1-1-1B-
20 design was done through comparing its performance against that of the standard
(baseline) tyre over a wider range of operating conditions at the normal inflation mode to
assess all the driving requirements. The comparison involved running the tyre at a
straight-line free-rolling of a steady-state under normal inflation, 30 Km/h rolling velocity
and different vertical loadings of 1000, 2000, 3000 and 4000 N respectively as seen in
Figure 7.11 and Table 7.7. In addition, a cornering assessment was done under normal
inflation, 10 Km/h rolling velocity, 4000 N vertical load and different slip angles of 1, 2, 3,

4 and 5 degrees respectively as shown in Figure 7.12.

In this section, the trends of the overall performance in the comparison conducted were
in agreement with that done in the previous sections 7.3 and 7.4. The 1I-1-1B-20 design
shows a reduced rolling-resistance due to its added vertical stiffness, an improved
cornering roll, a matching grip and an acceptable mechanical comfort (cushioning)
compared to the standard (baseline) tyre. As seen in Figure 7.11 (a), the gap in the
rolling-resistance between the 11-1-1B-20 design and the standard tyre becomes greater
as the vertical loading increases. This is because of the role and involvement of the side
inner walls of zones 1 and 2 in the direct path of vertical loading become more active
and noticeable as the loading increases in terms of transferring the loading more directly

to the contact-patch and withstanding the loading which gave an added vertical stiffness.
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Figure 7.11 Straight Free-Rolling Performance of 11-1-1B-20 Design under Different

Vertical Loadings for (a) Rolling-Resistance (N) as Energy Lost per Unit Distance, (b)

Footprint Area (mm?) and (c) Vertical Stiffness (N/mm)

From the advantages of the 1l1-1-1B-20 design over the standard tyre, the 1I-1-1B-20
design allows the tyre to retain its contact-patch grip in terms of profile, area and contact
pressure despite having an increased vertical stiffness in comparison to that of the
standard tyre as shown in Table 7.7 and Figure 7.11 (b) and (c). The reason behind that

is the semi-complete isolation of the side regions (including main sidewalls) of the tyre
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from its centre region (including the tyre tread) in the II-1-1B-20 design. Besides having

the same base structure as the standard tyre, this was done by having the side zones

(L) and (R) almost isolated from zones 1 and 2 in addition to being inflated at the same

pressure as that of the standard tyre. This would allow the tyre sidewalls in the II-1-1B-

20 design to be vertically loaded and get into contact with the road surface around the

shoulders part almost the same way as the standard tyre.

Table 7.7 Contact Pressure Distribution of 11-1-1B-20 Design under Different Vertical

Loadings
Straight Free-Rolling at Normal Mode
Vertical
Load (N) Standard [1-1-1B-20 Pressure (MPa)
Tt |
1000 T T
il
i5.381e-01
+5.181e-
2000 +4.710e-01
+4.239e-01
+3.768e-01
+3.297e-01
+2.826e-01
KEe
+1.884e-
3000 +1.413e-01
+9.420e-02
+4.710e-02
+0.000e+00
4000

Furthermore, both zones 1 and 2 with their side inner walls would make the added

vertical stiffness acting more toward the tyre’s tread centre without affecting the
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sidewalls and their side zones (L) and (R) significantly. With the usage of the curvy
(spring-like) side inner walls of zone 2 which are of a friendly and supportive orientation
to the tyre tread, the added vertical stiffness would allow for a similar pattern of loading

and contact pressure at the contact-patch to that of the standard tyre.

As indicated previously in sections 7.3 and 7.4, the usage of the side inner walls of
zones 1 and 2 provided the 11-1-1B-20 design with improved stability during cornering as
shown in Figure 7.12 (a) and (b) in terms of greater counter lateral forces and larger
footing respectively. The trend of the decrease of the footprint area with the increase in

the slip angle goes in line with the findings of Wei et al. [294] and Haney [295].
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Figure 7.12 Cornering Performance of 1I-1-1B-20 Design at Different Slip Angles for (a)

Lateral Force (N) and (b) Footprint Area (mm?)
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7.6 SUMMARY

This chapter covered the parametric investigation and development process of the sub-
optimum (base) “design II” (i.e. obtained from chapter (6)) used to reach the optimum
and multi-purpose design of II-1-1B-20 with the best cavity volume and inflation settings
for low rolling-resistance and to meet the other key driving requirements satisfactorily.
The multi-chamber design of 11-1-1B-20 was concluded as the optimum solution to offer
a balanced performance for the targeted driving requirements and achieve the aim of
this research project successfully. This is because the II-1-1B-20 design was able to
provide a reduction in rolling-resistance of ~28% while offering a similar tyre’s grip, a
better cornering response and a satisfactory cushioning compared to that of the
standard tyre at the normal inflation mode. In addition to that, the II-1-1B-20 design was
able to meet the targeted requirement of the rolling-resistance coefficient of 0.0065

given by the vehicle manufacturers in response to Europe’s 2021 emission regulations.

