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Executive Summary

General Background

Many factors are involved in the design of a pavement including energy efficiency, safety, load
capacity, ride quality, durability, noise, and cost. In 2011, approximately 71 percent of the
petroleum used in the United States was used in the transportation sector, accounting for 28 percent
of the U.S. energy demand (EPA, 2012). Given the increase in public awareness of global
warming, the interest in improving vehicle fuel economy has escalated in the past decade. While
numerous factors such as vehicle aerodynamics and engine efficiency influence the fuel
consumption of the vehicle, the contact between the tire and pavement surface also affects the
energy loss in the tire and the vehicle; and subsequently the fuel consumption. This energy loss is
often quantified as rolling resistance of the vehicle which includes different mechanisms of vehicle
dynamics (energy loss in the suspension system), tire vibration and deformation, and tire tread
deformation (Bendtsen, 2004). Pavement properties such as pavement surface profile and structure
can influence these mechanisms. The pavement surface profile can be divided into various scales
of roughness (unevenness), mega-, macro-, and micro-textures (PIARC, Permanent International
Association of Road Congresses). These scales can affect different mechanisms of the vehicle
rolling resistance.

Problem Statement

The empirical studies conducted for investigating the effect of surface profile, in particular
roughness and macrotexture, are mostly related to the vehicle fuel consumption (Chatti & Zaabar,
2012, Sandberg et al, 2011). These studies have empirical rolling resistance models included
within their fuel consumption models. Only a few studies investigated the effect of surface profile
based on the actual rolling resistance measurements (Boere, 2009).

The available numerical models, on the other hand, are more limited specially for the effect of
texture on rolling resistance. Due to the wide range of the wavelengths within the pavement surface
profile, and the difference between the macro-texture and roughness scales and their involved
mechanisms, the existing models are only able to capture the effect of one of these scales.

The macro-texture is assumed to only affect the energy dissipation within the tire. The mean profile
depth (MPD) parameter is usually used for texture characterization of the macro-texture. On the
other hand, the effect of roughness on rolling resistance is considered to be more dominant on the
vehicle suspension than the tire deformation. For investigation of the effect of pavement profile
on vehicle suspension, the international roughness index (IRI) is usually used. It should be noted
that IRI does not differentiate between roughness and mega-texture scales of the profile. It is
defined based on the wavelengths higher than 250 mm, which include the full roughness scale and
a portion of mega-texture scale of the profile. As the result, so far, the effect of roughness and
mega-texture scales on rolling resistance has not been studied separately.

In addition, since the parameters used for surface characterization of these scales are very different,
it is not possible to perform a rigorous comparison of the effect of the different scales on rolling
resistance.
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Therefore, to address these shortcomings in the current state of the art, the main goal of this project
is to develop a mechanistic model that is able to capture the effect of the whole surface profile
spectrum on the rolling resistance of the vehicle. Also, a common surface characterization
parameter will be selected for assessing the relative contribution of each surface scale to vehicle
and tire rolling resistance. In addition, some limitations in the existing models will be addressed.

Key Methodology

Finite element modeling has proven to be a reliable tool for mechanistic modeling of different
phenomena. FE modeling of the tire has been used for many purposes, from modeling the vehicle
operation conditions to the effect of pavement friction or even pavement structural influence on
rolling resistance (Falk et al, 2016; Srirangam, 2015; Hernandez, 2015). However, such a model
can be computationally very time consuming if the tire is in contact with profiles with very small
wavelengths. Srirangam (2015) developed such a model for investigating the effect of texture on
friction and reported the model to be computationally very expensive. Here, for capturing the effect
of macro-texture on rolling resistance, a similar model is required as well.

The effect of roughness, on the other hand, is usually captured using simplified mechanistic models
such as the quarter-car model, which consists of a simplified suspension system and tire model
that is a combination of a spring and a dashpot in parallel, with their required properties found
experimentally.

To include both the effect of small textures and roughness in one single model, a quarter-car FE
model is proposed in this study. Such a model includes a detailed finite element model of the tire
with small mesh size for capturing the effect of the macro-texture profile and a spring and dashpot
suspension system for capturing the effect of surface roughness profile. Such a model can include
all of the mechanisms involved in the rolling resistance of the vehicle, from tread deformation and
tire bending to the vehicle dynamics.

The main purpose of this project is to develop a computational model for evaluating the effect of
different scales of surface profile on rolling resistance of the vehicle. Using the developed model,
the effect and importance of each scale of the profile (roughness, mega-, and macro-texture) on
the rolling resistance of the vehicle can be determined. For this purpose, the surface profile will be
divided into various scales, based on the standard definition of surface texture and roughness from
PIARC, to evaluate their effects separately.

In addition, this model will be used to address some of the shortcomings of the existing models,
including (i) having different models for the evaluation of the effect of different scales, (ii)
allowing the model to lose contact with the profile if necessary, and (iii) including the effect of
textures with wavelength smaller than 250 mm on the rolling resistance of the vehicle.

Major Findings and Their Implications

The obtained results show that a linear relationship exists between the RMS of different scales of
macro-texture, mega-texture, and roughness and rolling resistance coefficient (RRC) of the tire
and the quarter-car model. The profiles with low RMS show minimal effect on suspension of the
vehicle, regardless of their scales. For higher RMS values, the mega-texture profiles and roughness
profiles affect the suspension similarly. However, the effect of mega-texture on tire is much more
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than roughness. Consequently, the overall effect of mega-texture on rolling resistance of the
quarter is higher than roughness.

It can be argued that the higher effect of mega-texture captured by the model for higher values of
RMS is due to the presence of high mega-texture along the full profiles, while in reality high values
of RMS for mega-texture are related to local events only. To address this issue, a few profiles
with local events of mega-texture were studied. It is found that the mega-texture’s effect on rolling
resistance of the tire and vehicle suspension system can be noticeable, even when the events are
isolated.

The results from both the 3D FE tire model and the FE quarter-car model developed in this project
are then compared with previous studies. The influence of macro-texture on the rolling resistance
is compared with a few empirical studies, namely the NCHRP 720 report, the MIRIAM project,
and Boere study. NCHRP 720 report and the MIRIAM project are based on the energy dissipation
of the vehicle and there is a significant difference between their results. Boere’s study on the other
hand measured rolling resistance directly using a trailer. The tire model results are closer to Boere’s
study; however, it slightly overestimates the influence of macro-texture on RRC in comparison to
Boere’s study.

On comparison of the influence of roughness and mega-texture on rolling resistance, the results of
the FE Quarter-car model are compared with mechanical quarter-car model by Zaabar et al. (2018)
and NCHRP 720 report. The excess rolling resistance forces from the three models match very
well for the lower IRI values (IRI<4m/km), which represents the majority of the IRI values for
pavement surfaces in the US. For IRI values higher than 4m/km, the rolling resistance forces of
the FE model diverges from NCHRP 720 report results, while being reasonably close to those from
the mechanical quarter-car model.

The results of this project show that the mega-texture profile within the contact patch also affect
the suspension of the vehicle. The current cut-off wavelength for the effect of pavement texture on
displacement in the vehicle suspension and IR1 calculation is considered as the contact patch length
(250 mm). Therefore, further investigation is required for finding a new cut-off wavelength for the
effect of texture on vehicle suspension.

The developed FE model allows the tire to lose contact with the profile if necessary. This loss of
contact occurs in reality, especially in rough surfaces. However, although when the tire does not
have contact with the surface and the resisting forces within the tire are minimum, the impact with
the surface after contact can increase the rolling resistance. Therefore, the effect of this loss of
contact is not understood fully and it should be investigated further.

xviii



XiX



CHAPTER 1
LITERATURE REVIEW

1.1 INTRODUCTION

The vehicle/tire-pavement interaction depends on three components; vehicle/tire, pavement, and
operating conditions. Pavement surface profile, including surface roughness (unevenness) and
texture is one of the main factors influencing different aspects of vehicle/tire-pavement interaction.

When a vehicle runs over a profile of a given unevenness, its body and axles will vibrate and the
internal damping in the suspension system and tire will dissipate energy. Similarly, when a tire
rolls over the pavement surface, a fraction of the texture (referred to as engaged texture) will
penetrate into the rubber, which causes energy dissipation due to the viscoelastic nature of the
rubber. The relationships between various engaged texture wavelengths, roughness/unevenness,
and various aspects of vehicle/tire-pavement interactions are shown in Figure 1-1.
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Figure 1-1. Influence of texture and roughness wavelength on vehicle/tire-pavement interactions
(after Henry, 2000 and Sandburg and Ejmont, 2000)

As it can be seen, it is widely accepted that smaller-scaled textures influence friction and tire wear,
while the larger-scaled textures and roughness/unevenness affect rolling resistance and vehicle/tire
damage. There is a good understanding of the effect of pavement surface texture on friction.
However, the surface profile effect on rolling resistance and fuel consumption has only been
investigated in a few studies.

To better understand the effect of surface profile on rolling resistance, the profile is divided into
four levels of roughness, mega-, macro-, and micro-texture. The effect of each level on rolling
resistance is investigated separately. Therefore, the structure of this chapter is as follows: First,
previous studies on surface profile characterization, modeling, and measurement are addressed.
Second, the available studies on the effect of roughness, mega-, macro-, and micro-textures on
rolling resistance are discussed, respectively. It is worth noting that, as it was mentioned in the
introduction chapter, due to the trade-off between friction and rolling resistance, an additional
review was conducted on friction, which can be found in Appendix A.



1.2 PAVEMENT SURFACE PROFILE CHARACTERIZATION

Pavement surface profile can be divided into unevenness/roughness and texture, which has three
different scales of mega-texture, macro-texture, and micro-texture (see Figure 1-2). Pavement
surface texture is characterized as deviations of the surface from a true planar surface. As shown
in Figure 1-2 (Sandburg, 1990), Permanent International Association of Road Congresses
(PIARC) (1995) defined micro-texture as a wavelength shorter than 0.5 mm and peak to peak
amplitude of 0.001 to 0.5 mm. The macro-texture is characterized by wavelengths between 0.5
and 50 mm and peak to peak amplitude of 0.1 to 20 mm, while mega-texture is defined by
wavelengths between 50 and 500 mm and peak to peak amplitude of 0.1 to 50 mm. Any
wavelength larger than the upper limit of mega-texture is characterized as roughness/unevenness.
Figure 1-3 demonstrates a representation of texture characteristics (wavelength and amplitude).

m_‘-i>5°mm Roughness/Unevenness
3 \ X X A

X 50
Mega-texture
X5

Macro-texture
X5

Micro-texture

Figure 1-2. Simplified illustration of various pavement surface profile ranges (after
Sandburg, 1990

Wavelength

Mean Profile depth

Amplitude

Figure 1-3. Surface texture characteristics

1.2.1 Road profile filtering

Filtering is a common way in signal processing to eliminate the unwanted voltage fluctuations
from the signal. Pavement profile is very similar to a signal being in spatial domain instead of a
time domain. A pavement profile includes grade, roughness/unevenness, and texture. Inclusion of
the grade in the profile dominates the other two components. Therefore, filtering of the pavement
profile is needed to obtain roughness and texture profiles (Gillespie and Sayer, 1981). The same
process can be performed for distinguishing between surface roughness and texture, or even the
different levels of texture. When studying the effect of roughness on vehicle response and
performance, it is important to eliminate both grade and short wavelength textures since the
experimental measurements have shown that tires filter short wavelengths from the road by



enveloping small bumps (Kenis, 1995). A moving average filter is a way to perform the long and
short wavelengths filtering, in which the profile is smoothened by averaging adjacent elevation
values together (see Figure 1-4). The filtered profile can be obtained by the following equation
(Kenis, 1995):

1 rx+Ac
XH = 2_/15 x—lc XR(.X) dx eq 1'1
XL=XR_XH eq 1'2

where Xy is the raw profile, X; is the low-pass profile, X, is the high-pass profile, and A, is the
cutoff wavelength of the moving average filter.

Original profile
Current position
Smoothed profile

Average height
of shaded area

Figure 1-4. Moving average filter of a profile (Sayers and Karamihas, 1996)

Using this process, a surface profile can be divided into roughness, mega-, macro-, and micro-
texture scales if required.

1.2.2 Surface profile characterization

A profile consists of a series of numbers representing the elevation of each point of the surface
relative to a certain reference line. There are various methods for characterizing the surface profile.
The available methods for characterization of roughness and textures are usually different from
each other. Therefore, in this section they are discussed separately.

Roughness characterization

Roughness or unevenness can be defined as the wavelengths that result into excitations in the
vehicle at one of its resonant frequencies at different speeds. When the amplitude of this resonant
frequency is large, the vibration or vertical accelerations of the vehicle can be quite noticeable. As
a result of this acceleration a significant vertical force is applied to the road, which can result in
damage to the road (Hudson, 1981). Most of the vehicles in a particular class possess similar
characteristics when driving at a similar speed on a given road surface. Therefore, the excitation
of the vehicle can be considered as a function of the wavelength content of the road profile surface
(Hudson, 1981). International Roughness Index (IRI) is based on this assumption and is the most
common statistical parameter for characterizing roughness.

For defining IRI, a standard quarter-car model is introduced (see Figure 1-5). This model considers
the suspension system of the vehicle as a parallel system of a spring and a dashpot, while modeling
the tire with only a linear spring. Since the aim of the model is to simulate the deflection of the
suspension system in response to the road roughness, the assumption of linear spring for tire
modeling is considered as acceptable.

The IRI is then defined as the accumulated suspension motion or deflection divided by the length
of measurement. Therefore, IRI is an index with units of slope in m/km or in/mi.



Y. Suspension movement

IRI = eq. 1-3

profile length

Zroad(t)

Figure 1-5. Schematic of Two DoF Quarter-Car Vehicle Model

As it was mentioned before, the surface profile is similar to a signal in spatial domain. Therefore,
another useful method for representing the profile is using the Power Spectral Density (PSD)
function. There are various techniques for estimating the PSD of a signal or profile, from non-
parametric methods, e.g., periodogram or correlogram, to parametric methods, e.g., signal model
beforehand. A common method for finding a power spectrum is using the Fast Fourier transform
(FFT). FFT divides the surface into combinations of magnitudes and their corresponding
frequencies. PSD can be obtained by the log-log plot of the squared magnitude versus the
frequencies (see Figure 1-6).

One of the first stochastic models proposed for representation of roads is based on the PSD function
(Gillespie and Sayer, 1981):

G,(v) = A/(Zm,)z eq. 1-4

where G, (v) is the PSD function of elevation z, v is a wavenumber, and A is a roughness coefficient
which is obtained by fitting the PSD of a measured profile to the above equation.
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Figure 1-6. A surface profile and its corresponding PSD

Texture characterization

Seamless simulation of the pavement surfaces has been the focus of extensive studies.
Characterization of the surface texture by wavelength and amplitudes into micro-, macro-, and
mega-texture cannot provide sufficient information. For example, having the same macro- and
micro-texture summary index (e.g. mean profile depth) in two different surfaces does not
necessarily lead to similar vehicle performances like friction (Kane et al., 2015). Therefore, other



statistical parameters have been introduced to better represent the texture profile and its correlation
with those performances (Yandell, 1971, Forster, 1981, Yandell, 1994, Sabey, 1959, Do, 2002).

The statistical parameters can be categorized into four groups; (i) amplitude parameters, e.g. mean
profile depth, mean texture depth, root mean square, skewness, and Kurtosis, (ii) functional
parameters, e.g. surface bearing index, (iii) Hybrid parameters, e.g. surface area ratio, and (iv)
spacing parameters, e.g. texture aspect ratio and direction (Li et al ,2016).

Table 1-1 represents some of these parameters used for characterization of the pavement texture.
Parameters used in these formulae are illustrated in Figure 1-7.

Figure 1-7. Surface texture parameters

In multi-scale surface characterization, these parameters should be defined individually for each
scale since they depend on the resolution (Moore, 1975, Do and Marsac, 2002, Ergun et al. 2005,
Serigos et al., 2014).

Instead of using different statistical parameters for each scale of texture, fractal techniques have
been used for multi-scale characterization of pavement or aggregate surfaces. Fractal techniques
were first introduced in 1982 when Benoit Mandelbrot proposed a novel idea of what he called
"geometry of nature". He suggested that objects of any number of dimensions, which until then
were considered to have irregular shape or texture, in fact have an inherent pattern of irregularity
that repeats at all scales. This observation was a ground-breaking discovery and gave rise to a new
extension of classical geometry called fractal geometry. Nowadays fractal analysis (analyzing
objects in search for their fractal nature) is applied in many fields of science, engineering, and arts,
enabling humans to understand nature on a deeper level.

A fractal is a pattern generated by the same geometric process repeated over and over resulting in
a never-ending complex structure. In general, fractals are divided into self-similar and self-affine
fractal categories. A self-similar fractal object is an object approximately or exactly equal to a part
of itself. A self-affine fractal object has pieces of itself scaled by different amounts in different
directions. All self-similar objects are self-affine, while self-affine objects are usually not self-
similar (Russ, 1994). Figure 1-8 can show an example of self-affine surfaces in different
magnifications with a scaling factor of { = L/A, where L is the minimum diameter of the contact
area, A, when A(L) ~ L2,

A fractal pattern gives the impression of depth, due to its inherent irregularity of boundary lines.
Therefore, fractals are described with fractal (Hausdorf) dimension, Dy, which can have any non-
integer value. Fractal dimension of a fractal object is always larger than its Cartesian dimension,
D¢, (D¢, =1foraline, D., =2 for a surface, D., =3 for a volume, etc.):

D =Dc+(1—H) eq. 1-5



Table 1-1. Statistical parameters for surface characterization

Cat Parameter
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Formula
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Figure 1-8. Self-affinity of pavement surface

where, 0<H<1 is the Hurst exponent. The lower the value of Hurst exponent, the rougher the fractal
object appears and the more additional dimension it fills.

The fractal dimension of a profile (Dy) can be converted to the fractal dimension of a surface
(Dy) by the following equations:

1+ Dy <Dg< Dy+ D, eqg. 1-6
1+D, <Ds;< Dy+ D, eq. 1-7

where, D, and D, are estimates of fractal dimension (Df) in x and y directions and Dy is the
surface fractal dimension. For isotropic self-similar and self-affine surfaces, the left side of the
inequality (1 + D,,) is equal to D. These inequalities enable one to describe (even if not exactly)
a fractal surface with only one given profile (or a small number of profiles).

Fractal structures, can be defined using the fractional Brownian noise description, described as the
following function:

fx) = ax9®r eq. 1-8

where variable x can be time in time-domain or position in spatial-domain, a is proportionality
constant, and g(Dy) is a negative coefficient dependent on the structure (Jahn and Truckenbrodt
2004).

Based on this function, Power law methods, such as Power spectrum, Roughness length,
Tessellation, structure function, Richardson, etc., are introduced for finding the fractal dimension
for a given surface (f(x)). It must be noted that some of these laws such as Richardson are limited
to self-similar fractals or one-dimensional data. However, some others like power spectrum can be
generalized to higher dimensions under specific conditions.

Among these laws, power spectrum is the most common method for characterization of pavement

surfaces, see Figure 1-6. The slope of PSD () of the pavement profile has a linear relationship

with fractal dimensions, which can be defined as Dy = % for profiles, and Dy = # for areas

(Bhushan et.al. 1992).

Therefore, the fractal parameters of fractal dimension Dy and Hurst exponent (H=3-Dy), can be
used for representation of the pavement surface profile. Pavement surfaces tend to be self-affine
(2.1 < D¢<2.5) within the lower and upper bound for length-scale, A, shown in Figure 1-8. This

range of A,;, <A <Amax is often between a few millimeters and a few micrometers (Persson, 2001).

In addition to the mentioned methods, surface decomposition method has also been used for
pavement surface characterization (Rado and Kane, 2014; Kane et al., 2015). Using a signal
processing technique, named Hilbert-Huang transform (HHT) (Huang and Pan, 2006), the method
decomposes the profile into a number of profiles (IMF). These profiles have (i) the same number



of minima, maxima, and intersect with zmnean and (ii) identical zmean in an area between local
maximum and minimum for every point. They are expressed as

Z(x) =1, + X IMF;(x) eq. 1-9

in which r, is the residue remained after the decomposition. Being simpler than Fourier
transformation and faster to implement, the method appears to be promising for pavement
characterization (Kane et al., 2015).

1.2.3 Surface profile measurements

Surface roughness measurement

Based on the roughness characterization methods mentioned, there are two types of devices for
roughness measurement; response-type devices in which the vehicle response to roughness is
measured, and profilometers which measure the actual profile.

The measurements of the response-type devices, which record the dynamic response of a vehicle
moving on a particular pavement surface, are dependent on the characteristics of the vehicle
mechanical system and the speed of the vehicle. Some of the most common devices in this
category are the Bureau of Public Roads (BPR) roughometer, the Portland Cement Association
(PCA) meter, and the Mays meter.

BPR roughometer, for example, is a single wheel trailer that measures the vertical movements of
the damped, leaf-sprung wheel with respect to the axle using a mechanical integrator. Its result is
reported in in/mi count of roughness. Although this method is one of the simplest and cheapest
available methods, its measurements are dependent on the vehicle response, vehicle type, time,
vehicle condition, and climate. Therefore, the accuracy of its measurements may not be as good
as other devices. To solve the problem complicated calibrations are required to convert the
measurements to a standard scale (Wambold et al., 1981).

The profilometers, on the other hand, measure the vertical elevation of the profile at every
longitudinal point. General Motors Research (GMR) profilometer, the French Bridge and
Pavement Laboratory (LCPC) longitudinal profile analyzer (APL), the Transport and Road
Research Laboratory (TRRL) Beam, and CHLOE (AASHO) profilometer are some of the
available devices in this category (Wambold et al., 1981).

As an example, GMR profilometer is able to measure one or two profiles at highway speeds. It
consists of a small trailer under several hundred pounds of load being pulled on the given track.
The displacement transducer measures the distance between surface profile and the trailer, while
the accelerometer measures the vertical motion of the body of the vehicle. The profile can be
obtained by subtracting the displacement signal from the double integration of the accelerometer
signal for eliminating the vehicle motion (Gillespie and Sayers, 1981).

Laser scanning technology has also been used for measuring surface roughness. For example,
multiple laser profiler (MLP) is a 3D laser which is able to measure multiple paths of profiles at
the same time (Chang et al, 2005).

It worth noting that, as it was mentioned before, filtering is very important in roughness
measurement. Therefore, nearly all of the roughness measurement devices function as mechanical
filters to remove the profile grade from the measurements (Sayers and Karamihas, 1998).



Surface texture measurement

There are a wide range of methods for measurement of the texture of various surfaces such as
pavements, mechanical parts, semiconductors and optics. These methods are different based on
the type of evaluation, process, resolution, and presence of contact between the device and surface.
Nevertheless, none of them is well-recognized as the best mean for surface measurements. This
section comprises the methods which have been used in pavement engineering and briefly
addresses the available methods for other fields that have been validated in similar conditions.

As the resolution of measurements increases, the speed of measurement decreases. Therefore, the
devices with higher resolutions can only perform in the laboratory or at low speeds. The devices
with lower resolutions can measure the surface profile in the field at highway speeds. Although
the technology improvements in recent years have made the texture measuring techniques faster
and more reliable, one of the major drawbacks in texture measurement methods is their time-
consuming process. Here, these methods are divided into two categories: contact probes and optic
or contactless probes based on the presence of contact between the device and the profile:

i. Contact probe devices

One of the common contact probe devices is the stylus profiling device which can give resolutions
up to nano-scale. The device is composed of a stylus which moves along a straight line in 1-D or
2-D and records the surface profile by profiling through a grid in two perpendicular directions
(Santos and Julio, 2013). The resolution of this device and the range of measurement depends on
the size of the tip of the stylus.

Sand patch (ASTM E 965, ISO 10844) is a volumetric-based device which provides the mean
depth of pavement surface for macro-texture only. In this test, glass beads with a known volume
are spread in a circle onto a cleaned surface. Based on the volume and the diameter of the circle
the mean texture depth of the surface is determined (Hall et al., 2009).

There is a strong correlation between micro-texture and friction measurements at low speed such
as British Pendulum test (BPT) and Dynamic Friction tester (DFT at 20 km/hr). Hence, these two
tests are often used to qualitatively characterize the micro-texture (Hall et al., 2009). These tests
are explained in more detail in Appendix A.

ii. Contact-less probe devices

In contact-less probe devices, light is often used for surface profile measurements. These devices
trace the light behavior, such as angle of reflection and range of scattering of the light, when it is
in contact with a surface. The method is non-destructive and is often faster than contact probe
methods. However, it can be too sensitive to the surface slope, direction, visibility, and scattering
of the lights in the deep valleys (Vorburger et al., 2007). Optical devices have three major types
which have been compared in detail in Table 1-2.

Laser scanners project a laser beam on the surface, collect the reflections and derive the
coordination of the target point by triangulation. Their resolution is mainly defined by the laser
spot size and some can capture textures as small as a few micrometers. In conventional laser
scanners, resolution and accuracy decrease by increasing the field of view, a problem which has
been addressed with recent synchronizing ability. The method has been widely used in studies on
texture characterization of pavement surfaces (Serigos et al., 2014, Bitelli et al., 2012).



Image analysis systems measure the surface texture by capturing a photograph with a high-
resolution camera and using triangulation to derive the coordinates. Despite being simple, finding
the common points among image pairs while using more than one camera can be complicated
(Ergun et al., 2005, Slimane et al., 2008, Masad et al., 2009).

Microscopes project a light or electron beam on the surfaces and analyze the diffracted reflections
to obtain the image of the surface. Optical, electron, and scanning probe microscopy are the most
well-known approaches. Microscopes can have large measurement ranges from Inm to some
millimeters (Vorburger et al., 2007). Scanning Electron Microscopy (SEM) has been often used
for measuring the micro-texture of aggregates (Tourenq and Fourmaintraux, 1971, Masad et al.,

2009).

Table 1-2 shows the comparison of these devices.

Table 1-2. Comparison of surface texture measurement devices

Missing
Device Exalietion Resolution Flc.]d of dat.a for Time Coring synchronizing  Portability Cost
type View multi-scale
samples
limited to Yes,
Stylus Quantitative Mgt 'Iow Large o Slow Yes Not Built in No Medium
resolution capture
only both scales
BPT Qualitative - Medium Fast No - Yes Low
DFT Qualitative -ee- Large Fast No e Yes Medium
5 ; Yes for high Yes for low
1D Quantitative ) o1 Small Yeninthe: Relativaly resolution Not Built in resolution Medium
micron valleys fast
ones ones
Relatively ; 3 Yes for high Yes for low
2D Quantitative s i large with an Ry Ul Reletivoly resolution Not Built in resolution Medium
Laser micron valleys fast
encoder ones ones
1 Sn;]z?llhfor Relativel Yes for high Yes for low Hxhg_h }:’or
3D Quantitative up to 1eh No Clatvely  resolution Built in resolution 1B
micron resolution fast resolution
ones ones
ones ones
Small for High for
lmagt? Quantitative up t.o some hlgh Yes, in the Relatively Yes Not Built in No- se'nsmve hlgh
analysis microns resolution valleys fast to light resolution
ones ones
Microscope Quantitative up to:nano Small No Slow Yes Built in No High

scale

Several other methods such as structured light and interferometry can be used to measure micro-
texture, however, few studies have used them (Busse et al., 2010). Considering the wide range of
amplitudes, e.g. deep valleys, of pavement surfaces, most methods often give missing data. The
challenge of missing data becomes more relevant in rougher surfaces, such as those with chip seal
preservation.

1.3 INFLUENCE OF PAVEMENT PROFILE ON ROLLING RESISTANCE
Rolling resistance is the required force for keeping an object such as a wheel or tire moving. There

are different factors affecting rolling resistance such as pavement surface, vehicle/tire
characteristics, vehicle/tire operating conditions, and environmental conditions.
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When a vehicle is traveling along a road with a rough surface, it has to overcome additional
obstacles (from the texture to roughness and bumps on the surface) in comparison to a smooth
road. These obstacles result into deformation of the tire and suspension system of the vehicle. Due
to the viscoelastic nature of the tire rubber and presence of damping in the suspension system,
whenever there is a deformation, there exists energy loss. Therefore, the roughness- and texture-
induced rolling resistance of the vehicle consists of energy loss in the suspension system of the
vehicle and the tire. The losses in the suspension system are mostly affected by longer wavelengths
such as roughness and mega-texture, while tire and tread deformations are influenced by surface
mega-, macro-, and micro-texture, respectively (see Figure 1-9).

| Ride comfort models |
~

| Road load models | Suspension system (vertical forces)

| Contact LnAodels |  Tire deformations (longitudinal, lateral and vertical forces)

Tread deformations

I I I >

Micro-texture Macro-texture Mega-texture Roughness

Figure 1-9. Influence of pavement profile on vehicle rolling resistance

1.3.1 Effect of surface roughness on rolling resistance of the vehicle

The effect of roughness on rolling resistance has been the focus of several studies ranging from
empirical studies conducted on the effect of surface characteristics and roughness on fuel
consumption (Chatti & Zaabar 2012, Hammarstrom et al., 2012), to mechanistic approaches aimed
at roughness-induced rolling resistance (Louhghalam et al., 2015, Kim et al. 2017, Zaabar et al,
2018). These studies are summarized here.

Empirical models

There are a few models relating surface roughness to fuel consumption which often include built-
in rolling resistance models. One of the most commonly used models is the World Bank's Highway
Design and Maintenance Standards Model (HDM), versions HDM-3 and HDM-4 (Bennett and
Greenwood 2003b). A later study, as a part of NCHRP1-45 research project, proposed a model
in NCHRP 720 report by calibrating the HDM-4 model using extensive field trials (Chatti &
Zaabar 2012). Another study as a part of the MIRIAM project presented an empirical model for
the rolling resistance of the vehicle (Hammarstrom et al., 2012). These models are addressed
below.

i. NCHRP 720 model

The main objective of the NCHRP1-45 research project was estimating the effects of pavement
conditions on vehicle operating costs for different vehicle classes (medium car, SUV, van, light
truck, articulated truck). The developed fuel consumption model is a calibrated version of the
HDM 4 model (Chatti & Zaabar 2012). The effect of roughness is only accounted for in the rolling
resistance model:

F,=CR,x (b]lxNW+CR1X(b12XM+b13><V2)) eg. 1-10
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in which Fyis the rolling resistance force (N); CR1 is the rolling resistance tire factor; b1 to b1z are
the rolling resistance parameters related to the wheel diameter and number of wheels (Nw); v is
the vehicle speed in km/h. CRy is the rolling resistance surface factor, which includes the effect of
profile texture, roughness and pavement deflection:

CR,=Kecr,(ay +a;x Tdsp + a,x IRl + a3 x DEF) eqg. 1-11

where, Kcr: is the calibration factor; ao to as are the model coefficients; and Tdsp is texture depth
using the sand patch method (mm): Tdsp = 1.02 x MPD + 0.28, in which MPD is the mean profile
depth (mm), ranging from 0.5 mm to 3 mm; IRI is the International roughness index (m/km), and
DEF is the pavement deflection in mm:

DEF = %x(-0.0S +0.415 x e0-024575xV) eq. 1-12

where T is the air temperature in °C and V is the vehicle speed in km/h.

An adjustment factor is defined for rolling resistance and fuel consumption (from the baseline
condition of IRI = 1 m/km) defined as Airi=x / Airi=1. This adjustment factor with respect to the
variation of IRI at the speed of 88km/h, temperature of 30°C, MPD of 1 mm and grade of 0% is
shown in Figure 1-10 for a passenger car and an articulated truck as an example.

According to the rolling resistance and fuel consumption models developed in the NCHRP study,
a 1 m/km increase in IRI causes an increase of less than 3% for a car, and less than 2% for an
articulated truck in fuel consumption at 88km/h.

ii. MIRIAM model

The aim of this study was the evaluation of the effect of road surface improvements on fuel
consumption. The proposed model is based on a previously developed model by (Karlsson et al.
2011) and modified using coastdown measurements data in Sweden. The rolling resistance model
was developed with respect to variation of MPD, IRI, temperature, and speed, for a car, a heavy
truck, and a heavy truck with trailer.
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Figure 1-10. NCHRP 720 model- Relationships between IRl and Adjustment factor for fuel
consumption of a) a car and b) an articulated truck at v=80km/h (Chatti and Zaabar, 2012)

The developed model for the car and trucks are similar to each other, with only the coefficient
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values being different. The rolling resistance force is defined as:
F,=Crxm x 9.81 eg. 1-13

where Cr = CRo + IRl x v x Cry+ MPD x Crz, and Cro = Croo + Crremp (5-T); m is the vehicle mass
(kg) and Cro, Crz, and Cr» are the rolling resistance parameters.

The effect of roughness is reported to be minimal in fuel consumption since the authors claimed
that by reducing the IRI by 0.5 m/km, although the rolling resistance is reduced, the speed will
increase and therefore there will be approximately no change in fuel consumption.

Mechanistic models

Mechanistic models for investigating the effect of roughness on rolling resistance and energy
dissipation of the vehicle have only been developed in a few studies which are addressed in the
following.

I. Louhghalam et al. model

The aim of this study was identifying the key parameters of roughness-induced fuel consumption
for different vehicle classes (Medium car, SUV, Van, Light truck, and Articulated truck). In the
proposed model, the surface roughness was characterized using power spectral density. The model
is based on the energy loss in the suspension of a two DOF quarter-car model which is calibrated
using NCHRP 720 model presented before. The calibration of the model was performed by
changing the stiffness properties of the tire and the road waviness number of the surface so that
the fuel consumption of the two models matches for IRI=1 m/km. Figure 1-11 shows the
comparison of the relationship between roughness and fuel consumption of the two models for a
passenger car at 70 and 100 km/h. As it can be seen, the relationship found in this study is non-
linear (o< IRI?) while the NCHRP 720 model shows a linear trend. It should be noted that the
calibration coefficient used in this model is unrealistically high for passenger cars, and the
corresponding tire stiffness is almost four times the common tire stiffness.
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Figure 1-11. Fuel consumption variation with IRl at v = 70 and 100 km/h for a medium car
(Louhghalam et al. 2015)
Ii. Kim et al. model

In this study, a stochastic approach was proposed for analyzing the energy loss in a half-car model
traveling on a rigid rough pavement (see Figure 1-12 (a)). The pavement roughness was
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represented by a filtered white noise. The roughness was applied to the front tire directly, while it
was applied to the rear tire with a delay obtained using a Padé approximation. The energy
dissipation was then obtained by solving the Lyapunov equation. Similar to the previous study by
Louhghalam et al., the stiffness of the tire was calibrated using the model predictions from the
NCHRP 720 report. This model also shows a non-linear relationship between the energy

dissipation and IRI. However, the relationship found between energy dissipation and speed is linear
(see Figure 1-12 (b)).
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Figure 1-12. a) Half-car model, b) Relationship between energy dissipation, roughness, and
speed (Kim et al. 2017)

Iii. Zaabar et al.

Zaabar et al. (2018) introduced a mechanistic approach based on a quarter-car model for evaluation
of the effect of roughness on rolling resistance. They modeled the surface roughness profile as a

filtered white noise. The surface profile is an input to the quarter-car model of the vehicle (see
Figure 1-13).

Model parameters
Name Unit Value
m, Kg 300
my Kg 50
k, KN/m 28
I KN/m 200
P KNs/m 0.1 Lewd)

Figure 1-13. Schematic view of the Quarter-Car Vehicle Model (Zaabar et al. 2018)

Then the dissipative energy within the system is calculated using the relative velocities of the
sprung and unsprung masses obtained from the quarter-car model using the following equation:

D = ZE[22] + 2 E[22] eq. 1-14

14



in which V is the constant velocity of the vehicle, D is the energy dissipation, and z2and z?2are the
relative velocities for the suspension and tire, respectively.

Figure 1-14 shows a comparison of the results of this study and the NCHRP 720 model for a
medium car. The results are presented as a normalized energy dissipation relative to the baseline
corresponding to IRI=1 m/km (RRiri=x/ RRirI=1).
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Figure 1-14. Effect of roughness on energy dissipation as a function of IRI at v=80 km/h (Zaabar
etal., 2018)

The figure shows that the results of the mechanistic approach are in good agreement with the
empirical results up to IRI= 3.5 m/km, without any calibration. However, the models deviate from
each other at higher values of IRI and follow a non-linear trend similar to the two aforementioned
studies. They also investigated the effect velocity on roughness-induced rolling resistance (see
Figure 1-15).
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Figure 1-15. Effect of speed on energy dissipation at different roughness levels
1.3.2 Effect of surface texture on rolling resistance of the vehicle

Texture-induced rolling resistance in the tire due to tire deformations consists of three components
of (1) tire deflection and bending, (2) tread slip and (3) tread surface deformation (Bendtsen, 2004,
Xiong and Tuononen, 2013). Surface mega-, macro-, and micro-texture can influence these
deformations.

Existing models on the effect of texture on rolling resistance or energy dissipation of the tire and
vehicle can be divided into three categories of numerical models, analytical models, and empirical
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models. In this study, since the focus is on the effect of different texture levels on rolling resistance
the models for mega-, macro-, and micro-textures are discussed separately.

1. Effect of mega-texture on rolling resistance

Mega-texture can affect rolling resistance by creating vibration in the tire and suspension system.
It has been suggested by some studies that mega-texture can have a dominant effect on rolling
resistance. For example, Descornet (1990) suggested that mega-texture can be the main factor in
rolling resistance and could affect fuel usage by up to 9%. In a 1990 study, Sandberg investigated
the effect of different scales of the surface roughness on the vehicle fuel consumption using twenty
different road surfaces, three different speeds (50, 60, and 70 km/h), and one type of car. The
roughness and texture wavelengths in that study ranged from 2 to 3500 mm. The study concluded
that mega-texture is influential on fuel consumption both at low and high speeds.

Despite the experimental evidence, there are no mechanistic studies specifically on the effect of
mega-texture on rolling resistance. The current studies, such as the mechanistic models mentioned
in the previous section, usually do not separate mega-texture from roughness and focus on the
effect of IRI on rolling resistance. IRI includes wavelengths more than 250 mm; therefore, it
captures the effect of a portion of the mega-texture of the surface in addition to the roughness.
However, these studies neglect the effect of the lower segment of mega-texture and mostly are
focused on the energy dissipation in the suspension system.

ii. Effect of macro-texture on rolling resistance

The effect of macro-texture on rolling resistance of the tire has been the focus of several studies.
Due to the range of the macro-texture’s wavelengths, this scale of the profile can influence all
three components of the tire deformation, from tire bending to tread deformation. Therefore, a
wide range of models have been introduced for investigation of the effect of macro-texture on
rolling resistance, from tire models and mechanistic approaches to experimental studies.

Different tire models have been used for evaluation of rolling resistance performance of tires,
ranging from simplified classical spring-damper models to detailed three-dimensional finite
element (FE) models. The complexity of these models varies based on the details that have been
considered in the tire assembly. The simplified models usually suffer from oversimplified
representation of rubber and pavement, which are unable to consider the non-linearity of the tire
performances and the details at smaller scales. However, a few current multi-scale FE simulations
have been able to calculate the tire deformation along with the interaction of its components at
different scales (Ghoreishy, 2008). FE models generally consider different parts for the tire (Figure
1-16) and various design and operational variables like deflection, pressure, load, and speed. A
comprehensive literature review on tire models is provided by Ghoreishy (2008).

So far, existing tire models barely consider the effect of pavement surface texture, due to the high
computational costs. However, there are a few studies that implemented tire models for
investigating the effect of texture on vehicle performance in which they divided the problem into
two parts; a tire rolling on a smooth surface, a mechanistic approach for the contact between tire
tread and a rough pavement surface. Some of the existing mechanistic approaches are discussed in
the following.
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Figure 1-16. Various parts of a detailed tire model

Numerical Models

Waullens and Kropp (2004) proposed a 3D model of a simplified equivalent tire structure similar
to the Pre-tensioned Kirchhoff’s plate. In this model a Green’s function (as the impulse response
function) is applied at the contact nodes of the tire (see Figure 1-17). The model does not consider
the curvature of the tire; however, it includes the periodic boundary conditions connecting the ends
of the plate, building an infinite plate. The air stiffness and the rigid sidewalls are implemented
with a spring bedding.

Tyre structure

/ Rolling band
— ]

Sidewalls

Air and sidewalls
stiffness

Lateral direction

Figure 1-17. Pretensioned Kirchhoffs plate on a stiffness bedding (Wullens and Kropp, 2004)

The energy dissipation of the tire traveling on a rough surface can be predicted by this model. The
results are shown to be comparable to measurements and show higher energy dissipation within
the tire on a rough surface than on a smooth one. The advantage of the model is that it is able to
identify the elements with the highest energy dissipation in the tire.

In another study, O’boy and Dowling (2009) considered the tire as a multi-layer viscoelastic
cylinder belt (see Figure 1-18.a). The parameters of an equivalent simple bending plate model are
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then obtained from the model and the Green’s functions for the contact nodes are determined
(Figure 1-18.b). This tire model accounts for the surface texture. The contact forces can be obtained
based on the belt displacement, the height of the non-deformed tread block, and its stiffness. It
should be noted that this method has been used for predicting the tire/road noise and not the tire
rolling resistance.
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Figure 1-18. a) viscoelastic cylindrical model of the tire belt b) simple bending plate (O’boy and
Dowling, 2009)

Boere (2009) investigated the effect of macro-texture on tire rolling resistance by dividing the
problem into two parts (i) a tire rolling on a smooth surface in a steady state condition and (ii) a
tire moving on a textured surface. For the first part, a finite element model of the tire in steady
state condition on a smooth surface was used. Then the contact forces between the tire and the
smooth surface were extracted from the FE tire model and were used as an input to the mechanistic
model. The mechanistic model was developed using modal analysis (Lopez et al., 2007) for
capturing the effect of texture. It accounted for the texture by applying a nonlinear stiffness for the
contact with the surface profile (see Figure 1-19). The total energy dissipation was then considered
as the summation of the energy dissipation of the two parts.
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Figure 1-19. Schematic overview of the mechanistic tire-surface interaction model (Boere, 2009)
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As it can be seen in Figure 1-19, the contact between the tire and the pavement surface includes
three sub-systems of dynamic response of the tire, tread dynamics, and contact stiffness.

The FE tire model is a non-rotating tire; hence, its response should be converted to a rotating tire.
For finding the dynamic response of the tire in the contact patch the Green’s functions of the
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system is determined by solving the equation of motion in the contact. As a result, the displacement
of the tire points (1) in Figure 1-19 are obtained.

The tread is then modeled as a system of spring and dashpots, (point (2) in Figure 1-19). To account
for the surface texture, a nonlinear spring is used for modeling the contact stiffness between the
tread blocks and the surface. The equivalent stiffness of the tread material in contact is lower than
the stiffness of the rubber, and it has a relationship with the indentation road texture into the tread.
The results of this model are then compared with experimental results obtained from rolling
resistance measurement using a trailer (see Figure 1-20). The model is in a very good agreement
with the experimental results in capturing the effect of texture on rolling resistance. However, there
is a difference between the initial rolling resistance of the tire and the experiment.
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Figure 1-20. The effect of surface texture on rolling resistance of the tire (Boere, 2009)
Analytical Contact Models

Contact models have also been used for evaluation of the energy dissipation of materials in contact
with rough surfaces. These models can be categorized into three main groups; (i) single-asperity,
(if) multi-asperity, (iii) multi-scale fractal models. However, these models are widely used for
calculation of hysteresis part of friction rather than rolling resistance. They can be beneficial for
evaluation of the energy dissipation in the contact due to tread deformation. However, they are
unable to capture the tread slip and tire bending and therefore, are useful for the effect of lower
textures on rolling resistance.

Single-asperity models (Greenwood, 1958; Ford, 1993; Sabey, 1958; Hui, 2000) are the most
simplified contact models and consider the rough surface as simple triangles or spheres. These
models cannot consider the effects of multiple contacts between two surfaces. They are beneficial
only when (i) the area of effective contact is considerably smaller than the one of the nominal
contact, and (ii) the distance between adjacent asperities is so large that no mutual interaction exists
(Persson, 2006). These models are usually used for determining the friction coefficient as a
function of the pressure in the contact area or the contact angle. In addition to theoretical models,
single asperity contacts have been also modeled with Finite Element approaches, see Figure 1-21
(Mansura et al., 2017).
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Figure 1-21. Finite element modeling of a single asperity contact

Multi-asperity models (Bush, 1975; McCool, 1986; Warren and Krajcinovic, 1995; Golden,
1981) consider that the contact occurs at more than one asperity, and thus are more reliable than
single-asperity models. The original concept was introduced by Greenwood and Williamson in
1966 (Greenwood, 1966). The models cannot take into account the cases where there is the high
penetration of the pavement into the rubber, since they do not consider the effect of rubber
entrapment. Accordingly, the models are valid only when the ratio between effective and nominal
contact area is small (Carbone, 2008).

Multi-scale contact models have been extensively studied in the past two decades. Kluppel and
Heinrich (Kluppel, 2000) introduced a theoretical concept for relating the frictional force to the
dissipated energy of the rubber during sliding on a self-affine surface (Figure 1-22).

Nominal area [ |
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Figure 1-22. Contact of rubber with a rigid substrate as pavement

The surface was described by three shape-descriptor parameters; fractal dimension, Dy, and the
correlation lengths parallel, ¢, and normal, ¢, , to the surface. Defining the friction coefficient u
as the ratio of resisting force to the normal force, it was given as
2 (&2 (e arctan (222 eq. 1-15
gl

E'(wmin) V24010,

Here, E'(wy) is the storage Young modulus of the rubber corresponding to the minimum

2y

frequency of PSD of the surface, wmin = — E"max 1S the maximum loss modulus. To simplify

S
the equations, the characteristic coupling velocities v; = E"

Ami .
andv = 2 were defined, where
2~ 27T,

7, IS the rubber relaxation time and A,,;,, = EL is the Iower cut-off wavelength. The results of

max

this model were validated by the classical friction data of Grosch (Grosch1963).
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Persson theory of friction describes the energy dissipation of a perfectly elastic rubber layer with
respect to the internal friction (Persson, 2001). In contrast to the theory of Kluppel model, Persson
theory is three dimensional and has been used as a base concept in several models (Heinrich, 2008,
Ueckermann, 2015). The theory mainly takes the hysteresis component of friction into account
and excludes adhesion. Such an approach is relevant for rough or wet surfaces where adhesion has
a negligible contribution to friction. Therefore, despite using a simplified assumption, the model
provides a good representation of tire-pavement friction in most cases. The friction coefficient, u,
is defined with respect to the rubber vibration frequency induced by the surface texture as

1= [ *C@R@dg x [ cos(@) Im ZEZ5 P do eq. 1-16

In which q; = % and q; = 5 L are the lower and upper boundaries of wave number, g. R(q) =

Zeff i the ratio of effective and nominal contact areas that are governed by spectral density, C(q),

nom

contact pressure, P, sliding speed, v, and rubber moduli, E, and Poisson ratio, v.

The model has been later advanced to take into account the roughness of both rubber and pavement
surface (Scaraggi, 2015). Some other studies used the model to investigate the energy dissipation
at opening cracks and shearing in thin viscous film (Lorenz et al., 2011), a way to reduce the static
friction (Lorenz, 2013), and friction on ice (Persson, 2015).

Pinnington model used a dynamic stiffness approach to describe the hysteresis energy loss during
friction due to contact with axisymmetric asperities with radius A (Pinnington, 2009). He used
ideal peak shape surfaces as a single asperity contact and generalized the model to consider
different surfaces such as periodic array of identical peaks, randomly distributed identical peaks
in one or multiple scales. The friction force, here, depends on the contact Iength at different slip

speeds, as a function of A, and the slope of the peak at the contact line, ; £, The friction

coefficient is then defined as the mean slope of the contact, expressed as u = Sm(G)(E)’ where

G is the complex shear modulus. For a surface expressed by Fourier transformation, the friction

coefficient is given as

) Pq sin(qA)
1G]

= sm(G)( ) = —sin(G) |,

In which q is the wave number and F, is the Fourier transform of contact pressure distribution.

dq eq. 1-17

The model was validated with measurements of Grosch (Grosch1963).

Using computational resources, residual molecular dynamics (RMD) simulations has been
extensively used recently to explore rubber contact mechanics problems. While being numerically
expensive, the simulation provides a detailed insight into different mechanisms involved in contact
problem. The flexibility of simulation approach provides an excellent interface for validation of
models, since the simulations can be validated by experiments and then be used for validation of
theoretical models. The RMD method was also used to study the friction between a solid and a
rough surface. In such studies, the energy dissipation during sliding of a viscoelastic material on a
rough surface and the adhesive contribution to friction were investigated (Scaraggi, 2015,
Scaraggi, 2016).
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Empirical Models

Several experimental studies have been done for finding the influence of surface texture on rolling
resistance on different types of concrete and asphalt pavements (Bester, 1984; Descornet, 1990;
Delanne, 1994; Jamieson and Cenek, 1999; Boere, 2009; Chatti and Zaabar, 2012; Hammarstrom
et al., 2012). In the following three of most recent studies are discussed.

NCHRP 720 model

The NCHRP model is explained in section 1.3.1. Similar to roughness, the effect of texture is only
accounted for in the rolling resistance model. Here, some of the results of the model are presented.

The adjustment factor for rolling resistance and fuel consumption is defined with respect to the
baseline condition of MPD = 0.5 mm as Ampp =x / Ampp =05. The variation of the adjustment factor
with respect to the variation of MPD at the speed of 80km/h, temperature of 30°C, IRI of 1 m/km
and grade of 0% for a medium car (1.46t), light truck (4.5t) and articulated truck (13.6t) are shown
in Figure 1-23.
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Figure 1-23. NCHRP 720 model- Relationships between pavement surface MPD and a)
Adjustment factor for fuel consumption, b) Adjustment factor for rolling resistance, and c)
Rolling resistance force at v=80km/h (Chatti and Zaabar, 2012)

As expected, the effect of surface texture on the adjustment factor for fuel consumption (Figure
1-23 a) is much less than that for rolling resistance (Figure 1-23 b) . It can be noted in Figure 1-23
b that the adjustement factors for the light truck and articulated truck are identical. As it is shown
in Figure 1-23 c, this does not mean that the values of the rolling resistance forces for these two
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vehicles are equal; the definition of the adjustment factor in the rolling resistance force (F) is only
dependent on ap + a1 x Tdsp, in which the factors aop and a1 change with the vehicle weight, and are
the same for light truck and articulated truck (original HDM4 model). Therefore, their adjustment
factors are equal.

According to the rolling resistance and fuel consumption models developed in the NCHRP 1-45
study, a 1 mm increase in MPD causes an increase in the rolling resistance of 3.2% for a car, and
6.1% for a light truck and an articulated truck. The corresponding values for the fuel consumption
are 0.5% for a car, 0.98% for a light truck, and 1.6% for an articulated truck.

MIRIAM model

The rolling resistance in this study is also explained in section 1.3.1. The effect of texture as
reported in the MIRIAM study is significantly higher than that reported in the NCHRP 720 report.
For example, at a speed of 90 km/h, alignment standard of 1, increasing a unit value of MPD (1
mm) will cause 2.8% increase in the total fuel consumption for a car, 3.4% for a truck, and 5.3%
for a truck with a trailer. These values are much higher for the rolling resistance force.

Boere study

Boere (2009) compared the results of his numerical method with measurements using a trailer on
test tracks in the Netherlands. The measurements are reported in terms of a rolling resistance
coefficient, which is the ratio between the rolling resistance and axle forces.

Surface texture is measured using a stationary laser profile meter with a resolution of 0.2 mm and
a measurement length of 2.8 m. The root mean square (RMS:ex) of the surface profile is used as
the surface texture measure. The relationship between the total rolling resistance and RMSiex on

30 test tracks is shown using numerical simulations and experimental measurements (see Figure
1-24).
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Figure 1-24. Boere model- Experimental and numerical relationships between rolling resistance
and texture RMS at v=80km/h on 30 test tracks (Boere, 2009)

In Boere’s study no equation was provided for this relationship. However, since a linear regression
is fitted to the data, the equations for the regression lines are provided here and are considered as
the Boere rolling resistance texture models. The corresponding regression equations for numerical
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and empricial models, respectively, are shown below.
CRR =0.001 RMS +0.0135 eq. 1-18
CRR =0.001 RMS +0.0087 eg. 1-19

It can be seen that Boere’s numerical model captures the effect of texture on rolling resistance very
well. Similar results have been obtained in another study by Ejsmont et al. (2017).

iii. FEffect of micro-texture on rolling resistance

All of the experimental studies suggested that the effect of micro-texture on rolling resistance is
negligible. However, most of the contact mechanics models presented in the previous sub-section
and the mechanistic studies on the importance of micro-texture on friction can be beneficial for
investigating the effect of micro-texture on rolling resistance, if any.

1.4 ROLLING RESISTANCE MEASUREMENT

There are four standard measuring techniques for rolling resistance (Sandberg et al., 2011):

(1) Drum tests of tires in which the rolling resistance can be obtained by measuring the resistance
force of the tire when it is in contact with a rotating drum. There are several standards for this
method such as SAE J2452 (SAE 1999), SAE J1269 (SAE 2006), 1SO 28580 (ISO 2009), ISO
18164 (ISO 2005). Although these tests are able to measure the rolling resistance force, they are
not suitable for revealing the rolling resistance mechanisms and finding the effect of surface profile
on rolling resistance. If the drum diameter is sufficiently large, it can be used to represent a flat
road.

(2) Rolling resistance measurement trailers in which the rolling resistance can be measured by
measuring the resistance of the test wheel to rolling on the pavement surface while being towed
by a vehicle (Descornet, 1990, Sandberg et al., 2011, Boere, 2009). There are three different kinds
of these devices, TUG, BRRC and BASt. These devices have been used for correlating rolling
resistance to pavement surface characteristics.

(3) Coast-down method in which the velocity and stopping distance is measured for a vehicle that
is rolling on the surface in the neutral gear, after reaching a certain speed (Preda et al, 2010). This
method is usually used for finding the general condition of the vehicle and since all of the
significant factors of driving resistance are involved in this method, no direct measurements are
obtained for rolling resistance.

(4) Fuel consumption methods which are the most general method for assessment of rolling
resistance since they include all possible factors involved in the energy loss. Therefore, it is
difficult to pinpoint the rolling resistance losses using this method (Anderson et al., 2014).

Among these methods the trailer method is more common than the other ones (Anderson et al.,
2014).

Moreover, new technologies have been introduced for measuring different components of rolling
resistance. As an example, by using tire sensors the contact pressure of the tire can be measured
even in high-speed rolling tires. Since hysteresis depends on time history of stress and strain,
rolling resistance can be obtained using these sensors. Optical tire sensors can also be used for
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tread deformation measurements by two laser triangulation sensors and the wheel rotation angle
measurement (Xiong and Tuononen, 2013).
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CHAPTER 2
SURFACE CHARACTERIZATION AND DECOMPOSITION

A surface profile can be considered as a superposition of various scales with different forms,
waviness and roughnesses (Wang et al., 2018). In pavement engineering, the surface is usually
divided into different scales based on its wavelengths. These wavelengths can be as small as
microns or as large as several meters. The resolution and length of the measurement can affect the
upper and lower limits of this range. PIARC defined four scales for describing a pavement surface
profile. As it was explained before, these scales are roughness, mega-, macro-, and micro-texture
(see Figure 2-1).

. . - Py . — ¢>50 mm  Roughness/Unevenness

X50
Mega-texture
X5

Macro-texture
X5

Micro-texture

Figure 2-1. Simplified illustration of various pavement surface profile ranges (after Sandburg,
1990)

In this chapter, the range of the profile that affects the rolling resistance of the tire and vehicle will
be discussed first. Then, different methods of characterization of the profile will be reviewed. After
explanation of the essential modifications to the profile for achieving the required profiles for the
model, samples of the profiles will be provided.

2.1 SURFACE PROFILE AND VEHICLE RESPONSE MECHANISMS

In this study, the aim is to find the effect of different scales of the surface profile on the vehicle
rolling resistance. For this purpose, the surface profile should be divided into the aforementioned
four scales. Roughness is described as profiles with wavelengths more than 500 mm. Mega-texture
is defined by wavelengths between 50 and 500 mm. The macro-texture is characterized by
wavelengths between 0.5 and 50 mm and any wavelength shorter than 0.5 mm is defined as micro-
texture. Rolling resistance of the tire is related to energy dissipation and deformation of the tire
and suspension system of the vehicle. The pavement profile spectrum can influence these
mechanisms as follows:

- Wavelengths more than 500 mm representing roughness affect the vehicle dynamics and
displacement in the suspension of the vehicle.

- Wavelengths between about 200 mm (the tire contact patch length) and 500 mm,
representing the upper limit of mega-texture, also mostly affect the vehicle dynamics.

- Wavelength between 50 mm and 200 mm (within the tire contact patch), representing the
lower limit of mega texture, influence the tire vibration.
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- Wavelength between 0.5 mm and 50 mm, representing the macro-texture, influencing tire
tread deformation and tire vibration.

- Wavelength smaller than 0.5 mm, representing micro-texture, can only affect the tread
deformation. Since the effect of micro-texture on rolling resistance is usually known to be
very small, it has been neglected in all of the previous studies. In this study also, this effect
is considered as negligible.

2.2 AVAILABLE DATA SETS

Due to the wide range of the pavement profile spectrum, from micrometers to meters, it is usually
not possible to capture the whole profile using one measuring device. The devices with high
resolution have small field of view; therefore, they are unable to measure the roughness and a wide
portion of mega-texture spectrum. On the other hand, the low-resolution devices used for
roughness measurements cannot measure smaller scales.

In this study, different sets of data have been obtained:

- Surface profiles from NCHRP 1-45 study (Chatti & Zaabar, 2012), which only contains
roughness and mega-texture, with a distance between two consecutive points of 3 inches.

- Data from surface texture measurements of chip seal surface profiles with profile lengths of
43 cm, which are mostly rougher than the other types of pavements and include macro-
texture and the majority of the mega-texture spectrum.

- Data provided by the Danish Road Directorate, with 100 m sample lengths and a distance
of 0.5 mm between different points. However, the samples are mostly from new low-rolling
resistance pavements and therefore are very smooth.

To obtain an acceptable range of wavelengths and amplitudes for different scales, the profile
spectrum in this study is considered as the summation of all of these databases.

2.3 DECOMPOSITION OF THE PROFILE INTO DIFFERENT SCALES

A common method for separating the different scales of the profile from each other is filtering.
This operation can be performed using a built-in command in MATLAB, namely, BUTTER
command. In this command the normalized cutoff frequency (I#;,) for upper and lower limits can
be defined by:

cutoff frequency
sampling frequency
2

W, =

Eqg. 2-1

where the cutoff frequency is defined as the upper and lower limit frequency of each scale, while
the sampling frequency is the frequency of the experimental data.

Using this method, it is possible to eliminate the wavelengths higher and lower than the limits of
each scale in a way that the remainder of the profile only includes the required wavelengths. It
should be noted that after filtering the wavelengths, the amplitudes of the profiles for each scale
fit within the ranges defined by PIARC in section 1.2 as well.

Figure 2-2, Figure 2-3, and Figure 2-4 depict samples from NCHRP, chip seal surfaces, and Danish
road directorate databases, respectively.
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Figure 2-2. Division of the surface into different scales (data from NCHRP 720 report
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As it can be seen, the following is true for these databases:

- The NCHRP study database, does not include macro-texture, because the distance between
the measured data points is 7.5cm.

- The chip seal database does not have roughness in its spectrum since the profile length is
less than 50cm.

- The Danish database includes all of the spectrum since the resolution of the measurement
is high and the length of the profiles are 100m. However, because the profiles are new and
built to be low-rolling resistance, they do not cover the whole range of the roughness and
texture spectrum.

After separation of different scales, the required modifications such as outlier removal and grade
removal should be applied to the surfaces to prepare them for characterization.

2.4 OUTLIER REMOVAL

Optical instruments and lasers are the most common devices for surface profile measurements.
The raw data from these measurements usually contain some missing points and outliers due to
high speed scanning, the intensity of the light, transparency of the material, local slopes, etc.
Outliers can be defined as the points within a data set that are inconsistent with the remainder of
the data (Wang et al. 2018).

The presence of these outliers within the data test can influence the value of the characterization
parameters. Therefore, prior to characterization, they should be removed from the data sets.
MATLAB programming software can be used for this purpose. The outlier removal command
(filloutliers) is used and the results demonstrate the capability of this command in recognition and
removal of the outlier points. Figure 2-5 shows a sample of the performed outlier removal for a
given surface.
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Figure 2-5. Outlier removal from the surface profile

As it can be seen, for this surface which only includes macro-texture of the profile, outlier removal
omits two extreme points from the profile. This omission resulted in a decrease in the root mean
square of the surface profile, changing the value from 2.8 mm with the outliers to 1.8 mm without
outliers. This result indicates the necessity of outlier removals from surface profiles before
characterization.
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2.5 GRADE REMOVAL

After removal of the outliers within the profile, the mean of the profile is set to zero and any
existing grade is removed from it. This task should be performed before surface characterization
because, similar to outliers, the grade of the profile can also influence the surface characterization.
For this purpose, the slope of the fitted linear line to the data is found using fitting toolbox in
MATLAB and eliminated from the data. Figure 2-6 shows a sample of grade removal from a
surface profile.

After removal of the grade or any outliers, surfaces should be characterized. However, for
generation of the surface profile in the finite element model, no other modifications are required
to be performed on the surfaces. Therefore, the filtered profiles can be imported directly into the
finite element model as inputs with a process that will be explained in section 3.1.
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Figure 2-6. Grade removal from surface profiles

2.6 SURFACE PROFILE CHARACTERIZATION

To better represent the results of the study and show the influence of different scales on rolling
resistance, the profiles need to be characterized. In this study, statistical parameters are used for
surface characterization. As it was mentioned before, statistical parameters are scale dependent
and their value depends on the sample size. Having one parameter for the entire sample results in
missing information in smaller scales. Therefore, these parameters should be defined for each scale
independently. Hence, after division of the profile into the four aforementioned scales and
performing the required modifications on each profile, an adequate parameter should be chosen
for surface characterization.

Roughness or unevenness is usually defined by the International Roughness Index (IR1) which is
the accumulated motion of the suspension of the vehicle divided by the length of measurement.
For calculation of the IRI, a standard quarter-car model is used for capturing the deflection of the
suspension (see Figure 2-7). This quarter-car model considers the internal resistance of the
suspension as a combination of a spring and a dashpot, while assuming only a spring for the tire.
The deflections in the suspension can be found by solving the two following equations of motion:

mgZs = —cs(Zs — 2y) — k(25 — ) Eq. 2-2
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muzu = CS(ZS - Zu) + ks(Zs - Zu) - kt(Zu - Zr) Eq- 2-3
IR is then defined as

Y. Suspension movement

IRI = ,
profile length

Eq. 2-4

IRI is an index with units of slope in m/km or in/mi.
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Figure 2-7. Standard Quarter-car model for IR calculation (Zaabar et al, 2018)

For calculation of the IRI, ProVAL software can be used. This software is built for viewing and
analyzing surface profiles, and it can provide the IRI of any given profile, over fixed or variable
lengths. This software uses a 250 mm filtering routine to omit the effect of any portion of the
profile smaller than the contact patch. This is a common practice in IRI calculation, since it is
assumed that any wavelength smaller than the contact patch does not affect the deflections in the
suspension of the vehicle.

For characterization of macro-texture, the most common parameter is the mean profile depth
(MPD). MPD is defined over a 10 cm length of the profile, as the average of the difference between
the maximum height of first and second half of the profile and the mean of the profile (see Figure
2-8):

Elvl1+Elv2

MPD == Eq. 2-5

2" half peak

1% half peak

Mean profile

Figure 2-8. Surface texture MPD calculation
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As it was mentioned, IRI is related to the vehicle response and is not a characteristic of the surface
by itself. On the other hand, MPD is representing the textures with a 10 cm range of profile, so it
is not sufficient for characterization of the higher scales of the profile. In this study, the main
purpose is comparing the effect of different scales of the profile on rolling resistance of the vehicle.

Therefore, for consistency between different scales of roughness, mega-, and macro-texture, it is
beneficial to use the same parameter for the different scales. For this purpose, among the statistical
parameters mention in Table 1-1, the root mean square (RMS) is selected. RMS or Rq of the profile
can be defined as

R,% =230, (2)? Eq. 2-6

n

where z; is the height of each point of the profile, when the mean of the profile is set to zero, and

n is the number of available points in the profile.

Avaik et al. 2013, investigated the relationship between MPD and RMS of the macro-texture of
the pavement surface and obtained the following linear relationship:

MPD =1.729 RMS + 0.019 Eq. 2-7

Figure 2-9 shows a comparison between MPD and RMS of the macro-texture data sets available
in this study. As it can be seen the relationship found for the two data sets are quite different. For
the Danish database with smoother surfaces, the MPD values are lower than the MPDs for the
same RMS value of the Chip seal surfaces. If both databases are considered together, the
relationship in Figure 2-10 is obtained.
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Figure 2-9 Relationship between RMS and MPD values for Danish and Chip seal databases

In addition, the relationship between IRI and RMS is also investigated for roughness data from
the NCHRP 1-45 study. Figure 2-11 shows that a non-linear relationship can be assumed
between these two parameters. The data points available for this comparison are fewer due to the
longer process of obtaining IRI values from ProVAL software.
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Figure 2-10. Relationship between RMS and MPD values for all databases

This relationship is consistent with the results from Marcondes et al. (1991) (see Figure 2-12).
Similar to Figure 2-11, Marcondes et al. show smaller variation of IR1 (less than 2 m/km) for RMS
values less than 3mm. It should be noted that the values of RMS and IRI reported are in inch and
inch/mile units. However, the ranges are similar.
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Figure 2-11. Relationship between RMS and IRI values

As it can be seen, the standard deviation of the relationships between RMS and MPD and IRI is
not low and the two relationships cannot be considered as very strong ones. Also, RMS is a
statistical parameter and it is dependent on the length of the profile. However, these limitations
exist for any statistical parameter. Therefore, although RMS is not an ideal parameter, it is used in
this study as the common parameter in different scales for comparison of the results.
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Figure 2-12. Relationship between RMS and IRI values for asphalt and new and old concrete
surfaces (Marcondes et al, 1991)

2.7 SAMPLE SIZE SELECTION

Considering a statistical parameter such as RMS for surface characterization, the size of the sample
profile is of great importance. The selected surfaces should be large enough to represent the whole
spectrum of the specific scale. In addition to the surface profile, the finite element model can also
affect the considered profile length. The profile should be long enough for the tire to reach the
steady state condition. However, it should not be too large to increase the computational time of
the model unreasonably. Hence, this length is related to some of the model characteristics, such as
the size of the tire and the rolling velocity. In this section the required sample size for each scale
at 80km/h for a tire with a diameter of almost 2 m is defined. This size should be the maximum of
(i) minimum required length (ii) length of available profiles (iii) required tire model length

2.7.1 Macro-texture

« Minimum length: 10 cm (2 times of the maximum wavelength)

« Available data: 43 cm available data from chip seal samples

« Tire model requirement: At least 6 meters (3 cycle of the tire rolling)
Therefore, the minimum length of the profile for macro-texture profiles is chosen as 6 meters.
2.7.2 Mega-texture

*  Minimum length: 1 m (2 times of the maximum wavelength)

» Available data: no limit

« Tire model requirement: At least 12 meters (6 cycle of the tire rolling)
Therefore, the minimum length of the profile for mega-texture profiles is chosen as 12 meters.
2.7.3 Roughness

For roughness, there is no minimum based on the definition of roughness. Based on the effect of
frequency on vehicle response (Figure 2-13), the maximum wavelength that can affect the vehicle
response can be considered as 100 meters (far left point in the figure). However, the available
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studies suggest a length of 30 meters to be sufficient for capturing the effect of the roughness
(Sayers and Karamihas, 1998). Considering 30 meters as the maximum wavelength instead of 100
m, it can be evident from Figure 2-13 that the error in the response can be limited to 2% only.
Therefore, 30m can be considered as the required length for the roughness profiles.
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Figure 2-13. Effect of frequency on vehicle response (Mann et al. 1997)

2.8 FINAL SELECTED SURFACES FOR THE SIMULATION

2.8.1 RMS variation for each scale

For capturing the effect of each scale on rolling resistance, performing only a limited number of
finite element analyses is practical due to the high computational time of the analysis. Therefore,
it is necessary to know the range of the variation of surface profile parameter RMS, to be able to
choose the surfaces in high, low and middle of the ranges. For this purpose, using the available
data sets the RMS values are calculated for different scales of roughness, mega-, and macro-texture
individually, and based on the obtained ranges, the final surfaces are selected. Figure 2-14, Figure
2-15, and Figure 2-16 show the variation ranges for the RMS values of roughness, mega-, and
macro-texture, respectively.
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Figure 2-14. RMS variation for roughness profiles of 30 meters long
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Figure 2-15.RMS variation for mega-texture profiles of 12 meters long

As it can be seen, RMS values of roughness profiles are mostly less than 12 mm. However, in
some instances they can go up to values as high as 20 mm, which can be the result of local major
distresses on the road. Mega-texture profiles show RMS as high as 7.5 mm, but the majority of the
values are less than 4mm. The RMS values for macro-texture for both databases of smooth Danish
roads and chip seal surfaces are below 2mm after outlier removal. It is evident that roughness range
has the largest range, while macro-texture has the smallest one.

2.8.2 Comparison of surface profiles with similar RMS

RMS is a statistical parameter; therefore, it is possible for a surface with one single large event to
have the same RMS value as a surface with uniformly distributed smaller events. The effect of
local events is not the purpose of this study. Hence, here, although the surfaces are selected
randomly, the profiles with single events have been removed from the database. Figure 2-17,
Figure 2-18, and Figure 2-19 show a comparison of profiles with different RMS values within the
ranges of each roughness, mega-, and macro-texture scales.
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Figure 2-16. RMS variation for macro-texture profile of 0.45m long (data base maximum length)
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Figure 2-17. Comparison of different roughness profiles with the same RMS values
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Figure 2-18. Comparison of different mega-texture profiles with the same RMS values
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Figure 2-19. Comparison of different macro-texture profiles with the same RMS values
2.8.3 Occurrence frequency of mega-texture events

Macro-texture of the surface is related to the aggregate and mix properties of the top pavement
layer; therefore, for a given profile, its value does not change dramatically. However, high mega-
texture values can be related to specific distresses on the road, and therefore, they can be localized
events. To better understand the frequency of these localized events, here, a profile of 100 m is
depicted in Figure 2-20, along with filtered roughness and mega-texture profiles.
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Figure 2-20. Frequency of the high mega-texture in the profile

As it can be seen, in a few locations, the mega-texture of the profile increases. To prevent
overestimation of the effect of mega-texture, the effect of the occurrence frequency of the mega-
texture on rolling resistance should also be investigated.
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2.8.4 Selected surfaces for each scale

Considering the mentioned ranges, different surfaces are selected randomly, in order to properly
cover the range of RMS values for each scale. Figure 2-21, Figure 2-22, and Figure 2-23 depict
the selected surfaces used for the analysis of the effect of each scale on rolling resistance of tire
and vehicle in the future chapters. RMS values are presented for each one of the surfaces.
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Figure 2-21. Selected profiles for macro-texture scale, with different RMS values
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Figure 2-22. Selected profiles for mega-texture scale, with different RMS values
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Figure 2-23. Selected profiles for roughness scale, with different RMS values
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CHAPTER 3
FINITE ELEMENT MODEL DEVELOPMENT AND VERIFICATION

Tires can include more than 200 materials, such as carbon black, silica, sulfur, plasticizers,
volcanizing agents and many different cords (steel, fabric polestar (fabric plies), etc.). These
materials are generally used in different parts of the tires such as ply, belts, beads, sidewalls, tread,
rim, etc. The tire manufacturers use various layers with different material properties and
reinforcements to enhance the performance of their tires. Figure 3-1 depicts a sample of these parts
along with a common tire manufacturing process.

4. Casing plies fold N
over the beat wiresto 5+ Additional layers
1. Inner tube inside the tire 2. Casing ply (fabric 3, Bead wires(hold lir;:_). _hold them sec

cords)

i |

y

8,.Rcinfoming tread 10. Curing mold for tread pattern
plies with cords 9. Tread an also causes chemical bond
between the parts

6. Sidewalls (side impacts)

7. Inflating the central
part of the drum

Figure 3-1. Tire manufacturing process and various parts (made from photos from Michelin’s tire
website)

Most of the published finite element models of tires consist of a simplified tire model including
only the main parts of the tires such as ply, belts, beads, sidewalls, tread, and rim (Srirangam,
2015, Hernandez, 2015). For developing such models, the geometry of the different parts, their
material properties and mesh type, the contact properties between the tire and the pavement
surface, and the required boundary conditions for the problem should be determined.

None of the tire industry companies publish the details of their tire design. Therefore, most of the
available studies for FE tire models either obtained this information by performing the required
experiments or got limited access to the tire industry designs without the right to publish. For this
study, none of these options were available. Therefore, the tire properties (geometry and material
properties) had to be taken from another study which published the details of their tire cross section
and material properties. The tire model developed by Wei and Olatunbosun (2016), from a 235/60
R18 tire, is chosen as the reference tire for this study due to the availability of (i) thorough details
of the tire model and (ii) results of a controlled test performed in the laboratory, which is required
for validation of the FE model. After development and verification of the tire model, the main
objective of the research is to find the effect of pavement surface profile (roughness, mega-texture,
and macro-texture) on rolling resistance. To achieve this goal, since there is no study that covers
the whole spectrum of the profile, the results from this study are compared with different studies
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that considered different wavelength ranges within the profile. First, the tire model is rolled over
various macro-texture profiles, as mentioned in the previous chapter, and the results of the study
are compared with experiments taken from Boere’s (2009) study. The tire that was used in Boere
study is a 225/60 SR16 tire. Therefore, after validation of the FE model, the tire size was changed
to a 225/60 SR16 tire, with the same material properties and a similar geometry but with different
size. In the next step, the model set up was changed in order for it to be compared with the results
from the NCHRP 1-45 project (Chatti and Zaabar, 2012), which includes roughness and mega-
texture. For this purpose, the properties of the model were changed to match those used in the
NCHRP model, and the suspension system of the vehicle was added to the tire model to build a
quarter-car FE model. To compare the effect of different texture spectrums, the final model was
used for rolling over surfaces with different texture levels.

The details of the Wei and Olatunbosun model and required changes for comparison with Boere
study and developing the quarter-car model are discussed in the following subsections.

3.1 TIRE GEOMETRY

The tire used in the initial part of this study is a 235/60 R18 tire. This tire has a width of 235mm,
aspect ratio (height to width ratio) of 60%, and diameter of 18 inches (457.2 m). For the FE model,
the structure of the tire is simplified to include the following parts: Tread, Sidewall, Apex, Two
belt layers, Cap layer, Carcass layer, Reinforcements, and Rim. The cross section (excluding the
tread pattern) is shown in Figure 3-2.

Cap _—
Belts —

Reinforcement — |
Carcass —

Rim
==/ Apex
/) Sidewall

—

Figure 3-2. Tire cross section

Wei and Olatunbosun obtained the geometry of these parts by measuring their actual dimensions
from the tire. Therefore, the tire geometry in this study is based on the figures provided in their
study.

In the tire manufacturing process, reinforcements are embedded within layers of rubber, with
different areas and orientations. There are five different reinforcements considered in this study:
Cap layer, two steel belts, carcass layer, and a reinforcement strip. For modeling these
reinforcements, similar to the actual construction process, they should be embedded within the
rubber materials. Therefore, their area, spacing and orientations should be provided. Wei and
Olatunbosun (2016) measured the reinforcement areas and diameters using a micrometer gauge.
Their spacings and orientations were obtained using image processing techniques. A schematic
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representation of the reinforcement distribution in the tread layer used in this study is shown in
Figure 3-3. The orientation of the reinforcement, their areas, and the spacing between them are
given in Table 3-1.

90 de
i Cap layer
110Gex \ ALY Steel belt layer
70 deg Steel belt layer
Carcass layer
180 deg —

Figure 3-3.A schematic representation of reinforcement distribution in the tread layer (Wei and
Olatunbosun, 2016)

Table 3-1.Reinforcements detail

Area (mm?) Spacing (mm)  Orientation angle (°)
Cap 0.1521 0.5128 90
Steel belt 1 0.3165 1.2983 110
Steel belt 2 0.3165 1.2983 70
Carcass 0.2917 0.5928 0
Rei”fs‘gicsme”t 0.1898 0.8055 80

This tire is later converted to a 225/60 SR16 tire keeping a similar geometry as it can be seen in
Figure 3-4.
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Figure 3-4. Conversion of the geometry of a 235/60 R18 tire to a 225/60 SR16 tire
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3.2 MATERIAL PROPERTIES

3.2.1 Rubber material properties

Wei and Olatunbosun (2016) considered the rubber materials as hyper-viscoelastic. For obtaining
the material properties, two sets of tests were performed. The required rubber samples were
extracted from the tire. Due to the difference between the rubber materials used in different parts
of the tire, three different rubber material properties were considered, separating the tread rubber
material from sidewall and apex materials. The specimens acquired from the tire were in straight
narrow strips shapes, which satisfy the ASTM-D412 requirements (for test specimen
requirements); where, the required minimum length of the samples is 10 times of their width and
thickness. For defining a material as hyper-viscoelastic, the hyperelastic and viscoelastic properties
should be obtained separately since they describe different components of the response of the
material. Hyperelastic properties correspond to the non-linear elastic response of the rubber while
viscoelastic properties define the viscous component of the material response, related to the
dependency of the material strain rate on time.

Hyperelastic material property

For obtaining the hyperelastic material properties of the three rubber materials (tread, sidewall,
and apex), the uniaxial extension method was used. In this test, before data collection, the rubber
sample was stretched for more than 10 cycles to have a stable stress-strain relationship. Then, the
uniaxial process was repeated at least three times, and the final result was the average of the three
sets (with test temperature of 23 °C). For characterization of the material properties, different
constitutive models can be used. For this purpose, Wei and Olatunbosun (2016) considered Yeoh
hyperelastic model, which is one of the common strain energy functions for hyperelastic materials;
that produced a good fit to the test data (Figure 3-5). This model can be defined as

Y(ag,)) = Xizq cio (@ —3) +UQ) eq. 3-1
u() = Dil(lz —1-2In())) eq. 3-2

where, J=det(C) is the Jacobian, C is the right Cauchy-Green strain tensor, c; are the material

2
constants related to deviatoric response of the material, a; = J3(C: 1), where, | is the identity
tensor, and U (J) is the volumetric part of the strain energy (Holzapfel, 1996).

Considering the nearly incompressible property of the rubber material, the volumetric part (U(J))
is usually small, in which D, is the material constants related to volumetric response of the material

and it can be considered as D, = % , Where K is the Bulk modulus of the material. Consequently,

the stress can be obtained by getting the derivative of the strain energy with respect to the strain
tensor, as it is shown in the following equation:

§ =20 _, o _ 20 Y7, cio(ay=3)"

20U())
aC iso — ac » Spor = eqg. 3-3

ac
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Figure 3-5. Yeoh model comparison to the test data (Wei and Olatunbosun, 2014)

The Yeoh constants (c,; constants) used to define the hyperelastic material properties of the three
rubbers are presented in Table 3-2.

Table 3-2. Yeoh constitutive model constants

C10 C20 C30

Tread 0.73 -0.18 0.0796
Sidewall 0.71 —0.28 0.13
Apex 1.28 -1.25 1.20

Viscoelastic material properties

For providing the viscoelastic material properties of the rubber, Wei and Olatunbosun (2016) used
Prony series, a constitutive equation in the form of a series for determining the time-dependent
stress-strain relationship of a linear viscoelastic material. Both Creep and relaxation test can be
used for defining the viscoelastic properties of the material using Prony series. For obtaining the
parameters required for the Prony series, Wei and Olatunbosun performed a stress relaxation test.
The relaxation function was then represented in the form of the Prony series to fit the test data as
follows:

Gr(t) = Go(1 — XV g:(1 — e™t/7) eq. 3-4

where g; is the shear relaxation modulus ratio and t; is the relaxation time for each term of the
series. In this study a two-term Prony series was used and the parameters obtained to fit this series
to the test data (see Figure 3-6) are presented in Table 3-3. In addition to g; and t;, the normalized
bulk moduli (k;) should be defined for each term as well. Due to the incompressibility of the rubber
materials, the normalized bulk moduli (related to the initial bulk modulus and the total volumetric
strain) are considered to be zero since the volumetric strain is assumed to be zero.
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Figure 3-6. Prony series comparison to the test data (Wei et al, 2016)
Table 3-3. Prony series constants

01 K1 T4 02 ko T,
Tread 0.08 0 2.39e-5 0.07 0 14283
Sidewall 0.1 0 207e-6 0.07 0 146.11
Apex 0.15 0 5.76 0.08 0 22041

FEffect of temperature on viscoelastic material properties

Viscoelastic materials are time and temperature dependent. In the previous section the Prony series
was used for defining the time-dependent material properties of the three rubbers at the constant
temperature of 23°C. Therefore, the effect of temperature is not considered. However, as the
rolling velocity of the tire increases, the tire temperature rises. As a result, the response of the
rubber material changes. Hence, in the following, the effect of temperature on rubber material

properties is addressed and a method for implementation of this effect into the developed FE model
of the tire is presented.

Rubber materials exhibit a glass transition state in which their material behavior changes from
hard and glassy to viscous and rubbery. The temperature at which this transition occurs is called
the glass transition temperature. At temperatures above glass transition, the material exhibits a
more pronounced viscoelastic behavior, where material’s modulus and damping change
dramatically. At the glass transition temperature, the relaxation time of the material reaches its

maximum, therefore the energy dissipation is highest (maximum tan(é) = Eloss/ . ). As
storage

the temperature rises, molecular frictions reduce and as a result the loss modulus decreases, and
less energy is dissipated. As the rate of the molecular motion increases, the relaxation time is
inversely affected and reduced.

Rubber materials can be considered thermorheologically simple; in which temperature is affecting
all of the relaxation times in the same way. Therefore, it is possible to use the Time-Temperature
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Superposition Principle (TTSP) (Leaderman, 1943; Schwarzl & Staverman, 1952). By applying
the TTSP, master curves can be generated for including the effect of temperature and time on the
material properties. Master curves are used for converting a series of creep and relaxation tests
performed at different temperatures into one single curve by horizontally shifting the data with
respect to a reference temperature (See Figure 3-7) (Roylance, 2001).

Cop 1) o U0)
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log e log If:‘-.-;'.:|r ¥

Figure 3-7. Master Curve (Roylance, 2001)

As it was mentioned before, as the temperature increases the relaxation time decreases. Therefore,
the tests performed at higher temperatures than the reference temperature should be shifted to the
left toward the lower times. The opposite holds for tests performed at lower temperatures (see
Figure 3-7). Using a technique developed by Williams, Landel and Ferry (1955), for each curve
and temperature, a shifting factor (a;) can be defined for all of the relaxation times at that
temperature. Every master curve is only valid at the corresponding reference temperature.
However, having the data at different temperatures, the master curve can be obtained for different
reference temperatures as long as the correct shift factor is used. The shift factor is defined as:

_Cl(T_Tref)
C2+(T—Tref)

logar; = eg. 3-5

where, C1 and C; are characteristic material properties and T, is the reference temperature. If the
glass temperature is considered as the reference temperature, the values of C; and C> can often be
assumed as universal values for a wide range of polymers (Roylance, 2001), as:

C, =174
C, =51.6

In order to include the temperature effect on the modulus G (t), defined previously, the relaxation
times in the Prony series equation should be modified and multiplied by the shift factor (Corollaro
et al., 2014, Pacheo et al. 2015).

iy = artf eq. 3-6
Hence, the Prony series is converted to the following
Gr(t) = Go(1 = I} g? (1 — e~t/ar™) eq. 3-7

In this study, the stress relaxation test was performed only at T=23 °C. Therefore, no additional
information is present for obtaining the Master curve at different temperatures and the
corresponding shift factors. Hence, for implication of the effect of temperature on the viscoelastic
material properties with a good estimation, the glass transition temperature, the shift factors at
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T=23 °C, the temperatures at the corresponding velocities (T,), and the characteristic properties at
Tref=glass transition temperature (C; = 17.4, C, = 51.6) are considered as the basis for finding
the relationship between the relaxation times, as follows:

Tr=23° = Q3745 2 Tg = Tr=230/023
Tr, = Ar,Tg = Tr, = Tr=23° * (a1,/A23) eq. 3-8
where t;_,3. are the relaxation times obtained from the stress relaxation test by Wei and

Olatunbosun (2016); 7, and 7, are the relaxation times at the glass transition temperature and
required temperatures corresponding to the rolling velocities, respectively.

In order to use this method for implementation of the effect of temperature into the Prony series,
the glass transition temperatures for the rubber materials and the tire temperature at each velocity
should be found. For an estimation of the glass transition temperature for the rubber materials, the
data published by PerkinElmer, Inc is used ; in which the variation of the elastic modulus and tan
(8) by temperature are given for tire tread and sidewall materials (see Figure 3-8). tan (J) is the
ratio of the loss modulus to the storage modulus which is maximum at the glass transition
temperature. Based on this data, temperatures of -30 °C and — 50 °C are chosen for tire tread and
sidewall materials, respectively.
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Figure 3-8. Glass transition of tire (by PerkinElmer, Inc)

! https://www.perkinelmer.com/lab-
solutions/resources/docs/APP_007771B_15 Characterization of Car Tire Rubber.pdf
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For finding the temperature of the rubber material at different velocities, the results from a study
by Lin and Hwang (2004) are used; in which the relationship between the temperature and rolling
velocity of the tires for inner and outer surfaces under different loads at 200kPa inflation pressure
is given (Figure 3-9).
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Figure 3-9. Variation of tire temperature with tire speed (Lin and Hwang, 2004)

Due to the geometry of the tire defined in this study, average temperature values of 74 °C and 60
°C are considered for the rubber materials at the speed of 80km/h and 55km/h, respectively.

Based on these considerations the Prony series constants presented in Table 3-3 are modified to
the coefficients in Table 3-4.

Table 3-4. Prony series constants considering the effect of temperature

01 k1 T4 02 () T,
Tread 0.08 0 2.95E-06 0.07 0 17.62
Sidewall 0.1 0 2.55E-07 0.07 0 18.02
Apex 0.15 0 7.10E-01 0.08 0 27.19

By decreasing the relaxation times, the response of the material is changed. Figure 3-10 shows the
changes applied to the normalized tire tread shear modulus and shear compliance as a function of
time for different temperatures. As it can be seen, by increasing the temperature the modulus of
the material is decreased.

As it can be seen, the effect temperature on the modulus at very short relaxation time (in the first
few seconds) is negligible. Moreover, after approximately 8 minutes the values of the modulus in
both temperatures reach the infinite modulus. However, it should be noted that even if the effect
of temperature itself may not be as important in a steady state analysis, it still affects the inflation
pressure of the tire. Therefore, in addition to assessing the effect of temperature on energy
dissipation, the effect of temperature on inflation pressure and the effect of inflation pressure on
energy dissipation within the tire should be investigated as well.
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Figure 3-10. Effect of temperature on tire tread rubber material properties
Density

The density of all of the rubber material properties for tread, sidewall, and apex have been chosen
to be 1100 kg/mé3.

Rayleigh damping

Rayleigh damping is a viscous damping used for imposing additional damping in modeling of
material damping of a structure. It is usually used for matching the model’s response to the
experimental data, and it is defined as a linear combination of mass and stiffness of the material in
the following form:

C=aM+ K eg. 3-9

In which M and K are the mass and stiffness matrices of the material, respectively, and
a and B are proportionality coefficients for mass and stiffness, respectively. The mass component
of the Rayleigh damping adds additional damping to the rigid body motion. Therefore, usually it
should be neglected for a structure that undergoes a large rigid body motion.
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In finite element modeling, and specifically in transient analysis of dynamic impacts, Rayleigh
damping can be used for imposing additional damping to the structure for the following two
reasons: (i) to fit the results of the simulation to the experimental results and (ii) to control the
numerical oscillations caused by the impact. The Rayleigh damping coefficients are not necessarily
unique from one simulation to the other and different studies have assumed different values with
large differences for these parameters (Haung et al. 2018).

In this study, the Rayleigh damping coefficients are defined in order to fit the response of the
developed tire model to the experimental results from two studies by Wei and Olatunbosun (2016)
and Boere (2009). Since the tires used in these two experiments are different from each other, the
Rayleigh damping coefficients should be found each one of them separately. To find the
appropriate coefficients a sensitivity analysis should be performed. For this purpose, the value of
coefficients should be changed, and the rolling resistance force or coefficients should be compared
with the experimental results from the given studies. Due to the large rigid body motion of the tire
along the driving direction, the mass coefficient of « is not considered. Therefore, the stiffness
coefficient B is changed to match the results to the test data. The results of the sensitivity analysis
are presented in section 3.3.1.

3.2.2 Reinforcement material properties

There are 5 different layers of reinforcement considered in this tire model; A cap, two belts,
carcass, and additional reinforcements (Figure 3-2). The reinforcements are generally defined as
elastic materials. Two material properties are considered for modeling these 5 layers. The cap and
belts are considered as steel material with elastic modulus of 172e9 Pa, Poisson ratio of 0.3, and
density of 5900 kg/m?, while the carcass and additional reinforcements are made of a softer
material and have elastic modulus of 4.5e9 Pa, Poisson ratio of 0.3, and density of 1500 kg/m?®.

3.2.3 Rim

The tire rim is made of steel and it does not experience any deformation while traveling on the
pavement surface profile. Therefore, in this study, the rim is considered as a rigid body with no
deformation. No material properties definition is required for modeling the behavior of a rigid
body part in ABAQUS. However, the density of the rim should be defined for considering the
gravity force. Here, the density of the rim is considered as 7800 kg/m?®.

3.3 ANALYSIS TYPE

The analysis type affects the element type, contact definition and boundary conditions. Therefore,
in this section a brief explanation of the analysis process is provided. This process will be discussed
thoroughly in section 3.7.

For dynamic analysis of a full 3D tire in ABAQUS, the analysis can be divided into 6 different
steps that follow each other and are based on the imported results from the previous step. Four of
these steps are performed within ABAQUS standard (implicit analysis), while the last two steps
are performed in ABAQUS explicit analysis mode. These steps are as follows:

i. 2D half tire model, which is a 2D model of half of the cross section of the tire.
ii. 3D half tire model, which is obtained by revolving the 2D cross section axisymmetrically.

iii. 3D full tire model, which is developed by mirroring the 3D half tire model from the previous
step along the vertical plane.
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iv. Steady state analysis of the tire, to reach the rolling velocity of the tire to the required velocity.

v. Transient analysis of the tire, to include the dynamic effect of the contact between the tire and
pavement surface profile.

vi. Transient analysis of the tire with suspension (Quarter-car model), to capture the effect of
longer wavelengths within the pavement surface profile (mega-texture and roughness).

3.4 MESH

For deciding about the mesh of any part in finite element modeling two factors are involved; the
type of element that should be used and the mesh fineness. Here both of these factors are addressed.

Element type
iii. Rubber

Rubber material is considered as nearly incompressible. The incompressibility of the material and
limitation on volume change, causes shear locking in the elements. Fully integrated elements with
the ability to bend show this behavior when they are used for incompressible materials. For
modeling such materials in ABAQUS standard, Hybrid elements are usually used. However, in
this study, in addition to the four initial steps in ABAQUS standard for steady state analysis, the
last two transient analysis steps are performed in ABAQUS explicit to capture the dynamic effects
of the contact between the tire and the surface; subsequently, only the elements that are common
between the two analysis types can be used. Since Hybrid elements are not available in ABAQUS
explicit, reduced-integration solid elements should be used. These elements have one point less
than the fully integrated elements in every direction; e.g. for a quadrilateral element with eight
points, the reduced integrated version only has four points. Since the initial model is a 2D model
that is revolved in axisymmetrically in the following steps, the elements should also be
axisymmetric elements.

Hourglassing is also another issue that should be considered. It is defined as the distortion of the
element in reduced integration elements when the strains at the integration point are all zero, which
can lead to uncontrolled distortion of the mesh. ABAQUS has a built-in control on hourglassing
which can be used for reduced integration elements. In addition, the mesh size should be kept small
in case hourglassing occurs.

Therefore, for the rubber materials in this study 4-node bilinear, reduced integration axisymmetric
element with hourglass control is chosen.

iv. Reinforcement

Reinforcements including the cap, belts, carcass and reinforcement layers are considered as 2-node
linear axisymmetric surface element, that are embedded within the rubber materials as their host
elements.

V. Rim

No deformation is allowed in the rim of the tire. Therefore, the rim is considered as a 2-node
analytical rigid element for which no meshing is required.
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Mesh Fineness

There are a few factors that can influence the number of required meshes or the minimum required
mesh size in a model; the geometry of the part, boundary conditions, and the contact between that
part and any other part or surface are among these factors. In this model, the contact is the main
controlling factor for mesh size. When the tire is in contact with the road profile, the mesh size in
rolling direction should be small enough to accurately capture the effect of the profile on the tire
deformation and dissipated energy. Therefore, as the wavelength of the profile and the distance
between the two points on the profile decreases (e.g., going from roughness to macro-texture), the
mesh size should also decrease. Consequently, the mesh size within the tire cross section should
also be reduced to keep a reasonable aspect ratio within the elements.

For this reason, a mesh sensitivity analysis is performed after verification of the tire model for
determining the minimum radial mesh size for reasonably capturing the energy dissipation for the
small wavelengths of the profile spectrum.

It is worth mentioning that the time increment and computational time are the limiting factors for
the mesh size. While decreasing the mesh size as much as possible can be beneficial for taking the
effect of the smallest wavelengths in the profile into account, it can increase the computational
time dramatically. Therefore, a trade off needs to be considered between the two factors.

Considering all the above-mentioned factors, the final mesh of the tire in this study is shown in
Figure 3-11.

3.5 CONTACT

The contact between the tire and pavement is defined as a penalty contact. This contact searches
for node-into-face penetrations in the current configuration and is less stringent in enforcing the
contact constraints. Therefore, it is suitable for modeling complex contacts. It also allows to define
contact damping to reduce the noises in the solution and it uses a small amount of viscous contact
damping to soften the contact.

Figure 3-11. Final tire mesh

3.5.1 Friction coefficient

Friction exists between any two surfaces that are in contact with each other. Therefore, in modeling
the contact between the tire and the pavement surface, a friction coefficient should be applied.
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Since, the rolling resistance tests are performed in dry condition, the chosen friction coefficient
should be a representative of such a contact. Several studies have been conducted for evaluating
pavement friction coefficient; however, most of them are related to wet condition, where friction
is critical. A few studies measured friction on dry surfaces. Horne and Leland, (1962), presented
an average value between 0.7 to 0.8 for friction coefficient on dry surfaces (see Figure 3-12).

In two other studies by Oberg (1994) and Wallman (1995), that were conducted to investigate the
reaction of drivers to road’s friction in summer condition, a friction coefficient of 0.8 was reported.

Moreover, Do et al. (2013) also reported a friction coefficient between 0.8 and 1 for dry condition
(see Table 3-5).

FLOODED RUNWAY DAMP RUNWAY
— - SMOOTH CONCRETE ——
]AOF A LARGE AGGREGATE ASPHALT M-
Sk DRY SURFACE
A \\
AVERAGE -6
FRICTION
COEFFICIENT,
Bay A1 B8 10SS FROM DYNAMIC
HYDROPLANING
ON LARGE AGGREGATE ASPHALT
.2 s
VD 9 jp
J
0 20 40 60 80 100 120

GROUND SPEED, KNOTS

Figure 3-12. Friction coefficient on dry surfaces (Horne and Leland, 1962)
Table 3-5. Friction coefficient values for different surfaces (Do et al, 2013)

Surface type Friction coefficient

Dry bare surface 0.8-1.0
Wet, bare surface 0.7-0.8
Parked snow 0.2-0.3
Loose snow/ slush 0.2-0.5
Black ice 0.15-0.3

Loose snow on black ice 0.15-0.25

Wet black ice 0.05-0.10

Based on these studies a friction coefficient of 0.8 is considered for the contact in dry condition.
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3.6 BOUNDARY CONDITIONS

Here only the general boundary conditions are mentioned. Individual boundary conditions for each
step are discussed separately in their subsections.

3.6.1 Inflation pressure

The air inside the tire does not carry any load. However, the resulting pressure from it applies
tension to the tire walls. This inflation pressure has an effect on the deformation of the tire (see

Figure 3-13). In an under inflated tire, the shoulder is in contact with the road, while in the over
inflated one there is a lot of pressure on the inner side of the tire. These changes in inflation
pressure, besides having an effect on tire wear (shoulder wear and inner side wear), can affect the
contact patch length and as a result the rolling resistance of the tire. As the inflation pressure
increases, the contact patch and the deformation of the tire decreases. Correspondingly, the rolling
resistance decreases. In contrary, when the pressure decreases, bending and shearing occur in the
tire sidewall and tread which results in more energy dissipation (Redrouthu & Das, 2014). Figure
3-14 depicts the influence of inflation pressure on rolling resistance on different surfaces.

Under inflated Over inflated Properly inflated
Figure 3-13. Effect of inflation pressure on tire deformation?
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Figure 3-14. Effect of tire inflation pressure on rolling resistance on different surfaces (Wong,
2008)

2 https://info.duraturntires.com/blog/over-inflated-tires-are-a-problem
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It is apparent that the tire rolling resistance decreases on concrete roads by increasing the tire
inflation pressure. It is worth mentioning that in calculation of rolling resistance on deformable
surfaces, the energy loss in the pavement layers and subgrade soil is also considered, and therefore,
an increase in the rolling resistance can be seen.

A recommended range for the tire pressure of a passenger car is between 200-240 kPa (30-35 psi).
This inflation pressure changes by temperature (increases at high temperatures and decreases at
low temperatures). As a result, in summer it is recommended to lower the inflation pressure while
in winter the pressure should be adjusted to a higher value, to keep the tire in a reasonable shape.

As the speed of rolling changes, the temperature of the tire also changes. Correspondingly, the
inflation pressure changes. Rao et al (2006), attributed the inflation pressure of 240 kPa to 80km/h
while considering 210 and 180 kPa for 60 and 40 km/h, respectively; considering a linear
relationship between velocity and inflation pressure. However, in a study by Michelin an inflation
pressure of 210 kPa is considered for 80km/h velocity. Redrouthu & Das (2014) also considered
210 kPa inflation pressure for their simulations. Most of these inflation pressures are in the range
of recommended pressures for the tires, and it may not be possible to find an absolute value for
the inflation pressure at a specific velocity. It is suggested that the tire stiffness changes
dramatically with tire pressure; therefore, any assumption about the tire inflation should be done
carefully (Calrson and Gerdes, 2002). Since it is assumed that the rolling resistance should not
change dramatically with speeds below 80km/h, the changes in the inflation pressure should not
either. Therefore, for considering different values for inflation pressure for different velocities, it
is assumed that the tire inflation pressure is at the bottom of the recommended range in the
stationary condition (200 kPa). For 80km/h, the inflation pressure suggested by Michelin and
Redrouthu & Das (2014) is used (210 kPa). A linear relationship between the velocity and inflation
pressure is considered between 200 kPa and 210 kPa, similar to Rao et al (2006). As a result, the
inflation pressure for 55km/h is considered as approximately 207 kPa.

In this study, for investigation of the effect of surface profile on rolling resistance the inflation
pressure has been set to 200 kPa. However, the effect of inflation pressure on rolling resistance is
investigated for pressure values of 200, 210 and 240 kPa.

For applying the inflation pressure to the tire, a uniform pressure should be applied to the inner
surface of the 2D half tire model, in the first step. This pressure should be kept constant in the
following steps.

3.6.2 Vertical load

The vertical load is applied gradually after formation of the half 3D tire model. After developing
the full 3D tire model in the third step of the analysis, the vertical load should be equal to a quarter
of the vehicle weight. In the steps before addition of the suspension the vertical load is applied to
the wheel.

Any boundary condition that should be applied to the wheel is applied through the rim of the tire.
The rim of the tire is a rigid part defined along with a reference point. All of the nodes on the rim
element follow the reference point displacement. Therefore, if a boundary condition is applied to
this point, it is transferred to the rest of the nodes in the rim. For example, any longitudinal or
vertical displacement of the reference point causes the same displacement in all of the nodes of the
rim. In this study the centroid of the rim is considered as the reference point. As a result, for
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applying the vertical load to the wheel, a concentrated load should be applied to the centroid of the
rim.

In the presence of the suspension, the vertical load is divided into two parts: (i) a mass that is
applied on top of the suspension, as the sprung mass, which is equal to the load of the vehicle; and
(i) a concentrated load that is applied to the centroid of the rim, as the unsprung mass, which is
equal to the axle load. It is worth mentioning that since the gravity is applied to the whole model
the tire mass should be deducted from the axle load.

In this study, as it was mentioned before, the model is compared with different studies. In each
one of these comparisons, the characteristics of the model are changed to fit the corresponding
study. Therefore, the values of the vertical load have been changed accordingly. The vertical load
in the verification phase is equal to 3,000N applied on the rim to match Wei et al, 2016. For
comparison of the model’s results to Boere study (2009), a vertical load of 4,100N, which
corresponds to a mass of 417 kg, is used. For final comparison of the relative effect of different
spectrums of surface profile with each other, and to simulate a quarter-car model thoroughly, the
model is set to be based on the quarter-car model from Dixon (2008). In such a model, as it can be
seen in Figure 3-15, two masses are required (sprung and unsprung masses). To fully model this
quarter-car model, the sprung mass is selected as 300kg, similar to the Dixon (2008) study. For
the unsprung mass, the weight of the FE tire and axle are separated.

Model parameters mg lzs
Name Unit Value ’J_‘
kg Cs
my Kg 300 T _1‘_
m Ly
m, Kg 50 s
k
k, KN/m 28 t %
k, KN/m 200
Z oadlt
¢ KNs/m 0.1 roud(1)

Figure 3-15. Quarter car model (Dixon, 2008)

It is not easy to calculate the tire model’s weight based on the densities defined, due to the
geometrical complexity of the model. Therefore, for measuring the weight of the tire an additional
model is generated. In this model after applying the vertical load, a step is defined for applying the
gravity to the tire. The difference between the vertical reaction of the road in the two steps is the
actual weight of the tire model. Figure 3-16 depicts this difference. The difference in the vertical
reaction is 135 N which corresponds to 13.85 kg.

Therefore, from the 50 kg unsprung mass mentioned in Figure 3-15, 13.85 kg corresponds to the
tire weight and is included by applying gravity in that step. The remaining 36.15 kg is considered
as the axle load and is applied as a concentrated load on the tire rim centroid. In this stage, the total
vertical load applied on the tire (including both sprung and unspring masses) is equal to 3432.6 N.
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Figure 3-16. Weight of the FE tire model
3.6.3 Velocity

For rolling a tire at a constant velocity, both horizontal and angular velocities should be applied to
the tire rim centroid to be transferred to the tire nodes. The horizontal velocity is equal to the
named velocity in m/s, e.g. for 80km/h speed, the horizontal velocity is equal to 22.224 m/s.

In this study braking and traction modes are not of interest; hence, the tire is set to roll in free
rolling condition. Free rolling angular velocity corresponds to a velocity in which there is no
horizontal force applied to the tire rim centroid to maintain that velocity. To find this velocity, in
step IV (steady state analysis of the tire) the velocity that corresponds to zero horizontal force or
resistant moment is selected. Figure 3-17 shows a sample of variation of longitudinal force by
changes in angular velocity.
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Figure 3-17. Variation of longitudinal force by angular velocity in steady state analysis

The angular velocity changes by the radius of the tire; therefore, the free rolling velocity should
be calculated again when the tire dimension is changed from 235/60 R18 tire to a 225/60 SR16
tire.

3.7 STEPS

As it was mentioned in section 3.3, the analysis includes six steps. The last increment in each step
is the initial point for the next step. Different models are developed for each step, due to the
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difference in analysis type or computational time restrictions. The first four models are performed
in ABAQUS standard and in static or steady state analysis. