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INTRODUCTION

1 Introduction

1.1 Background

Vehicle accidents, where the state of the road surface plays an important role, are known to
account for at least 25% of all European road fatalities (ERTRAC, 2006). The main reason for
this is low levels of friction at the interface between the pavement and the car tire. Depending on
the rotational speed of the wheel and the characteristics of the road surface, after the maximum
friction level is reached, the wheel may start skidding. A direct consequence of skidding is a
dramatic loss of breaking power and steering capability of the vehicle which leads to damage of
the pavement and may result to human casualties. The problem is aggravated further in the
presence of water, due to the phenomenon of hydroplaning.

Therefore, a precise investigation of micro-mechanical factors controlling the friction at the tire-
pavement interface is of utmost importance in understanding the fundamental properties of
friction. In the present study, finite element (FE) tools were developed for the investigation of the
influence of asphalt mix characteristics and, in particular, pavement surface morphology on tire-
asphalt friction and hydroplaning.

As shown in  Figure 1.1a, friction originates primarily from the interaction of the asperities of
the road surface with the morphological characteristics of the car tire. Skid resistance describes
the contribution of the road surface to the development of friction at the tire-road interface. It is
an important requirement in the design of safe pavements. Unfortunately, with time and traffic,
the asperities of the road surface diminish and, as a consequence, skid resistance diminishes as
well.

S ~ Dry interface
particles =
. QD ®
—_ Wetinterface
= (®)

Figure 1.1 (a) Factors influencing skid resistance at the tire-pavement interface,
(b) hydrodynamic stresses at the tire-pavement interface

Moisture on the road surface also contributes largely to diminishing skid resistance, because it
can act as a lubricant at the tire-pavement interface. Larger amounts of water in the form of
puddles can additionally cause the partial or complete separation of the tire from the pavement
because of the development of hydrodynamic stresses,  Figure 1.1b, in front of the tire. These
counterbalance a part of the tire load and result to significant reduction of steering and braking
forces. This phenomenon is known as hydroplaning and its likelihood increases as the pavement
surface deteriorates and large permanent deformations develop.

In the recent past, several significant developments have been made in tire design and
1



INTRODUCTION

manufacturing, aiming at improved performance. At the same time, the advent of computational
techniques has enabled the development of powerful algorithms which enable simulation of
interfacial contact phenomena. Nevertheless, in the vast majority of studies on the topic of tire-
pavement interaction, the pavement has been simulated as either a rigid substrate or by means of
very simplistic constitutive assumptions and emphasis has been placed on the response of the tire.
Yet, it is common knowledge in interfacial science that interfacial response is determined by the
characteristics of both contacting bodies.

At European level, a significant initiative was taken in the framework of the project HERMES
(2007-2010) which was a round robin study for the purpose of comparing all European skid
resistance measuring equipment and developing a procedure for harmonization. HERMES made
no attempt to focus on the fundamental aspects of the phenomenon. Nevertheless, at the
conclusion of the project the need was realized and a call was made for the development of a new
device which can address some of the shortcomings of the existing ones. On the other hand, the
SKIDSAFE project (2009-2013) which was a consortium led by TU Delft, was an attempt to
examine at a more fundamental level the processes taking place at the interface between the
pavement surface and the tire and, to develop laboratory and computational tools for their
evaluation. The present thesis is a part of the SKIDSAFE project and it focuses mainly on tire-
asphalt pavement interaction.

Under the umbrella of the SKIDSAFE project, the current thesis shall describe a procedure to
integrate state-of-the-art constitutive models, tire models with rolling contact algorithms, thermo-
mechanical coupling algorithms and hydrodynamic algorithms for simulation of all major
physical processes contributing to friction in the interfacial zone between the pavement surface
and the tire but, also, in the bulk body of the pavement.

One of the significant findings of this thesis is the crucial influence on friction of the temperature
at the tire rubber-asphalt interface. Especially, during braking manoeuvres, temperature increases
significantly and at high rates in the body of the tire affecting thus the mechanical characteristics
of the rubber materials and the area of the tire footprint and, hence, the developed friction at the
interface. Another important finding is the influence of asphalt mix design on the propensity to
hydroplaning and in particular, the importance of wearing course drainage as a crucial feature to
alleviate the hydroplaning risk in flooded pavement conditions.

The following subsequent sections serve as an introduction to the topic of tire-pavement
interaction under various operating conditions. First, basic terminology concerning tires and
pavement surfaces is discussed in section 1.2, followed by friction mechanisms in section 1.3.
State-of-art contact models are discussed in section 1.4 followed by tire temperature in section
1.5. Section 1.6 discusses the parameters influencing tire-pavement friction. This chapter
concludes with the research objectives in section 1.7 and a general outline of the thesis in section
1.8.

1.2 Basic terminology

1.2.1 Tire

The modern passenger car tire is a complex load carrying structure and numerical modeling of
such structure is a challenging task. The major difficulties in numerical simulation include the
material nonlinearity as shown in Figure 1.2, incompressibility constraint on the deformation of
tire rubber, and the nonlinear contact boundary conditions (Yan, 2001). Moreover, the external

2



INTRODUCTION

loads may cause the tire to undergo very large deformations, even though the resulting strains
may be small (Parikh, 1977). For a given load magnitude, tire inflation pressure and tire structure
are the two important factors that influence contact area and contact pressure at the tire-pavement
interface.

SIDEWALL

GUM STRIP

RUN ON FLAT INSERT

APEX
Figure 1.3 Cross sectional geometry of a pneumatic tire (Goodyear)

A pneumatic tire is made of vulcanized rubber and a carcass along with other reinforcing
components as shown in Figure 1.3. It is a highly anisotropic, temperature dependent, hyper-
elastic or viscoelastic structure. The accurate assessment of the contact area of a deformed tire,
known as footprint, has drawn much attention worldwide because it characterizes tire
performance issues such as contact pressure, wear, noise, skid resistance and hydroplaning
(Clark, 1982).

3



INTRODUCTION

1.2.1.1 Tire types
1.2.1.1.1 Diagonal bias tires

The body ply cords of these tires lay at angles substantially less than 90° to the tread centerline,
Figure 1.4. The advantages of such kind of tires are: (a) simple in construction, and, (b) ease of
manufacturing. However, as the tire deflects, shear occurs between the body plies which
generates heat. Also these tires have poor wear characteristics due to tread motion.

Body plies

R
LS’

Figure 1.4 Diagonal bias tires (Speciality Equipment Market Association US)
1.2.1.1.2 Belted (bias) tires
For this type of tires, belts are added in the tread region and these belts restrict expansion of the
body carcass, Figure 1.5. The main advantages of these tires are improved wear and handling due

to added stiffness in the tread area. However, these tires generate more heat due to the shear
deformations between body plies. Also they require higher material and manufacturing cost.

Belt plies

Bias plies

Figure 1.5 Belted bias tires (Salsons Automotive Tyres)
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1.2.1.1.3 Radial tires

The radial tire is a carcass of layers of cord ply going over each other from bead to bead. The
tread is then strengthened with a belt of diagonal design, Figure 1.6. The side walls are thinner
and softer providing comfort but are generally more sensitive to damage. The soft tire wall area in
conjunction with the belt gives a larger contact area and lower rolling resistance. Other
advantages are good properties at high speed, good grip and comfort on an even surface, low heat
buildup and low rolling resistance. However, complex radial construction increases material and
manufacturing costs.

Transverse radial plies
(perpendicular to the
direction of travel)

Figure 1.6 (Speciality Equipment Market Association US)
1.2.1.2 Tire components
1.2.1.2.1 Tire rubber compounds

Beyond the visible tread and sidewalls, there are more than a dozen specially formulated
compounds that are used in the interior of a tire rubber. The following are the basic ingredients of
tire rubber:

- Polymers: backbone of rubber compounds
- Fillers: reinforce rubber compounds
- Softeners: used mainly as processing aids
- Anti-degradents: helps to protect tires against deterioration by ozone, oxygen and heat
- Curatives: to transform the viscous compounds into strong, elastic materials
In general, a typical car tire uses around 60 raw materials.
1.2.1.2.2 Tire reinforcement materials
Tire reinforcement materials like tire cord and bead wire are the predominant load carrying
members of the cord-rubber composite. They provide strength and stability to the sidewall and

sustain the air pressure. Nylon, polyester, rayon, aramid, steel cord, bead wire are different types
of reinforcement material available, Figure 1.7.
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Figure 1.7 Tire bead wire (Zhangjiagang City Shengda Steel Wire Rope Co.,Ltd)

1.2.1.2.3 Other tire components

Inner liner : improves air retention

Body plies: provide the strength to contain the air pressure and provide for sidewall
impact resistance

Bead bundles: serve to anchor the inflated tire to the wheel rim

Abrasion gum strip: provides a layer of rubber between the body plies and the wheel rim
for resistance against chafing

Sidewall: protects the body plies from abrasion, impact

Sidewall reinforcements: some tires feature lower sidewall reinforcements to improve
handling or stability

Stabilizer plies (belts): to restrict the expansion of the body ply cords, stabilize the tread
area and provide impact resistance

Belt wedges: to reduce the inter-ply shear at the belt edge as the tire rolls and deflects

Shoulder inserts: to help maintain a smooth belt contour and insulate the body plies from
the belt edges

Tread: provides the necessary grip or traction for driving, braking and cornering
Subtread: improves rolling resistance, fine-tunes driving quality, noise, and handling

Undertread: boosts adhesion of the tread to the stabilizer plies during tire assembly and
covers the ends of the cut belts.

Nylon cap/cap strips: To further restrict expansion from centrifugal forces during high
speed operation
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Figure 1.8 Radial tire components (after YOKOHAMA)

1.2.2 Pavement surface texture

Pavement surface texture is defined as the deviations of the pavement surface from a true planar
surface. These deviations are grouped at three distinct levels of scale: microtexture, macrotexture
and megatexture, each defined within a range of wavelength (1) and peak-to-peak amplitude (A),
Figure 1.9. Such asperities may range from the micro-level roughness contained in individual
aggregate particles to a span of uneveness stretching several feet in length.

The three levels of texture, as established by the Permanent International Association of Road
Congresses (PIARC, 1987), are as follows:

Microtexture (A<0.02 in [0.5mm], A= 0.04 to 20 mils [1 to 500 um]) -

Surface roughness quality at the sub-visible or microscopic level. It is a function of the surface
properties of the aggregate particles contained in the asphalt or concrete paving material.
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Figure 1.9 Schematic of pavement surface texture (cenews, 2013)
Macrotexture (A<0.02 to 2 in [0.5 to 50 mm], A= 0.0054 to 0.8 in [0.1 to 20 mm]) —

Surface roughness quality defined by the mixture properties (shape, size, and gradation of
aggregate) of asphalt paving mixtures and the method of finishing/texturing (dragging, grooving,
depth, width, spacing and orientation of channels/grooves) used on a concrete paved surface.

Megatexture (A = 2 to 20 in [50 to 500 mm], A=0.005to 2 in [0.1 to 50 mm]) —

Texture with wavelengths in the same order of size as the pavement-tire interface. It is largely
defined by the distress, defects, or “waviness” on the pavement surface.

1.3 Friction mechanisms

Friction is the force that resists the relative motion between a vehicle/aircraft tire and a pavement
surface. This resistant force, illustrated in Figure 1.10 is generated when the tire rolls or slides

over friction, p, which is the ratio of the tangential friction force (F') between the tire tread
rubber and the pavement surface to the perpendicular force or vertical load (F ).

F
u 3 (1.1)
Two distinct modes of operation can be identified: free-rolling and full skidding. In the free
rolling mode (no braking at all), the relative speed between the tire circumference and the
pavement, referred to as the slip speed—is zero. At full skidding, the circumferential tire speed is
zero and the slip speed is equal to the speed of the vehicle. In typical braking conditions, the slip
speed varies between these two extremes (Meyer, 1982).
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Figure 1.10 Simplified diagram of forces acting on a rotating wheel (NCHRP, 2009)

Hence it holds
S=V-V, 1.2)

where: S = Slip speed; V = Vehicle speed; V, = Average peripheral speed of the tire.

A locked-wheel state is referred to as a 100 per cent slip ratio and the free-rolling state is a zero
per cent slip ratio. The slip ratio is defined as the ratio of the slip speed to the vehicle speed and is
given by

SR :%xloO% (1.3)

Similarly, the side-force coefficient (SFC) is the ratio of the force perpendicular to the plane of
the rotating tire to the vertical load on the tire when the plane of the tire is maintained at a fixed
angle with respect to the forward velocity vector

SEC(V,0) :FF_leoo (1.4)

w

where V is the test speed, o is the angle between the plane of the test tire and the forward

velocity vector , F is the normal (vertical) load on the test tire, and F is the force

perpendicular to the plane of the test tire.

The coefficient of friction between a tire and the pavement changes with varying slip, as shown in
Figure 1.11. It increases rapidly with increasing slip to a peak value that usually occurs between
10 and 20 percent slip (critical slip). Beyond that, it decreases continuously up to a value known
as the coefficient of sliding friction, which occurs at 100 percent slip. The difference between the
peak and the sliding coefficients of friction may be up to 50 percent of the sliding value and is
much larger on wet pavements than on dry pavements.
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Figure 1.11 Pavement longitudinal friction versus slip (Henry, 2000)
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Figure 1.12 Schematic of hysteresis and adhesion (Choubane et al., 2004)

Many empirical models have been developed in an attempt to provide prediction of friction by
taking into account the above factors. Friction between the tire and the pavement has two distinct
force components: adhesion and hysteresis (Kummer and Meyer, 1963). During skidding, a
complex interplay between adhesion and hysteresis contributes to vehicle stopping distance. A
schematic of hysteresis and adhesion can be seen in Figure 1.12.

1.3.1 Adhesion

The adhesion component of friction is the result of molecular bonds that are formed when two
material surfaces come in contact. The strength of these bonds depends on the natural affinity
between the materials. The breaking of the bonds requires some energy. This energy is the work
done by the adhesion forces. Therefore, adhesive friction results from the binding forces between
the rubber surface and the substrate under the action of draping. The draping mechanism of the
tire rubber about the individual asperities of the surface is time dependent, so that, slower speeds
permit a greater draping effect and thus ensure a distinctly higher adhesion.

10
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It is generally believed that microtexture governs the adhesion component (Priyantha and Gary,
1995). In the lower speed range and in the case of a wet pavement surface, microtexture breaks
through the thin water film creating contact with the rubber and hence adhesion forces. The
mechanism is complex because it affects the molecular and electric interactions between the
contacting surfaces (Kummer, 1966, Moore, 1969; Moore, 1972). Studies by Roberts (1988) and
Persson (1998) also showed that the adhesion component is reduced when particles or water film
are present at the contact surface. Similarly, the adhesion component can disappear if the surface
is completely covered by a lubricant (Highway Research Board, 1972). A theoretical explanation
on adhesion friction in tire-pavement interaction is offered by Moore, (1972).

1.3.2 Hysteresis

The hysteresis friction arises when pavement surface asperities, at the macrotexture level,
produce appreciable deformation in the bulk of the rubber (Grosch, 1963). It is associated with
energy differences that occur as the rubber is alternately compressed and expanded while it slides
over the surface asperities. Since the commercially available tire rubbers are viscoelastic in
nature, hysteretic energy losses occur during sliding and, hence, the friction associated with this
process is termed hysteresis friction. The influence of surface roughness on the interaction
between rubber and pavement surface has been studied by many researchers (Johnson et al.,
1971; Fuller & Tabor, 1975; Persson et al., 2002, 2004). Kluppel and Heinrich (2000) presented
an analytical formulation of rubber friction on rough, rigid surfaces that relates the frictional
energy losses of the rubber. Bui and Ponthot (2002) conducted FE analyses to estimate the
influence of adhesion between rubber and rigid pavement surfaces and the energy losses arising
from the deformation of rubber bulk to the sliding resistance. Persson (1998) presented rubber
friction development on rough surfaces due to the viscoelastic deformations of rubber.
Palasantzas (2003) and Gal et al. (1995) investigated friction behavior of sliding of a rubber body
on a rough self-affined surface to describe the load dependent hysteretic friction of elastomers.
The micromechanical analysis of the contact problem of rough surfaces were proposed by
Panagiotopoulos et al. [15] and Haraldsson and Wriggers (2001).

Saka and Araki (1998) presented a theory which states that under severe conditions of tire rubber
sliding, significant heat is generated at the tire-pavement contact region. As a result a thin film of
melted asphalt and rubber develops which virtually annihilates the development of any adhesive
forces. Consequently, the mechanism of adhesion is unlikely to play any important role in the
development of tire-pavement friction forces at high skid velocities. Hence, hysteretic friction is
the predominantly friction component at the tire-pavement interface (Kummer, 1966),
(Greenwood & Tabor, 1958). In view of the above it is logical that tire materials with large
damping coefficients have a high coefficient of friction due to increased hysteresis (Heil%ing et al.,
2011) and that, increases in tire temperature result to decreases in friction since the rubber
stiffness decreases (Subhi & Farhad, 2005).

1.3.3 Remarks

It is generallt belived that both adhesion and hysteresis components depend largely on pavement
surface characteristics, the contact between tire and pavement, and the properties of the tire.
Usually, adhesion governs the overall friction on smooth-textured and dry pavements, while
hysteresis is the dominant component on wet and rough-textured pavements (Hall et al., 2009).
Also because tire rubber is a visco-elastic material, temperature and sliding speed affect both
categories (Hall et al., 2009).

11
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1.4 Computational contact mechanics models

The interaction between a rolling tire and a pavement surface is a very challenging problem
because of its nonlinearity due to various factors. The day to day tire-pavement interaction
applications comprise of all the facets of tribology, including friction, lubrication, adhesion and
wear. Modern treatment of contact mechanics problems can be found in the research works of
Laursen and Simo (1993), Shimizu and Sano (1995), Christensen et al. (1998), Simo Zavarise et
al. (1998), Simo and Hughes (1998), Chenot and Fourment (1998), Wriggers and
Panagiotopoulos, (1999), Pietrzak and Curnier (1999), Zavarise and Wriggers (1999), Laursen
(2002), Wriggers (2006) etc.

In general, implicit time integration algorithms are often applied for the solution of the contact
problem together with a fine discretization of tire with huge numbers of finite elements. For the
simulation of rolling contact problems on real pavement surfaces and including phenomena such
as heat generation and conduction, hydroplaning, noise etc. a combination of implicit and explicit
time integration schemes have to be employed.

For simulation of the contact between two surfaces, Coulomb’s law is introduced via an
inequality involving the normal (R ) force and the tangential reaction force (R;) (Wriggers,
2006):

f(Ry.R7)=|R|+1|Ry|<0 (15)

In this inequality the constitutive parameter u is the friction coefficient. By making use of the
Equation (1.5), stick and slip phenomena can be defined as follows:

stick occurs when

IR¢|<—uRy (1.6)
In this case, no relative tangential displacement can occur between two bodies in contact.

slip occurs when

IRr|=—nRy (1.7)
In this case, a relative tangential displacement may occur between two bodies in contact.

The above inequalities can be combined and expressed in the form of Kuhn-Tucker conditions
as:

lur|>0; f<0and |u;|f=0 (1.8)

where Uy is the tangential displacement. Figure 1.13 portrays in a schematic way the above

relations between tangential (i.e. frictional) loading and the corresponding tangential
displacements.

12
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ur

Figure 1.13 Load-displacement diagram for frictional contact (Abaqgus, 2010)

In terms of finite element technology, contact is addressed via either of two main formulations:
(1) the Lagrange multiplier method or (2) the penalty method. The Lagrange multiplier method is
used to add constraints to the system which are equivalent to external constraint forces. Their

contribution to the total energy HLL,M is expresses as (Wriggers & Zavarise, 2004):

5™ = [ (MG +2r-gr A (1.9)

T¢

where A, and A; are the Lagrange multipliers and g, and g, are termed the normal and

tangential gap functions representing the associated displacement between the two contacting
surfaces in the contact region.

The variation formulation of Equation (1.9) is:

CM = J.(KNSgN +A7 - 897 A+ J.(SXNQN +8A gy JA (1.10)

Te Ie

where bg. and bg, are the variations of the normal and the tangential gap functions,

respectively. The first integral is associated with the virtual work of the Lagrange multipliers
along the variation of the gap functions in the normal and the tangential directions. The second
integral describes the enforcement of the constraints. Because the Lagrangian multipliers are
treated as additional unknown variables, their addition to the overall structural system of
equations increases its size and has also been known to result to ill-conditioning due to the “rigid”
nature of the constraints.

The Penalty method adds penalty terms to the system which can be interpreted as contact springs
with a certain stiffness. The following equation shows the contribution due to penalty contact
constraint to the total energy (Wriggers & Zavarise, 2004):

1 — 2
HEZEJ(SN(QN) +8T9T'9T)dAv eyn,er >0 (1.11)
1—‘C
gy and e represent the penalty parameters.
The variation of Equation (1.11) yields
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Cf = [ (enOnOTy +&107 807 A, &y,61>0 (1.12)

I¢

Because the “spring” is deformable, an approximate solution is obtained and interpenetration may
occur. The choice of the spring stiffness is critical since a high penalty parameter leads to an ill-
conditioned problem and a low penalty parameter leads to large penetration (Schutte, 2011).

A special formulation, called perturbed Lagrange method developed by Oden (1981), can be used
to combine the features of both, the penalty and the Lagrange multipliers methods in a mixed
formulation (Wriggers & Zavarise, 2004) :

1 1
HEL:!(XNQN—ZM\] +7\'T'gT__7\‘T'7\’T)dA (1.13)

N &1

The tire-pavement contact problems are usually come under any one of the analyses:

- Steady-state analysis, also called mixed Lagrangian/Eulerian approach, in which, for an
observer in the reference frame, the tire is a fixed set while materials flow through the
refined stationary mesh. Frictional effects, inertia effects and history effects in the
material are accounted for. The mesh can deform due to these effects. The steady-state
analysis is not often used for rolling tires, since, this type of analysis is not efficient in
solving changing contact conditions. The nonlinear equation solving process is expensive
due to the Newton iterations, and if the equations are very nonlinear, as in the case of
changing contact, it may be difficult to obtain a solution.

- Transient analysis, also called Lagrangian approach, in which, for an observer in the
reference frame, the tires rolls and, turn after turn, the elements touch and leave the
contact area. The displacements and velocities are calculate din terms of quantities that
are known at the beginning of the increment and no iterations and no tangential stiffness
matrix are required unlike steady-state method. However, it requires a very small time
step increment.

1.5 Temperature generation in tires

Temperature is generated in a pneumatic tire as it rolls under various operating conditions like
braking, slipping and cornering. If the resulting temperatures are high enough, they can seriously
degrade the strength of a tire causing it to fail and, also, can result to traction performance
degradation over time.

1.5.1 Internal energy dissipation

The temperature dependence of the viscoelastic properties of tire rubber has a significant
influence on its hysteretic friction. Many researchers had shown that the coefficient of friction of
viscoelastic tires skidding/rolling against pavement macrotexture varies with temperature,
(Grosch K. A., 1963); (Grosch & Schallamach, 1970). Various attempts have been made to
determine the temperature distribution in the various components of a tire due to energy
dissipation. Browne, Wicker, & Segalman (1980) presented the earliest finite element method
(FE) based work. They proposed a general model for power loss in pneumatic tires. Yandell et al.
(1983) presented a mathematical study which demonstrates the dependency of sideway force or
locked wheel friction on the tire temperatures.

14


http://onlinelibrary.wiley.com/doi/10.1002/0470091355.ecm033/full#ecm033-bib-0101

INTRODUCTION

When a sinusoidal strain is imposed on VE materials such as rubber, the stress varies sinusoidally
with a phase angle 6 as shown in Figure 1.14a. The area confined by the hysteresis loop of the
stress-starin plot corresponds to the dissipated energy density caused by cyclic loading as seen in
Figure 1.14b.

A G b)

- Hysteresis
loop

/\< £ )
\"‘ Loading / i .
/ ) &/ S

Figure 1.14 Typical stress-strain curve of a material illustrating hysteretic loss

W

When the stress ¢ and the strain € of the VE material assumed to vary sinusoidally, they can be
expressed using the phase lag 6 :

o(t)=o,sin(ot+3) (1.14)
g(t)=¢g,sin(ot+3) (1.15)

The energy dissipated in one cycle is

E =V [ o(t)de
cycle (1.16)
=7n-V-G,-€,SINd

W =%:n-60-sosin8 (1.17)

where, V is the volume of the VE material, o is the amplitude of the stress, ¢, is the amplitude

of the strain, & is the VE phase lag between stress and strain and W is the work done per unit
volume.

The stress and strain evaluated at the continuous elements along the circumferential direction are
considered to be the time history of the stress and strain at any point of the rolling tire. Thus, the
time twhich is a parameter representing the variation, may be replaced by an angle 6 which
represents the circumferential position of a tire. Then, the stress profile o(6 ) and strain profile
€(0) are obtained from the toroidal element groups located along the circumferential direction
with the same cross-sectional coordinates. Next the VE phase lag (8) is imposed on the stress
profile (6 ). However, since the general profile of the stress and strain is impulsive rather than
sinusoidal as shown in Figure 1.15, it is not possible to apply the phase angle in the form of
Equation (1.14).
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Figure 1.15. Stress profile of the sidewall in the circumferential direction (Shida et al., 1998)

(Shida et al., 1998) presented the stress profile o(6 )and the strain profile &(©) in the form of
Fourier series of order N using amplitude A, and phase ¢, as follows:

o(8)=ag +§;{Aﬁsin(n6+¢§)}

(1.18)

a(e)=a3+i{A§sin(ne+¢§ )} (1.19)

n=1
where A, =,/a’+b? and ¢, =tan"*(b, /a,).

when the VE phase lag 8 is imposed on the stress profile o (6), the shifted profile 6 (6) is
expressed as

6(9):ag+ZN:{Aﬁsin(ne+¢;’+8n)} (1.20)

n=1

From the strain profile £(6) and the phase-shifted stress profile 6(9), the area of hysteresis loop

is calculated. By applying Equations (1.19) and (1.20) to Equation (1.16), the energy dissipation
can be computed as:

N
E =) mn-V-AT-Asin(o] - 45 +5, )| (1.21)

n=1

The energy dissipation of one circular element group is obtained by integrating each energy
dissipation with the six components of stress and strain vectors. Furthermore, the total energy
dissipation of the entire tire is calculated by integrating the energy dissipation at each toroidal
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element group. Therefore the total energy dissipation is obtained as presented below:

Nele

6 N
E ZZZZ[RH\/' Icmn' Imnsm((blmn ¢Imn+6lmn)} (1.22)

I=1 m=1n=1

where, |is element number, m is the component of the stress and strain, N is the harmonic order
and N is the total number of elements in the tire cross section.

Relating to this, Park et al. (1997) proposed a technique to approximate the stress and strain
profiles using cubic polynomials, and a VE phase lag is imposed on the approximate stress:

k, k,my3 k,m¢2 k, K,

(1.23)
g™ (t)=ef Mt + M + gl Mt hi (1.24)
where i (or j)=r,0,z; tis time in a cycle; ag™ bi™,ci™,df el ™ g™ Fi™, gl™ hie™

coefficients; k=12,....K is the number of sections in the tire model and m=12,....Mis the

number of elements in the section in a tire model. For a VE material, the stress in Equation (1.23)
can be written as

of ™ (t)=a;" (t+8) + bi™ (t +38)° +ci™ (t+8)+di™ (1.25)

In general, the energy loss AW per unit volume per cycle and the rate of heat generation Q per
unit volume as follows:

T de..
AW = g i(7) 8”£T)dr (1.26)
_aW_1 } (1.27)
I’ ro

where T, is the elapsed time for one revolution, o and € are the stress and strain components
with respect to time in a cycle extracted from the deformation of tire against pavement surface.

By substituting Equations (1.24) and (1.25) respectively into Equations (1.26) and (1.27) to get
dissipated energy and rate of heat generation:

AW = ZZ I Cii km( )d‘L' (1.28)

m=1k =t 4

_Aw 122] ﬂdr (1.29)

m=1k=] =1t 4

All these studies provide a better understanding of tire hysteresis and its dependency on the
temperature distribution in the tire.
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1.5.2 Thermal State of a Tire

The thermal state of a tire can be described with a solution to the basic equation of heat
conduction, subject to the appropriate set of boundary conditions (Browne and Arambages, 1981).
For the case of an inflated, loaded, rolling tire, the most general form of this system of equations
is:

V-kVT=-Q (1.30)
where, k is the thermal conductivity (W/m-K) and C is the specific heat (J/kg K).

subject to the boundary conditions:
a) Heat exchange by conduction at the tire-road interface

oT
k—/| =h T, -T 1.31
onl, =" (= =T (L3)
b) Heat exchange by conduction at the tire-rim interface
oT
k— =hr i (Tai=T)), (1.32)
only
¢) Heat exchange by convection and radiation at the exterior and interior , tire-air interfaces
kZ—T =hy a(Ta—To)+0e(TE Ty ) (1.33)
Nlo

where, T is the tire temperature (K); Tgis the road surface temperature (K);T0 is the tire
surface temperature (K); T¢ is the temperature of environment (K); T, is the air temperature (
K); hy_,is the heat transfer coefficient (W/m2 -K) between tire and air; h;_g is the inverse of
thermal contact resistance (W/ m?-K) between tire and road; and h; g,is the inverse of

thermal contact resistance (W/ m? - K ) between tire and rim.

1.6 Parameters influencing tire-pavement friction

Friction forces arise due to the interplay of complex mechanisms while there are several factors
that affect the available pavement surface friction. These factors can be categorized as follows:
Tire factors:

- Speed

- cornering angle

- slip ratio

- tread wear

- tire groove depth and tread pattern

- tire inflation pressure and load

Pavement surface factors:
- surface texture (microtexture and macrotexture)
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- type of surfacing
- age of the surface

Load factors:
- equivalent number of vehicle traffic loadings
- road geometry
- traffic flow conditions

Environmental factors:
- temperature
- water film

- seasonal variations

1.6.1 Tire factors
1.6.1.1 Speed

The friction resistance between the tire and road surface during emergency or locked-wheel
braking is very much dependent on vehicle speed. The influence of vehicle speed on skid
resistance is highly dependent upon the properties of the tire and the pavement surface. Past
researchers found that instantaneous tire-pavement friction decreases non-linearly with increasing
speed (Shah and Henry, 1978). Dijks (1974) conducted experimental investigations on various car
and truck tires to determine the effect of speed on friction performance under wet pavement
conditions. He observed that both peak and braking friction coefficients decrease with increase in
speed. Meyer (1991) proposed the following relationship between skid resistance and vehicle
speed,

_(PNG
SN, =SN,e " 700"

(1.34)
where, PNG ZKW)AOO

\

where SN, is the skid number at vehicle speed v, SN, is a fictitious skid number at zero

vehicle speed, and PNG is the percentage normalized gradient of the SN wversus v curve.
Kulakowski and Meyer (1990) proposed an alternative relationship for skid number SN at any
speed V:

_V
SN, =SN,e o

V, -V
where, vy =—2—1_ (1.35)

where v, is a speed constant that replaces PNG.
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In 1995, the results of the International PIARC Experiment to compare and harmonize texture and
skid resistance measurements were published (Wambold et al., 1995). This experiment was
conducted to create a common scale for the reporting of pavement friction measurements. The
result of the experiment was the development of the International Friction Index (IFI) which
reports the frictional properties of a pavement with two terms: the speed constant, S,, which is a
function of the pavement macrotexture and the friction number F60, which depends on a
measured friction value, the slip speed and the speed constant (Wambold et al., 1995). The speed
constant is used toadjust the friction values measured at any slip speed to a friction value at 60
km/h.ASTM Standard Practice for Calculating International Friction Index of a PavementSurface
(E 1960-07) details the necessary equations for calculating and reporting the IFI.

The speed constant in km/h is determined from the macrotexture measurement as follows:

S, =a+b-MPD (1.36)

Where,
a, b = coefficients dependent on the device used for measuring macrotexture.

MPD = Mean Profile Depth

The next step uses the FRS at a given S to adjust the friction to a common slip speed of 60 km/h.
This is accomplished useing the speed number predicted by the texture measurement and using
the following relationship:

S-60

FR60=FRS.e * (1.37)

where,
FR60 = adjusted value of friction from a slip speed of S to 60 km/h for the equipment
FRS = measured friction value by the equipment at slip speed S

S = slip speed of the equipment, (km/h)

The final step in harmonization is the calibration of the equipment, by regression of the adjusted
measurement FR60, with the calibrated Friction Number F60:

FR60=A=BxFR60 (1.38)
where,

A, B = calibration constants for the selected friction measuring device.

F60 is the prediction of the calibrated Friction Number and S, is the prediction of the calibrated
Speed Number. The values of F60 and S, are then reported as the International Friction Index, IFI
(F60, Sp) (Wambold et al., 1995).

The use of IFI to estimate friction at any speed is illustrated in Figure 1.16. Having measured S,

and the friction value F60 at 60 km/hr, the friction value at any other speed can be estimated by
choosing a value for S (Hall et al., 2009).
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The Rado-IFI model (Rado, 1994), known also as the logaritmic friction model, was developed to

complement the PIARC friction model by incorporating the first“leg” of the friction curve where
the friction number increases to a maximum. This model has the following form (Henry, 2000):

2
In
_ Smax

C

W(S) =y x€ (1.39)

where, p(S) is the friction number at any slip speed (S), W, IS the maximum friction value (a
function of surface and tire properties, measuring speed, and slip speed), S_ s the slip speed at
maximum friction value (also known as the critical slip speed, which is when the tire is slipping
on the pavement with S__ slip speed while it develops ., friction); Cis the shape factor

which is closely related to the speed number Sp in the original IFI equation and determines the
skewed shape of the friction curve. Figure 1.16 presents graphically friction computed using IFI

(F (60), Sp) and the Rado-IFI models.

I 3

Rado Model(timax, Sazsx, C ) = IFI(F(60),Sp)

max
~

F(60) Sp
C (shape)

Friction Number

P
L

Slip Speed (S)

Figure 1.16 The IFI and Rado-IFI models (Rado, 1994)

The speed number, S , is the derivative of the friction curve at F(60) point, when it is

transformed to a logarithmic form:
2
00C (1.40)

Sp=—F—
2In (S]
Smax

The value of C controls the shape of the declining side of the friction curve.
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Benedetto (2002) showed that an increase in vehicle speed causes a decrease in the dry skid
resistance for dry pavement. This decrease is gradual as compared to the friction on wet pavement
which decreases dramatically with increasing speed. The wet skid resistance is also related to
other factors such as water depth, tire groove depth, tread pattern, inflation pressure and pavement
surface properties. Heinrichs et al. (2003) conducted experimental investigations to determine the
effect of vehicle speed on both pre-skid braking kinematics and average tire-pavement friction.

1.6.1.2 Cornering angle

Automobile tire variables such as cornering force and sideslip angle are the two essential factors
which improves vehicle safety, handling, steerability, comfort and performance (Baffet et al.,
2009). References (Clark, 1981), (Pacejka, 2006) and (Milliken & Milliken, 1995) found that
lateral force increase with side-slip angle up to a certain value then decreases marginally for
higher values. Dixon (1996) put forward an empirical relation between lateral force and normal
load for different side-slip angles. Toniik and Unliisoy (2001) performed a FE simulation study on
the prediction of tire cornering forces on a drum for up to side-slip angles of 5°.

Koishi et al. (1998) developed an explicit FE model to study the effects of the inflation pressure,
rubber modulus, and effect of belt angle on cornering force characteristics. They concluded that,
cornering force increases linearly as the slip angle increases up to 4°, and increasing inflation
pressure leads to higher cornering forces. They found that lowering the belt angles decreases the
cornering force and also increasing the rubber modulus to twice of the original value, increased
the cornering force.

Recently, Baffet et al., (2006; 2008) conducted experimental investigations and simulation
analysis to determine relations between tire-road forces, sideslip angle and wheel cornering
stiffness. Rao et al. (2002), conducted a study on tire cornering behavior for different slip angles
and vertical loads using explicit finite element code by ABAQUS.

1.6.1.3 Slip ratio

The difference between the peripheral velocity of the tire and the horizontal velocity of the wheel
axle is defined as the relative skidding velocity occurring between the tire and the ground. The
ratio of this relative skidding velocity to the horizontal velocity of the axle is defined as the slip
ratio (Horne & Leland, 1962). Thus for a freely rolling wheel the slip ratio is effectively zero
while for a completely braked wheel (full skid) the slip ratio equals 1. Tire slip condition has a
major influence on the temperature development in the tire and resulting effect on friction
(Grosch, 2005). In general, different testing devices, which operate at different slip ratios are
used by road authorities to perform friction measurements. For example, a locked wheel skid
trailer measures friction at 100% slip ratio (full skidding); fixed slip devices typically operate at
15% to 20% and variable slip devices operate at 15% to 85%. Grosch (2005) hypothesized that
with increase in slip ratio, tire temperature increases which causes the peak longitudinal friction
to decrease.

1.6.1.4 Wear

The wear of tires is the result of frictional work in the tire-pavement interface that is generated
when tread surface elements go through a frictional force-slip cycle during each passage through
the footprint (Grosch and Schallamach, 1961). Tread wear has only a small effect on average
friction coefficient until the tread is about 80% worn, after which it drops rapidly (Leland and
Taylor, 1965). The tread wear causes higher tread temperature and further aggravated tread wear.
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This ultimately results in lower skid resistance (Veith, 1986). Staughton (1970) observed a sharp
drop in skid resistance with the tread wears under his field experimental tests. Segel (1973) found
that maximum cornering force is very sensitive to small amounts of wear in the shoulder region
for tires that are produced with a sharp corner at the shoulder. He concluded that maximum
cornering force increases as the shoulder becomes rounded. Cornering stiffness increases as the
tread wears (Koessler, and Senger, 1964 cross referenced from Sinnamon, 1974). Braking
stiffness (the initial slope of the braking force vs. wheel slip curve) is very sensitive to tread wear,
and increases with decreasing tread depth (Sinnamon, 1974).

1.6.1.5 Tire groove depth & tread pattern

On dry surfaces, smooth tread tires provide somewhat better longitudinal traction than patterned
tire treads (Forster, 1956 cross referenced from Sinnamon, 1974). Increase in tread causes the
cornering stiffness to increase (Koessler and Senger, 1964 cross referenced from Sinnamon,
1974).

1.6.1.6 Tire construction

Tire construction has an appreciable effect on the tire-pavement friction. When compared to a
bias ply tire of the same size, rubber compound, and tread pattern, the radial ply tire gives
somewhat higher values of peak braking force coefficient, but no difference in locked wheel
coefficient (Lander and Williams, 1968). However, compared to a typical production bias ply tire,
much larger differences are observed because radial construction allows greater freedom in tread
pattern design and tread rubber compounding (Meades, 1967). Radial ply tires have higher
cornering stiffness than do bias ply tires (Koessler, and Senger, 1964 cross referenced from
Sinnamon, 1974).

1.6.1.7 Tire load and inflation pressure

On a dry pavement surface an increase in inflation pressure causes a decrease in both peak and
locked wheel brake force (Forster, 1956 cross referenced from Sinnamon, 1974). An increase in
load usually causes a decrease in both braking and cornering traction (Close, 1961). With respect
to tire/road friction, changes in load and inflation pressure in the range that can be used in
automobile tires have a relatively small effect, but these variables are very important for aircraft
tires which may be operated over a greater range of loads and inflation pressures. On a dry
surface, peak cornering force coefficient is nearly independent of load (Forster, 1956 cross
referenced from Sinnamon, 1974). Maximum cornering force and cornering stiffness increases
with increase in inflation pressure and the increase is greater at high loads than at low loads
(Koessler, and Senger, 1964 cross referenced from Sinnamon, 1974).

1.6.2 Pavement surface factors
1.6.2.1 Surface texture

The surface texture has a significant effect on the average braking friction of dry roads. Past
researchers (Forster, 1956 cross referenced from Sinnamon, 1974) found that high microtextured
surfaces have higher coefficients of average braking friction than worn and polished surface. For
dry pavement conditions, higher pavement macrotexture increases the energy dissipation of the
tire rubber which causes the hysteretic part of pavement friction to increase (Grosch, 1963;
Grosch and Schallamach 1970). Correspondingly, higher microtexture increases the bonding
(electrostatic attraction) between exposed rubber molecules and aggregate asperities which causes
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the adhesion part of pavement friction to increase (Clapp, 1983).
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Figure 1.17 Relationship between microtexture, macrotexture, friction and speed
(PIARC World Road Association, 2003 cross referenced from Wilson, 2006)

Kennedy et al. (1990) pointed out that microtexture is predominant in determining the skid
resistance at lower speeds (up to about 50 km/h) and macrotexture is predominant in determining
the skid resistance at higher speeds. Microtexture is often described as the low-speed friction
parameter. However, it affects the level of skid resistance at all speeds as shown in Figure 1.17.
The macrotexture determines the rate at which skid resistance is lost as speed increases (PIARC
World Road Association, 2003). It is often described as the friction-speed gradient parameter.
Figure 1.17 also shows the extremes of pavement surface texture and demonstrates the
relationship between microtexture, macrotexture, speed and friction. The diagram demonstrates
that whilst good microtexture may be sufficient to provide adequate friction at low speeds, good
micro and macrotextures are necessary at higher speeds. Whilst all four surfaces decrease in skid
resistance as speed increases, the decrease is not as rapid when the pavement surface has a rough
macrotexture (Wilson, 2006).

1.6.2.2 Age of pavement surface

Traffic has a cumulative effect on a pavement; it wears the pavement surface and polishes the
aggregates over time. The protruding aggregates are worn off and polished and the surface
microtexture and macrotexture reduce under these forces. In addition, under the compacting
effect of traffic, the protruding aggregates may be embedded in the pavement layer, which leads
to a reduction in the depth of macrotexture. Accordingly, up to a 40% reduction in skid resistance
as a result of pavement wear has been reported (Kokkalis et al., 2002).

The general trend for pavement skid resistance is that pavement surfaces attain their peak skid
resistance condition after a few weeks of traffic action because of the wearing of the pavement
surface. After that, skid resistance declines at a rapid rate at first, as the exposed aggregates are
worn, and some microtexture and macrotexture properties are lost as traffic loads polish the
surface aggregates in the wheel paths. Then, it declines more slowly and reaches an equilibrium
state in which small deviations in skid resistance are experienced as long as traffic levels are
constant and no structural deterioration has taken place (Rezaei, 2010). Figure 1.18 shows the
variation of pavement skid resistance versus pavement age.
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Figure 1.18 Schematic of skid resistance decrease due to polishing under traffic loading
(Skerritt, 1993)

1.6.3 Environmental factors
1.6.3.1 Temperature

As both tire rubber and bituminous materials are viscoelastic materials, it follows that these
materials are sensitive to change in temperature due to the hysteretic component of surface
friction, which will subsequently affect the skid resistance of the pavement surface (Wilson,
2006). As discussed by Jayawickrama and Thomas (1998), it is generally believed that, as the
rubber temperature increases, the hysteresis losses in the rubber become less and the friction
correspondingly reduces. There is some disagreement regarding the size of this effect over normal
operating conditions. An Australian study by Oliver (1980) found that surfaces with high initial
levels of skid resistance experienced the greatest decrease in the measured skid resistance with
temperature. Furthermore, Oliver (1980) found that correction factors that had been developed in
more temperate climates (such as in the cold countries) may not cover the range of normal
operating temperatures experienced in more tropical and/or hot climates and therefore the
correction factor applied to the raw test data may not be appropriate. A summary of the effect of
temperature on the measured coefficient of surface friction primarily from Oliver (1980),
Jayawickrama and Thomas (1981), Hill and Henry (1981) and Hosking (1992) is as follows:

- the measured coefficient of friction tends to decrease with increasing air temperature

- temperature change has more effect on the frictional properties of the tire, leading to
an indirect effect on skid resistance as measured by testers and that is available to road
users

- both air temperature and pavement surface temperature play a significant role in
influencing the tire temperature and hence the skid resistance

- water temperature has negligible effect on measured coefficients of friction, and
increased pavement temperatures lead to reduced coefficients of friction.
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1.6.3.2 Water film

In dry conditions, clean surfaced roads have high skidding resistance because the vehicle tires can
keep in good contact with the road surface. When a road surface transitions from dry to being
slightly wet, there is a sharp reduction in the coefficient of friction due to the presence of the
water film. This acts as a lubricant between the tire and road surface and furthermore reduces the
contact area between the tire and the road, thereby reducing skid resistance (Wilson, 2006). As
long ago as the 1930s, Bird and Scott (1936) proposed an idealized representation of the loss of
skid resistance with time during a rain event from a dry surface to wet and then dry again (Figure
1.19).
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Figure 1.19 Skid Resistance variation during a rainfall event
(Bird and Scott, 1936 cross referenced from Wilson, 2006)

When rain intensity exceeds 0.1mm/hr, the water film formed may have a depth varying from
microns to millimetres (Jellie, 2003). Harwood et al. (1989) reported that even as little as
0.025mm depth of water on the pavement can reduce the tire—pavement friction by as much as
75% on surfaces having poor skid resistance characteristics. Thin films of water have also been
shown to be sufficient to produce hydroplaning. The micro drainage routes provided by the
surface texture roughness (macrotexture) together with the tire tread help to eliminate the bulk of
the water, an especially important requirement as speed increases. However, the penetration of
the remaining water film can only be achieved if there are sufficient fine-scale sharp edges
(microtexture) on which high pressures can build up as the tire passes. These high pressures are
needed to break through the water film to establish dry contact between road and tire (Rogers &
Gargett, 1991).

1.6.3.3 Seasonal variation effect on skid resistance

Weather-related factors (e.g. rainfall, air temperature, wind, etc.) can also be responsible for
seasonal variations in the frictional properties of the tire-pavement interface. Past researchers
(J.R. Hosking, 1976; R. Hosking, 1992; Rogers & Gargett, 1991; G F Salt, 1977; S.H. Dahir &
Henry, 1979; Henry & Saito, 1983; Jayawickrama & Thomas, 1998; Rice, 1977) indicated that
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the seasonal variation that is approximately sinusoidal with seasons of the year (see Figure 1.20).
This variation has been found to be as high as 0.15 to 0.20 SFC between winter and summer
months.
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Figure 1.20 Measured seasonal variation of SFC with the reported Mean Summer SCRIM
coefficient for the UK (Rogers and Gargett, 1991)

Friction measurements that were performed at the same pavement surface but in different seasons
are depicted in Figure 1.21. It is obvious that summer months have the lowest levels of skid
resistance.
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Figure 1.21 Comparison of friction measurements recorded in winter, spring and summer over the
same surface (Skidsafe, 2011)

This can be attributed to the fact that during the summer months debris and rubber compounds are
accumulated on the pavement surface blocking thus the pavement microtexture and clogging the
drainage paths between the aggregates. In winter, rainwater rinses the accumulated debris and the
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rubber compounds exposes the asperities of the aggregates and unclogs the drainage paths. As a
result, the skid resistance increases.

1.7 Research objectives

From the above literature survey, it can be concluded that the tire rubber hysteresis plays an
important role in counteracting the propensity for skidding for a vehicle travelling at high speed.
Also, it was identified that the temperature development in the tire-pavement contact region
results in a complex relationship between temperature and friction and renders unreliable the
interpretation of friction data originating from friction measuring equipment.

The aim of this research is therefore the development of a computational tool for the fundamental
analysis of thermo-mechanical behaviour of a pneumatic tire over a real pavement textured
surface. Such a tool can greatly contribute to design guides for safe driving speed limits taking
into account the in-time degradation of pavement skid resistance as a function of temperature,
asphalt mix characteristics and tire operating characteristics. To achieve this aim, the mechanical,
the energy dissipation and the heat flow phases contributing to the development of temperature in
the tire body are identified and the controlling parameters are determined, an experimental
framework to quantify these parameters is set-up and the numerical tools are developed and are
demonstrated in this dissertation. The predictions of the developed FE model are validated by
means of actual skid resistance tests.

Apart from the temperature, water is another important factor which decides the skid resistance
for a given set of tire and pavement conditions. When large quantities of water accumulate on the
pavement surface, due to an insufficient drainage of water and/or wear in the treads of the tire
hydrodynamic forces are generated in front of the tire due to accumulation of water. These may
cause loss of the contact between the two surfaces. This phenomenon is called hydroplaning. It is
a particularly dangerous phenomenon as the tire is completely separated from the pavement by a
continuous layer of water. The friction is then almost zero and the driver experiences severe
difficulty with steering and braking.

The next objective of this research is to further improvise the developed computational tool to
simulate the skid resistance/hydroplaning phenomenon of a pneumatic tire traversing over a wet
asphalt pavement surface. Such a tool can provide valuable indicators to the highway agencies
about the loss of friction or propensity to hydroplaning associated with in-service pavement
surfaces under adverse weather conditions. In order to achieve this objective, the dry-contact
algorithm developed in the previous stage is combined with a hydrodynamic algorithm capable of
simulating the three-dimensional flow of water around the tyre-pavement finite element mesh. An
efficient two-phase model was utilized for simulation of the free surface, the varying percentages
of air to water in the flow domain. The computational model was calibrated against field wet skid
resistance measurements, and then it was utilised for parametric analyses of the propensity to
hydroplaning of several combinations of asphaltic materials and tire characteristics.

1.8 Thesis outline

The thesis consists of ten Chapters. In Chapter 1, after a general introduction to the tire-pavement
friction phenomenon and its dependency on various parameters, an overview of the literature
available on this subject was presented. Chapters 2 to 6 focus on various aspects of dry tire-
asphalt pavement surface interaction aspects.
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In Chapter 2, a three dimensional thermo-mechanical constitutive model for tread rubber is
presented. The parameters of this model are calibrated via laboratory material tests conducted on
tread rubber samples extracted from test tires. The material model is utilized in the three
dimensional finite element simulations of the test tires.

Chapter 3 deals with the development of FE models of pneumatic tires which are capable to
simulate the deformational characteristics of the tire under various inflation pressures and loading
conditions. The tread rubber parameters obtained from the Chapter 2 were utilized. The
calibration of the stiffness of all other materials was done on the basis of the results of static load-
deflection tests. Next, the development of FE meshes of real asphalt pavement surfaces is
described.

In Chapter 4, a staggered thermomechanical FE tire-pavement interaction algorithm is presented
for the iterative determination of the effect of tire operating temperatures on hysteretic friction.
Under this methodology, a pneumatic tire rolling at a specified slip ratio traverses over a textured
pavement surface in a transient framework. By using the results of this step, energy dissipation
rates are computed which serve as input to the subsequent heat flow analysis to determine the
nodal temperatures in the various components of the tire. The rubber viscoelastic properties are
changed according to the nodal temperatures obtained from the heat flow analysis. Pavement
surface temperature, ambient air and contained air temperatures are input to the model. Finally,
the mechanical module is invoked to calculate the hysteretic friction of the tire.

Chapter 5 presents the application of the developed algorithm for determination of the
dependency of tire-pavement friction on various parameters like temperature of tire band,
pavement surface temperature, ambient and contained air temperatures and operating conditions
like slip ratio, speed, tire load and pavement surface texture characteristics. Results of analyses
are shown, regarding the time required for a pneumatic tire traversing on an asphalt pavement
surface to reach an effective equilibrated temperature state and, also, the time required to cool
down after it is being stopped. The analyses provide insight into the thermal behavior of tires
under different operating conditions and the resulting skid resistance behavior. Also this Chapter
presents the application of the developed thermomechanical framework to analyze the influence
of temperature on cornering friction. Under this analysis, the effect of tire load and inflation
pressure, speed, sideslip angle and pavement surface macrotexture on the cornering hysteretic
friction was determined. Such analyses give better insight into the inter-relationships between
influencing factors and their combined effect on the lateral performance of a tire.

Availability of good braking traction and directional stability are two crucial factors for vehicles
travelling in wet weather conditions. These issues become very critical when the pavement is
highly flooded. Under such conditions, due to hydroplaning, there is no braking traction and
steering control for the vehicle. Chapters 6 to 7 focus on various aspects of tire response under
flooded pavement surface conditions.

Chapter 6 serves as a general introduction and a detailed literature survey on the ultimate loss of
friction in terms of hydroplaning due to the presence of water in-between the tire-pavement
contact area. This chapter also presents the numerical formulation of the hydrodynamic algorithm
that was utilized in the subsequent finite element simulations of hydroplaning phenomena.

Chapter 7 the results of simulations performed on a standard smooth and a standard ribbed tire
rolling/braking on a smooth-plane pavement surface under flooded pavement conditions. This
scenario represents poor pavement surface texture conditions and is a conservative estimate of the
hydroplaning for in-service pavements. The hydroplaning speed was simulated for full slip, no
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slip and partial slip in the longitudinal direction. Furthermore, the hydroplaning speed was
computed for different yaw angles of tire. This model serves as the basis for the next high scale
modeling of a tire interacting with textured pavement surfaces in the presence of water. This
Chapter also focuses on the simulation of tire-water-pavement interaction on various textured
asphalt pavement surfaces to quantify the effects of macrotexture in the presence of thick water
films and to demonstrate its contribution to reducing the risk of accidents. Parametric analyses of
the developed numerical models results enabled the development of relations between asphalt
mix design and safety against vehicle skidding.

Chapter 8 summarizes the main conclusions drawn in the current research and provides
recommendations and directions for further research.
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2 Determination of Rheological Properties of
Rubber Materials

2.1 Introduction

When a tire rolls on a rough pavement surface, hysteretic deformations occur in the rubber body
leading to energy dissipation in the form of heat. The energy loss is mainly due to the viscoelastic
nature and the temperature dependency of the tire rubber material. Tire rubber exhibits aspects of
both elastic and viscous behavior. Hence, it is necessary to model the tire rubber as a thermo-
visco-elastic material. In this Chapter, a three dimensional thermo-mechanical constitutive model
is presented for rubber. The parameters of this model were calibrated via laboratory material tests
conducted on rubber samples extracted from test tires. The material model was utilized in three
dimensional finite element simulations of test tires.

The rheological material characteristics are generally measured by frequency sweep tests (Karrabi
et al. 2004). The test method that was adopted enables the quantification of rheological properties

such as complex shear viscosity (n*), elastic shear modulus (G ') and viscous shear modulus

(G") of tire rubber on the basis of frequency sweep tests. The tests were carried out by using a

Dynamic Shear Rheometer (DSR) apparatus. The complex modulus (G”) was obtained at various
temperatures and frequencies and from these results, using shift factors, the master curve was
obtained. Details of the procedure will be discussed later in this Chapter.

2.2 Concepts of viscoelasticity

2.2.1 Terminology

Figure 2.1 indicates the common terminology used to describe the rheological parameters of
viscoelastic materials (Dick 2003).

Elastic Torque (S ): It corresponds to the contribution of the elastic component of the rubber
material and it is in-phase with the applied strain.

Viscous Torque (S ): It corresponds to the contribution of the viscous component of the rubber
material and is out-of-phase with the applied strain. It represents the response of a dash pot.

Storage (Elastic) Modulus (G ): it is defined as

G = [(S /Area)/ Peak Strain} (2.1)

Loss (Viscous) Modulus (G"): it is defined as

G = [(S /Area)/ Peak Strain} (2.2)

Complex modulus (G”): it is defined in complex space as
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G =G +iG (2.3)

and its magnitude as

2 2

&

=\(G) +(G") (2.4)

Torque

Time

Figure 2.1 Application of sinusoidal torque: Splitting complex torque (S") into
elastic (S') and viscous (S ) components

The complex modulus is a measure of the stiffness of the material in the frequency domain. The

relative magnitude of the loss modulus (G") versus that of the storage modulus (G') determines
the material response. For instance, materials with higher storage moduli can recover from
deformation, and materials with higher loss moduli have greater ability to dissipate energy.

The phase angle (&) dictates the degree of elasticity and viscosity of the material under the test
conditions. It can be interpreted, physically, as the time lag between the measured shear stresses
and the applied strains and it can be expressed as

5=tan"*(G'/G) (2.5)

It also holds that
G (0)=G (o) COS(S((D))

2.6
G'(0)=G"(w)sin(5(w)) (26)
Dynamic Viscosities (1, ,1"): they are defined as
Real Dynamic Viscosity=1'=G"/® 2.7)
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Imaginary Dynamic Viscosity =n"=G'/ ® (2.8)
Complex Dynamic Viscosity = n*= (n')2 Jr(n")2 (2.9)

where o = frequency of sinusoidal oscillation in radians/second.

For a rubber material, at low frequencies, the dynamic modulus is low but as the frequency
increases, the compound becomes increasingly stiff until it attains a glass like behaviour. This
transition reflects the change from the unrestrained response of molecular segments when stresses
are applied at low frequency, to their complete inability to move under high-frequency stresses.

Rubber response to excitation is mainly due to the Brownian movement of globular rubber
particles. The rate () of Brownian motion of globular rubber particles depends only on the

internal viscosity and hence only on the temperature. As shown in Figure 2.2, below a certain
temperature, known as the glass transition temperature T , the material is glassy, above Tg it is

viscous. The dependence of ¢ upon temperature, or more precisely, upon the temperature

difference T — Tg , follows from a characteristic law:

Iog[(q’(%(_rg )H B A(T _T%B +T —Tg) (2.10)

in which A and B are constants.
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Figure 2.2 Rate ¢ of Brownian jump vs. temperature

2.2.2 DSR test

The rheological properties of a tire rubber can be determined by using the Dynamic Shear
Rheometer (DSR). Under this test, a disk shaped sample of rubber is placed in the gap between
the plates of DSR, Figure 2.3. The lower plate is fixed while the upper plate oscillates
sinusoidally in torsion over a range of frequencies. The test can be conducted at temperatures
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ranging from -20°C to +170°C. From these tests, the relation between critical stress and frequency
can be obtained. G", G, G" and n can be measured as functions of the stress for each
frequency.

Torque

Top Plate

——

Figure 2.3 Schematic diagram of DSR test on a rubber sample

2.2.3 Master curve construction

For a full understanding of material response, availability of stiffness and phase angle values in a
wide range of temperatures and frequencies is important. However, it is not practical to perform
tests over the entire temperature and frequency ranges. Stiffness and phase angle values
representing a broader range of temperatures and frequencies can be obtained by making use of
the equivalency principle between frequency and temperature suggested by Williams-Landel-
Ferry (WLF) and expressed as

Iog[(at)]:H (2.11)

where A and B are constants, T is the measurement temperature (K), T, is the reference
temperature to which the data is shifted (K) and a, is the shift factor value.

By means of the WLF equation, data at various temperatures can be shifted with respect to
frequency until the curves merge into a single smooth function which is commonly known as
master curve. The master curve as a function of frequency, formed in this manner, describes the
frequency (time) dependency of the material. The amount of shifting at each temperature required
to form the master curve describes the temperature dependency of the material.

2.3 Laboratory DSR test results

A rubber sample of uniform thickness from a PIARC 165 R15 (PIARC, 2004) test tire was sliced
using a water jet as shown in Figure 2.4(a). From this sliced part, uniform cylindrical samples
were chopped off as shown Figure 2.4(b). The thickness of the cylinder was 2.45 mm and the
diameter of cylinder was 8.0 mm as shown in Figure 2.5(a) and Figure 2.5(b).
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(a) Rubber sample sliced

using water jet (b) Cylindrical sample preparation for the test

Figure 2.4 SBR sample preparation for DSR test

(a) Thickness of sample (mm) (b) Diameter of sample (mm)

Figure 2.5 Dimensions of SBR sample required for DSR test

The prepared sample was then placed between the two plates as shown in Figure 2.6.

Il

Figure 2.6 Rubber sample placed between two plates of DSR
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The desired torque was applied at constant rate of rotation and up to a maximum angle of 25°.
The torque response of the samples at frequencies of 0.01 to 50 Hz and at temperatures from -
20°C to 170°C in 10°C increments was obtained. DSR test results i.e. complex modulus (G”) and
phase angle (tand) are plotted in Figure 2.7 and Figure 2.8 for various temperatures and
frequencies.
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Figure 2.7 Complex modulus against frequencies at various temperatures
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It was observed that beyond the temperature of 140° C, the results are chaotic. Therefore, the test
results are not acceptable beyond 140°C. The master curve and the (tand) curve are obtained
using Eqg. (2.11) and are shown in Figure 2.9 for a reference temperature of 30° C. The
corresponding shift factor is shown in Figure 2.10.
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Figure 2.9 Master curve for G™ vs. frequency in a log-log scale for PIARC rubber
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2.4 Visco-elastic parameter determination procedure

Creep and relaxation tests are most commonly used to determine the viscoelastic material
properties. The stress in linear viscoelastic materials is given by the following constitutive
equation which is based on the Boltzman’s superposition principle:

o(t)= ij (t—7) dg—(r)dr (2.12)
0 dr

where ¢ is the strain tensor and G, (t) is the linear relaxation (shear) modulus also known as the
relaxation kernel (Schapery, 2000).

Figure 2.11 shows a schematic of the generalized Zener model which consists of a spring and
“m > Maxwell elements connected in parallel. The relaxation modulus of this model is given by

G =Gw+inexp(—t/pk) (2.13)
k=1

where G is the shear modulus of the single spring and G, and p, are respectively the moduli
and relaxation times associated with the springs in the m viscoelastic components.

G

W
G, ﬁ_ ‘
: JT i' Epz :
Gy ﬁ_

Figure 2.11. Generalized Maxwell model

—) ¢

The deformation history of a viscoelastic material, under an arbitrary loading, influences its
stress-strain response. The load (stress) and displacement (strain) history, the loading rate
(displacement rate) and time of load application on the specimen are all needed to determine the
constants in the constitutive Eq. (2.13). Prony proposed a method for interpolating a sum of
exponential functions through a series of data values at equally spaced points by solving a system
of linear equations for the coefficients of a difference equation satisfied by the exponential
functions.

The exponential expression in Equation (2.13) can be written in its complex form as:
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exp(—t/py ) =exp(i’t/py )

(2.14)
=exp(i(it/p )) =cos(it/p, ) +isin(it/p, )

This expression will be Carson transformed. The Carson’s transform L, is directly related to the
Laplace transform L as:

Le(f(1)=5L(F (1)

0

=s-jf (t)exp(—st)dt

0

(2.15)

s=iw

s=iw

The Carson’s transform of the cosine component is computed as:

N () S i -
2

(i) +(i/p) —o*—(1/p,)

L. (cos(it/p,))=s-L(cos(it/p,))

(2.16)

o’pl +1

Similarly the Carson’s transform of the sine component can be calculated:

i/py
=S
s=io s?+(i/py)

—(o/p) _ —(olp) _ op,

(o) +(i/p,) -0’ -(1p,) o+l

Lc(sin(it/p,))=s-L(sin(it/p,))

(2.17)

Therefore Carson’s transform of the relaxation shear modulus G is defined as:

m
AT ST (2.18)
+1 op+1

G=G +ZG exp(—t/py ) =G +z‘° P

A methodology was followed for back-calculation of parameters G, and p, of the generalized

Zener model using a sequence of constraint optimization procedures. It is based on a nonlinear
least squares approach that minimizes the difference between the predicted and the experimental
parameter values. The coefficients G, and relaxation times p, were considered to be all positive.

It should be noticed that when a local optimization technique is applied to minimize the error, the
problem may reach either to a wrong local minimum or to negative parameters. To overcome this
problem, it has been suggested by past researchers (Bower and Gant, 1994) that the starting
parameter set should be close to the global optimal set. However, in the present study, this would
not be possible since the starting parameter set was not known beforehand. Thus a new
methodology has been utilized to obtain the Prony constants as shown in Figure 2.12.
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Figure 2.12 Developed algorithm to calculate Prony’s constants
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The proposed methodology was divided into two phases:

In the first phase, an initial guess of G_ was obtained using data set close to zero frequency.

Approximately, 10% of the total experimental data of G™ data was utilized for the estimation of

initial guess of Goo. The procedure to determine the value of G~ at zero angular frequency was
demonstrated in Appendix-2.1.

The function in Eq. (2.19) was minimized on the variables G_,G_and G" according to the
constraint optimization procedure demonstrated in Appendix-2.2.

mm F(G,,p,.G.) = z(%mk) 1} (2.19)

With the new values of G_and G*, the minimization process was repeated for the following
equation

mln K(G,.p..G,)= Z((G;(wk) 1} (2.20)

This procedure using the equations (2.19) and (2.20) was repeated until a stable set of G, and p,
was reached.

In the second phase, the same minimization procedure as described in the first phase was
followed except that the value of G was also allowed to vary along with G, and p, . The first

minimization step using the Eq. (2.19) produces the values of G_,G,and p, which

approximately defines the shape of the G vs. frequency curve shown in Figure 2.13.

The second minimization step using the Eq. (2.20) defines the shift of the G vs. frequency curve
as shown in Figure 2.14 and also partially correcting the shape of the curve as shown in Figure
2.13.
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Figure 2.13 Typical comparison of experimental and estimated Storage modulus (G”) vs.

frequency in Log-Log scale
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Figure 2.14 Typical comparison of experimental and estimated Loss modulus (G”) vs. frequency

in Log-Log scale
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Since, the lab test results are based on G* values, the final minimization was carried out with G*
against G*, G, and p, as variables using the following equation

mln L(G,.p..G, )= Z[%wk) 1} (2.21)

A typical comparison between the experimental and estimated G* values against the frequency is
shown in the Figure 2.15. Throughout this procedure, a balance between complex modulus and
phase angle was maintained to fit the curve.

*G* exp WG* predicred

2.5E+07
v = . :
2.0E+07 (] L "
a®®
an®
. LSEH0T
=
5
=TH
=
T LOE+0T
5.0E+06
0.0E+00
0 3 10 15 20 25 0 s 40 43 50
Log (@)

Figure 2.15 Typical comparison of experimental and estimated Complex shear modulus (G*) vs.
frequency in Log-Log scale

Also, a balance among G’, G” and G* was maintained (see Figure 2.16a to Figure 2.16c), as

contrary to the previous methods where only one of these parameters are selected to fit the curve.
The detailed minimization procedure can be found in Appendix-2.3.
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Figure 2.16 Typical comparison of a set of G”, G’ and G* with experimental data and

estimated Prony’s Constants of master curve

Figure 2.15a to Figure 2.15¢ shows the values of G*, G* and G” estimated from the experimental
investigation and obtained by Prony’s coefficients for a frequency range 0 Hz to 50 Hz C and
Figure 2.16 (master curve) shows the values of G*, G” and G” for a frequency range of 0 Hz to
120000000 Hz respectively. Table 2.1 presents the Prony’s coefficients obtained for the rubber
material using the above mentioned approach.

Table 2.1 Prony’s constants for PIARC tire by using DSR test

Gy Tk

4742623 1.74E-06

2814458 0.005098

1365902 17.55506

105709 279605.4
G, 1.17E+06
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2.5 Summary

This Chapter discussed a procedure to obtain the rheological properties of a tire tread rubber.
Under this procedure, first, laboratory material tests were performed on the rubber samples
extracted from a test tire for a range of frequencies and temperatures. Subsequently, an iterative
algorithm was developed and calibrated with the laboratory test results. The developed algorithm
reproduces the viscoelastic properties of tire rubber in the form of Prony’s coefficients. The
resulting Prony’s coefficients are incorporated into the tire part of thermo-mechanical tire-
pavement interaction model.

In the next Chapter, laboratory loading tests are performed to ascertain the stiffness
characteristics and foot print areas of a test tire which is used to calibrate the FE tire foot print of
the simulation model. Results from Chapters 2 and 3 are used in the development of a 3-D
numerical model to determine the hysteretic friction vs. temperature rise in a PIARC test tire
under full/partial skidding conditions.
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3 FE Modelling of Pneumatic Tires and Pavement
Surfaces

3.1 Introduction

Modern passenger car tires are structurally complex, consisting of layers of belts, plies, and bead
steel embedded in rubber. For simulation of tire-pavement interaction and in particular for
computation of the effects of different factors, for example, temperature or water on frictional
performance, such level of complexity is necessary to be included in the simulation.

In this Chapter, a procedure is presented for the three dimensional finite element (3D FE)
simulation of tires. The FE models include all tire components like treads, carcass, piles, bead etc.
Initially, a two dimensional (2D) mesh of the tire cross section is generated. Once available, it is
constrained to the rim and inflation pressure is applied. Then, a three-dimensional tire FE mesh is
generated by revolving the previously generated 2D mesh.

The calibration of FE tire models in terms of deflections, footprints and contact pressure
distributions was conducted by static load-deflection tests under prescribed loading conditions.
Under these tests, the tire was tested experimentally for a range of loads and inflation pressures
and deflections were measured at various regions of tire. Also, tire footprints were obtained for
various combinations of loads and inflation pressures.

The surface texture of the pavement plays a very important role in deriving the frictional
properties at the tire-pavement interface. Particularly, the hysteretic friction due to viscoelastic
deformations of tire rubber depends mainly on the pavement surface texture. In this study, the
effect of micromechanical pavement surface morphology on tire-pavement friction was brought
in by rolling the FE tire model on a FE mesh of an actual asphalt surface. The asphalt surface
morphologies of these mixes were captured by using an X-ray tomographer. On the basis of the
X-ray images, micromechanical FE meshes for SMA, UTS and PA pavements were developed by
means of the SimpleWare software (2011).

These asphalt surface meshes and the calibrated FE tire model shall be integrated into a thermo-
mechanical tire-pavement interaction model for determination of temperature development in the
tire body and its influence on skid resistance.

3.2 Laboratory static load-deflection tests

The aim of these tests were to determine the stiffness characteristics of the PIARC smooth tire.
The test set up was established at the research laboratory of Ooms Avenhorn Groep, in The
Nederlands. The experiments were performed on the PIARC test tire under a wide range of
inflation pressures and vertical loads to determine:

- normal and lateral stiffness properties of the side walls of the tire,
- deformation of tire
- length and width of tire footprint, and

- contact pressure distribution of tire footprint.
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3.2.1 PIARC test tire

The PIARC test tires are made of SBR 1712 vulcanized rubber. The test tire was a PIARC
165R15 tubeless smooth tire as shown in Figure 3.1.

Figure 3.1 PIARC 165R15 smooth tire

The tire is of radial construction, constructed with cap (tread) over the sidewall with single-ply
sidewall (polyester) and a three-ply tread (1 polyester and 2 steel belt). The tread width of the tire
is 160 mm +/- 4 mm and the cross-sectional tread radius is 646 mm (+/- 1%). The tire has a
nominal cross-section width of 167 mm and a nominal outside diameter of 646 mm (+/- 1%)
when mounted on a 4 % x 15 rim. The cured cord angles are positioned at 90° +/- 2° for the
carcass and 21° +/- 2° for the belts (PIARC, 2004). The cross section details of the tests tire are
shown in Figure 3.2.

|¢————Tire width 167 mm ————

EE—

Oy erall Dia. 646 mm

l‘fTire width 1143 mm —

Rim Dia 381 mm—bL Tire Height 1325 mm

Figure 3.2. Cross section details of PIARC 165R15 smooth tire before inflation
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3.2.2 Wheel load test facility

For all the tests an MTS servo-hydraulic test system was used. Figure 3.3 gives an illustration of
the wheel load test set up. The test tire was mounted in between two smooth loading platens of
the test machine and loaded along the vertical direction at various inflation pressures. Fuji
pressure sensitive films were placed in between the tire surface and the smooth platens to acquire
tread imprints and contact pressure distributions.

In Figure 3.3, the set-up of LVDTs and Extensometers of the measuring system is shown. LVDT
1 was mounted on the tread portion of the tire to measure the horizontal deformation of tread
along its center line. LVDT 2 was mounted to measure the deformation of sidewalls.
Extensometers 1 and 2 provide information about tread elongations along tread width and
periphery directions.

The test tire was loaded by vertical load control under a desired vertical load level. The forces
were measured by means of the MTS data acquisition system.

Extensometer-1

Extensometer-2

LVDT-1

LVDT-2

Fuji film

Figure 3.3. Tire load test

3.2.3 Load-deflection tests

Load-deflection data was measured at inflation pressures of 150, 180, 200 and 240 kPa. For
inflation pressures of 200 kPa and 240 kPa, the applied load ranged from 1000 N to 4000 N at an
increment of 1000 N. For inflation pressures of 150 and 180 kPa, the applied load ranged from
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750 N to 3000 N at an increment of 750 N. This variation was due to the standards prescribed for
PIARC (2004) smooth tires, which states that the allowable load should not be greater than 3600
N for inflation pressures less than 200 kPa.

The unloaded radius (UR) of the tire was determined from the circumference of the tire. As load
was applied to the tire, the deflection & was measured and the static load radius was calculated as
the difference between the UR and 6. The axle height corresponding to a given load level was
measured as well. This process was repeated for each test load under a particular inflation
pressure. Figure 3.4 shows the deflection of the loaded tire.

Figure 3.4. Deflection of tire under load

The typical load-deflection curve for a load of 4000 N and an inflation pressure of 200 kPa is
shown in Figure 3.5. The load (F) and the vertical deflection (YY) of the tire are shown in Figure
3.5(a). In Figure 3.5(b), Ext01 and Ext02 represent the measured tread deformations along the
periphery and the width directions. Schael is the measured sidewall deformation and Schae? is
the measured deformation of the tread along its horizontal center line.
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(b) Load vs. sidewall and tread deformations of tire
Figure 3.5. Load deflection curves

The contact footprint was obtained by increasing the load of the tire to a prescribed value, and
keeping it constant on Fuji film for 2 min in order to accurately capture the footprint. Fuji film
uses an encapsulated dye on a Mylar film. When this material is used to produce a static footprint
image, the image density is proportional to the normal stress applied between the tire and the
pavement. The measured footprints for an inflation pressure of 200 kPa and its respective load
classes (1000N-4000N) are shown in Figure 3.6.
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(a) Load = 4000N (b) Load = 3000N

(c) Load = 2000N (d) Load = 1000N

Figure 3.6. Tire imprints on Fuji film

3.3 FE modeling of a PIARC test tire

In this section, a procedure is described for the development of a PIARC FE tire model. The tread
rubber properties of the tire model were obtained through laboratory material tests and all other
material properties were obtained on the basis of calibration with the laboratory static load-
deflection test measurements of Section 3.2. The successive steps necessary for FE tire modelling
and calibration are described in the following.

3.3.1 Step 1: two dimensional cross section generation

The FE model of a tire consists of various components such as treads, sidewalls, inner-liners, ply,
belts and the rim, Figure 3.7. The rubber components of the cross section are the tread, the
sidewalls and the inner liner. They are also known as the carcass. The ply and the belts of the tire
are the predominant load carrying components and are made of fiber-reinforced rubber
composites. Development of the 3D PIARC tire model starts with the 2D cross sectional outline
of all components, Figure 3.7. The 2D model is discretized with 4-noded axisymmetric
quadrilateral and 3-noded axisymmetric triangular elements, Figure 3.7. The rim is assumed to be
rigid. This assumption is justified because of the high elastic modulus of the rim in comparison to
the other tire rubber components.
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_______ A;soﬂotaon__v________

Rim (2-noded
Rigid link)

Sidewall (4-noded
Quadrilateral element)

Belts (2-noded Tread (4-noded
Surface element) Quadrilateral

element)

Ply (2-noded
Surface element)

3-noded
Triangular
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Inner-liner

Sidewall

Upper belt
Lower belt  Tyead

Figure 3.7 Cross sectional details of PIARC FE tire model
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This assumption is justified because of the high elastic modulus of the rim in comparison to the
other tire rubber components. The ply and the belts were placed inside the carcass using the
embedded constraint technique (Abaqus 6.10). In this technique, the surface elements of ply and
belts are embedded in a host matrix, Figure 3.8. Strains and stresses in the embedded element are
calculated on the basis of the degrees of freedom of the host element and its location within the
host element. The cross-sectional area, spacing and orientation of rebars are allocated to the
embedded layers.

Host

/ element

Embedded
element /

A\

Rebar
spacing

Figure 3.8 Embedded element technique

In the upper and lower belt layers, the rebars were placed in two opposite orientations in such a
way that they make an equal angle (6) with the direction of travel, Figure 3.9.

Direction of
travel

Figure 3.9 Plan view of the orientation of belt reinforcement with respect to the direction of travel
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3.3.1.1 Material properties

Viscoelastic material properties obtained from laboratory DSR tests on tire rubber (Chapter 2)
were assigned to the tread and the sidewall. The belt and ply reinforcement were assumed to be
linear elastic materials, Table 3.1.

Table 3.1 Specified material properties of the various tire components (Abagus 6.10)

Tire Type of OUNE S | b isson’s Density Spacing a-tion
. .| Modulus . 3 Bar Remark
Section | Material (MPa) Ratio (kg/m?) Angle
m) | m | O
Visco Laboratory
Rubber IFgom 045 | 1200 - - - | material
Elastic ab test tests

Belts Elastic | 172000 0.30 6500 0.20E-6 |1.14E-3| +20 | Specified

Ply Elastic | 9800 0.30 1500 0.41E-6 [0.97E-3 90 Specified

3.3.1.2 Boundary and loading conditions

Appropriate boundary and loading conditions are specified for the 2D model, Figure 3.10.

Rim reference node
(Displacement and rotational degrees
of freedom are constrained)

Figure 3.10 Boundary conditions and loads on the 2D tire cross section
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The rim was rigidly connected to the tire carcass and axle, Figure 3.10. Rigid rim elements
sharing the same nodes as the deformable carcass were used for this purpose. The rim reference
node was placed on the axle position. The reference node is assumed fixed in space. The
simulation is carried out at a prescribed tire inflation pressure. It should be noted that the
pavement is not considered in this analysis yet. This analysis acts as a basis for the development
of the 3D tire model.

3.3.2 Step 2: three dimensional tire model generation

The 3D model is generated by revolving the 2D tire mesh about an axis through the reference
node. After revolution, 4-noded quadrilateral and 3-noded triangular elements are transformed to
8-node brick elements and 6-node triangular prism elements respectively, as shown in Figure
3.11. Similarly, 2-noded fiber reinforced surface elements are transformed to 4-noded
quadrilateral elements. The discretization in the circumferential direction was specified by a
constant segment angle.

z 3-node axisymmetric triangle element 6-node linear triangular prism
A 3+n
3 Iy
I 3 n: node offset
Face 3 Face 2 :
I
I
I
Face 1 I 2+n
2 11
I 2
r a
z 4-node axisymmetric quadrilateral ) )
element Ab 8-node linear brick element
|
Face 3 3 | 4+n
I
|
Face 4
ace Face 2 : 3
: AR g
2 1
1
Face 1 I
r Ia 2

n: node offset

Figure 3.11 Correspondence between axisymmetric and three-dimensional elements
(Abagus 6.10)
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The rim-carcass definition, embedded element constraints and all material definitions and
assignments were automatically carried over from 2D axisymmetric model to 3D model.
However, all boundary conditions and loads must be redefined. The pavement is modeled as an
analytical rigid surface which is a 3D infinite rectangular projection of a two-dimensional profile.
The motion of analytical rigid surface is governed by a reference node which has six degrees of
freedom (three translational and three rotational). Using analytical rigid surfaces instead of rigid
surfaces formed by element faces may result in decreased computational cost incurred by the
contact algorithm. An analytical rigid surface must always act as a master surface in a contact
interaction.

In the simulation of 3D tire deformation, the stress strain history of 2D axisymmetric model that
is transferred to the 3D model acts as an initial state. At first, the pavement is positioned at a
small distance away from the tire tread surface such that the inflated tire does not touch the road.
Subsequently, two steps were performed to deform the tire:

- adisplacement control step in which the road was brought into contact with the tire tread
surface,

- aload control step in which prescribed wheel load replaces the prescribed displacement.
The undeformed and deformed profiles of 3D tire models are shown in Figure 3.12.

a) Undeformed tire mesh b) Deformed tire mesh

Figure 3.12 3D tire model

3.3.3 Step 3: 3D model calibration

For the precise modeling of the PIARC tire, precise details of reinforcement location, rubber and
other material properties are necessary. The actual tire and rim radius, tire width, tread width and
thickness, number of reinforcement layers and their orientation were obtained from the PIARC
standards (PIARC, 2004). As mentioned earlier, the properties of tire tread rubber were obtained
from laboratory material tests which provide the rheological behavior of the tread. No
information was available for the ply and the belt materials. For this reason, the tire model had to
be calibrated by varying the properties of the ply and the belts. The 3D model of the tire was
utilized for simulation of the wheel load test as described in Section 3.2.
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The FE model comprises of a smooth PIARC tire placed in between two analytical rigid smooth
surfaces at top and bottom as shown in Figure 3.13a. The top rigid surface was constrained in all
directions while the bottom rigid surface was allowed to translate in the vertical upward direction.

Subsequently, the bottom rigid surface was displaced upwards against the tire and until the
resulting force equaled the one measured in the test. The corresponding deformed profile of the
tire is shown in Figure 3.13b.

PIARC
smooth tire

Analytical rigid
Load surface

Load

Figure 3.13. a) FE model simulation of wheel load test;
b) Deformed tread profile of PIARC tire under wheel load testing conditions

e ——
.,i”l"‘-_ _‘_‘}‘?&;\_

.“‘ ——
" S
e e I J—

Figure 3.14 Deformed tread profile of PIARC tire under wheel load testing conditions and static
contact pressure distribution at the footprint

The lateral deformations of the tire and its footprint are shown in Figure 3.14. At the beginning of
the calibration effort, the properties of the tire ply and belts were specified in accordance to past
literature on tire analysis and modeling (Abaqus 6.10). Based on the deviation of tire footprint
dimensions with these properties, the moduli of elasticity of the carcass and the belts were
modified in such a way that the simulated footprint would be as close as possible to the measured
footprint of the stationary PIARC tire under the same load.
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In the calibration process, the tire ply was tested for the values of elastic modulus from 2000 MPa
to 13000 MPa. Similarly, the elastic modulus of tire belts were varied from 8620 MPa to 193400
MPa. For a wheel load of 4 kN and inflation pressure of 200 kPa, Table 3.2 shows the errors of
different trial simulation results of the contact footprint dimensions against the measured tire
contact footprint data. The analysis indicates that using the elastic modulus of 13000 MPa for the
tire ply and 193400 MPa for belts would yield contact footprint dimensions with less than 6%
error as compared to the experimental results.

Table 3.2 Contact footprint dimensions for different elastic moduli of tire carcass

% error in % error in

Eply Epert Length of length with Width of width with

(MPa) (MPa) footprint (mm) experiment footprint (mm) experiment
data data
2000 12930 213.0 33.1 76.7 -27.6
2000 17200 203.2 27.0 79.1 -25.4
2000 86200 196.3 22.7 82.7 -22.0
2000 129300 189.0 18.1 84.9 -19.9
2000 172400 186.2 16.4 86.7 -18.2
2000 193400 184.8 155 88.0 -17.0
9800 8620 206.7 29.2 81.1 -23.5
9800 12930 200.0 25.0 84.4 -20.4
9800 17200 1915 19.7 88.8 -16.2
9800 86200 185.3 15.8 91.1 -14.1
9800 129300 1795 12.2 95.2 -10.2
9800 172400 176.8 10.5 95.9 9.5
9800 193400 174.9 9.3 97.1 -8.4
13000 8620 204.1 27.3 84.7 -20.1
13000 12930 192.2 19.9 86.5 -18.4
13000 17200 179.1 11.7 89.6 -15.5
13000 86200 175.3 9.4 93.9 -114
13000 129300 171.2 6.8 95.6 -9.8
13000 172400 168.8 53 97.8 7.7
13000 193400 167.2 4.3 100.5 -5.2

Note: Footprint length and width of 160 mm and 106 mm respectively were obtained from the
laboratory experiments of the PIARC test tire with a tire inflation pressure 200 kPa, under a
wheel load of 4 kN reported in Section 3.2.

Figure 3.15 shows the comparison of footprints obtained for the wheel load test and the
numerically predicted results for a load of 2 kN and 200 kPa inflation pressure.
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Figure 3.15. Comparison of footprints obtained from a wheel load test and the numerically
predicted results

3.3.4 Fourth step: footprint analysis

Validation of the numerical model footprint results was made against the wheel load testing
results as shown in Table 3.3. It can be observed that the simulation results using the elastic
modulus of carcass of 13000 MPa and an elastic modulus of belts of 193400 MPa compare very
well with those obtained experimentally, indicating that the calibrated model is appropriate for
the analysis carried out in the present study.

The comparison of footprints was made for different inflation pressures (150, 180, 200 and 250
kPa) and their respective load classes (750N-4000N). Except in a few cases, the difference
between experimental and computational results is under 8% which shows that the developed FE
model simulates correctly the footprints of the tire under different loading conditions. This is a
very important requirement in the simulations of the next level of tire-pavement interaction
conditions such as rolling/braking/cornering wheel, tire traversing over an asphalt pavement
surface, tire hydroplaning etc.
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Table 3.3. A comparative analysis between numerically predicted results and experimental

measurements of PIARC tire footprints

Tire Applied Experimentally Numerically Predicted
Load Measured Results Results
Pressure
(kPa) (N) Length Width Length Width
(mm) (mm) (mm)
(mm)
70.8 79.2 76.4 82.3
1200 101.3 97.1 107.5 935
2250 139.5 103.6 130.2 107.8
3000 160.4 106.5 142.4 110.2
750 68.2 78.4 72.0 83.2
1200 90.1 93.0 93.8 88.2
180
2250 120.3 101.1 114.4 95.0
3000 150.2 105.4 136.4 96.4
1200 89.8 92.0 83.0 88.0
2000 100.4 99.0 92.2 104.4
200
3000 135.4 104.1 139.6 108.3
4000 160.3 106.0 167.2 100.5
1500 80.0 88.0 84.1 84.9
2000 97.1 95.2 101.3 91.6
250
3000 124.2 101.3 130.3 97.1
4000 149.5 104.8 158.2 101.4

3.4 Development of FE asphalt pavement mesh

A procedure to develop the FE meshes of three pavement mix designs, Stone Mastic Asphalt
(SMA), Ultra-Thin Surfacing (UTS) and Porous Asphalt (PA) is presented in this section.
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3.4.1 Asphalt mix compositions

Asphalt concrete slabs for the three different mixtures i.e. SMA, UTS and PA were prepared in
the laboratory using a roller compactor and specimens of 60 mm in height and 150 mm in
diameter were cored out of the slabs. These asphalt specimens were used for surface
measurements and X-ray scanning. The composition, particle size distribution and the properties
of each mix are shown in Table 3.4.

Table 3.4 SMA, UTS and PA Asphalt Pavement Mix Compositions

Composition (%)
Components | 4/10 mm 2/6.3 mm 0/4 mm Limestone Binder
aggregate aggregate aggregate filler
SMA 55.2 13.8 15.9 8.4 6.4
uUTS 52.0 13.7 21.7 7.1 5.5
PA 54.9 16.8 19.2 3.8 5.3
Particle size distribution
Sieve size (mm) 14 10 6.3 4 2 1 0.063
Passing (%) SMA 100 90 | 47 | 29 | 25 21 10.1
UTS 100 91 51 33 28 22 8.8
PA 100 99 47 27 19 14 5.6
Standard asphalt mix properties
Property Max. der;sity Voi(Eis at 10 Vgc;/i?:tiecl)tnio Tg:;?;e ds:slil;y Voids
(kg/m?) gyrations (%) 0
(%) mm) | kgmyy | P
SMA 2400 11.9 6.3 1.5 2294 44
UTS 2429 13.7 6.9 2.1 2104 134
PA 2582 22.7 18.8 NA 1975 23.7
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3.4.2 FEM mesh generation

Having obtained the core samples, the internal structure of asphalt specimens in the form of 2D
CT scans was obtained by utilizing the X-Ray Computed Tomography, Figure 3.16. For a given
asphalt concrete mixture, the generated images were captured at every 0.1 mm. Each image
consists of 256 levels of grey intensity.

Figure 3.16 Computed tomography 2D scans

In the CT scans, the three phases of asphalt concrete: aggregates, mastic and air voids can be
distinguished. Since the intensity of each pixel is proportional to object density, air voids with the
lowest density are black while the aggregates and mastic vary from dark to light gray depending
on their relative densities. Subsequently, by using the specialized 3D-based image processing
software Simpleware, the pixel-based 2D scans were assembled into 3D voxel-based meshes. By
employing a reduction algorithm these meshes were then transformed into Finite Element meshes
that were subsequently used for computational analyses in Abaqgus (2010), Figure 3.17.

Figure 3.17 3D FE asphalt concrete mesh
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A typical process for the creation of 3D voxel-based meshes out of a set of CT scans includes
data preparation and filtering, segmentation, mask filtering and mesh generation, Figure 3.18.

AT

Segmentation ,‘ Vo ' ‘ "\ Mesh

’& . \l generatlon

Image Mask

Figure 3.18 Process flow for FE meshes generation by means of the Simpleware software

In some cases, in a CT scan dataset, a number of undesirable discrepancies may exist. Common
inconsistencies include artifacts created due to beam hardening effects while scanning the
specimens, the sensitivity of the detector etc. In order to eliminate these artifacts, to reduce the
noise and to smoothen the contours while preserving the features as much as possible, different
varieties of filters are usually applied on the dataset obtained from Simpleware, Figure 3.19.

Figure 3.19: Image data before (a) and after (b) applying a smoothing filter

Next a threshold segmentation algorithm was utilized. By applying this algorithm, specific parts
of the X-Ray scans were selected based on their grayscale values and binary volumes, called
masks, were created. For example, in order to choose the voids, which are depicted in the scans in
black color, the threshold segmentation algorithm was applied with a minimum and maximum
grayscale value of 0 and 25, respectively. By choosing the right range of greyscale values, a mask
was created for every asphalt constituent, Figure 3.20.
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Figure 3.20: (a) Background data, (b) segmented masks for the air voids, (c) the aggregates and
(d) the mastic

Then correction filters were applied to the segmented masks to clear up the segmentation e.g.
filling holes, smoothing etc. The combination of the segmented masks for each slice, results in
surfaces representing the geometry of the asphalt specimens. The Simpleware software allows a
quick preview of the segmented masks using volume rendering techniques, Figure 3.21.

. (b)

(c) (d)

Figure 3.21: (a) Volume rendering of the asphalt specimen, (b) air void mask, (c) aggregates
mask and (d) mastic mask
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After cropping the segmented data to the desired dimensions for the analyses, a robust meshing
algorithm was applied to enable the conversion of the 3D images into a FE mesh, Figure 3.22.

Figure 3.22: Volume rendering of (a) background data and (b) FE mesh

3.5 Summary

This Chapter presented a procedure for the simulation of a 3D FE pneumatic tire. In the first step,
a 2D mesh of the tire cross section was generated. Once available, it is constrained to the rim and
inflation pressure is applied. Then, a three-dimensional tire FE mesh was generated by revolving
the previously generated 2D mesh. The calibration of developed FE tire was performed by static
load-deflection tests under prescribed loading conditions. Under these tests, the tire was tested
experimentally for a range of loads and inflation pressures and deflections were measured at
various regions of tire. Also, tire footprints were obtained for various combinations of loads and
inflation pressures. This Chapter also discussed a procedure to obtain the FE mesh of surface
texture of any asphalt pavement. The developed asphalt mesh along with the calibrated FE tire
model shall be integrated in Chapter 4 into a thermo-mechanical tire-pavement interaction model
for the determination of the temperature development in the tire body and its eventual effect on its
friction performance.
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4 FE Modeling of Thermo-Mechanical Tire-
Pavement Interaction

4.1 Introduction

A precise investigation of the micro-mechanical factors controlling the friction at the tire-
pavement interface is of utmost importance in understanding the fundamental properties of
friction. The temperature developed at the rubber-asphalt interface is one of such factors which
have a crucial influence of on the skid resistance. Evaluation of skid resistance without
considering the temperature may lead to an overestimated pavement friction performance which
might result to crashes and fatal accidents or underestimated friction performance which may
hamper the flow of traffic due to erroneous speed limits.

As discussed in the Chapter 1, the hysteretic or bulk internal friction of a tire predominantly
accounts for the friction at the interface. Hysteretic friction reflects the amount of energy
dissipated within the tire rubber material when it is alternately compressed and expanded as it
slides or rolls over the pavement surface texture. In the body of the tire energy is dissipated in the
form of heat and an associated temperature increase in the tire rubber. Especially, during braking
maneuvers, temperature increases continuously and at high rates in the body of the tire affecting
the mechanical characteristics of the rubber materials and hence the area of the tire footprint and
the developed friction at the interface.
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properties |
—
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section & assigning
material properties

ii. Simulation of 3D tire
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|
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Figure 4.1 Schematic of thermo-mechanical coupling model
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In the present chapter, a methodology is presented to develop a 3D thermo-mechanical tire-
pavement interaction model in the FE framework which has the capability to capture the effect of
tire operating temperatures on hysteretic friction, Figure 4.1. The procedure starts with a
mechanical deformation phase in which a 3D FE tire is forced to traverse on an asphalt pavement
mesh. The results of this phase are transported to a second phase known as energy dissipation
phase. In this phase, the energy dissipation rates are computed from the stress-strain results of
deformation phase. The results of the energy dissipation phase are transported to the next phase,
known as thermal phase. In this phase, the nodal temperatures at various regions of tire cross
section are computed. The results of this third phase are transported to the mechanical
deformation phase in which the material properties of rubber are updated according to the revised
temperatures. Validation of the methodology is made with past experimental results. Finally,
parametric analyses are performed to determine :
a) the time required to warm up and cool down the tire;
b) the relationships between tire temperature (TT) and combined pavement temperature
(PT) and ambient temperature (AT)
c) the effect of the magnitude of friction between tire-pavement on the average temperature
development in the tire body.

4.2 FE modeling of tire-asphalt surface interaction

A staggered thermo-mechanical coupling, Figure 4.1, is set up to ascertain the hysteretic friction
and temperature distribution of a PIARC smooth tire partially or fully skidding on a
micromechanical asphalt surface mesh. In this methodology, the mechanical deformation phase is
divided in two different stages. In the first stage, 3D tire footprint analysis and steady state rolling
analysis are carried out. In the next stage, the resulting stresses and strains are transferred from
steady state rolling analysis to the transient rolling analysis, where the tire moves at a desired
speed over an asphalt pavement surface mesh. This two-step procedure is known as
Abaqus/Standard to Abaqus/Explicit analysis (Abaqus 6.10). The dissipated energy output at each
Gauss point of every element from the explicit analysis, serves as input to the 2D thermal
analysis. The following steps are discussed in detail in the subsequent subsections.

4.2.1 Deformation module

In Chapter 3, the procedures to develop a 3D FE tire model and the footprint calibration were
discussed in detail. As a continuation, this section presents the rolling analysis of a PIARC 3D FE
tire. The rolling analysis of tire is carried out in two steps:

- Steady state rolling;
- Transient rolling.

Because of computational limitations, it is not possible to develop a micromechanical FE mesh
long enough for the tire to achieve the desired speed and other operating conditions. Instead, as a
first step, a steady state rolling (SSR) at the desired operating conditions is achieved by means of
a steady state solution of the tire rolling over a smooth pavement surface. The SSR uses an
Eulerian analysis based on the steady state transport (SST) feature of Abaqus in which only the
material moves at the specified velocity through the fixed FE mesh.

In the subsequent step, the results of the above steady state rolling deformation analysis are used
as the starting values for a transient analysis of the tire rolling over the simulated asphalt surface.
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This two-stage procedure drastically improves the computational time and is thus adopted in this
study. Even then, the entire procedure required a LINUX cluster with at least 1 computing node,
which consists of 16 CPU’s running at 3 GHz which shares 64 GB of memory.

4.2.1.1 Steady state rolling

In Abaqus, the kinematics of steady state behavior of a tire rolling along a flat rigid surface can be
described by using the Arbitrary Lagrangian-Eulerian method. This method allows the material to
flow through the tire mesh, while the mesh itself is stationary. This method accounts for frictional
and inertial effects in the material due to which the tire mesh can deform (Abaqus 6.10). As the
FE mesh remains stationary in the analysis, only the part of the body in the contact zone requires
fine meshing. This is an effective method to obtain the global force and moment characteristics of
a tire under different driving conditions, such as rolling, braking and side slip angles, Figure 4.2,
which otherwise would take large computational times to reach equilibrium conditions by using
the transient approach. This entire procedure is termed as “steady state transport” (SST) in
Abaqus (Abaqus, 6.10).

e e

1
=
'

|

Figure 4.2. Steady state analysis of a PIARC smooth tire (a) rolling tire contact pressure,

(b) braking tire contact pressure, (c) cornering tire contact pressure distribution

The SST analysis requires the stress-strain history of a 3D tire footprint analysis (Chapter 3) as a
base step. The angular velocity () of a free rolling tire can be computed from the horizontal
velocity as follows:

e

where R, is the effective rolling radius at zero torque (Pacejka, 2006).

R, is an important parameter in the SST analysis of a tire. For a pneumatic tire, the value of R,
varies from a value close to the unloaded radius (R, ) to the same value as the loaded radius

(R,) at the projection point of the wheel center on the contact area, Figure 4.3. At R,, the
peripheral velocity of the tread (relative to the wheel center) coincides with the horizontal
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velocity of the wheel center as shown in the Equation (4.1). The value of R, increases with
increasing speed and increasing inflation pressure.

R, = Effective rolling radius

R, = Unloaded radius

Figure 4.3 Schematic of tire radius

An equilibrium solution for a rolling tire that has a zero torque, T, applied around the axle, is
referred to as a free rolling solution (Abaqus 6.10). An equilibrium solution with a nonzero torque
is referred to as either a traction or a braking solution depending upon the sense of T. A wheel in
free rolling, traction or braking will spin at different angular velocities ® for the same horizontal
velocity V. In the present analysis, the forward velocity is kept constant during a steady-state
rolling step and the rotational velocity is incrementally updated based on previous values of the
torque. The angular velocity at which the torque at the rim is zero is taken as the rotational
velocity of a free rolling tire. At this rotational velocity, the effective of radius of tire can be
calculated from the Equation (4.1).

4.2.1.2 Transient rolling

Results from the steady state rolling phase are imported to the transient rolling step and are
brought to equilibrium against the stationary asphalt micromechanical pavement mesh. Once
equilibrium is established, the tire is forced to travel over the surface of the pavement mesh at
prescribed operating conditions (velocity, slip ratio, inflation pressure and normal load), Figure
44,

Let QO be the deformed configuration of a rolling tire, at current time t, with boundary
0Q =0Q, uoQ), VA, with 0, 0Q, and 6. the boundaries where displacement, surface
traction and contact conditions are prescribed.

For the displacement field u of the deformed tire it holds

Vc(u)+b=pii in Qx(O,t] 4.2)

with the initial conditions
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u=u’; u=0’ at t=0 (4.3)
and the boundary conditions
u=0a in 0Q,

o-A=t in aQ,

(4.4)

with p the mass density, bthe body force, ¢ the Cauchy stress, nthe outward unit vector

normal to the boundary and t the external traction.

Micro-mechanical
asphalt pavement mesh

Figure 4.4 FE model simulation of tire rolling on asphalt surface

Eq. (4.2) expresses the dynamic equilibrium of the tire in its current configuration. For numerical
computation efficiency and stability, it is preferable to express the same in the reference

configuration Q. Therefore, & can be expressed as
o =J"FSF' (4.5)
where, where, F is the deformation gradient, J is the Jacobian determinant (J =det(F)) and S is

the second Piola-Kirchhoff stress.

For every admissible displacement 3, the first part of Equation (4.2) can be re-written as
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0%
S(Vc(u)):Si&cij(uk)

a + acij % = a + %%% (4 6)
ox; " ox; "' aX, du, ox, '

09 g 0 K

= —— 0jj TV,
oX; oX, du, OX;

( 9-(V-c)=V9:G)

The first part of the right hand side of Equation (4.6) i.e. ?Gij can be expressed as
X .
J

2% o, dQ = %Jflﬁk FS,JdQ° = B Fi S dQ’ (4.7)
GXJ- axj a)(I

. ou
In the second part of the Equation (4.6), 6—"can be expressed as
X .
J

o(X+u
%=%%=(F—I) |:|J_—l -,-FH:an: ( )k=|+8uk
OX;  OX, 0X; oX, oX, oX,

J
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similarly 5 =(F I)pk
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Therefore, the second part of Equation (4.6) becomes

0c; 0X, du 0c; 1 -

i =9 J(F_I)pk(F_I)kl Flil
oX, ou, OX. oX

P : P (4.8)

8Gij

X,

acsij

oX

p

=3

-1 _ =)
OuF =9 F

By applying Divergence theorem to Equation (4.8),

[9:(V,-0)-FldQ= [ 9-(V,-0)-F1dQ’
Q o°

=[9:(c-n°)-F1ds’ 9

os°

in which the relation dQ=J dQ° has been used.

t=c-A (4.10)

nO . F—l

where A= ———
-]
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Therefore,
fog F
n®-F (4.11)
t- n(’-Ffluzc-n"-F’l
t-|n°-F =371 (4.12)
t°=J.o-n°-F*! (4.13)

By using Equation (4.13) and the mass conservation equation p=J"p°, Equation (4.2) can be
expressed as

I[pou-8+(FS):2—i}dQ°:J.b~8dQ°+ j 0.9 ds° (4.14)
QO

Q° aQ®

Figure 4.5 shows a pneumatic tire Q in contact with an asphalt pavement on the surface dQ_,
where n denotes the inward unit vector normal to the asphalt surface.

n(t)

Figure 4.5 Schematic of tire-asphalt surface contact

The surfaces of the tire and the asphalt pavement at time t are described by

X (D) =0(X, X5i1),  pX5(t)=w(Xy,X55t) (4.15)
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Non-penetration of the tire into the asphalt surface requires (Cho et al., 2005)

{Xg +Ug = (X +Uy, X, +Uy) (4.16)

Linearizing Eq.(4.16) with respect to u leads to the linearized kinematic contact condition (Oden
& Carey, 1984; Cho et al., 2005)

u,—9<0 in 0Q, (4.17)

where U, =u-nand g(X;,X,;t)=0(X;,X,;t)—w(X;,X,;t) is a gap function between two
bodies.

In Equation (4.17), u, =g indicates contact and U, <g indicates a gap between tire and asphalt
surface. Thus Equation (4.17) is a non-penetration condition.

The normal traction o, at a point on the contact boundary should satisfy the static contact
condition:

5, <0 in 00, (4.18)
c,(u,—9)=0 in 0Q, (4.19)

Equation (4.18) means that the normal traction is purely compressive and Equation (4.19)
signifies that the pressure can only be non-zero when there is contact.

Tangential contact stress (t; ) can be written as

t, =c us (4.20)

where, C; is the elastic tangential stiffness modulus and uZ is the elastic stick portion of the total
tangential slip U; between two contacting bodies. U =U; —U3, where Ui is the plastic slip
portion (Wriggers, 2006).

Introducing a plastic slip criterion function

f,(tr.0,)=|t|—no, <0 (4.21)

where pis the Coulomb friction coefficient, the constitutive equation of the tangential plastic slip

U3 is defined by

.of (t-,c .
u;:x—iil—ﬂ)=an (4.22)
t
where N, =—T- and A is the magnitude of the tangential slip.
Y
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The loading-unloading conditions in Kuhn—Tucker form can be written as

A=0, f(t;,0,)<0, Af(t;,0,)=0 (4.23)

and, together with Equations (4.20) to (4.22), establish the constitutive relation for the frictional
contact.

Finally, Equation (4.14) can be written as
j[pou -8+(FS):@j dQ’ + '[ k,(x,—9g) $,dS°
0 oX 0
o 08¢ (4.24)
= [p’b-8dQ°+ [ T-9dS°+ [ $Tt0dS”
Q° oS0 os?

where kp is the penalty parameter.

4.2.2 Dissipation module

From the results (total strains and stresses) of the mechanical deformation analysis, the
dissipation losses are computed at each Gauss point of every element. The energy loss is summed
for all elements to give a total energy loss for the tire in one revolution.
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Figure 4.6 Generalized Maxwell model

A generalized linear viscoelastic model, Figure 4.6, is used to characterize the rubber material.
The total stress (o) can be expressed as

c= EooeriEi (e—gy) (4.25)

i=1
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where iindicates the Maxwell component index, i=1..m, € is the total strain, ¢, inelastic strain,
E_ and E;are stiffness moduli of infinite spring and Maxwell springs respectively.

The stress in the dashpot of the Maxwell element (o),) is defined proportional to the inelastic

strain rate ¢,
Om =TMiéyi (4.26)
Also, the stress in the spring of the Maxwell element can be computed as
om =E;(e—¢y)
On the basis of Equations (4.26) and (4.27),
E; (8_8vi)=niévi (4.27)

Also, the response of each one of the viscous components can be expressed as

&y +58w “Sig (4.28)
n; N

By employing the technique of variable separable form to solve the Equation (4.28), the
following expression can be obtained

—Et t E. —E(t—s)
g;=ce +I—'s(s)e nods (4.29)
0 N;
The second part of the right hand side of Equation (4.29) can be expressed as
t Ej EBi t Ej
_ —(t-s) R -
Jia(s)e ' gs=Eigm fs(s)e”isds
0 ni T]i 0
£ Ei Byl Ei
=Zig [ Niggyen | —[Dig(s)em ds
o . (s) { E (s)
0
_E, Eiy t Eig
e [g(t)e”i —5(0)- [¢(s)e" ds] (4-30)
0

By substituting Equation (4.30) into Equation (4.29)
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,Et t ,E(t,s)
g;=Ce " +s—jé(s)e Nods (4.31)
0
attime t=0,
0)=0
£, (0) }_ml:o (4.32)
e(0) =0
E,; =€E—E

iy (4.33)

E _Btt 55 —Et Et
=t+—te M [|&(s)e™ |ds—e M |eM ¢ (4.34)
Ni 0
t —E(t—s
==Ll &(s)e ™ ds
Ni 0
m 75(tfs
c=E,e+> E j g(s)e ™ ds (4.35)
i= 0

Total energy dissipation can be expressed as

m T
W=> [o&,dt (4.36)
i=1 o
t —E(t—s)
co;=Ees=Efe™ &(s)ds (4.37)
0
1 1 ()
e =—eg=—|e " &(s)d 4.38
b= —%a = je &(s)ds (4.38)

(The proof is described in Appendix 4.1)
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m T-AT

W= [ og,dt , "W=0
o

m T m
TW=TTWY [ og,dt="T"TW Y T, A, (4.39)
i=l T_AT i=1
_TAT\ 4 TAW [ TATI2 G TATGiZJr Tcij
. TAW
Q=— (4.40)

where Q is the rate of heat generation and T is the elapsed time for one revolution.

4.2.3 Thermal module

The temperature distribution in the body of the tire is predicted using an axisymmetric heat
transfer model by assigning heat generation rates obtained from the dissipation module. The 2-D
cross section, Figure 4.7, with elements of equal FE mesh density as that of the deformation
analysis is considered for the prediction of nodal temperatures. However, the elements of heat
transfer analysis (4-node axisymmetric thermally coupled quadrilateral elements) are different
from those of the mechanical deformation analysis (standard 4-node axisymmetric quadrilateral
elements). On the basis of the heat generated at the tire-pavement contact region and the imposed
heat boundary conditions, Figure 4.7, the heat flow module determines the distribution of
temperature within the tire cross section. The representative element temperature is computed
from the average of its nodal temperatures.

. . . AXxi-symmetry
Rim-ambient air

heat exchange

N

Tire inner surface-contained air

/ heat exchange

sidewall-ambient air /
heat exchange

Tread- ambient air Tread-pavement
heat exchange heat conduction

Figure 4.7 Thermal boundary conditions for the heat transfer analysis
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The non-linear steady-state heat transfer of the pneumatic tire is governed by
-V (kvT)=Q(T) (4.41)

with the boundary conditions

q=h(T—T,)for rim-tire surface
q=h,(T-T,)for tire inner surface

q=h,(T-T,)+vg(T* =T, for tread and sidewall surfaces.

where  is the heat flux per unit area of the body flowing into the body; kis the thermal

conductivity; T,is the reference temperature, v is the Stefan-Boltzmann constant; & is the

emissivity; h is the conduction coefficient and h. is the convection coefficient.

Simulation conditions considered in the steady-state 2D heat transfer analysis are as follows:

the initial temperature of all the nodes of ambient boundaries are defined to be equal to
the ambient temperature.

the contained air temperature (CAT) at steady-state conditions is 14°C to 16°C more than
the outside ambient temperature (Rao et al., 2006).

the pavement temperature is also considered as a variable, which in a standard case is
assumed to be 25 °C.

heat convection coefficients play a very important role in determining the temperature
distribution across the cross section of the tire. Heat convection between the tread/road
contact; tire/rim contact and liner/cavity air are assumed to be constant and the heat
convection coefficients for tread/air; sidewall/air are assumed to increase linearly with the
tire speed. The heat convection coefficients applied in this analysis are taken from the
studies of Browne et al. (1980), Table 4.1.

Table 4.1. Heat Convection Coefficients used in this Study at VVarious Regions of Tire

(after Brown et al., 1980)

Region Heat Transfer Coefficient (W/m*°C)
Tread/Road Contact 12000

Tread/Air 5.9+3.7v

Sidewall/Air 5.9+3.7v

Tire/Rim Contact 88000

Linear/Cavity Air 5.9
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As soon as the new temperature distribution in the tire cross section is computed, the mmaterial
properties of each finite element are updated. A schematic layout of the whole iterative procedure
is shown in Figure 4.8.

Energy dissipation
analysis

(Stresses, strain and the linearized

— viscoelastic model are used to
calculate the energy loss in each
circumferential ring of elements
tire pavement contact at each

] rotation)
Tire-pavement contact
Mechanical deformation
analysis
Nodal _ Energy

(Updating material properties according
to the nodal temperatures)

Axi-symmetry

Rim-ambient air

heat exchange

N

Tire inner surface-contained air

/ heat exchange

sidewall-ambient air /

heat exchange

Heat fluxes

1
Tread- ambient air Tread-pavement

Heat transfer analysis heat exchange heat conduction

Figure 4.8. Proposed FE thermo-mechanical interaction model

4.3 Validation of temperature distribution

The experimental and FE simulation results of Ebbott et al. (1999) are utilized to validate the FE
simulations of temperature development in the tire cross section. Ebbott et al. measured
temperature in the tire cross section using a combination of infrared imaging and thermocouples.
They also performed FE simulations of temperature development in different tires on the basis of
experimental results.

In this study, the comparisons of FE simulations with the results of Ebbott et al. (1999) are made
for a smoothly treaded P195/75R14 radial passenger car tire rolling on a smooth pavement
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surface. An initial temperature of 30°C is considered. The procedure described in the Section 4.2
is then followed to generate temperature in the tire. A steady state heat transfer analysis is
performed for approximately for 1000 sec beyond which there is no appreciable increase in the
nodal temperatures at different regions of the tire cross section is observed, Figure 4.9. It is
observed that the temperature distribution is not uniform throughout the tire cross section and the
maximum temperature is developed in the shoulder area.

- C

(a) t=0 sec. (b) t = 350 sec.
(c) t = 650 sec. (d) t =920 sec.

Figure 4.9. Development of temperature over time period in different time steps

An average temperature development in the tire shoulder is taken as the reference value for the
comparison of temperature development in the shoulder region between predicted and
experimental test data by Ebbott et al., Figure 4.10a. The results of the simulation are comparable
with the experimental findings with a maximum difference of 5.2%. Figure 4.10b shows the
comparison of temperatures in the different regions of tire cross section between the results of FE
simulations and the experimental studies of Ebbott et al. A maximum of 8% difference is
observed between the results of FE simulations and Ebbott et al. experimental studies.
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Figure 4.10. Comparison of temperature measurements in the tire shoulder measured by
Ebbott et al. (1999) and numerical model
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4.4 FE Model Tests

In general, friction measuring equipment are used to measure the pavement friction. However,
the accuracy of friction measurements is very much dependent on the tire temperature of such
equipment. Therefore, it is necessary to determine how much time it takes to warm up the tire and
thus finding out the pretest run of the test tire required, before the actual friction measurements
are taken. For this purpose, heat transfer techniques are used to determine the temperature
development in a full rolling tire under steady state conditions and the time required to warm up
and cool down of a partially skidding tire. Transient, heat transfer technique is used for the later
part. Also, the time required for different regions of a full rolling tire to reach an effective
temperature equilibrated state while a traversing on an asphalt pavement surface is ascertained.
Such kind of analysis gives insight into the effect thermal behavior of tire on the tire hysteresis
which ultimately decides its friction performance. Subsequently, relationships are found out
between tire temperature (TT) and combined temperatures of pavement (PT) and ambient air
(AT). Finally, the effect of friction between tire-pavement on the average temperature
development in the tire body is analysed.

441 Temperature development in a test tire

It is important to determine, “how much distance should the test tire traverse before the
measurement of friction under given test conditions?”. The developed FE model can be utilized to
answer this question on the basis of the comparison of temperature development in the cross
section of test tire moving at specified speed and test condition. For example, if the FE model
simulates the condition of tire rolling at 0% slip (full rolling tire) and a speed of 70 km/h on a
mesh of asphalt pavement, the output of the temperature distribution, Figure 4.11, which
represents the actual field condition of test tire just before the brakes are being applied and at this
stage, the tire is in steady state thermal condition.

MNT11
+9.287e+01
+B8.680e+01
+8.073e+01
+7 . 468e+01
+6.859e+01
+6.252e+01
+5.6458+01
+5.038e+01
+4.430e+01
+3.823e+01
+3.21ee+01
+2.609e+01
+2.002e+01

Figure 4.11. Development of temperature in the tire cross section at 70 km/h in pure rolling
condition
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However, if the same test tire is traversing at 70 km/h speed and 86 % slip ratio, it is observed
that after 128 sec, the tire nearly develops the same temperature distribution, Figure 4.11. Based
on this FE test, a recommendation can be made that at 21°C pavement temperature, 21°C ambient
temperature, 36°C contained air temperature the test tire must be run for at least 2.6 km
approximately before actual friction measurements are taken.

4.4.2 Temperature rise and cool down in the tire body

In order to predict temperature rise, the tire is assumed to slip (86%) instantaneously at 70 km/h
over an asphalt surface. From this, the heat fluxes are computed and applied to the corresponding
components of axisymmetric tire model and held constant. Besides, thermal convection
coefficients for the various regions of the tire cross section as described in the previous section
are applied. The initial temperature distribution is uniform and equals the ambient temperature.
During the heat transfer analysis, temperature rises with time. The tire is assumed to come to halt
at an assumed stop time to predict temperature cool down. At this stop time, the heat sources
(dissipation energy rates) are released to zero in all components of the tire and let the tire to cool
down.

140
g} Partially skidding (86 % slip) tire + 70 km/h
= 120
j=
g
“ 100
¢ o
o 80
!
o 60
.
o
g 40
s ¢
Pt
» 20
g
3 0 T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500
Stop time =251 sec Time (sec)

Figure 4.12. Prediction of average temperature rise and cool down in tire cross section over an
asphalt surface

The prediction of temperature distribution in the tire body, from temperature rise and then
temperature cool down, Figure 4.12. The simulation of temperature rise in the partially skidding
tire is performed for 251 sec. Subsequently, the simulation of temperature cool down in the tire is
performed by releasing the heat sources to zero in all components of the tire. It can be observed
that the partially skidding tire takes approximately 2300 sec to come back to the steady state
temperature condition.
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4.4.3 Temperature development in different regions of a fully rolling tire

For this analysis, thermal coefficients of various regions of the tire cross section as given in the
Table 4.1 are applied to the FE model. The heat transfer coefficients of tread-road contact, tread-
rim contact and linear/cavity air are assumed to be constant while the coefficients corresponding
to tread-air and sidewall-air are assumed to increase linearly with the tire speed. The heat
generation rates, which are obtained for a tire rolling at a specific speed of 70 km/h and slip ratio
of 0%, are used to compute nodal temperatures of various regions of tire cross section.

80 -
70
60
5]
e
o 50
=
=
5
a 40 -
=
5]
2t
30
20 -
10 1 Surface: PA
CAT: AT+15°C
0 Fully rolling tire
0 400 800 1200 1600 2000 2400

Time (sec)

Figure 4.13 Temperature development in different regions of a fully rolling tire

In order to predict the temperature rise, four regions of the tire cross section are considered,
Figure 4.13. Region-1 is a portion near the inner boundary around belt edge, approximately in
between the tread and the sidewall regions. Region-2 is an inner boundary portion near apex of
the tire cross section. Region-3 is an outer boundary of the side wall and Region-4 is an outer
tread surface in contact with the pavement. At time zero, the tire is assumed to roll
instantaneously at a given speed over a PA pavement surface. The heat fluxes are applied to the
corresponding components of the axisymmetric tire model and held constant.

It can be observed that temperature rises in all the four components of the tire with time and at
one point in time, the entire tire behaves in steady state thermal conditions. The maximum
temperature distribution with time was observed in the Region-1 followed by Region-2, Region-3
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and Region-4. This trend gives information about the magnitude of heat generation associated
with the respective regions and also the lower heat losses associated with the inner tire surfaces
than outer surfaces.

4.4.4 Relation between tire band temperature and combined pavement
and ambient temperatures

In this section, the combined effect of pavement and ambient temperatures on tire band
temperature is presented. A total of 100 data points (10 PT x 10 AT) are analysed for a given
pavement surface. A high coefficient of determination exists for TT vs. sum of PT and AT, Figure
4.14. 1t can be observed that higher values of the sum of PT and AT result in a higher TT. The
TT can be effectively predicted by using a single parametric Sigmoidal function (see Equation
(4.42)) as opposed to the linear relationship proposed by the past researchers (Oliver 1989).

TT =(-0.413T +10.057)e *®" +(0.118T +26.249)(1-e °*") (4.42)

where T is the sum of pavement and ambient temperatures.
The procedure to obtain the Sigmoidal function is described in Appendix-1.

R?=0.9009

TT (°C)

O T T T T T 1
0 20 40 60 80 100 120

Total Temperature (°C) = AT+PT
Figure 4.14. Tire band temperature vs. combined pavement and ambient temperatures

4.4.5 Effect of friction coefficient on the temperature development

Another application of the developed FE model is to find out the effect of tire-pavement friction
coefficients on the rise of temperature in the tire body. The proper way to perform this analysis is
to perform simulations with FE meshes of different asphalt pavement surfaces and relate the
friction output with the temperature development which will be discussed in the next chapter.
However, such analysis would require a huge simulation time and computational resources.

Thus an easier way to tackle this problem is given as below:
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The pavement surface is considered to be smooth and friction is given as input. It should be noted
that the input value of friction is the total effect of adhesion and hysteretic components of friction.
Here it must be noted that the procedure described in Section 4.2 is capable to deliver friction as
an output from the model.

Thermal boundary conditions are kept constant throughout the analysis, (a) 20°C pavement
temperature, (b) 20°C ambient temperature, (c) 32°C contained air temperature with tire rolling
at 70 km/h and 86% slip condition , (d) the time allowed for the temperature development was
kept constant at 0.5 sec.

The variation of average temperature with different pavement friction values are studied until
steady state thermal condition is achieved, Figure 4.15. Even though there is no macrotexture on
the pavement, some temperature at zero friction coefficients is observed due to the difference
between CAT and temperature due to the deformation of tire.

160 -

Speed : 70 km/h
140 4 slip ratio: 86%
120 Time : 0.5 sec

100
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40
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0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

Average tire temperature (°C)

Coefficient of friction

Figure 4.15 Average temperature development in tire pavement cross section with varying
friction

4.5 Summary

This chapter is devoted to the development of a thermo-mechanical model to address the complex
relationship between tire-pavement friction and tire temperature in the FE framework. In order to
develop thermo-mechanical model, the tire rubber material is treated as time and temperature
dependent VE material and the rheological properties of rubber are obtained from the results of
chapter 2. Also, the micro-mechanical FE asphalt pavement surface and the three dimensional FE
PIARC tire model which were developed in Chapter 3 are utilized in the analysis.

A computationally efficient approach of sequential static-transient deformation analyses is
proposed. In this, the tire is made to travel over a micro-mechanical FE asphalt surface mesh. By
using the stresses and strains from these simulations and by using the viscoelastic model of tire
rubber, the energy dissipation is computed. Heat transfer analysis is carried out by using the
results from energy dissipation analysis to compute the nodal temperatures and to obtain the
temperature distribution in the various regions of tire cross section.
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The results from the proposed FE analyses are in good agreement with the past experimental
findings. It is observed from the analyses that the temperature develops in different components at
different rates as the energy dissipation rates associated with the respective component. Pavement
temperature and ambient temperature are the two important factors which influence the tire
temperature. A statistical relationship between TT and AT/PT has been determined. It is observed
that a strong correlation exists between TT and total temperature (i.e. AT+PT). In contrast to
earlier studies, it was found that a Sigmoidal curve provides the best fit. The practical application
of the developed tool will be discussed further in the next Chapter.
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5 Tire-Pavement Interaction Under Different
Operating Conditions

5.1 Introduction

Design speeds and other recommendations proposed by highway agencies for the safety against
skidding are typically based on either past experience or they are derived from friction
measurements which has a very limited scope in terms of transferability. It is also correct to say
that not much attention has been paid to analyze the effect of temperature on the tire-pavement
friction measurements. However, past research studies show that the skid resistance is usually
influenced by the conditions such as pavement temperature, ambient temperature, contained air
temperature and surface characteristic of pavement. Similarly, the knowledge of cornering force
and sideslip angle is essential in order to improve vehicle safety, handling, steering ability,
comfort and performance Baffet et al. (2009). Apart from the sideslip angle and the developed
cornering forces, the overall anti-skidding performance of a pneumatic tire is also affected by the
vehicle operating conditions such as the tire load, inflation pressure, speed, road texture and
temperatures of ambience and pavement. Mutual interactions of these operating conditions create
a complex relationship between these parameters and the tire’s ability to combat against skidding
during straight line braking and cornering actions. The developed forces and torques under such
complex operating conditions require state-of-art dynamometers, sensors and expertise in order to
arrive at the precise friction values. On the other hand, analytical modeling techniques require
precise tire and pavement texture analytical models. This makes it extremely difficult for the tire
industries and the road agencies to evaluate the tire’s anti-skidding performance either
experimentally or analytically, on different sets of test conditions.

This Chapter investigates the frictional behavior of a test tire under different surrounding
temperature conditions using the thermos-mechanical finite element model as developed in
Chapter 4. Under this investigation, the influence of critical combination of pavement
temperature (PT), ambient temperature (AT) and contained air temperature (CAT) on the
frictional measurements is ascertained. Finite Element models of fully and partially skidding tires
over different asphalt pavement surfaces, namely, Porous Asphalt (PA), Ultra-Thin Surface
(UTS) and Stone Mastic Asphalt (SMA) are analyzed. FE simulations are also performed to
predict the effect of tire band temperature on the hysteretic friction. An attempt is also made to
determine the cornering performance of a rolling tire running on aforementioned asphalt
pavement surfaces under different operating conditions.

5.2 FE Model parameters

This Chapter deals with the sensitivity analysis of various factors associated with hysteretic
friction of a pneumatic tire traversing over simulated asphalt pavement surfaces. For ease of
presentation, a PIARC 165R15 (PIARC, 2004) tire traversing at a constant velocity of 70 km/h
with a constant load of 4 kN and a constant inflation pressure of 200 kPa is considered. Tire
rolling at 20%, 86% and 100% slip ratios were simulated to analyze the effect of different friction
equipment which typically operate at these slip conditions. X-ray CT Scan of three different
surfaces, namely, PA, UTS and SMA were considered. The tire stiffness and tire rubber material
properties were obtained via laboratory tests. Pavement surface morphology, applied boundary
conditions and other factors considered in the model are described in the Chapter 4.
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Past experimental (Oliver, 1989) works show that, for a given set of tests conditions, AT and PT
are interdependent and they are correlated to the tire temperature. However, AT and PT are
dependent on several other factors such as humidity, wind and other local environmental factors.
Hence, a universal relationship between AT and PT is difficult to establish. For this reason, in this
study, AT and PT are considered as independent parameters with each other. A wide range of AT
and PT is covered in the analysis. Some of the combinations, such as AT of 40°C and PT of 0°C,
might be trivial in practice, but they are considered solely for research purposes. As a result, for
any given pavement surface texture type and tire slip ratio, the model is analyzed for different AT
values in a range from 0°C to 40°C and PT in a range from 0°C to 60°C. In general, CAT is 14°C
to 16°C more than the outside ambient temperature (Bridgestone, 2012), if correct inflation
pressure is maintained for the given normal load. Accordingly, a wide practical range of CAT
from AT+10°C to AT+20°C is considered.

PIARC

smooth tire
a
i
F
0

Asphalt pavement
surface
Side-slip
angle

Longitudinal ~ Wheel heading
axis of pavement  direction

Figure 5.1 Three-dimensional FE model of a PIARC smooth tire rolling with sideslip angle on an
asphalt pavement mesh

For the cornering analysis, the same PIARC 165R15 tire rolling at sideslip angles of 0° to 10° at
1° interval is simulated to analyze the effect of various slip conditions on the cornering frictional
force. A wide range of loads, tire inflation pressures and vehicle speed of 1500 N to 4500 N, 110
kPa to 350 kPa and 25 km/h to 75 km/h respectively is considered in the simulations. The
cornering simulations are performed on the same simulated pavement surfaces of PA, UTS and
SMA. In this study, the cornering angle, also called the sideslip angle of a tire is defined as an
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angle that is formed between the wheel's actual direction of travel and the longitudinal axis of the
pavement, Figure 5.1, and the resulting lateral force is called cornering force. The phenomenon
of side slip is mainly due to the lateral elasticity of the tire (Clark, 1981). The sideslip angle is
introduced in the structure module at mechanical deformation analysis stage, and the resulting
cornering friction is calculated. In order to model the cornering maneuvers, the tire is prescribed
with a velocity boundary condition in both in the longitudinal and the lateral directions.

5.3 Validation

In order to validate the capability of the FE model to predict the tire-pavement friction coefficient
on asphalt surfaces, data measured by a French friction testing device called Adhera is used,
Figure 5.2. The field experiments were performed at the IFSTTAR research organisation on
different asphalt pavement test tracks at various speeds.

Principle sketch

Disnlacemant

‘j.f 2 . L iV s S
(a) Adhera trailer with smooth (b) Principle of measurement
PIARC test wheel

(c) Friction measurements by Adhera device

Figure 5.2 Field friction measurements on IFSTTAR test tracks
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The X-ray tomography technique was utilized to obtain the scans of the same asphalt pavement
surfaces. The procedure to obtain discretised FE meshes from these scans was discussed in detail
in Chapter 3.
The following are the summary of testing conditions of the field measurements:
- Adhera longitudinal friction testing device
Tire type : PIARC 185/60 R15 smooth tire
- Slip ratio : 100%
- Velocity : 40, 60 ; 80 and 90 km/h
- Tire inflation pressure and weight : 200 kPa and 2.5 kN

- Pavement surface texture : Porous Asphalt Concrete 0/6; Dense Asphalt Concrete 0/10
- Water thickness : 0.5; 1.0 mm

The Adhera testing device is composed of a tractor and a trailer where the test wheel is located,
Figure 5.2a. The structure of the trailer is very similar in its dynamics to a quarter of an average
light vehicle. The wheel supporting arm and the bar, which measures the frictional force, form a
parallelogram with the linkage to the towing vehicle, Figure 5.2b. The principle of measurement
consists of determining the effort which, when applied to a lever of precise dimensions, balances
the frictional torque exercised by the previously wetted roadway on the average tire of a loaded
vehicle.

The test consists of running the equipment at a required speed, a water depth on a given asphalt
surface, locking the measurement wheel and recording the effort required to drag it along. This
drag effort divided by the load on the wheel gives the braking force coefficient. The running
speed ranges between 40 and 120 km/h. By repeating the basic test at different speeds with a
smooth tire under wetting conditions of the pavement enables the macrotexture of the road
surface to be evaluated. The value of Longitudinal Friction Coefficient (LFC) is calculated by
averaging the frictional force over a distance of 10 m out of total displacement of 20 m at 40, 60,
and 80 km/h. The total displacement is increased to 25 m at a speed of 90 km/h, Figure 5.2c.

The comparison of the results from finite element friction model is made against the field
measurements under the similar set of test conditions of:

- aPIARC smooth tire rolling at 100% slip ratio (full skidding) on a PA pavement surface,
- aPIARC smooth tire rolling at 100% slip ratio on an AC-10 pavement surface.

Figure 5.3a shows a comparison between experimentally measured and model predicted LFC
values at three different speeds, 40 km/h, 60 km/h and 90 km/h for a locked PIARC tire on a PA
surface. Similarly,

Figure 5.3b shows a comparison between measured and predicted LFC on an AC-10 surface at
four different speeds, 40, 60, 80 and 90 km/h. From the figures, it can be observed that the LFC
friction is highly dependent on the speed and it decreases with increase in the speed. The
numerical differences between the predicted and measured LFC values are less than 0.07. In terms
of percentage error, except for one case with 17% error, all the remaining cases have errors of
10% or less. For all the examined cases, the comparison between the measured and predicted
results show a good agreement, considering the unavoidable variations of field conditions and
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possible measurement errors.
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Figure 5.3 Verification of simulation model against experimentally measured data

5.4 Analysis of Straight-line Braking Tire

5.4.1 Effect of tire band temperature on the hysteretic friction

This subsection discusses the effect of the tire band temperature on the hysteretic friction of a
PIARC tire rolling at different slip ratios over PA, UTS and SMA pavement surfaces, Figure 5.4
to Figure 5.6. Each plot shows the resulting hysteretic friction against the TT due to possible
combinations AT and PT which give rise to the same TT. A nonlinear polynomial curve fit was
employed to bring about the relationship between the hysteretic friction and TT.
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Figure 5.4. Hysteretic friction vs. tire band temperature for a PA surface under different slip

conditions
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Figure 5.5. Hysteretic friction vs. tire band temperature for UTS surface under different slip

conditions
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Figure 5.6. Hysteretic friction vs. tire band temperature for SMA surface under different slip
conditions
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It can be observed from the plots that the hysteretic friction decreases with increase in TT, for all
cases analysed. For example, as shown in Figure 5.4a, for the case of a tire rolling with 20% slip
ratio over a PA pavement surface, an increase in TT from 10°C to 38°C results in the decrease of
hysteretic friction from 0.74 to 0.51 i.e. the friction value drops by a percentage of 31% for an
increase in TT of 28°C. A similar trend can be observed for the same tire traversing with other
slip ratios over other pavement surfaces. This implies that the risk associated with the loss of
braking friction is more for tires with higher tire band temperatures.

Different friction measuring equipment operate at different slip conditions which may result in
different tire band temperatures. For this comparison to be made, the same analysis was carried
out at different slip ratios of 20%, 86% and 100% on the PA pavement surface as shown in Figure
5.4a to Figure 5.4c. The plots on the corresponding figures show that the hysteretic friction
decreases with an increase in the TT for all slip ratios. However, the magnitude of decrement is in
the order of increasing slip ratio. Similar trend can be observed for other pavement surfaces like
UTS and SMA as shown in Figure 5.5 and Figure 5.6 which shows that the temperature
vulnerability of the hysteretic friction for a blocked wheel condition is higher than for a wheel
rolling at lower slip ratios.

Figure 5.4 to Figure 5.6 analyse the relationship between the hysteretic friction and the TT for
different pavement surfaces at different slip ratios. The average percentage decrease in the
hysteretic friction from PA pavement to UTS and SMA pavement were observed to be 11% and
22 % respectively, which confirms the fact that the pavement surface with higher macrotexture
produces higher hysteretic friction. The average percentage decrease in the hysteretic friction for
a total increase in TT of 28°C was observed to be 58% for SMA, 37% for UTS and 34% for PA
pavements. This implies that with surrounding tire band temperature, the hysteretic friction
decreases at a faster rate for an SMA pavement surface followed by an UTS and a PA
respectively.

5.4.2 Effect of Pavement Temperature on the Hysteretic Friction

This sub-section discusses the effect of PT on the hysteretic friction, and the computed results are
shown in Figure 5.7. For a constant AT and CAT, the hysteretic friction decreases with an
increase in PT, for all the cases analyzed. For example, as shown in Figure 5.7a, 60°C increase in
PT decreases the friction from 0.74 to 0.58, for a constant AT of 0°C. This implies that the risk
associated with the loss of braking traction is slightly more on pavements with higher
temperatures. The friction values drops by 0.11 for an increase in PT from 0°C to 60°C as shown
in Figure 5.7a to Figure 5.7c.

Figure 5.7 also shows the relationship between the hysteretic friction and the PT for different
pavement surfaces, at a constant slip ratio of 20%. For the same increase in PT by 60°C, the
average decrease in friction is observed to be 0.19 and 0.13 for SMA and UTS pavement surfaces
respectively. This implies that with surrounding temperatures, the hysteretic friction decreases at
a faster rate for an SMA pavement surface followed by an UTS and a PA respectively. The same
analysis was carried out at different slip ratios as shown in Figure 5.7 to Figure 5.9. The plots on
the corresponding figures show that the hysteretic friction decreases with an increase in PT for all
slip ratios. However, the magnitude of decrement is in the order of increasing slip ratio. It should
also be noted that the change in hysteretic friction between 86% and 100% slip ratios is marginal.
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Figure 5.7 Friction vs. pavement temperature for a PIARC tire rolling at 20% slip ratio
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Figure 5.8 Friction vs. pavement temperature for PIARC tire rolling at 86% slip ratio
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Figure 5.9 Friction vs. pavement temperature for PIARC tire rolling at 100% slip ratio
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5.4.3 Effect of Ambient Temperature on the Hysteretic Friction

This sub-section discusses the effect of AT on the hysteretic friction, and the computed results are
shown in Figure 5.10. The plots on the figure show that at a constant PT and CAT, the hysteretic
friction decreases with increase in AT. For example, considering the plot of Figure 5.10a, at a
constant PT of 0°C, the predicted hysteretic friction drops from 0.74 to 0.64 for an increase in AT
by 40°C. Similar trends of hysteretic friction against AT was observed for all other PT. The
average friction value for a PA surface at a tire slip of 20% drops by 0.08 for an increase in AT
from 0°C to 40°C as shown in Figure 5.10a to Figure 5.10c.

Similar analysis for SMA and UTS pavement surfaces result in a drop of 0.06 and 0.07
respectively. Approximately the same drop in the hysteretic friction indicate that the variation of
hysteretic friction with AT is marginally dependent on the type of pavement surface. Figure 5.10
to Figure 5.12 also show the plots of hysteretic friction with AT for different slip ratios. It was
observed that irrespective of slip ratios, the hysteretic friction was always found to decrease with
AT. Despite the fact that the friction values with AT are different at different slip ratios, the rate
of drop is almost constant. Thus, it can be concluded that the variation of friction with AT is
independent of slip ratio.
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Figure 5.10 Friction vs. ambient temperature for PIARC tire rolling at 20% slip ratio
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Figure 5.11 Friction vs. ambient temperature for PIARC tire rolling at 86% slip ratio

103



0.7

TIRE-PAVEMENT INTERACTION UNDER DIFFERENT OPERATING CONDITIONS

a) (°C) Surface: PA
——PT=0 —B—-PT=10 CAT: AT+10
06 | —#=PT=20  =—==PT=30
e PT=40 =0=PT=50
n
0.2 T T T T T 1
0 10 20 30 40 50
AT(°C)
0.6 - oy
C
d) —=PT=0 ( ) =@=PT=10
0.5 =P T=20 i PT=30
—=PT=40 —o—PT=50 [Surface:SMA
04 - —+—PT=60 CAT: AT+10
no3
0.2
0.1
0-0 T T T T 1
0 10 20 30 40 50
AT(°C)
06 -
g) PT=0 (°C) BT=10 Surface: UTS
——PT= —B-PT= AT+
PT=20 PT=30 CAT: AT+10
05 1 _——pr=40 —8—PT=50
—t=—PT=60
no4
0.3
0.2 T T T T |
0 10 20 30 40 50
AT(°C)

07 - 07 -
b) (°C Surface: PA C)eproo O _mproto [Smiace PA
06 | =—p=PT=0 =@=PT=10 |CAT: AT+15 ——PT=20 i PT=3() CAT: AT+20
I = PT=20 ——=PT=30 06 - PT=10 PT=50
e PT=40 —8—PT=50 —= -
—+—PT=60 —+—PT=60
0.5 - 05 -
n
04 04
0.3 - 0.3 -
0'2 T T T T 1 0‘2 . . . T .
0 2, 30 4 50 0 10 20 30 40 50
0.6 (°C) 0.6 - o
: C) -
e) ——PT=0 —B-PT=10 Surface: SMA ( Surface: SMA
05 1  —a=PT=20  =—=pT=30 LCATATHS| g5 ﬂ"“gfz% e learatio
4 PT=40 —8—PT=50 PT—10 PT=50
04 === PT=60 04 1  ——PT=60
no3 1o3 3
0.2 0.2
0.1 0.1
0.0 - . . . . 0.0 T . . . .
10 20 30 0 50 0 10 20 30 40 50
AT(°C) AT(°C)
0.6 0.6 . oC
h) o (=l —m—pr=1o | Surface: UTS i) ——p1=0 " —m-p1=10
3 —_ " |cAT: ATHIS —4—PT=20 —=PT=30 e
05 =#—PT=20 —=PT=30 0.5 —PT=40 o—PT=50 urﬁce.
: —#—PT=40 ——PT=50 —— PT=60 CAT: AT+20
——PT=60
nos no4
0.3 03
0.2 ! 0.2 |

10

20
AT(°C)

30

10 30

20
AT(°C)

Figure 5.12 Friction vs. ambient temperature for PIARC tire rolling at 100% slip ratio
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5.4.4 Effect of Contained Air Temperature on the Hysteretic Friction

This sub-section discusses the effect of CAT on the hysteretic friction. The computed results for
hysteretic friction against different values of CATs are shown in Figure 5.13. At 20% tire slip,
the hysteretic friction for a PA surface decreases from 0.64 to 0.59 for a 10°C increase in CAT,
Figure 5.13a, the decrease in hysteretic friction for UTS and SMA surfaces are observed to be
0.02 and 0.05 respectively. Figure 5.13b shows a similar plot of results obtained at 86% tire slip.

The hysteretic friction over PA surface decreases from 0.42 to 0.38 for a 10°C increase in CAT at
86% tire slip. For the same figure, the decrease in hysteretic friction for UTS and SMA surfaces
are observed to be 0.045 and 0.023 respectively. The intercept of the curves on these plots for
different pavement surfaces are different but the slope of the curve remains comparable. This
implies that irrespective of pavement surface type and slip ratios the increase in CAT reduces the
hysteretic friction by the same magnitude.
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Figure 5.13 Friction vs. contained air temperature for PIARC tire
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5.4.5 Effect of Pavement Surface Texture on the Hysteretic Friction

The surface macrotexture of an asphalt pavement varies with mix design. For better
demonstration, a 3D surface plot of hysteric friction against AT and PT is presented in Figure
5.14a to Figure 5.14c.
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Figure 5.14 Variation of hysteretic friction coefficient with pavement surface morphology at a tire
slip ratio of 20%
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Figure 5.15 Variation of hysteretic friction coefficient with pavement surface morphology a tire
slip ratio of 86%
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A closer examination of the results show that the PA surface offers more hysteretic friction
followed by UTS and SMA surfaces. This trend might be due to the asphalt mix characteristics of
PA, which possesses more macrotexture compared to other two surfaces. This also highlights the
importance of maintaining good pavement macrotexture.

The results for PA, UTS and SMA surfaces are computed at a constant tire slip ratio of 20% and a
constant CAT of AT+15°C. For a PA surface, the hysteretic friction varies from 0.72 to 0.50 in
the analysed range of PT and AT. Under the same test conditions, UTS and SMA pavement
surfaces produce the hysteretic friction in a range of 0.65 to 0.42 and 0.59 to 0.35 respectively.

5.4.6 Effect of Tire Slip Conditions on the Hysteretic Friction

The simulation model provides a useful tool to evaluate the effect of slip ratios on hysteretic
friction. Discussion from the previous sections show that there is only a marginal variation in the
hysteretic friction values between 86% and 100% slip ratios. Figure 5.14 and Figure 5.15 show
that 86% slip ratio provides a lower hysteretic friction compared to 20% slip. Lower friction
values are observed at near locked wheel condition which increase the probability of accidents.
The results support the classical relationship between friction and slip ratio, which states that
there is a continuous decrease in the values of friction above 20% slip ratio. A wide range of
hysteretic friction coefficients observed from the corresponding figures show the need for the
harmonization of different friction measuring equipment, which operate at different slip ratios.

5.4.7 Relative Effects of PT, AT, CAT, Pavement Texture and Slip Ratios

The sensitivity analysis of this Chapter shows that a higher PT, AT and CAT would result in a
lower hysteretic friction for a given pavement surface and a given tire slip ratio. On the other
hand, a lower tire slip ratio and a pavement with higher macrotexture results in a higher friction
for a given AT, PT and CAT. A large variation in hysteretic friction shows that a critical
combination of the factors may decrease the friction values significantly. For example, the value
of friction coefficient for a tire slipping at 20% over a PA surface with PT and AT of 0°C, CAT
of 10°C is 0.74 and for a tire slipping at 100% over a SMA surface with PT of 60°C, AT of 40°C
and CAT of 60°C would result in a friction coefficient of 0.1.

For an easier interpretation of data, Table 5.1 shows the regression relationships between
hysteretic friction vs. PT and AT for different pavement surfaces and tire slip ratios. A total of
105 data points (7 PT x 5 AT x 3 CAT) were analyzed for a given pavement surface at a given
slip ratio which accumulates to a total of 730 (105 x 3 pavements x 2 slip ratios) data points. A
high coefficient of determination exists among hysteretic friction, PT and AT as shown in the
corresponding Table 5.1. The intercept values are driven by the type of pavement surface and the
slip condition, which varies in a range of 0.74 to 0.34. It is observed that statistically the rate of
decrease of hysteretic friction (i) with PT i.e. du/dPT is observed to be in a range of 0.0019 per

°C to 0.0035 per °C depending upon pavement type and slip condition. In other words, every 1°C
increase in the PT would decrease the hysteretic friction by 0.0019 to 0.0035 and this rate of
decrement is statistically valid for a given AT and CAT. This shows that the friction value at 0°C
AT and 0°C PT depends on the type of pavement texture and slip ratio. On the other hand, the rate
of decrement in friction depends mainly upon PT. Similarly, the rate of change of friction with
respect to AT (du/dAT) varies from 0.0012 per °C to 0.0017 per °C. It is worth noting that the

rate of decrement in friction with AT is almost independent of type of pavement surface and slip
ratio.
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Table 5.1 Regression equations developed for hysteretic friction as a function of pavement and
ambient temperatures

Pavement Slip Ratio (%) Relationship Adjusted
Surface 2 value
20 n=0.7373—0.0017AT —0.0029PT 0.9369
PA 86 pn=0.4924 —-0.0015AT —0.0020PT 0.8944
100 pn=0.4651-0.0015AT —0.0019PT 0.8564
20 p=0.5917-0.0012AT —0.0035PT 0.8922
SMA 86 p=0.3653—-0.0017AT —0.0033PT 0.9437
100 pn=0.3418-0.0017AT —0.0032PT 0.9248
20 p=0.6669—0.0015AT —0.0030PT 0.9473
uTsSs 86 p=0.4138—-0.0014AT —0.0023PT 0.8154
100 pn=0.4037-0.0017AT —0.0021PT 0.8596

5.5 Analysis of Cornering Tire

As the tire starts making cornering maneuvers, the available friction between the tire and road
surface confines the lateral movement of the tire and results in lateral deformation. Therefore, a
slip angle develops between a rolling tire’s actual direction of motion and the pointing direction.
When the slip angle becomes nonzero, the footprint shifts on one side and thus a change in value
of the coefficient of friction is observed. As the tire experiences loading and unloading cycles, the
deformation occurs in a non-linear fashion due to the mechanical behavior of polymer chains.
Due to this viscoelastic nature of the tire rubber, the coefficient of friction is observed to be load
dependent, speed dependent and temperature dependent. On the other hand, change in tire
pressure can also affect the tire’s characteristics as the pressure variation will change the overall
stiffness of the tire and thus it will affect the friction coefficient. The effects of these tire
characteristics on cornering friction performance can give researchers and practitioners more
insight into the safety aspect of cornering performance. In this section, the effect of tire operating
conditions (inflation pressure, speed and sideslip angle) and pavement types (PA, SMA and UTS)
on cornering friction coefficient are investigated on the basis of the results obtained from the
developed finite element model.

5.5.1 Applied Load on Tire vs. Cornering Friction Coefficient

This sub-section discusses the effect of load on the tire cornering friction and temperature
development, and the computed results are presented in Figure 5.16 and Figure 5.17 respectively.
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A wide range of passenger car loads varying from 1500 N to 4500 N are considered for this
purpose. A total of 210 cases (7 loads x 10 sideslip angles x 3 pavement surfaces) were
analyzed to demonstrate the relationship between the cornering friction and the applied load. For
the ease of examination, a constant sideslip angle of 5°, a constant speed of 45 km/h and a
constant inflation pressure of 200 kPa on a PA pavement surface were considered, while the
loading condition was gradually increased from 1500 N to 4500 N in a 500 N interval.
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Figure 5.16 Effect of load on temperature increase in different regions of cornering tire
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For a given set of operating conditions, when a tire rolls over a pavement surface, energy
dissipation in the rubber takes place. This energy dissipation causes a rise in the temperature in
different regions of the tire as shown in Figure 5.16a. It can be seen that the temperature rise takes
place in the tread, the side walls and other regions of the tire when the load on the tire increases.
However, the temperature increase with load is not same for all regions of the tire. Figure 5.16b
shows a comparison between the temperature development in the tread portion and the sidewall
of the tire. Plots of the figure show that the temperature development in the tire tread region is
found to be less than the side walls. A load increase of 3000N, from 1500 to 4500 N shows a
temperature increase of 7°C in the tread region and 33°C in the sidewall region. The observed
trend is similar to the findings by the investigations of (Wilburn, 1972).

The change in the tire temperature changes the material and rheological tire properties and in turn
changes the tire pavement friction. It can be observed from the Figure 5.17 that an increase in the
tire load decreases the cornering friction. For example, as shown in Figure 5.17 a, when the tire
rolls at 5° sideslip angle on a PA surface, the cornering friction decreases from 0.83 to 0.56 when
the load increases from 1500 N to 4500 N, i.e. the friction value drops by a percentage of 33%.

Figure 5.17a, Figure 5.17b and Figure 5.17c shows the variation in the cornering friction
coefficient with respect to the load for the three different surfaces i.e. PA, UTS and SMA
respectively. It can be concluded that irrespective of sideslip angle and the type of pavement
surface used, the cornering friction decreases with the increase in the tire load.

5.5.2 Inflation Pressure vs. Cornering Friction Coefficient

This sub-section discusses the effect of tire inflation pressure on the temperature development and
the cornering friction as shown in Figure 5.18 and Figure 5.19 respectively. A range of tire
inflation pressures varying from 110 kPa to 350 kPa are considered for this purpose. A constant
load of 4000 N was maintained. The remaining operating conditions are the same as in the
previous section. A total of 300 cases (10 inflation pressures x 10 sideslip angles x 3 pavement
surfaces) are analyzed in this section.
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Figure 5.18 Effect of inflation pressure on temperature increase in different regions of tire
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It can be seen that the temperature drop takes place in the tread, the side walls and other regions
of the tire when the tire inflation pressure on the tire is gradually increased. However, the
temperature drop with the pressure is also non-uniform in the tire cross section. Figure 5.18
shows a comparison between the temperature drop in the tread portion and the sidewall of the tire.
Plots of the figure show that the temperature decrease in the tire tread region is less than the side
walls. A load increase of 3000N, from 1500 to 4500 N shows a temperature increase of 7°C in the
tread region and 33°C in the sidewall region.

As shown in Figure 5.19, as the inflation pressure increases the cornering friction coefficient
decreases. The reason can be attributed to the fact that a drop in average tire temperature results
in positive effect on the cornering frictional performance of a pneumatic tire. For example, as
shown in Figure 5.19a, an increase in the inflation pressure from 110 kPa to 350 kPa, increases
the cornering friction from 0.14 to 0.63 i.e. an overall 77% increase in the cornering friction
coefficient is observed for an increase in the inflation pressure of 240 kPa for a tire rolling at 7°
sideslip angle. Similar trends were observed for other pavement surfaces considered in the
analysis. That means, irrespective of tire operating and pavement surface conditions, proper tire
inflation pressure always enhances the friction performance of a vehicle. However, increase in the
frictional forces relies upon the sideslip angles at which the cornering maneuvers are taking place.

5.5.3 Speed vs. Cornering Friction Coefficient

This sub-section discusses the effect of speed on the cornering friction and the computed results
shown in Figure 5.20. A total of 60 cases (6 speeds x 10 yaw angles) are analyzed. Each plot in
Figure 5.20 shows the change in cornering friction with speed at a constant load of 4000 N and a
constant inflation pressure of 200 kPa. Results show that the cornering friction decreases with
speed. For example, at a constant sideslip angle of 5°, an increase in speed of 50 km/h decreases
the value of cornering friction by 0.24. In terms of percentages, about 25% to 54% decrease in
cornering friction values are observed with an increase in speed of 50 km/h within 1° to 10°
sideslip angle.
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Figure 5.20 Cornering friction coefficient vs. speed
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5.5.4 Side-slip Angle vs. Cornering Friction Coefficient

Figure 5.21 shows the effect of sideslip angle on the cornering friction coefficient within a load
range of 2200N to 4500 N. A constant tire inflation pressure of 200 kPa and a speed of 45 km/h
are considered for the analysis. It can be observed that an increase in sideslip angle increases the
cornering friction and this trend is true for all loading analysed cases. For example, an increase in
cornering friction value of 0.63 is observed when the sideslip angle increases from 0° to 10°, at a
constant load of 1500N. However, it must be noted here that the rate of increase of cornering
friction with sideslip angle is more pronounced for higher loads. A similar trend was observed by
Clark (1971).
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Figure 5.21 Cornering friction coefficient vs. sideslip angle

5.5.5 Pavement Surface Texture vs. Cornering Friction Coefficient

The surface macrotexture of asphalt pavements varies with their respective mix designs. As
shown in the previous chapter, the pavement surface macrotexture has an influence on the tire-
pavement frictional properties. From Figure 5.17 and Figure 5.19 the effect of pavement
macrotexture on cornering friction coefficients can also be studied. It can be observed that values
of cornering friction coefficients are higher in PA surface followed by UTS and SMA surfaces,
under given loading and sideslip angle. For example, Figure 5.17 shows the cornering friction
coefficients on PA, UTS and SMA surfaces, at a constant speed of 45 km/h, inflation pressure
200 kPa and load of 4000 N, varies in range of 0.13-0.90, 0.06-0.82 and 0.01-0.60 respectively.
The observed trend might be due to the asphalt mix characteristics of PA, which possesses more
macrotexture compared to other two surfaces. This highlights the importance of maintaining good
pavement macrotexture on pavement surfaces for safe cornering maneuvers.
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5.6 Summary

This Chapter demonstrated the capability of the developed FE thermo-mechanical tire-asphalt
pavement interaction model to evaluate the effects of tire band temperature, pavement
temperature, ambient temperature, contained air temperature, pavement surface texture and tire
slip ratio on the hysteretic friction. Tire rolling with 20-100% slip conditions are analysed over
three different asphalt pavement surfaces, namely, PA, UTS and SMA. The analyses of results
show that higher TT, PT and AT result in a lower hysteretic friction for a given pavement surface
and a given tire slip ratio. The analysis also shows that the CAT has a marginal effect on the
variability of hysteretic friction. It is also observed that the full skidding tire results in lower
hysteretic friction values followed by 86% and 20% slipping tires. The study also highlights the
importance of maintaining proper macrotexture on pavement surfaces which in turn provides
better hysteretic friction. Overall, this sensitivity analysis shows the effect of important
components of tire-pavement interaction on the friction performance and such a study would give
better insight into the tire-pavement friction mechanism.

The developed thermo-mechanical framework was also utilized to analyze the influence of
temperature on cornering friction which is another important manoeuvres of pneumatic tires and
greater level of complexity in the simulation of tire-pavement interaction. The analysis of the
cornering performance of vehicles on real asphalt pavement surfaces is performed under different
vehicle operating conditions. In general, it was observed that the change in the load and the
inflation pressure changes the temperature in the tire cross section. The tire temperature was
found to increase with increase in load and to decrease with the inflation pressure. It was also
noted that the rate of increase in the tire temperature is not uniform throughout the tire cross
section. The study showed that because of the change in the temperature, material properties of
tire rubber also changes and thus the anti-skidding forces developed beneath the tire also vary.
The cornering friction coefficients were found to decrease with the increase in the loads and the
speeds. On the other hand, the cornering friction coefficients were found to increase with the
increase in inflation pressures, sideslip angles and pavement surface texture depths.

The next Chapter presents the greater complexity in the tire-pavement interaction i.e. the
estimation of friction on a given asphalt pavement surface in the presence of water.
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6 Hydroplaning

6.1 Introduction

The dynamic hydroplaning phenomenon can be envisaged as the progressive infringement of a
water wedge into the tire-pavement contact area which results in the build-up of hydrodynamic
lift forces on the tire tread portion and, at some point in time, may force the tire to lift off the
pavement and literally glide on a thick film of water. If only a portion of the tire-pavement
contact region is separated by water, the contact shear force is considerably reduced but not
totally lost and the tire is said to be partially hydroplaning (Sinnamon and Tielking, 1974). In
hydroplaning, the density, the viscosity and the inertial properties of the fluid predominate (Horne
and Dreher, 1963).

The hydroplaning phenomenon is a multifaceted problem, involving the interaction of fluid
dynamics with the contact mechanics of a load-carrying, pressurized, complex pneumatic tire
structure with rough macrotexture of the pavement surface. Although a number of useful
empirical relationships have been derived from the extensive field experimental programs, the
variability in the field conditions render the usage of these relationships to minimal. Similarly,
far less breakthrough of analytical formulations of this complex problem forced the researchers to
look for numerical techniques like finite element (FE) analysis. In recent years, development of
powerful FE tools made it possible to simulate complex wet tire-pavement interaction as close as
possible to the actual field conditions. However, to the best of the author’s knowledge, none of
the past analytical/numerical studies were able to include the actual pavement surface texture in
the tire-wet pavement analysis. An attempt has been made in this contribution to include real
macro texture of the asphalt pavements to ascertain its effect on the hydroplaning speed and wet
friction coefficients. This part of the thesis start with the literature review of hydroplaning,
followed by the numerical formulation of tire-fluid-pavement interaction and concludes with the
analysis of hydroplaning/wet friction of tire on asphalt pavement surfaces.

6.2 Three Zone Concept

Hydroplaning phenomenon can be well explained by the well-known three-zone concept, first put
forwarded by Gough (1959) for locked wheels and then further developed by Moore (1966) for
rolling tires. This concept suggests that the tire contact area can be divided along the driving
direction into three regions, Figure 6.1.
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Figure 6.1 Three zone concept of hydroplaning (Moore 1966)
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a) Sinkage zone: In this zone, the tire floats on a thick water film, and the water wedge
penetrates into the contact patch so that the tire is fully separated from the road and hence
the elasto-hydrodynamic lubrication governs. It is also called the squeeze zone, because
some of the water is gradually squeezed out from the sides of the tire, but some is trapped
to form a water wedge under the tire. The area of this water wedge gradually expands
backward into the contact patch as the speed of the tire or the water depth increases. This
zone is formed mainly due to the displacement inertia of the entrapped fluid. The
frictional forces developed in this zone are strongly dependent on the bulk properties of
the entrapped fluid, namely viscosity and the velocity gradient in the lubricant film.

b) Transition zone: In this zone, the tire is on a thin water film and this is the transition
region from floating to contact. The transition zone arises when the tire tread penetrated
through the entrapped fluid film, commence to drape dynamically about the asperities of
the pavement surface, and make contact with the lesser asperities. Throughout this zone,
a progressive breakdown of the water film occurs down to thickness and hence, a mixed-
lubrication regime exists which is partially hydrodynamic and partially boundary. The
effective friction coefficient ranges between a very low value due to viscous
hydroplaning at the leading edge of the transition zone to the friction of boundary layer
lubrication at the end edge of this zone, which is more or less equal to dry friction. This
zone occurs at normal speeds.

c) Actual contact zone: In this zone, the tire can make a complete contact with the
pavement. The entrapped fluid film has been totally or substantially removed, and
vertical equilibrium of the tread elements with the pavement surface can be attained. In
this zone, boundary lubrication is dominant and full skid resistance or traction capability
can be achieved.

On the basis of above discussion, the friction coefficient can be determined by the following
equation:

Hyer = (= e e, (6.43)

L, IS the friction coefficient, pg is the boundary-layer wet friction, F, is the fraction of

footprint in elasto-hydrodynamic lubrication mode (EHL). The total hydroplaning occurs at very
high speeds when k., =1 and p,, =0. At low speeds, where F,, =0, the boundary-layer
lubrication prevails.

6.2 Manifestations of Hydroplaning
The hydroplaning phenomenon was first demonstrated by NACA in 1957 and since eight

manifestations of tire hydroplaning have been observed. Horne and Dreher (1963) listed and
described these manifestations as follows

6.2.3 Detachment of tire footprint
As ground speed increased, a wedge of fluid progressively infringes into the tire-pavement

contact patch and a hydrodynamic pressure is developed between the tire and the pavement. The
resulting hydrodynamic lift tends to detach the tire footprint from the pavement surface.
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6.2.4 Hydrodynamic ground pressure

The tire hydroplaning speed is the ground speed required for the average hydrodynamic pressure
acting in the tire footprint region to equal the average tire-ground bearing pressure or, in
approximation, to equal the tire inflation pressure. It should be noted from the field experimental
results that (1) the ground hydrodynamic pressure develops ahead of the initial tire-pavement
contact point due to action of the tire bow wave, (2) the peak ground hydrodynamic pressure is
considerably in excess of the tire inflation pressure, and (3) negligible hydrodynamic ground
pressures are developed at the rear of the tire-ground footprint at the higher ground speeds.

6.2.5 Spin-down of unbraked wheel

The most striking manifestation of tire hydroplaning is the condition in which unbraked free
rolling wheels slow down or stop completely on wet pavement surfaces. Unbraked-wheel spin-
down arises from the following two hydrodynamic lift effects which combine to produce a total
wheel spin-down moment in excess of the wheel spin-up moment due to tire drag sources, (1) as
ground speed increases, the hydrodynamic lift progressively detaches the tire footprint from the
pavement surface and makes the tire ground frictional spin-up moment tend towards zero values,
and (2) the center of pressure of the hydrodynamic pressure and resulting lift developed between
the tire footprint and ground surface shifts increasingly forward of the axle as the ground speed
increases and produces the wheel spin-down moment. At high speeds comparable to the total
hydroplaning speed of the tire, this wheel spin-down moment overcomes the wheel spin-up
moment from all the drag sources and wheel spin-down commences.

6.2.6 Suppression of tire bow wave

Tires under wet or flooded conditions indicate that a large bow wave forms in front of the tire for
all ground speeds below the hydroplaning speed. As the ground speed increases, the angle of the
bow wave with respect to the pavement surface tends to reduce progressively until at some high
ground speed in the total hydroplaning region, the bow wave disappears completely.

6.2.7 Scouring action of escaping fluid in tire-ground footprint region

The wheels tend to deposit rubber in the pavement surfaces during high-speed braking on dry
pavement surfaces. However, during total hydroplaning conditions, the escaping fluid under the
influence of high hydrodynamic pressures tends to clean the runway surface in the tire path with
the result that white streaks instead of black streaks are formed by the tires on the pavement
surface. It should be noted that this scouring action may also develop when smooth tires are
braked on wet smooth pavement surfaces at ground speeds below the tire hydroplaning speed
because of viscous effects which also produce high hydrodynamic pressures in the tire-ground
contact region.

6.2.8 Peaking of fluid displacement drag

It was observed that the fluid displacement drag reaches a maximum value at a ground speed near
the tire hydroplaning speed during field hydroplaning tests at the Langley test tracks. It was also
observed that increasing the ground speed above the critical hydroplaning speed results in
appreciable reductions in fluid drag. This result is attributed to the tires lifting off the runway
surface at the higher ground speeds and consequently displacing less runway fluid from the tire-
pavement contact patch.
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6.2.9 Loss in braking traction

Whenever a pavement surface is flooded with fluids such as slush or water to depths large enough
to the onset of tire hydroplaning, the loss in braking traction is more catastrophic. At this point,
applying brakes to wheels that have either completely or nearly stopped rotating from
hydroplaning effects cannot be expected to improve the existing tire retardation forces and
friction coefficient at all.

6.2.10 Loss in directional stability and control

Another significant manifestation of tire hydroplaning is a loss of directional stability, as jointly
demonstrated by the FAA and NASA on a four-engine jet transport. During their tests, it was
observed that the aircraft tend to yaw and drift laterally on the runway while in the slush bed at
speeds in excess of the predicted hydroplaning speed. The loss of tire directional stability at and
above tire hydroplaning speeds could be extremely serious to the aircrafts especially during take-
off and landing operations.

6.3 Factors Influencing Hydroplaning Speed

The safety of vehicles against hydroplaning is strongly dependent on the factors related to, 1) tire,
for example, tread pattern, tire size, tire construction, tire shape, tire load, inflation pressure, tire
slip ratio etc., 2) pavement, for example, microtexture, macrotexture, mix design etc. 3) fluid, for
example, depth of the water film, density etc., but the main influence is the driving speed,
because the hydrodynamic lift increases with the velocity squared (Grogger and Weiss, 1997).

6.3.3 Tire parameters
6.3.3.1 Tire Inflation Pressure

When the critical water depth is exceeded for any tire-pavement surface combination, the critical
speed required to detach the tire from the pavement surface and hence the total hydroplaning
condition to occur was found to be almost entirely dependent upon tire inflation pressure. NASA
expressed the critical hydroplaning speed of aircrafts and ground vehicles as a function of the
inflation pressure, Figure 6.2. From the figures, it can be observed that the critical hydroplaning
speed increases with the tire inflation pressure.

Similarly, Staughton and Williams (1970) expressed the critical spin-down speed of a tire on a
flooded pavement as a function of the tire pressure and wheel load as shown in Figure 6.3.
Staughton and Williams also found from their field experiments that the tire load did not have a
significant influence on hydroplaning speed. This outcome can be explained by the knowledge
that dynamic hydroplaning occurs when the average hydrodynamic pressure beneath the tire
approximately equals the ratio of tire load to gross contact area, and this ratio depends primarily
upon inflation pressure.
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Figure 6.2 NASA Experiments to determine the effect of tire inflation pressure on the dynamic
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Figure 6.3 Prediction of hydroplaning speed against tire inflation pressure from the experimental
results of Staughton and Williams (1970)

As discussed earlier, higher tire inflation pressures lead to lower hydroplaning risk due to the
following reasons:

@) Brown (1975) found that the higher the inflation pressure leads to the greater the
stiffness of the tire and the greater the resistance of its tread region against the
inward bending of tire under the action of fluid inertial forces. It is this inward
bending which allows the penetration of fluid film into the tire contact patch
resulting in the dynamic hydroplaning.

(b) Yeager and Tuttle (1972) found that higher tire inflation pressures lead to greater
grove openings which act as channels to expel the water from tire-pavement
contact area and thus delay the onset of hydroplaning. A tire with low inflation
pressure will allow the center of the tread to collapse and become very concave,
trapping water rather than flowing it through the tread design.

6.3.3.2 Speed

Horne and Dreher (1963) conducted an extensive experimental program to determine the effect of
ground speed on the average friction coefficient on flooded runway surfaces at Langley research
centre. Their results indicated that the wet runway friction coefficients varies inversely with
aircraft ground speed for all the operating conditions and at higher ground speeds hydroplaning
conditions prevail, Figure 6.4. The reason can be attributed to the greater hydrodynamic uplift
forces acting on the tire because of the higher ground speeds of an aircraft on a wet runway
surface. This causes the net wheel load to be lower, as a result, lower runway friction coefficients
with higher speeds. Figure 6.4 also shows that even for the large aggregate asphalt surface, the
flooded surface resulted in a large loss in traction at the higher ground speeds. Their field
experimental results indicate that a total traction loss at about 106 knots which corresponds to the
predicted hydroplaning speed from dynamic hydroplaning theory (Horne et al., 1963).
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6.3.3.3 Tire tread grooves

The primary effect of tread pattern is to reduce the size of squeeze film by providing low pressure
squeeze boundary to the water entrapped beneath the tread ribs. In case of deep water films, the
groove pressure increases in order to motivate the flow of water. A number of researchers
performed experiments to determine the effect of groove geometry on the wet traction
performance. Horne and Joyner (1965) measured the hydrodynamic pressures in the grooves and
beneath the tread ribs of an aircraft tire comprised of straight and circumferential grooves and
measured the pressure in the center groove and beneath an adjacent rib as a function of speed,

Figure 6.5.
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Figure 6.5 Hydrodynamic pressure in the centre groove and beneath an adjacent rib against speed

ratio (Horne and Joyner, 1965)
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Figure 6.5 shows that as speed ratio increases, pressure inside the groove increases and the
difference in the pressure between groove and rib decreases. As the rate of expulsion of squeeze
water film from beneath the rib depends on the groove-rib pressure difference, it follows that the
increase in groove hydrodynamic pressure constrain the expulsion of squeeze water film and
result in more of the contact region being supported by a water film than would be the case at the
same speed in the shallow water films. At a certain speed, the groove pressure becomes equal to
the pressure on the squeeze film beneath the ribs. At this speed, the grooves are said to be
"choked" and no longer provide a low-pressure boundary for the squeeze film beneath a rib. A
further increase in speed cannot increase the groove flow rate so the water entering the contact
region is accommodated by separation of the tire from the road surface. The groove choke speed
is also the speed of total dynamic hydroplaning.

6.3.3.4 Tread design

Suitable and adequate tread design increases the critical ground speed required for hydroplaning
and thus reduces the risk of accidents in flooded pavement conditions. Also proper tread design
tends to increase the minimum fluid depth required for a tire to hydroplane. Tire tread provides
escaping channels for entrapped water to discharge it away from the tire-pavement contact area,
and helps to retard the development of hydrodynamic pressure, thereby delaying the occurrence
of hydroplaning. Tires with proper tread design also helps to increase the wet braking traction
than for smooth treaded tires (Horne and Dreher, 1963).

Staughton and Williams (1970) conducted field experiments to measure the effect of transverse
grooves of tire on the hydroplaning speed at various water depths. Federal Aviation
Administration (FAA) and Federal Highway Administration (FHWA) conducted field experiment
programs to study the hydroplaning behaviors of longitudinal grooved tires (Hays et al., 1981;
Balmer and Gallaway, 1981).

Apart from the tread design, geometric properties of the tire tread have influence on the
hydroplaning speed. The deeper grooves of tire offers more effective channels for water flow and
hence hydroplaning takes place at a higher speed due to a lower rate of development of the
hydrodynamic uplift force. Maycock (1967) and Gengenbach (1968) conducted field
experimental studies to determine the effects of width, depth and spacing of a tire tread groove on
skid resistance. They showed that width, depth and spacing of the tire tread grooves have
tremendous effect on wet skid resistance. Tire tread pattern also affects the other operating
characteristics of a tire such as noise, wet skid resistance, riding comfort and steering stability
(Horne and Leland, 1962).

6.3.3.5 Tire footprint aspect ratio

Horne (1984) experimentally proved that tire footprint aspect ratio has a significant influence on
the hydroplaning speed. The Footprint Aspect Ratio (FAR) of pneumatic tires is defined as the
ratio of the tire foot print width to its length. The following equation put forwarded by Horne et
al. (1986) shows the hydroplaning speed is dependent on the tire FAR as described by the and is
shown in Figure 6.6.

v, =51.8—-17.15FAR +0.72p (6.44)

where v, is the hydroplaning speed in mph, FAR is the tire foot print aspect ratio and p is the
tire inflation pressure in psi.
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(Horne et al., 1986)

6.3.3.6 Sipes

Automobile tire manufacturers demonstrated that the addition of closely spaced sipes or small
knife cuts in the rib areas of circumferentially grooved tires increases traction on wet smooth
surfaces to a much greater extent than simple grooving (Horne et al., 1968). Sipes, or knife cuts,
do appear on tire surfaces to give a significant improvement on smooth, polished, surfaces. The
mechanism by which sipes improve wet friction is still a matter of speculation. The following
four mechanisms can be attributed to the functionality of sipes in the wet pavement conditions
(Horne and Dreher, 1963; Sinnamon and Tielking, 1974):

The sharp edges of a sipe act like squeegees in wiping away the water film so that the
following tread can make contact with the road surface.

The sharp edges of a sipe provide points of high contact pressure which permits
penetration of the water film.

The sipes provide temporary low-pressure storage cavities for squeeze film water
trapped beneath the tread ribs, thereby reducing the size of the squeeze film.

The sipes that have at least one end opening into a groove will provide additional
drainage in much the same manner as surface macrotexture. This mechanism has
been confirmed by glass plate observations

6.3.3.7 Vertical load

Past researchers (Horne and Joyner, 1965; Staughton and Williams, 1970) proved under their
field experimental studies that an increase in the vertical load on a pneumatic tire has a minor
effect on the tire’s hydroplaning speed, Figure 6.7.
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Figure 6.7 Effect of vertical load on hydroplaning for flooded smooth and rough textured concrete
surfaces. Water depth = 0.3 in; 20x4.4 rib tread aircraft tire; tire pressure = 155 psi

(Horne and Joyner, 1965)
This due to the fact that the tire acts as an elastic body and any change in the vertical load on the
tire produces corresponding changes in the tire-ground footprint area such that the ratio of vertical

load to footprint area remains constant for a given tire inflation pressure (Horne and Joyner,
1965).
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6.3.3.8 Tread Wear

Tire wear is an important factor in wet-runway stopping performance of tires of automobiles and
aircrafts. Tests conducted by Horne et al. (1968) at the NASA Langley Research Center showed
that on a wet runway surface, with tire tread wear greater than 80 percent, braking effectiveness
dropped noticeably and hydroplaning conditions prevail, Figure 6.8.
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Figure 6.8 Effect of tread wear on the average friction coefficient on the flooded runway surface
(Horne et al., 1968)

As discussed in the previous Sections 6.3.3.3 and 6.3.3.4, tire grooves are necessary to dissipate
water from under the footprint. Figure 6.8 shows that this benefit is lost as the tire tread wears.
Moreover, badly worn tire tread likely to flatten the remaining grooves as vertical load increases.
This in turn causes the tire to hydroplane even at lower speeds. at which hydroplaning occurs. In
effect, a worn tire "behaves very much like a smooth tire during braking™ (Trafford et al., 1965).

6.3.4 Fluid parameters
6.3.4.1 Depth of fluid

Higher surface water depths combined with even practical ground speed of aircraft could result in
hydroplaning by developing hydrodynamic uplift force on the tire contact patch at a faster rate.
Such a situation demands proper drainage of surface water by either constructing asphalt runways
with open graded mix designs or providing runway surface grooving. Dynamic hydroplaning
occurs only under a certain minimum fluid depth on pavement surfaces (Horne, 1974) as shown
in Table 6.1.

Rib tread tires operating on open-textured and transverse-grooved pavement surfaces require the
largest fluid depths. It was also found that hydroplaning speed decreases rapidly for water film
thicknesses between 0.1 mm and 2 mm and tends to level-off for larger water film thicknesses
(Ong et al., 2005).
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Table 6.1 Effect of water depth on hydroplaning phenomena (Horne, 1974)

: RUNWAY WATER DEPTH RANGE, IN. HYDROPLANING PHENOMENA EXPERIENCED
Greater than (0,05=0.10) (a), (v), {e), and (a)
Between (0.02-0.03) and (0,05-0.10) (b), (e), and (4)
Less then (0,02-0.03) {¢) and (d)

(a) DYNAMIC HYDROPLANING.- Unbraked wheel spindown, zero tire braking and
. cornering friction coefficients (aircraft ground speeds must be
greater than tire dynamic hydroplaning speed, VP = 9/ p).¥

(b) COMBINED DYNAMIC AND VISCOUS HYDROPLANING.- Reduced tire breking end
cornering coefficients, slow recovery of wheel synchronous (ground
speed) angular velocity from braking skid (from breke application).

(e) VISCOUS HYDROPLANING.- Reduced tire breking and cornering coefficients,
slow recovery of wheel synchronous (ground speed) engular velocity
from breking skid (from breke epplication).

(d) REVERTED RUBEER HYDROPLANING.- Very low tire braking friction
coefficlents at all ground speeds, tire cornering friction coeffi-
cient = 0 {only develops if prolonged locked wheel tire skid occurs
due to pillot or antiskid failure to release wheel brake pressure
after wheel skid from brake epplication).

¥ Where Vp tire dynamic hydroplening speed, knots

p tire inflation, 1b/in.?

Agarwal and Henry (1977) performed experiments on locked wheel on pavement with water
depth less than 2.4 mm and the hydroplaning speed is expressed in terms of water film thickness
as follows,

v, =37.5+5.28(t,) °° (6.45)

where Vv, is the hydroplaning speed in mph and t,, is the water film thickness in inch.

Equation (6.45) was modified by Huebner et al. (1986) who proposed the use of Equation (6.46)
which is valid for the water film thickness above 2.4 mm.

v, =26.04(t,,) % (6.46)

Staughton and Williams (1970) measured the spin-down speed for several production tires in
various water depths on a smooth concrete surface. The results of the spin-down tests are shown
in Figure 6.9. For all but one of these tires, an increase of water depth above about 5 mm (0.20
in.) has no effect on the hydroplaning speed. For high rainfall rates and poor drainage conditions,
the available friction coefficient can drop drastically, especially at higher aircraft ground speeds
close to hydroplaning speed. To help promote water drainage, most runways are constructed with
a cross slope or crown and coarse, highly textured surface finishes are applied. In general, runway
water buildup or surface flooding that occurs during periods of precipitation is directly related to
the rainfall intensity, the surface macrotexture (coarse, large-scale, surface roughness), and the
runway cross slope.
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Figure 6.9 Hydroplaning speed predicted by experimental results of Staughton and Williams
(1970) for different water depths

Gallaway et al. (1971) developed an equation based on tests at the Texas Transportation Institute
(TTI) to predict the water depth on un-grooved pavements. It should be noted that the water depth
predicted by the equation is the water film depth lying above the mean pavement texture depth.

d=3.38*10° [(1/ T) O | 043 %059 5 (q S)‘W] -T (6.47)

where d is the water depth (in) ; T is the average pavement texture depth (in); L is the drainage
path length (ft); |is the rainfall intensity (in/hr); and Sis the pavement cross slope (ft/ft). The
water depth given by Equation (6.47) is shown in Figure 6.10.
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Figure 6.10 Water depth required to cause hydroplaning predicted by Gallaway’s equation (1971)
for different rainfall intensities

6.3.4.2 Density of Fluid

The density of fluid is considered to be a significant fluid property in tire hydroplaning because of
the severe curvature of the streamlines in the vicinity of the tire and the high speeds involved
(Martin, 1966). The squeeze films which prevail under partial hydroplaning conditions are thinner
than the maximum film thickness observed when total hydroplaning begins. Thus, in partial
hydroplaning, tire deformation due to hydrodynamic pressure should be sufficiently small that the
pressure available to squeeze a water film from beneath a tread element is essentially the dry
surface contact pressure. It was observed that an improvement in wet traction performance
should accompany an increase in tire-road surface contact pressure. This can be accomplished in
two ways: a) the groove, or void, area can be increased, decreasing the actual area of tire -
pavement contact. The contact pressure for a given tire load will thus be increased; b) the
inflation pressure can be increased, reducing the contact area and increasing the tire-road contact
pressure.

6.3.5 Pavement surface parameters
6.3.5.1 Microtexture

Pavement microtexture affects the actual contact between tire and pavement by penetrating the
thin film of water that is not removed by the tire. A good microtexture on a pavement is a major
means of combating viscous hydroplaning (Moore, 1967; Horne, 1975). Microtexture is a fine
scale roughness contributed by the fine aggregates (ACPA, 2000) and technically it is the texture
defined by the wavelengths of 0.001lmm to 0.5 mm and vertical amplitude less than 0.2 mm
(PIARC, 1987). It was found that the pavement microtexture in the 0.2- to 0.5-mm range delays
hydroplaning by increasing the hydroplaning speed by up to 20% (Ong et al., 2005).
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6.3.5.2 Macrotexture

The surface macrotexture of asphalt pavement varies with mix design. An effective pavement mix
design brings about a better surface macrotexture which in turn serves as flow channels to
facilitate the drainage of entrapped water trapped within the tire—pavement contact area and thus
reducing the magnitude of hydrodynamic forces on the tire footprint which may otherwise cause
the tire to float on the water (Horne and Joyner, 1965).

Pavement macrotexture is a function of aggregate size, shape, angularity, spacing and distribution
of coarse aggregates (Kokkalis and Panagouli, 1998). Macrotexture refers to texture with
wavelengths of 0.5 mm to 51 mm and vertical amplitudes ranging between 0.1 mm and 20 mm
(PIARC, 1987). It is most commonly produced through small surface channels, grooves, or
indentations that are intentionally formed to allow water to escape from beneath a vehicle’s tires
(FHWA, 2002). The hydroplaning risk associated with different types of surfaces and their
macrotexture depths was found by Yager (1983), Table 6.2.

Table 6.2 Classification of pavement surfaces by hydroplaning potential and macro-texture depth
(Yager, 1983)

Macrotexture depth (mm)

Hydroplaning Grease
Class Type of Surface potential sample Sand patch
method
method

Deep grooving

| Open texture Low >1 >1.8

Porous friction course
Shallow grooving

1 Scoring and wire combing Poor 1t00.5 1.8t00.9

Large aggregate asphalt
Heavily textured concrete
I Mixed gradation aggregate Fair 0.5t00.3 0.9t00.6
asphalt

Lightly textured concrete

Worn and trafficked

v - Good 0.3t00.1 0.6100.25
Small gradation aggregate
asphalt
Very little texture
\% Painted and rubber coated High <0.1 <0.25

Heavily trafficked

Smiley and Horne (1960) demonstrated from their experimental investigations that for a given
speed, increasing the surface texture increases braking traction up to some level after which no
further increase in traction is obtained. The results indicate that a greater depth of texture is
required to develop maximum tire friction coefficient at the higher speeds, Figure 6.11.
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A pavement with good macrotexture in the form of grooving can also delay the dynamic
hydroplaning considerably (Horne, 1975). Gray (1962; 1963) found that transverse (to vehicle
motion) pavement grooves can substantially increase the minimum water depth required for tire
hydroplaning to occur, Figure 6.12.
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Figure 6.12 Effect of runway water depth on tire displacement from runway under hydroplaning
conditions. British Meteor fighter; ground speed, 87 knots; tire pressure, 60 Ib/sq in.; vy/ vy = 1.2
(Gray, 1963)
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6.4 Empirical Equations to Determine Critical Hydroplaning
Speed

6.4.3 NASA equations

The hydrodynamic dynamic lift generated under a tire rolling and sliding along a water-covered
surface is given by the following equation (Horne, 1963; 1975; 1976):

Lift Force (LF) = %CthVZS (6.48)

where, pis the density of the fluid, Sis the tire footprint area and C,, is the hydrodynamic lift

coefficient. When total dynamic hydroplaning occurs, LF/S is equal to the tire bearing pressure
that can be approximated by the tire inflation pressure p .

Hence, the total dynamic hydroplaning speed can be expressed as:

Hydroplaning Speed (v, ) = 2p (6.49)
PCL,

On the basis of a large number of field tests, the value of C,, is considered as 0.7 for a rolling
tire and 0.95 for a sliding tire.

Based on these values of hydrodynamic lift coefficients and the density for water, NASA
proposed the following equations to determine the critical hydroplaning speed for rolling and
locked wheels as a function of tire inflation pressure:

Vh,rolling = 636\/5 (650)

Vi locked = 5-43\/6 (6.51)

where, Vy ing IS the hydroplaning speed for rolling tire in km/h, Vy ..qis the hydroplaning

speed for locked wheel in km/h and P is the tire inflation pressure in kPa.

NASA also proposed an empirical equation to determine the critical spindown speed for truck
tires (Horne, 1984; Horne et al., 1986) as a function of the tire footprint aspect ratio and the tire
inflation:

spindown = 233*[p] (14/ F’A‘R)O5 (652)
where, FAR is the Footprint Aspect Ratio is defined as: Tire width/Tire length

0.21
V

6.4.4 Gallaway’s hydroplaning equation

Gallaway et al. (1979) proposed an empirical equation to predict the critical hydroplaning speed
as a function of tire inflation pressure, tread depth, water depth and mean texture depth:

v, =(SD)"*(p,)" (TRD+1)"" A (6.53)

where A is defined as follows,
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where v is the hydroplaning speed in mph, SDis the spin-down in percentage, t,, is the water-

film thickness in inch, MTD is the mean texture depth in inch, p, is the tire inflation pressure,
in psi and TRD is the tire tread depth in 1/32 inch.

6.4.5 Wambold’s hydroplaning equation

Wambold et al. (1984) proposed the following equation to predict the critical hydroplaning speed
for tires rolling under low inflation pressure conditions:

V, =KI*[(TD/25.4+1)* *MTD'® * (k4 / WT*® +1)][3.5] (6.54)

where, WT is the estimated water film thickness (mm); MTD is the mean texture depth (mm);
TDis the tire tread (mm); V,is the critical hydroplaning speed (km/h) and

k1, k2, k3, k4 and k5are empirical coefficients and 0.05, 0.01, 18798 and 0.01as
typical values for these coefficients, respectively.

However, the above equation is applicable only for hydroplaning speed corresponds to 10% spin-
down; and 165 kPa tire pressure.

6.4.6 PAVDRN hydroplaning equation

The predicted hydroplaning speed (V,) computed by PAVDRN equation speed is expressed as
follows:

a) for water film thickness (t) is less than 2.4 mm
_ -0.259
v, =96.3t (6.55)

b) for water film thickness (1) is equal to greater than 2.4 mm

v, =494 A (6.56)
where A is the greater of following equations:

(—1t20j(?64 +3.507j or {—350_'0165 —7.817} (0.0393 MTD)"**

MTD is the mean texture depth (mm).

6.5 Analytical/Numerical Modeling of Hydroplaning

Martin (1966) conducted an analytical study of total dynamic hydroplaning phenomenon from the
standpoint of view of theoretical hydrodynamics and compared with the experimental results.
The following are salient features of his study: (a) potential flow theory was applied and
conformal mapping techniques were used to get the solution, (b) two-dimensional irrotational
flow problem of rigid curved surfaces involving incompressible inviscid fluid, (c) the coefficient
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of lift obtained was 0.8 compared to 0.644 for NASA and does not change appreciably for
moderate water depths and grooved tires. The drawbacks his analytical model are that (a) the side
flow and the viscosity were neglected completely and (b) the formation of bow wave was
completely neglected.

Eshel (1967) conducted an analytical study on the total dynamic hydroplaning phenomenon. The
major features of his study are as follows: (a) In the inlet region: no side flow was allowed, the
effect of bow wave was considered and the fluid inertial effects were considered; (b) In the
central region: two dimensional viscous flow was assumed and non-inertial side flow was
considered; (c) In the exit region: the atmospheric pressure was considered at the trailing edge;
(d) parabolic velocity profile across the water film thickness was considered. The major drawback
of his study is that there is no definite side flow in the inlet region.

Moore (1967) presented an analytical model to explain both partial and total viscous
hydroplaning phenomena. The following are the major contributions of his analytical study: (a)
solving the problem of a sliding rubber block on a two-dimensional smooth sinusoidal asperity
separated by a thin film of fluid, (b) one-dimensional Reynolds solution was proposed in which
inlet, central and outlet regions for the film above the single asperity were treated separately. The
major drawbacks of his study are that (a) limited to viscous hydroplaning problems with a two-
dimensional sinusoidal asperity, and (b) the effect of side flow was neglected.

Tsakonas et al., (1968) conducted analytical work based on inviscid approach to solve the
problem of the planning of a flat rigid surface of small aspect ratio in extremely shallow water.
The salient features of their study : (a) employing the theory of hydrofoil, (b) solution was
possible when the pressure distribution on the pavement was a step function equal in magnitude
to the tire inflation pressure. The major disadvantages of their study are that, (a) their model does
not represent practical conditions, in which tire surface is not planar and the actual flow is not
inviscid for the whole tire foot-print region and (b) their lift coefficient was quite small compared
to that of NASA’ experimentally determined value.

Daughaday and Tung (1969) were the first to introduce a three-dimensional tire surface model to
solve the total hydroplaning problem by using a two-region approach. The salient features of their
model are: (a) In the inlet region, the fluid inertial effects are predominant while the flow in the
foot-print region is non-inertial and viscous, (b) the foot print region was assumed to be planar.
The major findings of their analytical study were that (a) the planar footprint region cannot
produce the magnitude of the recovery factor that is necessary for the tires to hydroplane, thus,
the tire deformation is necessary for an accurate prediction of hydroplaning speed, (b) the inward
buckling of the tire which produces a more two-dimensional flow in the footprint region and
which results in the right order of magnitude of recovery factor which is a crucial ingredient in
the theory of hydroplaning. The major drawback of their study was that the flow in footprint
region was viscous and noninertial. The hydrodynamic pressure distribution computed for a
totally hydroplaning tire with flat-tread surface in the contact region is shown in Figure 6.13.
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Figure 6.13 Hydrodynamic pressure distribution under total hydroplaning conditions for a tire
with flat-tread surface in the contact region (Daughaday and Tung ,1969)

Browne (1971) proposed a two-dimensional treatment for a three-dimensional tire deformation
model for hydroplaning, making use of Navier-Stokes equations, Figure 6.14. In his model,
inviscid, laminar and turbulent models were explored, with the side flow component. Browne
investigated the influence of deforming tire using the Moire Fringe technique to measure the fluid
thickness distribution under the tire and predicted the hydroplaning well. Browne adopted steady-
state analysis for the hydroplaning problem. Browne shows that tire hydroplaning must be
accompanied by inward buckling of the tire tread in the central portion of the contact region.
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Figure 6.14 Tire deformation profile under hydroplaning conditions (Brown, 1971)
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Browne's analysis shows that viscous effects are not important in hydroplaning where the amount
of water encountered by the tire exceeds the combined drainage capacity of the tread pattern and
the pavement macrotexture. Further Brown and Whicker (1983) adopted an interactive procedure
to introduce the tire deformation by considering the interaction of a fluid flow model and the tire
deformation profile. The major drawbacks in Browne’s study were (a) the flow in the
hydroplaning situation is not turbulent; (b) the recovery factors of 0.56 in his model is low
compared to NASA’s value of 0.644; and (c) the model verification made use of a plane of
symmetry, a laminar flow and pavement surface was used in numerical verification.

Grogger and Weiss (1996) did the pioneering work and numerically solved the hydroplaning
phenomenon, using a combination of general-purpose packages of fluid dynamics and in-house
code of structural analysis. Fluid meshes were defined around contact area of a deformed tire and
their velocity and pressure fields were obtained. Grogger and Weiss’s investigation was limited
to non-rotating and non-deforming tire to simplify the analysis. Their investigation closely
matched the experimental results for lower vehicle speeds. They concluded neglecting tire
deformations caused higher pressure distribution at increased speeds. In the following year,
Grogger and Weiss (1997) investigated the influence of hydrodynamic pressures on smooth and
grooved tires including deformation and rotation of a tire and compared with an undeformed tire.
Their results show tremendous influence of deforming tires at higher vehicular speeds.

Seta et al. (2000) established a numerical procedure to predict the hydroplaning speed. They
considered the following three important factors: (a) fluid-structure-interaction, (b) rolling tire,
and (c) tire tread pattern. The tire and fluid were analyzed by the finite element method with
Lagrangian formulation, and the finite volume method with Eulerian formulation respectively.
Seta et al. focused on the simulation of dynamic hydroplaning with thick water films and hence
they ignored the effect of fluid viscosity. They verified the predictability of the hydroplaning
model by varying different parameters such as the water depth and velocity, tread pattern etc.
However they could not predict the precise speed at which the onset of hydroplaning takes place.

Janajreh et al., (2001) used fluid dynamics theory to ascertain the drag force, which is an
indication of the fluid evacuation around the tread pattern. The hydroplaning speed is considered
to be low as the drag force increases. Okano and Koishi (2001) proposed a coupled Eulerian
Lagrangian numerical method to predict the hydroplaning speed by computing its dependence on
the contact force between tire and road, using MSC.Dytran for different tire tread patterns.

Ong et al. (2005) developed a numerical hydroplaning model based on finite volume framework.
The hydroplaning simulations were performed by utilizing Brown (1971)’s work of smooth tire-
plane pavement conditions. The results were found to be in good agreement with the well-
known NASA hydroplaning equation. The model was further improvised to investigate the
effectiveness of transverse and longitudinal grooving in reducing hydroplaning risk (Ong and
Fwa, 2006a; 2006b) and different tread patterns of tires (Fwa et al., 2008; 2009, 2010). The
drawback of their model was the use of a non-rotating tire with an artificial pavement. Cho et al.
(2006) proposed a method to estimate the frictional energy loss of a passenger car tire rolling on a
flooded smooth pavement, which is based on a numerical-analytical approach. The drawback of
this model was the use of smooth pavement surface.
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6.6 Computational Formulation of Hydroplaning

The problem of hydroplaning in which a rolling/skidding tire impacts a thick layer of water has
been tackled by applying the Coupled Eulerian Lagrangian (CEL) technique, thereby avoiding
numerical difficulties associated with extensive mesh distortion in the Lagrangian approach due
to fast flow fields. This improvement in fluid-structure-interaction (FSI) modeling resulted in a
more realistic behavior of the fluid material during impact. The Abaqus/Explicit transient
dynamic analysis technique has been utilized to combine geometrical and material nonlinear
response characteristics. The method consists of periodic surface reconstruction and solution of
the coupled fluid - structure equations. The tire is discretized by the traditional Lagrangian finite
element formulation. The water is represented by means of an Eulerian formulation in which the
fluid flows through a stationary cube finite element (FE) mesh. The interaction forces between the
fluid and the tire are transferred through Eulerian—Lagrangian penalty based contact.

The strategy for CEL calculations is to apply pressure boundary conditions on the Lagrangian
mesh from the Eulerian mesh, and to treat the Lagrangian mesh boundaries as velocity boundary
conditions in the Eulerian mesh. Since the Eulerian mesh is fixed and the fluid material flows
through it, a larger Eulerian mesh than the actual physical fluid mesh is required to prevent the
loss of fluid material after the impact, as this would lead to the artificial loss of kinetic energy and
consequently decrease the level of accuracy of the obtained results.

In the following, details of the utilization of the CEL method for simulation the interaction of tires
with a given speed and slip ratio with wet/flooded asphalt pavement surfaces.

6.6.3 CEL method

6.6.3.1 Governing Equations

The equations of the structure (tire and pavement), come from the conservation of momentum and
material models (in this case viscoelasticity).

For the displacement field u of the deformed structure it holds
D?u

W:v'sc+sb (657)

P

where p is the density, & is the Cauchy stress, D is the body force. The subscript ¢S’ denotes the
structure.

From Figure 6.15, the displacement boundary conditions on the boundary 0.0, and the traction
boundary conditions on the boundary 0,€2, can be written as

Uu=.0o0no,Q (6.58)
o-.n=_tond.Q, (6.59)

S

Where n is the outward unit vector normal to the boundary and t is the external traction
including hydrodynamic pressure.
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0.Q,
J
Figure 6.15 Structure domain
The system of fluid equations in non-conservation partial differential form,
Dthp £ pV.V=0 (6.60)
Dv
pr—V‘fO——fb:O (661)
DE
pr—V'(fO"V)—fb'VZO (662)

where V is the flow velocity and E is the total energy per unit volume. The subscript  f * denotes
the fluid.

In Equation (6.62), -V is a function of (p,u,v) , Where, pis pressure and pis viscous terms.
E can be expressed as the sum of the kinetic energy and the internal energy e,

E:%fpv~v+e (6.63)

e:E—%pv.v (6.64)

De DE 1 D(;pv-V)

Dt Dt 2 Dt

SDE 1Dy ) L BV Y (6.65)
Dt 2 Dt 2"\ Dt Dt
DE Dv D,p

= p—.V w——=_pV-v=0
bt "ot ( pt P j
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De DE Dv
_:__fp_v
Dt Dt Dt

=V-(;6:V)+:b-v-(V-;0+,b)-v (6.66)
=V-(;6:v)-(V-(6)-v=(V-(6)-V+,6:VV—(V-,0)-V
=(0:Vv

%:fc:fo (6.67)

where D is the rate of deformation tensor.
The initial condition is

v(x,0)=0in Qx(0,T] (6.68)

From Figure 6.16, the inflow boundary condition is
(Vv=,Vono,Q (6.69)

the traction boundary conditions are assumed to be imposed on the remaining part of the
boundary ¢, Q,

.o-.n=tono,Q, (6.70)

002,

Figure 6.16 Fluid domain

6.6.3.2 Interface Conditions
In the current fluid—structure interaction problem, compatibility conditions are applied at the

common displacement and traction boundaries and between the boundaries of the structure and
the fluid.

For example, the imposed traction compatibility condition on 8QZC is

G- .N=,0-,n 0NoCY (6.71)

S

while, since a frictionless model is considered between the fluid and the structure, the tangential
tractions vanish.
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Similarly, the imposed kinematic compatibility condition on 5910 is

ou
fV=
ot

(6.72)

6.6.3.3  Fluid-structure interaction (FSI)

In the FSI, the interface boundary conditions as described in the Section 6.6.3.2 need to be
imposed on both the Eulerian and Lagrangian grids. The position of the interface is determined on
the basis of the velocity of Lagrangian grid nodes. However, both calculations (Lagrangian and
Eulerian) use this interface normal velocity so that v=0is enforced. The Lagrangian mesh
simply uses the computed velocities of its boundary nodes, while the Eulerian calculation
captures this interface velocity by assigning the interface velocity of the nearest point on the
interface.Since the interface velocity is defined as the velocity of the nodes on the Lagrangian
mesh boundary with no contribution from the Eulerian mesh, velocity boundary conditions cannot
be enforced on the Lagrangian mesh at the interface. Instead, force boundary conditions are
applied by interpolating the Eulerian grid pressure to this Lagrangian interface. However, both
calculations (Lagrangian and Eulerian) use this interface pressure so that p=0 is enforced. The

interface pressure can be interpolated from the Eulerian grid to apply force boundary conditions
to the Lagrangian calculation. In this way, the interface pressure is determined using only the
Eulerian grid values, ignoring contributions from the Lagrangian mesh (Fedkiw, 2001).

6.6.3.3.1 FSI Partitioned Solver

In the CEL method, a partitioned solver is utilized to couple structure and fluid domains. As the
name indicates, the partitioned solver consists of a structure solver and a fluid solver and a
coupling algorithm that couples the solvers at the interface of fluid and structure domains both in
time and space. The coupling algorithm contains an interpolation method to transfer data from
one domain to the other and an iteration scheme to obtain a coupled solution that is within the
desired accuracy. The most common way of realizing this approach is by selecting a master
surface for a certain variable, and projecting the variable to the other domain at the beginning of
the next time step. For fluid-structure problems, the most natural combination is to select the
structure surface location and rate of deformation as the master-grid for displacements and the
fluid grid as the master-grid for the loads (pressures, shear stresses etc.). The product of
displacement times load yields work, making the combination physically appealing (L&hner et al.,
1998).

6.6.3.3.2 Coupling of Eulerian-Lagrangian Meshes

Employing a proper coupling algorithm is the most important step of a CEL algorithm for the
transfer of forces between the un-matched Eulerian and the Lagrangian mesh regions. The FSI

problem domain consists of water and structure traction structural domains .0Qand ,0Q both
share a common interface 6Q°. If ;Udenotes the displacement field of the fluid and p its
pressure field, ;o and ;o the structure stress tensor and the fluid viscous stress tensor and nthe

normal at a point to 6€);, the fluid and structure equations are coupled by imposing that

c- n=—-p;l-n+,0-,n onoY (6.73)

S
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Equation (6.73) states that the tractions on the wet surface of the structure are in equilibrium with
those on the fluid side of 0Q°.

Similarly, Equation (6.74) expresses the compatibility between the displacement fields of the
structure and the fluid components at the fluid-structure interface.

JU=,U onoy (6.74)

Most of the times, the fluid and structure meshes are incompatible along the fluid/structure
interface because the fluid and structure problems have different mesh refining requirements.

Due to the fact that the fluid mesh is mostly much finer than the structure mesh along the fluid-
structure-interface, it is necessary to compute the surface forces and moments induced by the

fluid on the structure using the discretization of the fluid and its boundary Q.

A precise way of handling the data transfer between two non-matching FE meshes is by
projection, Figure 6.17. In this method, in order to obtain information from the other mesh, a
point can be orthogonally projected on that mesh and the information in that projection point can
be used in the original point.

Figure 6.17 Fluid grid point-wet structural element pairing (Farhat et al., 1998)

Another method involves in the orthogonal projection of a whole element on the other mesh and
the proportions of the area of intersection can then be utilized to define to what degree the values
of that element have to be taken into account. The following are the two important criteria in
which such a data exchange or coupling between two non-matching meshes ideally should
satisfy:

- global conservation of energy over the interface,

- global conservation of loads over the interface.

In order to ensure that the energy balance of the interface loads on either side of the interface is
zero at all time, the following computational algorithm for evaluating the forces induced by the
fluid on the structure (Farhat et al., 1998) is utilized.
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In terms of the finite element formulation, the structural displacement field _u_ inside the wet

sTe

region £, € .0Q of an element ¢ is given by
sue :ZQ:Nisui (675)
i=1

where i, denotes the total number of wet nodes belonging to structural element e, and N, , is the
finite element shape function associated with node i of element e.

In the case of fluid and structure meshes with non-matching discrete interfaces, equation (6.74)
can be discretized by

a) pairing each fluid grid point S; on (0Qwith the closest wet structural element
£, € ,0Q, Figure 6.17.

b) determining the natural coordinates y;in (£, of fluid point S; (or its projection onto €2, ).

c) Interpolating U inside £, to obtain
fU;= fu(Sj) = su(Xj) = ZNi(Xj>sui je 0Q, e 0Q (6.76)
i=1
The virtual work of the fluid tractions acting on ,0€Q can be expressed as

fé‘>W=.|‘fOQ(—pfn+fc-fn)fu ds

i
:‘Zl:_|'fm(—pfn+fcs-fn)Djfuj ds (6.77)
=
=l
=2, DU
=1

—

where D; is an extrapolation function defined on 0 and @; is defined as the numerical flux.

By substituting Equation (6.76) into Equation (6.77), the following relation can be obtained:
fswzi(jjzj;Ni(xj)(—p(xj)mfc(xj)-fn)}ui (6.78)
fswz:z_i;@cpjwi(xj)}ui (6.79)

The virtual work of the structural forces acting on ;0Q2 can be expressed as

W=, (6.80)
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and that the energy is conserved at the fluid/structure interface if W = 6W, from Equations
(6.79) and (6.80)

=

f ZZ(I)jNi(Xj) (6.81)

given that the shape functions of a finite element satisfy Z N, =1, it can be verified that the
i=1
nodal loads expressed in Equation (6.81) satisfy

i=ig i=ig j=j i

Zfi :ZZ(DjNi(Xj):Z_Jf:q)j (6.82)

i=1 j=1 i
6.6.3.3.3 Interface tracking

In the CEL method, as explained before, the structure is embedded in an Eulerian fixed mesh.
When fluid material leaves the Eulerian mesh through the element faces, it will occupy adjacent
elements that are initially empty or air material elements. During material transport or advection,
the volume fraction of all elements occupied by fluid is tracked by computing its Eulerian volume
fraction (EVF) within each element. By definition, if fluid completely fills an element, its volume
fraction is one; if no fluid is present in an element, its volume fraction is zero. The fluid boundary
does not have to match element geometry at any time during the analysis and has to be
recomputed in each time increment as the material flows through the mesh (Abaqus, 6.10).

The VOF utilized in this study was based on a concept of a fractional volume proposed by Hirt
and Nichols (1981).

The volume of a fluid element k can be represented as (Rider and Kothe, 1997)
Ve =¥ (V)av (6.83)

where a(V) is an indicator function of fluid presence,

1 if fluid k is present;
a(V)= 1P (6.84)
0 otherwise
Cells with values between zero and one must then contain a free surface.
Given V& , the volume fraction f is defined as
Vk
f=r (6.85)

\Y

where V =IdV . When water volumes fill all space > f*=1.

It should observed that the Net flow out  f ’of an Eulerian cell through its surface is equal to the
time rate of decrease of * f ’ inside the Eulerian cell. Apart from the evolution of f , it is still
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unknown where the fluid is in each cell. This information is necessary for the reconstruction of
the interface.

ﬁjf dvz-jfv-n ds (6.86)
oty, S

By applying divergence theorem on the right side of Equation (6.86)

j (ﬁw- fvj dv=0 (6.87)
v\ ot

In the Equation (6.87), the velocity v stems from the fluid equations.

The evolution of an incompressible fluid field is governed by the following transport equation,
given in a conservative form as,

of ouf ovf owf
—+ + +
o4 ox oy oz

=0in Qx(0,T] (6.88)

where t is the physical time, (X, Y, Z) the Cartesian system, (U, Vv, W) Cartesian components of
the velocity. The evolution of the function f in each cell is made from fluxes calculations of
through all the faces of a cell.

However, it is still unknown where the fluid is in each cell. This information is needed for the
reconstruction of the interface. There are several interface reconstruction methods, both first and
second order accurate in space, such as simple line (SLIC) and piecewise linear interface
construction (PLIC) methods, Figure 6.18.

@ (b)

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

. / o torm \Y y/ 09124 0.9132 \%
Y

0.9136 1.0 1.0 0.9124 0.9136 1.0 1.0 0.9124

09132 1.0 1.0 0.9136 / 09132 1.0 1.0 0.9136

Figure 6.18 Reconstructed interfaces (shaded regions) for a circle (continuous line) using the (a)
SLIC and (b) PLIC methods (Rider and Kothe, 1997)

The piecewise constant approximation in SLIC forces the reconstruction to align with selected
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mesh logical coordinates, whereas the piecewise linear approximation in PLIC allows the
reconstruction to align naturally with the interface. In the Figure 6.18, numbers in the cells denote
volume fractions. Abaqus’ CEL method utilizes PLIC interface construction technique.

6.7 Summary

This Chapter presented a general introduction of the hydroplaning phenomenon, the influencing
factors and a literature review of experimental, analytical and numerical studies on hydroplaning.
Also the numerical formulation of the hydrodynamic algorithm that will be utilized in the
subsequent finite element simulations of hydroplaning was presented.
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{7 Finite Element Simulations of Tire-Wet
Pavement Interaction

7.1 Introduction

As discussed in the previous Chapter, the risk of hydroplaning exists when the speed of the
vehicle is high enough to develop upward hydrodynamic pressure which is equal to or higher than
the tire inflation pressure. When the hydroplaning condition prevails, there is a significant loss in
braking traction and steering control which may result in fatal accidents. Hydroplaning of
vehicles is a very important safety concern particularly during wet-weather highway operations
for highway authorities and road user. Hydroplaning speed is known to vary over a range of tire
operating and pavement conditions. These two aspects are very important over which the degree
of when the hydroplaning situation prevails.

For the past few decades, there are many experimental, analytical and numerical studies were
conducted to quantify the effect of different factors on hydroplaning (Horne, 1962, 1964, 1968;
Horne & Leland, 1962; Horne & Joyner, 1965). These studies showed that although, there are
many factors which have definite influence in reducing the hydroplaning susceptibility of vehicle,
the road macrotexture is the only other component to channel away the water entrapped in the tire
contact patch other than tire tread (lvey et al., 1989). Hence, it is generally agreed that pavement
surface texture and tire groove depth are one of the most important factors in controlling the wet
friction and hydroplaning propensity of a flooded pavement. Past experimental also showed that
the slip ratio and the yaw angle conditions at which a particular tire is operating have a significant
effect on hydroplaning susceptibility and hence its braking efficiency and steering ability. Under
wet pavement conditions, despite the fact that vehicle is not subjected to the hydroplaning,
accidents still can occur as a result of reduced skid resistance.

In the first part of this chapter, the procedure to simulate 3D hydroplaning model by using the
commercial FE package, Abaqus (6.10) was described. Hydroplaning speed was computed for the
full rolling and three slip conditions of a pneumatic tire. Hydroplaning speed was also computed
for three cases of yaw angles for the rolling case only. Further analysis was carried out to study
the loss of braking traction and steering ability in pavement puddles due to hydroplaning by
computing the longitudinal friction force and the cornering force with respect to speed. All these
simulations were performed on the smooth pavement surface. The smooth surface represents a
poor texture condition of a pavement and is a conservative estimate of the hydroplaning for in-
service pavements.

The second part of this Chapter devoted to the further development of FE 3-D hydroplaning
model to incorporate the effect of pavement surface texture. For this purpose, the smooth
pavement surface was replaced by the simulated asphalt mix design surfaces to examine their
relative effectiveness against the wet skid resistance/hydroplaning under changeable water film
and tire operating conditions. Such a study will provide valuable indicators to the highway
agencies about the risk of hydroplaning associated with the in-service pavement surfaces.
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/.2 FE Simulation of Tire Hydroplaning on Smooth Pavement
Surface

7.2.1 Study parameters of proposed hydroplaning model

For hydroplaning analysis, 3-D FE models of ASTM standard smooth and rib tires are developed
by following procedure as described in the Chapter 3. The ASTM standard test tires are made of
SBR vulcanized rubber. The ASTM E 524 smooth tire (2006) is a size G78-15 tube-less tire of
belted bias ply construction. It has a tread width of 148.6 mm and a 393.7 mm cross-sectional
tread radius. In addition to the above mentioned features of smooth tire, the ASTM E 501 rib tires
(2006) also have seven 16.8 mm wide plain ribs, separated by six straight grooves of 5.08 mm
width each. Each groove is parallel to the tread-radius arc and has a uniform depth of 9.8 mm.
The tires have a recommended cross-section width of 212.1 mm and a recommended section
height of 161.0 mm when mounted on a rim. These tires should be operated with not less than
165 kPa inflation pressure. The recommended static test load on the tire is 4826 N, with loading
to a maximum of 6138 N permissible.

A tire inflation pressure of 200 kPa and a wheel load of 4.826 kN is adopted for the present
analysis. A smooth analytical rigid pavement surface is considered for all the cases presented.
The analytical surface feature of the pavement does not require any meshing, which gives the
feasibility to consider any length of the pavement under rolling wheel conditions and also makes
the whole model computationally less expensive.

Four scenarios of slip ratios are considered namely, free rolling (0% slip) and three partial slips of
10%, 20 % and 40%. Four yaw angles of 0°, 5°, 10° and 15° were considered for the rolling case
only. It is known from past studies that the hydroplaning behavior of tires is also affected by the
groove depth of the tire, as well as the thickness of water film present on the pavement surface.
To establish a trend of variation of the hydroplaning speed with tire groove depth, the following 3
groove depths were considered for the ASTM E 501 rib tire: 5, 7 and 9.8 mm. Likewise, the
variation of hydroplaning speed with water depth was analyzed by considering two water-film
thicknesses of 5 and 10 mm.

7.2.2 Salient features of proposed hydroplaning model

The hydroplaning model phenomenon is simulated by using the Coupled-Eulerian-Lagrangian
(CEL) approach. Although, the CEL methodology is described in detail in the previous Chapter,
the key features of the CEL methodology utilized to simulate hydroplaning are discussed here.
The tire is modeled in the Lagrangian framework and the fluid part is modeled with Eulerian
elements fixed in space. The tire and fluid grids are two non-matching discrete interfaces and the
coupling between these two grids is enforced by using the general contact coupling algorithm
(Abaqus 6.10) to transfer the forces between fluid and structures. The CEL algorithm considers
the boundary of the tire to identify the interface between the two different frameworks. The CEL
algorithm applies the velocity of the tire as a deformation constraint in the fluid calculations and
the pressure calculated in the fluid is used to calculate the resulting surface stress on the tire body
through contact stress constraints. The deformation and movement of the tire mesh causes the
water to flow through the fixed fluid mesh elements. This results in the high velocity and pressure
gradients within the fluid.
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The Lagrangian and the Eulerian equations are solved independently in the iterative partitioned
approach. The interface tracking is obtained by using the volume of fluid (VOF) method. As
mentioned in the previous Chapter, Abaqus uses the piecewise linear interface construction
(PLIC) technique to calculate volume fraction of fluid in each control volume. The Eulerian grid
is divided into a water film layer over which another layer is defined as a voids layer. The fluid
region comprises of a velocity inlet, velocity outlet and no side flow boundary conditions, Figure
7.1a. It should be noted that the tire has to be partly embedded in the Eulerian mesh.

Velocity inlet
for water

Initial water film

b) Tire standing on the water puddle

/ . at the time of hydroplaning
Fluid region

(Eulerian Mesh)

Moving water
against the rolling tire
Smooth pavement

(Analytical rigid surface)

a) Salient features of the model Moving pavement

against rolling tire

Figure 7.1 Proposed 3D hydroplaning model

Hydroplaning simulation was started with the tire deformation under presence of no fluid. In this
approach, the tire is inflated to a pre-requisite pressure, being firmly fixed at a reference position.
An upward load is applied on the analytical rigid pavement which results in moving the analytical
rigid pavement towards the inflated tire due to which the deformation of tire takes place. The
static footprint of the tire is matched against the experimental results of Horne et al. (1986). An
accurate tire contact patch is the crucial parameter in determining accurate hydroplaning speed.

The analysis of a rolling tire with a specific slip ratio or yaw angle is performed by employing
two steps:

1) a no-slip or non-yawed rolling analysis is performed to reach a steady rolling state with a
given speed from rest, followed by

2) aslipping or a yawing analysis with a specific slip ratio and yaw angle.
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For the slipping analysis, translational (v ) and angular (®) velocities of tire are specified in
such a way that it produces a particular slip ratio according to the following Equation:

Slip ratio (%) = <12 (7.89)
Y

where ris the effective rolling radius of tire.

For yawing analysis, the analytical rigid pavement is uniformly translated in the horizontal
direction. This forces the tire to rotate in the presence of friction until it attains a defined steady
angular velocity. Then, the yaw angle is set by applying the pavement velocity in lateral direction.
The same translational velocity of the pavement is applied to the water, Figure 7.1a. In the present
analysis, the hydroplaning speed is considered as the striking velocity of water at which there is
no or relatively very low horizontal contact force between the tire and the analytical rigid
pavement surface, Figure 7.1b.

7.3 Validation of 3D Hydroplaning Model

The validation of the developed 3D hydroplaning model was made by means of the results of
Horne (1963, 1975 & 1976) for fully rolling and locked ASTM smooth tire. A constant water
depth of 7 mm, wheel load of 4800 N and tire inflation pressure in a range of 110 kPa to 260 kPa
were considered to validate the simulation model as shown in Figure 7.2.
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Figure 7.2 Verification of simulation model against experimentally measured data

The pavement surface tested is considered to be a plane surface with negligible surface asperities
as the flooded pavement conditions prevail. The hydrodynamic dynamic lift generated under a
tire rolling and sliding along a water-covered surface is given by the following equation (Horne,
1963; 1975; 1976):

Lift Force (LF) = %CthVZS (7.90)
where, p is the density of the fluid, S is the tire footprint area and C,, is the hydrodynamic lift

coefficient. When total dynamic hydroplaning occurs, LF' /S is equal to the tire bearing
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pressure that can be approximated by the tire inflation pressure p. Hence, the total dynamic
hydroplaning speed is given as:
2p

Hydroplaning Speed V, = ol (7.91)
p

Lh

The value of C}, is considered as 0.7 for a rolling tire and 0.95 for sliding tires. These values are
based on a large number of tests conducted.

Using these hydrodynamic lift coefficients and the density for water, Equation (3) simplifies to:

Vh,rolling = 636\/13 (792)
vh,locked = 543\/; (793)
where, V, i, 1S the hydroplaning speed for rolling tire in km/h, V, .., is the hydroplaning

speed for a locked wheel in km/h and p is the tire inflation pressure in kPa. Figure 7.2 compares

the measured values of hydroplaning speed based on the NASA hydroplaning Equations and
predicted results from the simulation model. The figure shows a good agreement between the
experimental and the simulation model with R? values of 0.9817 and 0.9792 for the sliding and
rolling tires respectively.

7.4 Analysis of Hydroplaning

This section presents the results obtained by the developed FE hydroplaning model to analyze the
influence of common tire operating conditions on hydroplaning speed.

7.4.1 Effect of tire groove depth and surface water depth on hydroplaning
speed

In this section, the effect of tire groove depth and surface water depth on hydroplaning speed for
the slipping and yawing tire is analysed and the results are presented in Figure 7.3. In general, for
all slip and yaw conditions, hydroplaning speed rises as groove depth becomes deeper. This
implies that that the common practice of controlling tire groove depth to maintain sufficient skid
resistance for wet-weather driving is also valid for hydroplaning control. The rate of increase in
hydroplaning speed for each mm increase of groove depth generally varies from about 1.6 to 2.0
km/h and they do not change much among the different slip and yaw conditions.

Similarly, the general falling trend of hydroplaning speed with increasing water-film thickness is
also observed for all slip and yaw conditions. The rate of decrease in hydroplaning speed for each
mm increase of water depth varies from about 0.7 to 1.5 km/h. This is in agreement with
observations made by past researchers that hydroplaning risk rises with increasing surface water
depth.

7.4.2 Effect of slip ratio on hydroplaning speed

The computed hydroplaning speeds from simulation analyses of 32 cases of the standard ASTM
smooth and rib tire are presented in Figure 7.3 for different slip ratios, for different tire groove
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depths and surface water depths.
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Figure 7.3 Hydroplaning speed vs. slip ratio for ASTM smooth and rib tires

Each curve in Figure 7.3 represents the change of hydroplaning speed as the slip ratio increases
from 0% to 40%. It shows that at a constant groove depth and surface water depth, the
hydroplaning speed decreases with increasing slip ratio. For both ASTM tires, the hydroplaning
speed at the full rolling tire (0% slip) condition is higher than the value at 40 % slip tire condition
depending on the surface water depth.

By inspecting the simulation results, it is well understood that the rolling tire hydroplanes at
higher speeds than the slipping tire. It might be due to the penetration of more water into the tire-
pavement contact patch for a slipping tire than a non-slipping tire. From these analyses, it can
also be presumed that under flooded pavement conditions, fully locking the wheel to stop the
vehicle would increase the probability of the vehicle to hydroplaning faster than operating the
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brakes at some slip ratio.

7.4.3 Effect of yaw angle on hydroplaning speed

In this section, the results are presented by the utilization of the FE model for the simulation of a
tire rotating continuously with a particular yaw angle and subjected to hydroplaning conditions.
Here also the computed hydroplaning speeds for a total of 32 cases of simulation analyses of the
standard ASTM smooth and rib tire are presented for yaw angles of 0° to 15° and their variation
with tire groove depth and surface water depth, Figure 7.4.
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Figure 7.4 Hydroplaning speed vs. yaw angle for unbraked ASTM smooth and rib tires

As shown in Figure 7.4, hydroplaning speed inversely varies with increasing yaw angle. The
decrease in hydroplaning speed is nominal for lower values of slip angle (5°) but as the yaw angle
increases beyond 5°, the hydroplaning speed decreases at a higher rate. From these results, it can
be deduced that if a tire is subjected to a yaw moment under incipient hydroplaning conditions,
this will further aggravate the directional instability and lead to increased propensity for a vehicle
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to hydroplaning.
7.4.4 Effect of slip ratio on longitudinal friction force

Figure 7.5 shows the variation of the longitudinal friction force with speed for different slip ratios
that acts on the ASTM rib tire with 7 mm groove depth and 7 mm surface water depth.
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Figure 7.5 Loss of longitudinal friction force with increasing speed and slip ratio under flooded
pavement conditions for an ASTM rib tire

It can be observed that the friction force decreases with increasing speed. Also the friction force
decreases as the slip ratio increases. The decreasing rate of friction force is observed to be
minimal for lower speeds irrespective of slip ratio. But, as the speed increases, there is an
apparent drop of longitudinal friction force with increasing slip ratio. From these trends, a strong
relationship can be observed between the slip ratio and the braking ability of a tire. A striking
reduction in the braking force can be observed when velocity reaches hydroplaning speed and at
that speed there is hardly any braking traction available for the tire.

7.4.5 Effect of yaw angle on cornering force

In this section, the effects of yaw angle on cornering force for different speeds under flooded
pavement conditions are presented. Figure 7.6 shows the variation of the cornering force with
speed under flooded pavement conditions. Each curve shows yaw angle of rolling tire for which
the cornering force was obtained. A decreasing trend of cornering force can be observed with
speed and yaw angle.

The percentage of decrease in cornering friction force for 15° yaw angled rolling tire with lateral
friction force of 5° yaw angled rolling tire is observed to be 18 % to 48 % depending on speed.
Since the cornering force dictates the lateral stability of the vehicle, it can be deduced that the
yaw angle strongly affects the directional control and stability of the vehicle under flooded
pavement conditions especially if there is a propensity for hydroplaning.
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Figure 7.6 Loss of cornering friction force with increasing speed and yaw angle under flooded
pavement conditions for ASTM rib tire

7.5 Relation Between Asphalt Mix Design and Wet Friction

The objective of this section is to quantify the effect of surface textures of different asphalt
pavements on the wet friction by using the improvised 3D FE tire-wet pavement interaction
model which can take into account the macrotexture of asphalt pavement. The developed FE
model simulates the condition of a pneumatic tire rolling/sliding over a simulated asphalt
pavement surface in the presence of water film. Parametric analyses of this model enable the
development of relations between asphalt mix design and safety against vehicle skidding.

Within the scope of this study, the following parameters influencing the wet friction are studied;

- four types of asphalt pavement surfaces representing open graded asphalt mix design to
dense graded asphalt mix design;

- two tire slip ratios representing full skidding and common ABS conditions;

- two different tires, one is standard PIARC smooth test tire and another one is
GOODYEAR commercial passenger car tire with summer tread pattern;

- two water film thicknesses representing wet and flooded pavement conditions.

7.5.1 Study Parameters

In order to simulate wet friction/hydroplaning phenomena on simulated asphalt pavement
surfaces, two types of tires, (1) PIARC 165R15 (2004) standard smooth tire which is widely used
for skid resistance tests and (2) GoodYear 185/60 R15 DuraGrip summer tire which is widely
used for commercial passenger cars were used in the analyses. By using these two different tires
for the modeling, the effect of tread pattern on wet friction/hydroplaning can be captured.

A constant inflation pressure of 220 kPa and a constant normal load of 4.29 kN were considered.
Tires rolling at 10%, and 100% slip ratios were adopted to quantify the effect of ABS in
improving the wet friction and delaying the occurrence of hydroplaning. Different surface water
depths (2.5 mm, 5mm, 7.5 mm and 10 mm) were adopted in the analysis to facilitate comparison.
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The properties of water at 20°C were used in this study. The density and dynamic viscosity of
water at 20°C were 1000 kg/m® and 1.002 x 10 Ns/m® respectively (Chemical Rubber
Company, 1988).

a) PA Surface texture mesh b) UTS Surface texture mesh

¢) SMA texture mesh mesh d) AC-10 texture mesh

Figure 7.7 FE meshes of different asphalt pavement surfaces

Four types of asphalt pavement surface morphologies comprise of closed gradation to open
graded, namely, Asphalt Concrete-10 (AC-10); Stone Mastic Asphalt (SMA); Ultra-Thin Surface
(UTS) and Porous Asphalt (PA) were adopted in the present study. The procedure to obtain FE
meshes of asphalt pavement surface was explained in previous chapters and the pavement meshes
for PA, UTS, SMA and AC-10 are shown in Figure 7.7.

In general, two types of indicators available for the assessment of pavement surface macrotexture,
(1) Mean Texture Depth (MTD) and (2) Mean Profile Depth (MPD). The MTD method consists
of spreading a known volume of material like sand on the pavement surface and measure the area
covered. Then the macrotexture depth is obtained by dividing the volume by the area. Devices
like Circular Track Texture Meter (CTM) can measure macrotexture of pavement at traffic speeds
and can be expressed as MPD. The MPD is calculated by dividing the measured profile into
segments of small length. The slope of each segment is suppressed by subtracting a linear
regression of the segment, providing a zero mean profile. According to 1SO 13473-1, MPD is a
more reliable indicator than the MTD if used in porous surfaces. Therefore, in the current study,
MPD is considered as the indicator to quantify pavement macrotexture. The composition, particle
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size distribution and the properties of each mix are shown in Table 7.1.
Table 7.1 AC-10, SMA, UTS and PA asphalt pavement mix compositions

Composition (%)

Components | 4/10 mm 2/6.3 mm 0/4 mm aggregate | Limestone filler | Binder
aggregate aggregate

SMA 55.2 13.8 15.9 8.4 6.4

UTS 52.0 13.7 21.7 7.1 55

PA 54.9 16.8 19.2 3.8 5.3

AC-10 17.9 33.9 37.7 4.7 5.8

Particle size distribution

Sieve size (mm) 14 10 6.3 4 2 1 0.063
SMA 100 90 47 29 25 21 10.1

Passing (%) UTS 100 91 51 33 28 22 8.8

PA 100 99 47 27 19 14 5.6

AC-10 100 97 80 51 41 16 7.8

Standard asphalt mix properties
Voids at Texture
M . i - -
a>.< 10 \oids at 50 depth Bulk density | Voids
Property density gyrations gyrations (%) 3

3 kg/m %

(gm’) | o) mmy | kom0

SMA 2400 11.9 6.3 15 2294 4.4
UTS 2429 13.7 6.9 2.1 2104 13.4
PA 2582 22.7 18.8 NA 1975 23.7

AC-10 AC 6.3 3.5 0.7 2348 3.7

7.5.2 Field Measurements of Wet Friction and Hydroplaning

In this task, the effect of pavement surface texture on the wet friction and the propensity of
hydroplaning were investigated through field tests. The following parameters were investigated in
the field wet friction/hydroplaning tests:

- Pavement surface texture (Porous Asphalt Concrete 0/6; Dense Asphalt Concrete 0/10)
- Tire type (185/60 R15 GoodYear DuraGrip summer tire)

- Water thickness (2.5 mm ; 5 mm)

- Slip ratio (10% ; 100%)

- Velocity (60 ; 90 ; 120 km/h) for wet friction analysis

- Tire inflation pressure and weight (220 kPa and 4.29 kN)
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Figure 7.8 Field testing of wet friction/hydroplaning
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All the field experiments were performed on the IFSTTAR test tracks. Figure 7.8a shows the test
vehicle with necessary components that was used in the field investigation studies of wet friction
and hydroplaning. The test passenger car was equipped with specialized torque meters on the two
transmission lines by means of a dynamometric wheel measure the forces and torques of the three
directions of the test wheel. The wheel was equipped with the state-of-the art AQUASENSE
sensors to measure precise water film thickness ahead the wheel. A CORREVIT sensor and a
numerical wheel encoder were used to measure the longitudinal speed of vehicle and the wheel
speed of the test vehicle. The MPD values of different asphalt pavement surfaces were measured
experimentally by using Circular Track Texture Meter (CTM) as shown in Figure 7.8b.

The wet friction/hydroplaning measurements were performed when the test vehicle was
traversing at a desired testing speed on the wetted/flooded pavement surface (Figure 7.8¢c). The
test tire braking system was then actuated with or without ABS to lock the test
tire. Instrumentation measures the horizontal drag force (force acting tangentially on the test
wheel in line with the direction of travel) and vertical force (force applied by the wheel assembly
i.e. static and dynamic force on the test tire, the test tire weight and the rim weight) on the contact
area. The ratio between horizontal drag force and vertical force was reported as a longitudinal
friction coefficient. A threshold longitudinal friction value of 0.1 or less is assumed to determine
the onset of hydroplaning.

7.5.3 Description of Numerical Model

In the present study, the model was developed by using the commercial FE software ABAQUS
(2010). The wet friction/nydroplaning model simulates the skidding/slipping or hydroplaning of a
pneumatic tire rolling on a wet (or flooded) asphalt pavement surface morphology. There are two
stages involved in this procedure as shown in Figure 7.9:

Eulerian- Lagrangian

Steady State Transport Coupling

Axi-symmetry e

3-D generation I

Rim mlun‘ring I— =e Water depth J

Material properties Inflation

pressure,
—> o loading, Speed,

Geometry

Volume Fraction
Real Asphalt Mesh
General Contact

Transient Rolling
Impact with Water

Braking, Rolling, Cornering I __No Uplif;for'ce 9

Steady State Analysis i.e.

<

L:ad
Yes

Hydroplaning condition reached

Figure 7.9 Procedure to obtain wet friction/hydroplaning model
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- A steady state implicit analysis of a 3D tire rolling over a smooth plane pavement surface
was performed. In this stage tire deformation and footprint analysis, rolling radius
analysis and steady state braking/rolling analyses were carried out. The history of
stresses, strains and displacements obtained from this stage were transferred to the
subsequent transient analysis step.

- In second stage, an equal translation velocity was applied to both water and asphalt
pavement in the longitudinal direction. At the same time, an angular velocity of tire was
specified as either zero or 90% corresponding to that of translation velocity prescribed for
pavement and water such that it can simulate 100% skidding or 10% slip ratio
respectively. That means, tire skids or rotates about a fixed axis under all the loading
conditions with no forward motion, while pavement and water moves towards the
skidding/slipping tire. Such a procedure would reduce the enormous fine Eulerian mesh
required by the fluid region throughout the length of the pavement to a limited fluid mesh
with fine Eulerian elements to capture the phenomena.

Depending on the pavement surface texture and (or) tread pattern capability to drain water, part of
the water volume can flow into the tire grooves and pavement macrotexture; at the same time, due
to the dynamic water pressure against the tire deformable structure, a lift force arises and
increases; therefore water can also progressively penetrate under the tire footprint area, thus
reducing the original contact area between tire and pavement surface. The horizontal force can be
computed from energy principles through which wet friction can be obtained. On the other hand,
the hydroplaning is assumed to occur at the striking velocity of water at which there is no or
relatively very low contact force between the tire and asphalt pavement surface.

Figure 7.10 shows the developed finite element wet friction/hydroplaning simulation model.
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Figure 7.10 3-D numerical tire-asphalt pavement surface-water interaction model
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7.5.4 Calibration of Numerical Model against Experiment Data

The validation of the developed three dimensional wet friction model was made against the field
measurements under the same test conditions for the determination of wet friction of

- a GOODYEAR patterned tire rolling at 100% slip ratio (full skidding) on a PA pavement
surface,

-  aGOODYEAR patterned tire rolling at ABS slip ratio (10%) on a PA pavement surface,
- aGOODYEAR patterned tire rolling at 100% slip ratio on an AC-10 pavement surface
- aGOODYEAR patterned tire rolling at ABS slip ratio on an AC-10 pavement surface.

Four different speeds, 40, 60 km/h, 90 km/h and 120 km/h, and, two water film thicknesses,
2.5mm and 5 mm were adopted for the determination of their inherent influence on the wet
friction. For both field and numerical modeling investigations, the tire was tested at an inflation
pressure of 220 kPa, and a tire load of 4.29 kN. On the basis of these variables, total 32 scenarios
(2 pavement surfaces x 4 speeds x 2 slip ratios x 2 water films) were considered to validate the
wet friction results obtained by FE model against field measurements.

Figure 7.11 summarizes the results of the validation analysis. Figure 7.11 (a) to Figure 7.11 (d)
shows the plots of wet friction against speed for PA surface and Figure 7.11 (e) to Figure 7.11 (h)
shows the wet friction against speed for AC-10 surface. It is observed that the numerical
differences between the predicted and measured wet friction coefficient values are at most 0.106.
In fact, only 6 of the 30 test cases studied have a difference in wet friction coefficient larger than
0.05. In terms of percentage error, except for one case with 14% error, all the remaining 29 cases
have errors of 11% or less.

For all cases tested, the comparison of the measured and predicted results in Figure 7.10 shows
very good agreement, considering the unavoidable variations of field conditions and possible
measurement errors. By examining both experimental and numerical modeling results, there are
some observations made and can be summarized as following:

- wet friction is highly dependent on the wheel slip ratio. The friction decrease is more
pronounced for locked wheel

- thickness of water has great effect on wet friction. Both of frictions (ABS and locked)
decrease when the water thickness increases, irrespective of the pavement surfaces and
velocities

- if one takes 0.1 of friction coefficient as being the threshold of hydroplaning onset, most
of the locked wheel scenarios at 120 km/h show indications of hydroplaning on water
depth of 6mm

Due to safety reasons, the field tests cannot be conducted until the total hydroplaning of tire
occurs. However, the total hydroplaning situations can be simulated by using the developed FE
model after it is being duly validated with the experimental data of lowest friction values under
the same test conditions and continuing the analysis for higher speeds until there is hardly any
friction is available between the tire and the pavement surface.
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Figure 7.11 Verification of simulation model against experimentally measured data
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7.5.5 Results and Discussion

In this section, the effect of MPD and pavement mix design on wet friction coefficient is
investigated using the developed FE model. Also the effect of factors like water depth, slip ratio
and tread pattern on wet friction is also investigated.

7.5.5.1 Effect of MPD and other factors on wet friction coefficient and hydroplaning

In this section, lasers cans of a PA surface was taken at different polishing levels to represent
different MPD values. These surface scans were then converted into FE pavement meshes as
explained in the previous section. Then FE simulation runs of pneumatic tires rolling/skidding
over the same FE pavement surface meshes were performed in the presence of water films and
the wet friction coefficients were computed. The computed wet friction coefficients for 196 cases
(7 MPD x7 speedsx 2 water depths x2 slip ratios) of simulation analyses of a PIARC smooth
tire and a GOODYEAR patterned tire are presented in Figure 7.12. Each figure plots the
computed wet friction coefficients against MPD. To evaluate the relative effectiveness of the
different factors influencing the wet friction, the following analyses are made in the following
paragraphs:

- Evaluation of the effect of MPD on wet friction for a given slip ratio; water depth and
tread pattern

- Assessment of the effect of ABS and locked wheel operating conditions on wet friction
for a given MPD; water depth and tread pattern

- Evaluation of the effect of a given tread pattern on wet friction for a given MPD; water
depth and slip ratio

- Evaluation of the effect of water depth on wet friction for a given MPD; slip ratio and
water depth

- Combined effect of MPD and tread pattern on wet friction for a given water depth and
tire slip ratio

In order to assess the effect of pavement macrotexture on wet friction, curves in the Figure 7.12
are plotted to represent the changes of wet friction coefficient as the MPD increases from 0.2 to
1.4 mm. It indicates that at a constant surface water depth, the wet friction coefficient increases
with MPD. The wet friction at the MPD of 1.4 mm is higher than the value at the MPD of 0.2 by
0.27 to 0.45 for a patterned tire and 0.01 to 0.42 for a smooth tire, depending on surface water
depth and slip ratio. An examination of the simulation results shows that with a deeper MPD
which offers a more effective channel for water flow, results in higher wet coefficients of friction.

The simulation model provides a useful tool to evaluate the effect of slip ratios on wet friction.
Results from Figure 7.12 shows that with increase in slip ratio from 10% to 100% the wet friction
values decrease. Although, a marginal decrease in wet friction values can be observed between
10% and 100% slip ratios at lower speeds, but the effect of slip ratio on wet friction is more
pronounced at higher speeds. The rate of decrease in wet friction with speed is more pronounced
for locked wheel than ABS wheel for both smooth and patterned tires. Lower wet friction values
are observed at locked wheel condition which increase the probability of accidents. The average
percentage decrease in wet friction value between an ABS wheel to a locked wheel was observed
to be 19.8% and 23.2% respectively for a patterned tire and a smooth tire.
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The analysis also presents the effect of tread pattern on wet friction phenomena by simulating
smooth and patterned tires rolling/skidding over a given asphalt surface in the presence of water.
Figure 7.12 shows that, for all speeds, wet friction values for a patterned tire are observed to be
more than the friction values of a smooth tire for a given MPD of pavement. Figure 7.12 also
shows that smooth tire skidding at higher speed over a pavement with thick water has registered
negligible wet friction and therefore it is highly susceptible to hydroplaning. But for the same
speed, water depth and pavement conditions, patterned tire still performs well. This proves the
common practice of controlling tire tread depth and proper tread pattern to maintain sufficient
skid resistance and delay the onset of hydroplaning for wet-weather driving.

Figure 7.12 also depicts the trends of wet friction variation with water-film thickness. The general
falling trend of wet friction when the water-film thickness increases is common to all MPDs. This
is in agreement with observations made in experimental studies by past researchers that loss of
wet friction and hence hydroplaning risk rises with increasing surface water depth. It is observed
that the effect of water depth on wet friction is marginal for tires rolling/skidding at lower speeds.
But the effect of water thickness is more pronounced for tires rolling/skidding at higher speeds
which causes an abnormal drop in the wet friction and leads to hydroplaning. Also the effect of
water depth on the loss of wet friction is minimal for tires rolling at 10% slip ratio and higher
macrotexture depths which shows the necessity to maintain proper pavement macrotexture and to
use ABS system for wet weather driving.

For a case of asphalt pavement surface with lower MPD (0.2 mm) and higher speed (140 km/h)
with 100% slipping GOODYEAR patterned tire, the wet coefficient of friction is observed to be
very low (<0.1) such that even a patterned tire with good tread depth can show the indications of
hydroplaning under adverse pavement and braking conditions.

This situation is true even for a lower water depth (2.5 mm) under consideration (Figure 7.12c
and Figure 7.12d). This situation is even worse, if the tire is completely worn (smooth) for which
it experiences hydroplaning even at normal driving speeds (<90 km/h) of passenger cars (Figure
7.12g and Figure 7.12h). On contrary, a good pavement with macrotexture depth, can offer
adequate wet friction even for a full skidding smooth tire under higher water depths (Figure 7.12e
and Figure 7.12f).

7.5.5.2 Effect of pavement mix design on wet friction coefficient and hydroplaning

The main intention of providing better surface macrotexture is to serve as flow channels to
facilitate drainage and discharging of the water trapped within the tire—pavement contact area.
Hence, the provision of better macrotexture of pavement surface has been accepted as good
practice to enhance road travel safety against wet weather skidding and hydroplaning. The surface
macrotexture of asphalt pavement varies with mix design. Therefore, in this analysis, four types
of mix designs, PA, UTS, SMA and AC-10 were examined for a standard PIARC Smooth tire
and a GOODYEAR Summer patterned tire at two slip ratios (10% and 100%) in the presence of a
thick film of water (7.5 mm).

Figure 7.13 shows the variation of wet friction coefficient for different asphalt pavements under

consideration with speed, slip ratio and tread pattern. For all the cases, wet friction coefficient
decreases with increase in speed.
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Figure 7.13 Wet friction coefficient vs. mix design
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However, for the same tire, slip ratio and surface water depth conditions, PA pavement surface
gives the highest wet friction coefficient followed by UTS, SMA and AC-10 respectively.

For example, for the case of GOODYEAR patterned tire rolling with 10% slip ratio at a speed of
100 km/h, the percentage decrease in wet skid resistance from PA to UTS was observed to be 4%
and PA to SMA and PA to AC-10 were found to be 9% and 18% respectively. This affect is more
pronounced for higher speeds and full skidding cases where the percentage decrease in wet
friction from PA to UTS, SMA and AC-10 were found to be 6%, 15% and 35% respectively. This
scenario shows that the pavement with open graded mix design gives better wet skid resistance
than other mix designs.

Figure 7.13 also shows that the combination of all asphalt pavement surfaces with patterned tire,
even at 100% skid ratio, always produce better wet friction coefficients even at high design
speeds of highways. But this scenario is completely opposite in the case of their combination with
smooth tire. In that case, wet friction coefficient drops to very lower values beyond 100 km/h
showing the propensity of hydroplaning except for the case of PA. Beyond, 120 km/h almost all
the pavement surfaces show negligible wet friction values with smooth tire. Therefore, it can be
concluded that, although pavement macrotexture and pavement mix design alone alleviates the
hydroplaning to a large extent for the case of worn-out tires, proper tire design with proper groove
depth should also be maintained in order to avoid wet weather accidents.

7.6 Conclusions

The applications of the developed FE simulation model to study the phenomenon of
hydroplaning and the effect of pavement macrotexture and mix design on the wet friction is
described in this Chapter. The study has clearly demonstrated the capability of the FE model
supported by field investigation data to evaluate the effectiveness of MPD and different
pavement surface morphologies to combat the loss of wet friction. The MPDs examined cover
the common macrotextures from highly polished surfaces i.e. 0.2 mm to highly textured
surface i.e. 1.4 mm. Similarly, PA, UTS, SMA and AC mix designs examined cover open-
graded mix to close- graded mix. Analyses have been presented to examine how changes in
slip ratio, water depth and spacing, respectively, would affect the wet skid resistance. It was
found that, in general, a larger MPD would increase the wet skid resistance and thus reduce the
risk of wet weather accidents. It was also found that open grade mix design surface like PA
results in highest wet friction coefficient followed by UTS, SMA and AC-10. The results also
suggest that lower slip ratio, lower water depth and patterned tire would result in better wet
friction coefficients. Overall, the model was found to be a very effective and efficient tool
capable of computing friction on wet asphalt pavement surfaces under different operating
conditions.
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8 Conclusions and Recommendations

8.1 FE Modeling of Tire-Pavement Interaction
Two FE tire-pavement interaction model have been developed:

1. A FE thermo-mechanical tire-asphalt pavement interaction model to determine the effect
of tire operating temperatures on the hysteretic friction

2. A FE tire-water-pavement interaction model to evaluate the effectiveness of mean profile
depth and different pavement surface morphologies to combat the loss of wet friction and
hydroplaning

8.2 FE thermo-mechanical tire-asphalt pavement interaction
model

8.2.1 Model Development

The development of FE thermo-mechanical tire-asphalt pavement interaction model involved
three stages:

- In the first stage, a PIARC smooth tire was tested under static loading conditions to
obtain its overall deformational characteristics and in particular the relation between tire
load - inflation pressure — foot print;

- In the second stage, Dynamic Shear Rheometer tests were performed to determine the
material characteristics in terms of Prony’s series of the tire tread rubber. The material
characteristics of tire rubber were utilized in 3D FE simulations of the test tire.
Determination of the material parameters of the reinforcing materials of tire was
performed on the basis of tire loading tests of first stage;

- In the third stage, emphasis was placed on the FE simulations of the progressive
development of tire temperature and its effect on the mechanical response of test tire and
hence on the measured friction at the tire—pavement interface. In this stage, the FE
simulations were performed on simulated asphalt pavement surfaces. The FE model
results were calibrated against (a) the actual temperature measurements in different
components of the instrumented test tires, performed by past researchers, and, (b) the
experimental results obtained by ADHERA friction measuring operating under
continuous field measurement conditions. Processing of the results enabled the
guantification of the role of test tire temperature increase on skid resistance
measurements.

8.2.2 Model Capabilities
The developed FE model has the capability to

- determine the temperature distribution of tire at steady state conditions and the time
required to warm up and cool down of tire;
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compute the time required for different regions of a rolling tire to reach an effective
temperature equilibrated state while a traversing on an asphalt pavement surface;

evaluate the effects of tire tread temperature, pavement temperature, ambient
temperature, contained air temperature, pavement surface texture and tire slip ratio on the
hysteretic friction;

evaluate braking, rolling and cornering performances of a test tire traveling on different
asphalt pavement surfaces.

Conclusions

In general, it was observed that increase in tire tread, ambient and pavement temperatures
decrease the hysteretic friction, while the CAT has a minimal effect on the hysteretic
friction within the considered temperature range.

It was observed that the tire temperature increases with increase in pavement texture.
However, pavement high macrotexture offers more skid resistance.

It was observed that increase in tire slip ratio from 20% to 100% causes the hysteretic
friction to decrease appreciably

It was observed from the tire cornering simulations that the change in the load and the
inflation pressure changes the temperature in the tire cross section. The tire temperature
was found to increase with increase in load and to decrease with the inflation pressure.

It was also noted that the rate of increase in the tire temperature is not uniform throughout
the tire cross section. The study showed that because of the change in the temperature,
material properties of tire rubber also changes and thus the anti-skidding forces
developed beneath the tire also vary. The cornering friction coefficients were found to
decrease with the increase in the loads and the speeds. On the other hand, the cornering
friction coefficients were found to increase with the increase in inflation pressures,
sideslip angles and pavement surface texture depths.

From the above, it can be deduced that the developed frame work was found to be very useful in
predicting the effect of temperature on the skid resistance measurements. Here it is worth
mentioning that the following future works need to be carried out to calibrate the developed
model for more accurate prediction of the results.

8.2.4

Recommendations

Experimental measurements of temperature in the sidewall, belt edges, bead, apex etc. at
different time spans should be considered for the accurate prediction of the effect of
temperature on the skid resistance.

Heat convection coefficients applied in this analysis are taken from the studies of past
researchers (Ebbott et al., 1999). These coefficients should be computed on the basis of
field experiments.

Complex tire operating conditions result in complex wear mechanisms which affect
various tire response characteristics. Simulation of such conditions will require the next
level of FE tire-pavement interaction model to simulate typical patterns of tire tread wear
under hot weather conditions.
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By utilizing the developed tire-pavement thermo-mechanical contact algorithm, a
micromechanics based harmonization of pavement friction measuring equipment can be
performed taking into account all major physical processes and mechanisms contributing
to friction in the interfacial zone between the pavement surface and the tire.

Issues related to the rolling resistance of a pneumatic tire rolling on asphalt pavement
surface can be addressed by utilizing the developed tire-pavement thermo-mechanical
contact algorithm.

8.3 FE tire-water-asphalt pavement interaction model

8.3.1

Model Development

The development of FE tire-water-asphalt pavement interaction model involved two stages:

8.3.2

In the first stage, a steady state analysis of a 3D pneumatic tire rolling over a smooth
plane pavement surface was performed. In this stage tire deformation and footprint
analysis, rolling radius analysis and steady state braking/rolling analyses were carried out.
The history of stresses, strains and displacements obtained from this stage were
transferred to the subsequent transient analysis step

In the second stage, an equivalent translation velocity was given to the water and the
smooth or asphalt pavement in the longitudinal direction. At the same time, an angular
velocity of the tire was specified in such a way that it can produce required slip ratio.
Depending on the pavement surface and (or) tread pattern capability to drain water, part
of the water volume can flow into the tire grooves and pavement macrotexture; at the
same time, due to the dynamic water pressure against the deformable tire structure, a lift
force arises; therefore water can also progressively penetrate under the tire footprint area,
thus reducing the original contact area between tire and pavement surface. The resulting
horizontal force can be utilized to compute the wet friction coefficient. On the other hand,
the hydroplaning is assumed to occur at the striking velocity of water at which there is no
or relatively very low contact force between the tire and asphalt pavement surface

FE Model Capabilities

The developed FE model has the capability to

8.3.3

compute the hydroplaning speed at different slip ratios and yaw angles;

evaluate the effectiveness of mean profile depth and different pavement surface
morphologies to combat the loss of wet friction and hydroplaning

examine the effect of water depth and tread pattern on the wet friction and hydroplaning
Conclusions

It was found that a deeper tire groove and lower water depth reduces the risk of
hydroplaning
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- It was found that higher MPDs and open grade mix design surfaces increase the wet
friction coefficient and thus reduce the risk of wet weather accidents

- It was found that a patterned tire results in higher wet friction coefficient than a worn tire

Overall, the model was found to be a very effective and efficient tool, capable of computing
friction and hydroplaning on wet smooth or asphalt pavement surfaces under different operating
conditions.

8.3.4 Recommendations

- By improvising the tire-wet pavement interaction model, the simulation of flow of water
through the voids of the of different asphalt pavement mixes can be performed. Such
simulations shall determine magnitude of moisture induced stresses on the pavement
internal structure. Also such simulations shall ascertain the drainage properties of asphalt
mix which has influence on the wet frictional performance at the tire-pavement interface

- By improvising the model, the effect of asphalt pavement groove patterns on wet friction
and hydroplaning can be determined

- By improvising the model, the effect of wide base tires in comparison with the
conventional tires on the wet skid resistance and hydroplaning
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A_ppendices

Appendix-2.1 Determination of G* at zero angular frequency
For a relaxation test, the value of G™ for @ =0 is defined as:

G, —IImG =G +ZL|LT(1)(O) gk+kj+|zyﬂ( oo +1J_Gw (A-2.1.1)

where, G is the modulus of the single spring and G, and p, are respectively the moduli and
relaxation times associated with the springs in the M viscoelastic components.

The value of G is determined by taking the N experimental data points (mi,G*(mi)) closest to

o =0 and perform a linear regression analysis G" =aw+b.

Then G, will be equal tob, because ®=0. The linear regression is governed by the following
over-determined system of equations:

G'(ay)| [0 1
G (:wz) _| @ 1m (A-2.1.2)
G(o,)| [o 1

n

where aand b are the regression unknowns.

The least squares solution for a and b can be found from:

G () o 1
o @ 0| G(w)| [o @ - oo, 1fa (A-2.1.3)
1 1 - 1 : 1 1 - 1 o
G (o,) o, 1

This system of equations can be rewritten as:

n

20,6 () inzl“’iz iznll(”‘ m (A-2.1.4)

$6 (o) | gmi n

i=1

The values for the regression parameters a and b are now defined as:
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m ) 1 n(Zm sl )j—(z@j[ze(m ) J (A2.15)
SEETEEN|FH RN

This means that:
G, =b= @m?j@g(% )j_@w‘j@mi Glo )J (A-2.1.6)

(B30

The quality of the G solution can be checked by its R?value, which should be close to 1, and is

((Zwe (o)) (Z@](Z 'Dz o

T e o]
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Appendix-2.2 Minimizing function with constraints on variables

The basis for the parameter back-calculation described in the next section is the ability to
minimize functions representing the difference between model and experimental parameter
values.
The mathematical form for such a minimization is stated as:

min f(x), where (<x<u (A-2.2.1)

where f is the function to be minimized, X is the vector of variables and {and u are the vectors
of lower and upper bounds for X respectively.

The vector of variables is defined as:

x=(G, G, G, =+ G, p p, - Pp) (A-2.2.2)

with G_ is the modulus of the single spring and G,and p, are respectively the moduli and
relaxation times associated with the springs in the M viscoelastic components.

To solve this problem, a Lagrangian L is setup

L(x.B)=F(x)+a-(£~x)+B-(x~u) (A-2.2.3)
Here o and f are vectors of Lagrange multipliers for the lower and upper bound constraints.

The Karush-Kuhn-Tucker conditions are now defined as:

%zﬁ—aﬂ}:o

oXx ox =~

a-(L-x)=0 , a>0 (A-2.2.4)
B-(x-u)=0 , p=0

Solving this non-linear system of equations is done by successive Newton-Raphson iterations
until convergence. The linearized system of equations solved within a Newton-Raphson iteration
is posed as:

o O

xox = * || Ax f(x)-a+B

-1 0 Ofag|-- f-x (A-2.2.5)
1 0 O|4B X-Uu

. . T,
Convergence is reached when the 2-norm of the increment vector [A)g Aa AB] is smaller

than a specified small number. The above Newton Raphson scheme is the core of many non-
linear programming (NLP) algorithms, amongst which Generalized Reduced Gradient (GRG)
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method and Successive Quadratic Programming (SQP) are the most popular ones.
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Appendix-2.3 Back calculation procedure based on successive constraint
optimization

The methodology for back-calculating the shear moduli and relaxation times for a Generalized
Maxwell model from the experimental data retrieved from DSR tests is split into four stages:

The first stage deals with finding an appropriate value for the shear modulus of the single spring
G, =G, =G (0=0). From the plot of the shear modulus magnitude G"as a function of angular
frequency ® the intersection point with the =0 axis is determined by one or more linear
regression analyses. Also initial values for the other parameters (G,and p,, i=1..m ) have to be

chosen within their admissible range of values. This part is done only once at the beginning of the
back-calculation process.

The other three stages are each performing a constraint optimization step on the basis of the
solution of the previous stage. The minimizations for G', G and G are defined as:

. 2
n [ G .
STAGE2 : min f,(x)=)>] M—l , Where (<x<u (A-2.3.1)
= Gmeas((’oj)
6 (0,) )
n HX
STAGE3 : min f,(x)=) #—1 , Wwhere (<x<u (A-2.3.2)
j=1 Gmeas(mj)
G (@x) )
n X
STAGE4 : min f4(>5)=2{%‘”)—1] , Wwhere (<x<u (A-2.3.3)
j=1 meas { @j

Here the subscript ‘meas’ stands for the values coming from the DSR tests, j is the angular
frequency index, n is the maximum number of frequencies taken into account and {and U are the
vectors of lower and upper bounds for the parameter vector x respectively.

The parameter values found at stage 4 are substituted into the 3 minimization functions. If the
resulting values are close enough to zero, a valid parameter set has been found. If not, stages 2 to
4 are repeated again until a valid parameter set has been found.

It turns out that the procedure is very stable and converges to a plausible parameter set for
arbitrary initial guesses within the admissible parameter value ranges.

177



APPENDICES

Appendix-4.1 Procedure to determine the rate of viscous strain

; =My (A-4.1.1)

(A-4.1.2)
t 1
——(t—s).
:—(sje ‘i s(s)ds} , Where 1, =—!
d 5 i
_itt iS
g;=&6——|e " je“ £(s)ds
0
_itt 1 —it it
:é—(—%ie K !e“sé(s)ds+e fi g s(t)J
1t —l(tfs)
=i+—[e " g(s)ds—¢ (A-4.1.3)
T; 0
1L ()
=_ Ti s d
Ti'([e &(s)ds
1
Y
T
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Appendix-4.2 Sigmoidal fitted function
The proposed form to fit the data in Figure A-1.1 can be defined as:
y=(c,x+d, Jexp(-ax)+(c,x+d,)(1—exp(-ax)) (A-4.2.1)

The parameters c,, C,, d; and d, are determined from linear data fits at the boundaries of the x
interval. The parameter a is used to control the curvature of the fitted function.

Assume that the linear fits (or tangents) at the two boundaries of the x interval are defined as:

z, =a,X+b, at x=0

(A-4.2.2)
Zox =8, X+b, at X=X,

Furthermore it is assumed that the term a X, is large enough, so that exp(-a X, ) is close to

Zero.
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Figure A-1.1 The proposed fitted function

The parameters c,, C,, d; and d, are now calculated from the following 4 equations:

Z0|><=0 = y|x=0
dz,| _dy

Bhoo Xl (A-4.2.3)
ZmaX|x=xmax = |x=xmax -
dz,., dy

ax [, dxl,

Substituting Equation (A-2.2) and (A-2.3) into Equation (A-2.1) gives:
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b, =d,
a, =c,—ad,+ad, (A-4.2.4)
Q) Xpnge +0, =Cy X +d, -

a, =¢C,

Therefore it holds:
d,=b;
c,=a,
d,=b,
c,=a,+a(b,—h,)

(A-4.2.5)

So that:
y=((a,+a(b,~b,))x+b; Jexp(-ax)+(a, x+b, )(L-exp(-ax)) (A-4.2.6)

Coefficients are determined except the parameter a .

This parameter can be found by linear regression analysis.
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Nomenclature
A wavelength
A peak-to-peak amplitude
1) coefficient of friction
F tangential friction force between the tire tread rubber and the horizontal travelled
surface
Fv perpendicular force or vertical load
S slip speed
vehicle speed

5 average peripheral speed of the tire
SR slip ratio
SFC side-force coefficient
a angle between the plane of the test tire and the forward velocity vector
K force perpendicular to the plane of the rotating tire
Ry normal reaction force
R+ tangential reaction force
Any A Lagrange multipliers
Oy Ot normal and tangential gap functions
En & penalty parameters
AW energy loss per unit volume per cycle
Q rate of heat generation per unit volume
T elapsed time for one revolution

stress component and strain components with respect to time in a cycle extracted

from the deformation of tire against pavement surface
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O —

SN
SN,

PNG

“max

SMAX

MTD
MPD

gn
Tand
G
G

G*

Phase lag

thermal conductivity (Wm 'K ™)
temperature (K)

internal and external heat sources (Wm®)

heat transfer coefficient (W/m?-K)
time (sec.)

skid number at vehicle speed v
fictitious skid number at zero vehicle speed

percentage normalized gradient of the SN versusv curve

speed constant

maximum friction value

slip speed at maximum friction value
speed number

mean texture depth
mean profile depth
elastic torque

viscous torque

phase angle

storage modulus

loss (viscous) modulus
complex modulus
dynamic viscosity
frequency (rad/sec.)

glass transition temperature
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NOMENCLATURE

a, shift factor value

G, (1) linear relaxation (shear) modulus

G, modulus of the single spring

G, p« moduli and relaxation times associated with the springs in the m viscoelastic
Components

Re effective rolling radius

Ry unloaded radius

p mass density

b body force

o Cauchy stress

n outward unit vector normal to the boundary

t external traction

F deformation gradient

J Jacobian determinant (J=det(F))

S second Piola-Kirchhoff stress

€ total strain

g, inelastic strain

E_and E; stiffness moduli of infinite spring and Maxwell springs

€, inelastic strain rate

w total energy dissipation

Q rate of heat generation

q heat flux per unit area of the body flowing into the body

k thermal conductivity

T, reference temperature
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1T
PT
AT

M wet

Mg

I:EHL

FAR

Vh,rolling

Vh,locked

\Y

spindown
SD
f

u,v,w

Lh

Stefan-Boltzmann constant
emissivity

tire temperature

pavement temperature
ambient air temperature

measures traction coefficient,

pure boundary-layer wet friction or traction coefficient

fraction of footprint in hydrodynamic lubrication mode

hydroplaning speed
tire foot print aspect ratio

tire inflation pressure

water film thickness

hydroplaning speed for rolling tire
hydroplaning speed for locked wheel
spin-down speed

spin-down in percentage
volume faction

Cartesian components of the velocity

hydrodynamic lift coefficient
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Summary

Good skid resistance of a pavement surface is essential for road safety. Loss of skid resistance can
lead to property damage and loss of lives. Ever increasing need of driver safety poses challenges
to the highway authorities to evaluate pavement conditions even more precisely under different
conditions. Environmental variables like temperature, water, snow etc. can have a significant
effect on the skid resistance apart from the vehicle and pavement related factors. The temperature
increase in the tire-pavement contact region results in a complex relationship between the
temperature and the friction and constitutes one of the main sources of uncertainty in interpreting
the data of continuous field measurements. Likewise, very low friction coefficients can be
observed between the tire and pavement surface under wet conditions. Nevertheless, the
phenomena have not been adequately quantified yet within the skid resistance evaluation
engineering community. The road agencies use correlation factors to estimate frictional
characteristics of the road. These correlation factors are based on the experience and field test
measurements which have a very limited scope in terms of reliability and transferability. It is the
aim of this research is to study the effect of temperature and water on the frictional performance
of the asphalt surface, when a pneumatic tire is traversing at given operating conditions.

The tire operating temperature is a very important concern to the tire manufacturers, highway
agencies and users due to its major influence on the traction performance of a tire. Tire rubber
hysteresis is considered to play a major role in countering skidding of a vehicle travelling at high
speed. Past studies showed that the contribution from the hysteresis component in comparison to
adhesion has a larger influence on the friction measurements. This research aims to develop a
sequentially coupled thermo-mechanical model in the finite element (FE) framework to determine
the progressive temperature development in a pneumatic tire rolling over a simulated asphalt
pavement surface mesh and its eventual effect on the hysteretic friction. This research also studies
the hysteretic frictional behavior of a test tire under different surrounding temperature conditions.

In this methodology, first, the tire is tested under static loading conditions to obtain its overall
deformation characteristics and in particular the relation tire load - inflation pressure — foot print.
In the second step, rubber material tests are performed to determine the rheological characteristics
of the tire tread rubber. The test results are used for the determination of rheological parameters
of a tire rubber material in the form of Prony’s coefficients. The Prony’s coefficients are later
utilized in the development of a 3D FE test tire. In the third step, the tire is modelled in the FE
framework, accounting for the different components of a tire like tread, side wall, carcass, belts,
plies, inner liner, rim etc. The FE simulation results corresponding to the footprint and the
deformation are compared with the measurements of static load deflection tests. The FE mesh of
a given asphalt pavement surface is developed based on scanned asphalt surface data obtained by
a Laser Profilometer and an X-ray tomographer. A dynamic analysis of a tire rolling at a definite
slip ratio over a simulated asphalt pavement surface is performed. The results obtained from this
analysis are used in the subsequent energy dissipation analysis to determine the heat fluxes. These
heat fluxes are the input of a heat transfer analysis to determine the temperature development in
the body of a tire.

Many past experimental studies showed that the tire-pavement friction values are related to the
tire surrounding conditions such as pavement temperature, ambient temperature, contained air
temperature and surface characteristic of pavement. Therefore, in this research, the effect of
pavement temperature, ambient temperature and contained air temperature on friction
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measurements is studied. By using the developed FE model, practical test conditions of fully and
partially skidding tires traversing over different asphalt pavement surfaces, namely, Porous Asphalt,
Ultra-Thin Surface and Stone Mastic Asphalt and AC-10 are analysed. Emphasis is placed on the
determination of tire tread temperature as a critical combination of pavement temperature and
ambient temperature. An attempt has also been made to determine the time required for different
regions of a rolling tire to reach an effective temperature equilibrated state. Such kind of analysis
gives insight into the effect of thermal behaviour of different components of tire on the tire hysteresis
which eventually decides its frictional performance. This research also deals with the cornering
frictional behaviour of a pneumatic tire. By utilizing the developed FE model, the cornering friction
was computed for inflation pressure, wheel load, vehicle speed, side-slip angle, surface texture and
mix design.

Good pavement macrotexture has a direct influence on the vehicle safety during wet weather
conditions by improving its traction/braking ability. Apart from the macrotexture, there are several
factors that affect the wet friction, such as, environmental, tire and pavement related characteristics.
In recent years, development of powerful finite element tools made it possible to simulate complex
wet tire-pavement interaction as close as possible to the actual field conditions. However, to the best
of the author’s knowledge, none of the past analytical/numerical studies were able to include the
asphalt pavement surface texture in their analysis.

In the next part of this thesis, the loss of friction under wet/flooded pavement conditions is studied.
This research presents an FE approach to study the effect of surface morphology of asphalt
pavements on the wet friction coefficient. The wet friction performance of different asphalt surface
morphologies of open-graded mix to close-graded mix are studied by using the developed FE model.
The tire-wet asphalt surface interaction FE model is duly calibrated with the field investigations
conducted by using the state-of-art field equipment. The extreme loss of wet friction which ultimately
leads to risk of hydroplaning is also studied. The FE simulations are performed on different water
film thicknesses, tread pattern and different tire slip ratios and yaw angles. The results from the
current study can be used as safety indicators of in-service asphalt pavements under wet/flooded
conditions.
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Samenvatting

Goede wegdekstroefheid is van essentieel belang voor de verkeersveiligheid. Verlies van stroefheid
kan leiden tot materiéle schade en verlies van levens. De steeds toenemende behoefte aan veiligheid
van de bestuurder vormt uitdagingen voor autoriteiten om de wegdekcondities nog nauwkeuriger te
evalueren onder verschillende omstandigheden. Milieuvariabelen zoals temperatuur, water, sneeuw
etc. kunnen een significant effect op de stroefheid hebben, afgezien van de factoren gerelateerd aan
voertuig en wegdek. De temperatuurstijging in het band-wegdek contactgebied resulteert in een
complexe relatie tussen de temperatuur en de wrijving en vormt één van de belangrijkste bronnen van
onzekerheid in de interpretatie van de gegevens van continue veldmetingen. Evenzo kunnen zeer lage
wrijving coéfficiénten worden waargenomen tussen band en wegdek onder natte omstandigheden.
Niettemin, de verschijnselen zijn nog niet voldoende gekwantificeerd binnen de gemeenschap, die
zich met stroefheidsevaluatie bezig houdt. De wegagentschappen gebruiken correlatiefactoren om de
wrijvingskarakteristieken van de weg te schatten. Deze correlatiefactoren zijn gebaseerd op ervaring
en praktijktestmetingen die een zeer beperkt zijn wat betreft betrouwbaarheid en overdraagbaarheid.
Het is het doel van dit onderzoek om het effect van de temperatuur en water op de wrijvingsprestaties
van het asfaltoppervlak te bestuderen, wanneer een luchtband onder gegeven omstandigheden hier
overheen beweegt..

De bandtemperatuur is een zeer belangrijke zorg voor de bandenfabrikanten, snelwegagentschappen
en gebruikers vanwege zijn grote invloed op de tractieprestaties van een band. Bandrubberhysteresis
wordt geacht een belangrijke rol te spelen bij het tegengaan van het slippen van een voertuig met
hoge snelheid. Eerdere studies toonden aan dat de bijdrage van de hysteresiscomponent in
vergelijking met adhesie een grotere invloed op wrijvingsmetingen heeft. Dit onderzoek heeft tot doel
om een sequentieel gekoppeld thermo-mechanisch model in een eindige elementen (FE) kader te
ontwikkelen om de progressieve temperatuurontwikkeling in een rollende luchtband over een
gesimuleerd mesh van een asfaltoppervlak te bepalen en daarmee het uiteindelijke effect op de
hysteresiswrijving. Dit onderzoek bestudeert ook het hysteresiswrijvingsgedrag van een testband
onder verschillende omgevingstemperatuurcondities.

In deze methodologie wordt de band allereerst getest onder statische belastingscondities om de totale
vervormingskenmerken te krijgen en in het bijzonder de relatie bandbelasting - bandenspanning - foot
print. In de tweede stap worden rubbermateriaaltesten uitgevoerd om de reologische eigenschappen
van het bandloopvlakrubber te bepalen. De testresultaten worden gebruikt voor het bepalen van de
reologische parameters van een bandrubbermateriaal in de vorm van Prony coéfficiénten. De Prony
coéfficiénten worden later gebruikt bij het ontwikkelen van een 3D FE testband. In de derde stap
wordt de band gemodelleerd in het FE-kader, rekening houdend met de verschillende onderdelen van
een band zoals loopvlak, zijwand, geraamte, riemen, coating, binnenbekleding, rand etc. De FE
simulatieresultaten gerelateerd aan de footprint en de vervorming worden vergeleken met de
metingen van buigingsproeven onder statische belasting. De FE mesh van een bepaald asfaltwegdek
is ontwikkeld op basis van een gescand asfaltoppervlak verkregen door een laser Profilometer en een
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X-ray tomographer. Een dynamische analyse van een rollende band onder een bepaalde slipratio over
een gesimuleerd asfaltwegdek is uitgevoerd. De resultaten van deze analyse worden gebruikt in een
eropvolgende energiedissipatieanalyse om de warmtefluxen te bepalen. Deze warmtefluxen zijn de
input voor een warmteoverdrachtsanalyse om de temperatuurontwikkeling aan de binnenkant van een
band te bepalen.

Vele vroegere experimentele studies toonden aan dat de band-wegdek wrijvingswaarden betrekking
hebben op de bandomgevingsomstandigheden zoals wegdektemperatuur, omgevingstemperatuur,
luchttemperatuur en de oppervlakkenmerken van het wegdek. Daarom is in dit onderzoek het effect
van wegdektemperatuur, omgevingstemperatuur en luchttemperatuur op frictiemetingen onderzocht.
Door middel van het ontwikkelde FE-model, praktische testomstandigheden van volledig en
gedeeltelijk slippende banden die bewegen over verschillende asfaltwegdekoppervlakken, namelijk
ZOAB, Ultra-Thin Surface en Stone Mastic Asphalt en AC-10 zijn geanalyseerd. De nadruk ligt op
de bepaling van de bandprofieltemperatuur als een kritische combinatie van wegdektemperatuur en
omgevingstemperatuur. Eveneens is een poging gedaan om de tijd, die nodig is voor verschillende
delen van een rollende band om een effectieve temperatuurbalanstoestand te bereiken, te bepalen. Een
dergelijke vorm van analyse geeft inzicht in het effect van het thermisch gedrag van de verschillende
bandcomponenten op de bandhysteresis, wat uiteindelijk de wrijvingsprestaties bepaalt. Dit
onderzoek gaat ook over het wrijvingsgedrag van een luchtband in bochten. Door gebruik te maken
van het ontwikkelde FE-model, werd de wrijving in bochten berekend voor bandenspanning, wiel
belasting, snelheid, side-slip hoek, oppervlaktestructuur en mengseldesign.

Goede wegdekmacrotextuur heeft een directe invloed op de veiligheid van een voertuig tijdens natte
weersomstandigheden door de verbetering van het tractie/remvermogen. Naast de macrotextuur zijn
er verschillende factoren die de natte wrijving beinvloeden, zoals milieu-, band en wegdek verwante
eigenschappen. In de afgelopen jaren, maakte de ontwikkeling van krachtige eindige elementen
gereedschappen het mogelijk om complexe natte band-wegdek interactie, zo dicht mogelijk bij de
feitelijke veldomstandigheden, te simuleren. Echter, voor zover de auteur weet, zijn er geen van
eerdere analytische / numerieke studies gedaan, die de wegdektextuur in een analyse meenemen.

In het volgende deel van dit proefschrift wordt het verlies van wrijving onder natte / ondergelopen
wegdekomstandigheden bestudeerd. Dit onderzoek bevat een FE aanpak om het effect van
oppervlaktemorfologie van asfaltwegdekken op de natte wrijvingscoéfficiént te bestuderen. De natte
wrijvingsprestaties van verschillende asfaltoppervlaktemorfologieén van open tot dichte asfaltmixen
worden bestudeerd met behulp van het ontwikkelde FE-model. Het band-nat wegdek interactie FE
model is naar behoren gekalibreerd door middel van veldonderzoeken gebruikmakend van state-of-art
veldapparatuur. Het extreme verlies van natte wrijving, wat uiteindelijk leidt tot het risico van
aquaplaning, is ook bestudeerd. De FE simulaties zijn uitgevoerd voor verschillende waterlaagdiktes,
loopvlakprofielen, verschillende bandenslipratios en afwijkhoeken. De resultaten van de huidige
studie kunnen worden gebruikt als veiligheidsindicatoren voor asfaltlagen onder natte / overstroomde
omstandigheden.
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