The key characteristic of the 11-1-1B-20 design was the isolation of the air volume inside
the tyre into separate and smaller sub-volumes especially in the direct route of vertical
loading of the tyre which led to the tyre’s sides (i.e. side zones (L) and (R)) being almost
independent of the tyre’s central domain (i.e. zones 1 and 2). Such characteristic
allowed the design to retain the same tyre’s footprint as that of the standard tyre while
gaining an increased vertical stiffness. The II-1-1B-20 design had a simple overall layout
with fewer chambers (i.e. four chambers) which involved the usage of curvy side inner
walls in zone 2 that made the chamber of zone 2 to gain more elastic potential energy

compared to the base “design II". Those curvy inner walls of zone 2 have increased the
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non-linear complexity of the tyre response which led to the inconsistency in the way of
how the different cavity volume settings could affect the various driving requirements.
Nevertheless, certain volumetric effects were apparent with regard to the rolling-
resistance and it is the marginal increase in rolling-resistance with the decrease of zone
2’s size and/or when the orientation axes of the side inner walls of zone 2 are getting

nearer to the direct path of vertical loading.

The capability of the 11-1-1B-20 design can be further extended by switching between its
normal inflation mode and the economy mode according to the given driving/road
conditions which involve changing the inflation pressure of zone 2 only while the other
zones remain at the same pressure. At the normal mode, zone 2 is set at 220 KPa
whenever the tyre’s grip and cushioning are crucial. Otherwise, the economy mode can
be used by inflating zone 2 at 280 KPa for increased vertical stiffness and hence lower
rolling-resistance if the tyre to roll on a straight path with marginal traction and braking. A
further decrease of the rolling-resistance by ~7% can be achieved by the [I-1-1B-20

design at the economy mode in contrast to its normal mode.
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CHAPTER (8): SUMMARY, CONCLUSION AND FUTURE

RECOMMENDATIONS

This chapter summarises and concludes the overall work that has been done to
accomplish this research project on “multi-chamber tyre solution for low rolling-
resistance”. In addition, this chapter gives recommendations on future research work
that can be done to further improve and expand the current research work for more

insights and research findings.

8.1 SUMMARY AND CONCLUSION

In this study, an extensive survey of the existing literature on the tyre advances for low
rolling-resistance revealed the crucial need and the urgency to reduce the tyre’s rolling-
resistance to improve fuel economy and lower CO2 emissions for the welfare of the
people and the environment considering the enormous amount of vehicles used
globally. However, a major obstacle facing the reduction of the rolling-resistance is the
persistent trade-offs with the other key performances of the tyre due to the complexity of
tyre construction and operation. In this respect, the literature survey indicated that the
multi-chamber tyre concept is a potential alternative solution to reduce the rolling-
resistance considerably with negligible or no trade-offs. In addition, such a potential
solution is found to have shallow coverage in the literature especially on the topic of
rolling-resistance reduction with no actual applications yet. In that regard, the multi-

chamber tyre concept is yet to be explored and investigated in-depth.
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This research project introduced and investigated thoroughly a promising design of the
multi-chamber tyre (i.e. I1I-1-1B-20) that can offer a reduction in rolling-resistance while
maintaining the other key driving requirements of the tyre satisfactorily. In this project, a
detailed, full and 3D finite element model capable of predicting the multi-chamber tyre
solution was developed and validated against several experimental tyre prototypes (i.e.
single chamber tyre, dual-chamber tyre and five chambers tyre) respectively for rolling-
resistance, grip, cushioning and cornering. Using this validated FE tyre model as a base
model, a variety of different novel multi-chamber designs were developed and evaluated
for the optimum inner chamber design with the best cavity volume and inflation settings
to provide an overall balanced performance of reducing rolling-resistance while
maintaining tyre’s grip, cushioning and cornering satisfactorily. Such a research project

resulted in the following key research contributions:

A. The introduction of a new and efficient method to determine the core rolling-
resistance of the tyre based on the “hysteresis damping ratio of the entire tyre”
and the “work done by the tyre during its vertical deflection” computed from the
outputs of the finite element tyre model which captures the rubber non-linear
viscoelasticity using the parallel rheological framework. This method was
published by the author in a technical paper through the Society of Automotive

Engineers (SAE) [187].
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B. The development of a finite element approach that is capable of simulating the
“‘multi-chamber tyre” solution successfully. This approach involved coupling the
deformation of tyre structure with the pressure and volume of its cavity air using
the surface-based fluid cavity capability available in Abaqus 6.13-1 code. The
approach is proven to be effective in accounting for the tyre/air interaction unlike
the ineffective traditional method of only applying uniform pressure load on the
tyre inner liner. Such an approach and findings were published by the author in a
research paper through the SAE International Journal of Passenger Cars —

Mechanical Systems [30].

C. The development of a genuine, simple and novel multi-chamber tyre design (i.e.
[I-1-1B-20) that is capable of reducing the rolling-resistance by ~28% while
providing similar tyre’s grip, satisfactory cushioning and improved cornering
performance compared to the standard (baseline) tyre at the normal inflation
mode. In addition, this novel design provides a rolling-resistance coefficient which
meets that of the targeted requirement of vehicle manufactures (i.e. 0.0065) in
response to Europe 2021 emission regulations. The key characteristic of this
design is the isolation of cavity air inside the tyre into independent and smaller air
sub-volumes especially in the direct path of vertical loading for an added vertical
stiffness and between the tyre central domain (i.e. zones 1 and 2) and the tyre
sides (i.e. side zones (L) and (R)) to retain the same tyre footprint. Such novel

design and its evaluation were published by the author in a research paper
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through the proceedings of the Institution of Mechanical Engineers (Part D:

Journal of Automobile Engineering) [292].

. The presentation of new and in-depth insights, findings and interpretations on the
“‘multi-chamber tyre” solution for low rolling-resistance that help in enriching the
current shallow literature. This involved the development and exploration of a
range of different novel multi-chamber designs (i.e. designs |, Il, Ill and 1I-1-1B)
identifying their work mechanism, advantages and disadvantages. Those
research findings can be used as a starting platform and guidelines for future
research and development works. Such research findings were published by the
author over two research papers through the SAE International Journal of
Passenger Cars — Mechanical Systems and the proceedings of the Institution of
Mechanical Engineers (Part D: Journal of Automobile Engineering) respectively

[30, 292].

8.2 FUTURE RECOMMENDATIONS

As with any research project conducted, this research project was limited by its allocated

time, funding and available resources and based on that this project had a specific

scope of research and investigation which yielded meaningful research findings of

novelty, magnitude and importance. This is especially since the tyre is a highly complex

product which requires high costs to manufacture, test and investigate experimentally. In

addition to that, the “multi-chamber tyre” solution is a relatively new subject with little

findings in the literature and no substantial research works yet which means it has rich
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research opportunities and infinite designing possibilities. With that said, further research
work and improvements can be done to expand the current work reported in this
research project with respect to the finite element tyre model, the experimental work and

the “multi-chamber” design (i.e. lI-1-1B-20). These improvements are as follows:

8.2.1 Improvements to Finite Element Tyre Model

Depending on the targeted application scope, the FE tyre model in this research project
can be further developed but with caution to the balance between the model complexity
and its incurred computational costs since the currently developed model is already
complex and requires some computational resources to run. The contact behaviour can
be predicted more accurately by finding a way to include the detailed tread grooves and
patterns without causing undesirable hourglassing modes in the FE tyre model. Also, the
computation of material response can be further improved by including the

viscoelasticity properties of tyre’s reinforcements although it is of negligible effect.

The current PRF material definition adopted in the FE tyre model could be redefined
based on frequency-based experimental data instead of strain-based (time domain) data
to account more accurately for the speed effects on the tyre performance if it was of
interest. Furthermore, if the temperature effect is to be accounted, similarly, the current
material definition of the FE tyre model needs to be redefined based on the relevant
temperature-dependent experimental data. In this research, the current FE tyre model
can predict the global behaviour of the air cavity inside the tyre but not the local air

behaviour in which the FE tyre model needs to be coupled with a CFD (i.e.
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Computational Fluid Dynamics) analysis code in order to do so. This is to be able to
investigate the role of cavity air on the tyre performance more accurately and in-depth

for more effective designing of multi-chamber tyre solution and its control mechanisms.

8.2.2 Improvements to Experimental Work

In this research project, the tri-axial electro-hydraulic tyre/drum rig used to examine the
tyre prototypes for rolling-resistance had a limited operational range for tyre testing in
which the tyre was limited to roll at low speeds and free-rolling conditions at one type of
road surfaces only. Based on that, the test rig needs to be re-configured so it includes
tyre testing at higher speeds, traction/braking conditions and different road roughness.
This is in order to be able to examine the tyre further on rolling conditions that are closer
to that of practice and to investigate the role of speed, road roughness and

traction/braking on the effectiveness of the multi-chamber tyre solution.

8.2.3 Practicality Evaluation of Multi-Chamber Design

The optimum multi-chamber design (i.e. 1I-1-1B-20) developed in this research project
needs to be further investigated for whether it is feasible to realise in practice and hence
can be wused in practical applications. Therefore, to evaluate the design
manufacturability, a potential manufacturing method was proposed by the author in a
research paper through the proceedings of the Institution of Mechanical Engineers (Part
D: Journal of Automobile Engineering) [292]. The proposed manufacturing method
needs to be evaluated and tested in practice if the proper resources were available. As

shown in Figure 8.1, this manufacturing method suggests the usage of the conventional
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“‘extrusion” and “calendering” processes applied currently in tyre manufacturing to
produce the different tyre structural layers of I1I-1-1B-20 design respectively. To
assemble those layers together, a tyre building drum is proposed to be modified as
suggested in Figure 8.1. The relevant structural layers are assembled on the modified
tyre building drum in the order and the way specified in the (A) to (F) procedures shown
in Figure 8.1 respectively similar to the conventional building process in which a bonding

film is added between the relevant layers when necessary to tie them.
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@ @ Layers “4” to “7” are wrapped around drum

respectively to build-up Zone (1) chamber.

25

|

Zone (2) chamber is built-up independently from
layers “9” to “11” then folded into thin flat layer.

[

Layers “8”, followed by zone (2) chamber & then
layers “12” to “14” are wrapped around drum
respectively.

Exploded Cross-sectional View of Tyre

Structural Layers on Tyre Building Drum

II] Dynamic & Triple Tyre Building Drum(s).

@&@ Grooves for Beads Mounting.

,@ &@ Airtight Inner Liners for Side Zones.

|6 &[13Steel Beads. 14| sidewalls.
E] Airtight Inner Liner for Zone (1). ]El Steel Belts.
'5],[10/ &12| Body Plies. 16/Cap Plies.
@ Airtight Inner Liner for Zone (2). Tread.

lz] to @ Inner chamber (Zone (1)). @Inflation Hole.

9 |to 11| Inner chamber (Zone (2)). |E | Side zones are fully inflated and a puncture is
made in zone (1) for inflation to pop-up zone (2).

@ Zone (1) chamber is inflated, drums move
inward & side zones are inflated partially.

Note:

«The different tyre structural layers are possible to
produce using the conventional “extrusion” &
“calendering” processes.

eProcedures (A) to (F) are similar to that of the
conventional building process where a bonding film is
added between the relevant layers when necessary to
tie them.

o After building phase, the tyre is cured to fuse the
different tyre layers into one solid structure & give the
tyre its physical properties.

E Zone (2) is fully inflated and layers “15”, “16” &
“17” are wrapped around drum respectively.

Figure 8.1 Proposed On-Drum Building Approach of 11-1-1B-20 Design [292]
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After the on-drum building phase, the tyre is cured to fuse the different tyre layers into
one solid structure and give the tyre its physical profile and properties as seen in Figure
8.2. Besides the conventional curing mould housing, an internal mould is suggested to
be assembled inside the tyre to surround and hold the structure of the inner chambers

during the curing process in order to help give the inner chambers their final physical

shape and properties as indicated in Figure 8.2.
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Figure 8.2 Suggested Curing Method of 11-1-1B-20 Design [292]

In addition to the proposed manufacturing method, a further aspect of the II-1-1B-20
design that needs to be considered and developed to ensure the design feasibility is the
inflation mechanism of the inner chambers. A net of flexible air channels is suggested to

be developed to link each zone chamber with the closest valve stem on the wheel in
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which those channels are used to inflate the chambers without being bent or getting
damaged easily during normal tyre operation. The II-1-1B-20 design can be inflated
manually at a single mode of inflation only for all time operation and this mode is the
normal inflation mode. Another option is to have two interchangeable modes of inflation
of the 11-1-1B-20 design based on the driving/road conditions at hand and those modes
are the normal and economy modes as indicated previously in this research. Those two
modes can be inflated and controlled by an automatic inflation mechanism such as or
similar to that of Goodyear AMT and Aperia’s Halo in which zone 2 inflation will be the

only inflation to change between those two modes.
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APPENDICES

APPENDIX (A): BASIC BACKGROUND ABOUT PNEUMATIC TYRES

A.1 Main Function(s)

As the only link between the vehicle and the road, normally, the pneumatic tyre has
multiple crucial functions to carry-out to deliver the mechanical drive (i.e. vertical,
longitudinal and lateral forces) between the vehicle and the road surface in the safest,
most efficient and effective manner possible under various driving conditions. As an

example, such functions are as follows [28, 152, 296]:

a) To offer a proper mechanical grip between the vehicle and the road for traction,
cornering, braking and parking under various road conditions such as coarse,
fine, flat, steep, dry and wet surfaces.

b) To provide the vehicle with the optimum control and handling performance during
interaction with road surface by transmitting and generating the required
longitudinal and lateral forces for proper acceleration, braking and cornering
conditions.

c) To support and withstand the vehicle’s weight under all realistic loading and
driving conditions.

d) To act as a cushion to absorb or reduce the impact of road surface irregularities

on vehicle chassis for a more comfortable and stable ride.
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A.2 General Construction

In general, the vehicle’s tyres are very complex and anisotropic [25, 297]. Although, this
makes them being able to perform the various challenging functions indicated earlier; at
the same time, this makes them not something simple and easy to analyse, predict and

describe [5, 152, 297].

A.2.1 Outer Geometrical Profile
Commonly, vehicle’s tyres come as a circular tubular casing in shape with
distinguishable key features and they are the “tread”, the “sidewalls” and the “beads” as

seen in Figure A.0.1:

Tread

/ //“\. A L\/‘r
v S\

Sidewall

Bead

Figure A.0.1 Outer Layout of Today’s Vehicle Tyre and its Key Features [298]

In Figure A.0.1, the “tread” is the outer interface surface of the tyre (i.e. circumferential

crown part) in contact with the road surface. It is made from rubber that is compounded
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with other chemicals and reinforcement plies for hardness, strength and durability [152,
299-301]. The surface of the tyre’s tread comes with different zigzag-like patterns to
provide sufficient road grip for traction, braking and cornering along with expelling water
from under the tyre in case of wet road surface [152, 300]. Also, the tyre’s tread is
expected to offer the minimum rolling-resistance and the optimum handling performance

possible for the vehicle [152].

For the “sidewalls”, it is the outside lateral walls of the tyre carcass that fall between the
tread and the bead as indicated in Figure A.0.1. It is made of rubber compounds and
reinforcing fabric plies [152, 299]. Sidewalls are used to support the tread, strengthen
the tyre’s capacity for carrying loads and guard the tyre’s carcass against external
damages [152, 301, 302]. This is besides maintaining the shape of the tyre and its air
volume when inflated, loaded/unloaded, and subject to road irregularities while being

very flexible to cushion the tyre [152, 300, 301].

The “beads” are the tyre’s edges that are in contact with the wheel-rim and they come as
rubber covered cords of steel wires in the shape of hoops surrounding the rim [300,
301]. This is to fasten and hold the tyre to the rim firmly, seal the air inside the tyre, and

support the normal loads on the tyre [152, 299, 301].

Besides the common key features of the tyres’ shape, there are common geometrical
dimensions for vehicles’ tyres. From the most basic and commonly used tyre's

dimensions that help in determining the tyre’s geometrical specifications and hence
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tyre’s suitability to a wheel-rim and a vehicle as well, the following basic tyre dimensions

that are shown in Figure A.0.2 below [300, 301]:

— Section Width ———
‘ +— Tread Width —*‘
/-\ru“u ‘
Section
Height
142 Querall
Diameter
L= £
Rim
Width
Mormal
Rirn
Diameter
Siatic
Loaded L | —
Radiuz \
ﬂ_/‘\jZ_ Hread
——+ Depth

Loaded Width

Figure A.0.2 Basic Geometrical Dimensions of Common Vehicle’s Tyre [303]

A.2.2 Body Structure
Since the “tubeless radial tyres” are the most common and dominant type to use in the
automotive sector around the globe, particularly for passenger vehicles, the detailed

construction of the “tubeless radial tyre” will be explored here. In the tubeless radial tyre,
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the traditional tyre’s tube is compensated by an innermost thin and air-sealed rubber

layer called the “inner liner”, as indicated in Figure A.0.3 below:

Tread Pattern

Tread Cap

Nylon Cap

Steel Belt

(lemap1s

Inner Liner

Carcass

Body PI

Bead Wire
Sidewall Rubber

Rim

Valve Cap

Figure A.0.3 Detailed Radial Tyre Construction [304]

Each of the tread and the sidewall has its own different constructional plies in order to
enhance their performance characteristics and enable them to do their functions more

efficiently (i.e. More strength and stability to tread and more flexibility to sidewalls). The
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body plies are placed radially from one bead to the next on the other side of the tyre at
90 degrees to the tread’s centre-line. This is to give the tyre its outline and
loading/strength characteristics [152, 299]. From such plies, the body plies for sidewalls

are formed.

In the tread section, a number of steel-belt plies are placed diagonally to the tread’s
centre-line over the radial body plies to strengthen the tread to resist punctures and
maintain its flathess for a better road contact. Over the steel-belt layers and under the
tread, a layer of fabric cap ply is added circumferentially to stabilise the crown region

against the centrifugal forces during high-speed rolling.

A.2.3 Material(s)

The pneumatic tyre has visco-elastic material properties that provide it with resilience,
strength, durability, heat/cold resistance, high coefficient of friction, air-seal casing and
many other features to handle and withstand normal and extreme driving conditions and
still keep its vital properties [269, 304, 305]. Such capabilities are gained by the tyre
through the many various ingredients that enter into manufacturing the final tyre material

as indicated in Figure A.0.4 below [304]:
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Figure A.0.4 General Ingredients of Final Tyre’s Material(s)
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As indicated previously, the modern pneumatic tyre has a complex blend of numerous

ingredients which according to Lindemuth [28], Gent [305], Smith [25], Miller [302] and

Anne and Evans [304] can be classified to the following categories in general:
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First of all, the core ingredient that is the basis of the tyre’s material is “Polymers”.
Basically, polymers represent the rubber composites of the tyre, which come either as
natural and/or synthetic rubber, that are soft and elastic with good contact-surface grip in
nature. However, rubber alone will not be sufficient to handle and withstand the multiple
functions required from the tyre in a vehicle. That is why the rubber is to be treated with
various chemicals (i.e. “Fillers”, “Softeners” and “Anti-degradents”) and then heated
under a process called “vulcanising or curing” with the aid of “Curatives” to gain the

targeted properties/capabilities such as strength and resilience.

Besides the rubber treatment chemicals, there are the “Reinforcement materials” to the
tyre structure that are used for strengthening the loading, constancy and sealing
properties. Mainly, those reinforcement materials are used in the tyre in the form of “cap
ply”, “belts”, “body plies” and “bead wires”. Both cap and body plies can be made from
nylon, polyester, rayon, or aramid. The “belts” can be manufactured from steel, aramid
or polyester. For the bead wire, it is generally made from carbon steel and coated with

bronze.
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APPENDIX (B): FE VALIDATION FOR PROTOTYPE 0.5 TYRE

B.1 Prototype 0.5 Tyre (Experimental Prototype)

As further validation of the author's FE modelling approach of multi-chamber tyre
solution in comparison to practice, a more complex experimental prototype of the multi-
chamber solution was used. This experimental prototype has five inner chambers inside
a 205/50 ZR15 tyre as shown in Figure A.0.5. A look inside this experimental prototype
was not possible since it is a prototype that belongs to Fusion Innovation and has

commercial confidentiality especially to the way to how it is manufactured [186].

Prototype 0.5 Tyre |ZrRv| [ZTv] [ZBV] (ZLv|  [Zmv]

Side View Zoomed-In Side View

Valve Stem for Beadlock Chamber

Valve Stem for Tyre Chamber

Valve Stem for Middle Chamber supporting Crown
Valve Stem for Right Chamber supporting Crown
Valve Stem for Left Chamber supporting Crown

Figure A.0.5 Experimental Prototype 0.5 Tyre
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B.2 Material Properties

As an essential part of FE modelling inputs, the relevant material properties were
captured for both the rubber and reinforcement components of prototype 0.5 tyre using
the same methodology and equipment as in chapter (3). An example of the material
testing done is the uniaxial tensile testing for rubber hyperelasticity and viscoelasticity
shown in Figure A.0.6. These captured material properties are listed in Table A.0.1,

Table A.0.2, Table A.0.3 and Table A.0.4 below.

InstrOn INSTRON
Testing
Machine z.é::d
Material
Sample

Laptop with

Converter Logging Software

Figure A.0.6 Uniaxial Tensile Test using Instron Machine
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Table A.0.1 Material Model Coefficients for Hyperelasticity and Viscoelasticity of Rubber

Components
Material Model Tyre Rubber Component(s)
Parameters Tread | Sidewall | Apex Inner Walls | Inner Tubes
yooh |20 | o070 | aoes | ares | o | o
zij 0.040 0.006 0.063 8]2:3 8;2;
L;%Z\,E;n 22 -0.-127 -O..091 0.650 -0.691 -O..818
Hardening) :122 -01.5025 -ozc;s -2.2217 -1)..41132926 -o.(l)o7
T ooer | oo
n4 \\\\\\\\\\\\\\%\\\\\\\\\\%&\\\\\\\\\\\& 1 1.039
méi ) 0 0151 -0.042

Table A.0.2 Density for Rubber Components

Density
Rubber Parts (Kg/m?)
Tread
Sidewall
Apex 1200
Inner Walls
Inner Tubes
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Table A.0.3 Elastic Properties for Reinforcement Components

Reinforcements Young’s Poisson’s Density
Modulus (MPa) Ratio (Kg/m3)
Cap Ply 4000 0.3 1300
CarCass 4600 0.3 1500
Steel Belts 200000 0.3 7800
Beads 200000 0.3 7800
Beadlock Chamber 154000 0.35 1470
Housing

Table A.0.4 Lay-Up of Reinforcement Components in Tyre Structure

Reinforcements Areg;lpnel:g-)Bar Spacing (mm) Orler(lltDaet;]orgSngle
Cap Ply 0.1 0.7 90
CarCass 0.1 0.8 0

Steel Belt 1 0.104 0.6 65
Steel Belt 2 0.104 0.6 115
Steel Belt 3 0.104 0.6 115

Beads 0.885 0.05 90

B.3 FE Model

With the material properties obtained in section A.2 incorporated into prototype 0.5 FE
model, another essential input to the FE model is the tyre geometry which was acquired
applying the image capturing and processing approach in chapter (4) in addition to the
relevant information provided by Teqgniga Systems Ltd about the prototype’s chamber
construction [186]. Based on the captured profile, as in chapter (4), a 2D axisymmetric
model was created in Abaqus 6.13-1 from which then a full 3D model of prototype 0.5

tyre with road drum was developed as seen in Figure A.0.7 and Figure A.0.8 below.
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Figure A.0.7 2D Axisymmetric Model of Prototype 0.5

Wheel Rim

Road Drum

Cross-Sectional View of Full 3D Tyre odel with
3D Tyre Model Road Drum

Figure A.0.8 3D Model of Prototype 0.5
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B.4 FE Validation

Using the same simulation (analysis) steps in chapter (4), the full 3D model developed in
section A.3 was subjected to mesh refinement and energy output validity in which a
mesh density of 180 sectors circumferentially was found to yield accurate, consistent
and valid solution numerically. To validate the credibility of the FE model to simulate tyre
behaviour as that of practice, the same methodology and equipment used in chapter (4)
were applied to run both FE model and its experimental counterpart to measure a variety
of static and dynamic tyre properties (i.e. geometrical inflation, vertical stiffness,
footprint, rolling-resistance, and cornering) respectively. The corresponding experiments
were done using the Faro scanner for the inflation validation and the tri-axial elector-
hydraulic tyre/drum rig for the static and dynamic contact validations as shown in Figure

A.0.9 and Figure A.0.10 respectively.

Leveled Prototype Faro
3D CAD Model  Table Surface 0.5 Tyre Scan Arm

a) Experimental Set-up b) 3D Scanning using Faro

Figure A.0.9 Experimental Set-Up for Inflation Validation of Prototype 0.5
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Rig Controller PC with Control
Road Drum Unit Software

Vertical Hydraulic
Actuator

Road Drum

Prototype
0.5 Tyre

Figure A.0.10 Experimental Set-Up for Static and Dynamic Contact Validation of

Prototype 0.5

All the validation tests were conducted at the economy inflation mode of prototype 0.5
tyre shown in Table A.0.5 except for the inflation validation. A good agreement is found

between the FE model and its corresponding experiment for different tyre properties as
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shown in Figure A.0.11, Figure A.0.12, Figure A.0.13, Figure A.0.14 and Figure A.0.15
respectively indicating the validity and suitability of the FE modelling to predict the multi-

chamber tyre solution as in practice.

Table A.0.5 Economy Inflation Mode of Prototype 0.5

Chamber Name InﬂatiCZEPP;)eSSUfe
Beadlock (ZB) 340
Tyre (ZT) 220
Middle (Zm) 290
Right (ZR) 220
Left (ZL) 220

1.1 ommmmm e mm e
1 "ZB" at 340 KPa

c D <
GE) 0.9 - =

0.8 === e E
: o 3
s 07 4 e
D~ R
DE 0.6 f-o e 25
205 f e, S8

BExperiment ]
o) n 0.1
O 04 g ®FE e 0 ¢FE
B 0.3 0.05 -
o
|_ 02 T T T 1 0 T T T 1
0 100 200 300 400 0 100 200 300 400
Inflation Pressure (KPa) of "ZT", Inflation Pressure (KPa) of "ZT",
"ZL", "ZM" & "ZR" "ZL", "ZM" & "ZR"
(a) (b)

Figure A.0.11 Inflation Validation of Prototype 0.5 at (a) Tread Centre and (b) Sidewall

Outermost Point
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Figure A.0.12 Vertical Stiffness Validation of Prototype 0.5
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Figure A.0.13 Footprint Validation of Prototype 0.5
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Figure A.0.14 Rolling-Resistance Validation of Prototype 0.5
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Figure A.0.15 Cornering Validation of Prototype 0.5
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APPENDIX (C): WRITTEN PERMISSION FOR PROTOTYPE 0.5 TYRE

111672018 FW: FW: Need Written Permission

FW: FW: Need Written Permission

Oluremi Olatunbosun (Department of Mechanical Engineering)
Sent:16 November 2018 12:20
To: Hamad Aldhufairi {(PhD Mechanical Engineering FT)

Dear Hamad,

Please see the email trail below. Greg Hall, the MD of Fusion Innovations Ltd has given permission to use the test data
from the ECORR yre prototype 0.5 for validation your tyre models.

Kind regards,
Remi

From: ghall@fusion-innovations.com <ghall@fusion-innovations.com>

Sent: 16 November 2018 09:24

To: Oluremi Olatunbosun (Department of Mechanical Engineering) <0.A.OLATUNBOSUN@bham.ac.uk>
Subject: Re: FW: Need Written Permission

Hi Remi

Sorry for not getting back to you. This is all patented other than my new method using Shape memory polymers so is
fine to go ahead and also publish. | hope you are coping okay, as before thoughts are with you.

Kind regards

Greg
Gregory Hall

Managing Director
Fusion Innovations Ltd

Tel 07788 562605
www.fusion-innovations.com
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On Thu, 15 Nov 2018 at 22:59, Oluremi Olatunbosun <0.A.OLATUNBOSUN@bham.ac.uk> wrote:

Hi Greg,

| sent you the Abstract of Hamad’s thesis several weeks ago as discussed (see attached). All he needs from you is
an email or letter from you giving him permission to use the results of the tests we carried out on the ECORR
prototype 0.5 to validate his simulation results. We can place an embargo on public access to the thesis for 3 years
if you wish.

It is obviously of great importance that he is able to validate him FE models so this would be of great help to him.

I would appreciate a response from you one way or the other at your earliest convenience.

Kind regards,
Remi
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APPENDIX (D):

SETTINGS OF II-1-1B DESIGN

Table A.0.6 Evaluation Results of 25 Different Volume Versions of 11-1-1B Design

FULL-FACTORIAL DoE RUNS FOR DIFFERENT VOLUME

Straight Free-Rolling at Normal
Inflation Mode

Rolling-
Run | Design LW's LW's Resistance Contact- Vgrtlcal
No | Version Height Width (N) (Energy Are621 Stiffness
(mm) (mm) Lost per Unit (mm?) (N/mm)
Distance)

1 [1-1-1B-1 | 245.896 | 110.000 29.105 15895.551 | 211.092
2 [I-1-1B-2 | 245.896 | 120.962 34.585 16122.290 | 189.220
3 [1-1-1B-3 | 245.896 | 131.923 32.611 15691.076 | 200.704
4 [1-1-1B-4 | 245.896 | 142.885 34.200 15953.663 | 196.820
5 [I-1-1B-5 | 245.896 | 153.846 30.972 15761.403 | 210.761
6 [I-1-1B-6 | 253.521 | 110.000 31.970 15320.599 | 196.973
7 [I-1-1B-7 | 253.521 | 120.962 31.516 16083.130 | 201.971
8 [1-1-1B-8 | 253.521 | 131.923 33.106 15867.009 | 200.648
9 [I-1-1B-9 | 253.521 | 142.885 33.761 16118.180 | 197.484
10 | 1I-1-1B-10 | 253.521 | 153.846 38.257 15907.767 | 190.090
11 | 1l-1-1B-11 | 261.146 | 110.000 29.258 15775.674 | 209.586
12 | 1I-1-1B-12 | 261.146 | 120.962 30.263 15619.492 | 218.712
13 | 1I-1-1B-13 | 261.146 | 131.923 30.753 15763.458 | 217.978
14 | 11-1-1B-14 | 261.146 | 142.885 31.373 15952.179 | 218.902
15 | 1I-1-1B-15 | 261.146 | 153.846 32.710 16205.062 | 213.883
16 | 11-1-1B-16 | 269.396 | 110.000 30.013 15458.286 | 213.893
17 | 1I-1-1B-17 | 269.396 | 120.962 30.772 15935.396 | 218.548
18 | 11-1-1B-18 | 269.396 | 131.923 31.111 14353.479 | 218.192
19 | 1I-1-1B-19 | 269.396 | 142.885 32.043 16069.886 | 217.178
20 | 1I-1-1B-20 | 269.396 | 153.846 32.376 16324.025 | 218.483
21 | 11-1-1B-21 | 276.396 | 110.000 30.740 14560.580 | 215.922
22 | 11-1-1B-22 | 276.396 | 120.962 35.385 14901.145 | 222.284
23 | lI-1-1B-23 | 276.396 | 131.923 31.432 15160.763 | 217.531
24 | 11-1-1B-24 | 276.396 | 142.885 33.913 14471.301 | 219.728
25 | lI-1-1B-25 | 276.396 | 153.846 36.992 16251.072 | 213.831
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APPENDIX (E): FULL-FACTORIAL DoE RUNS FOR DIFFERENT INFLATION

SETTINGS OF I11-1-1B-20 DESIGN

Table A.0.7 Evaluation Results of Nine Different Inflation Versions of 11-1-1B-20 Design

Inflation : . .
(KPa) Straight Free-Rolling Cornering
o | | jg | €28 ¢ o o 0 & o9
SN2 A N |on SHL LS EL <~ |E<FE c >
Z| a5 T |2~ |2288 FE ot |sE~2 T
S|+9 g2 8"%9>~£ 2 E SEe SS90 c o
| a|Q|IQN 22z 82 | 58= |3EE S o
= () S OE = S @) S € O =
9 A=) () L -~ =
0 S > 0
1 ‘_I' 0 g S 8 42.987 | 182.745 | 16937.795 | 17944.2 | 977.028
=& ™| N N ' ' ' ' '
A A N o o
2| Qo N |Q N | 38.491 | 199.087 | 16749.873 | 17863.1 | 967.532
= N N (qV
“h P o o
3 = Bo 3|2 < | 40.074 | 214.393 | 17180.288 | 17616.8 | 1059.084
= N N N
e o | o o
| 1
4 i E—} Q INEEN Q 41.579 | 219.425 | 16560.240 | 17618.5 | 995.232
LB o | o o
| 1
5 o 0_0' Q SEEN N 32.376 | 218.483 | 16324.025 | 17619.2 | 1009.278
LY o | o o
| 1
6 o 0_0' Q SEEN N 36.263 | 205.665 | 15904.342 | 17402.6 | 907.724
! I~
7 < ‘CE ) M 3 35.744 | 222.100 | 13774.531 | 16944.9 | 903.114
= N M| N
4 © o o
8 | CEo ¢ 3 N | 31.657 | 222.029 | 14632.963 | 17516.9 | 959.649
= N N [QV
- s oo o
9 b 53 Q NN N 29.542 | 225.620 | 14403.599 | 17527.3 | 966.906
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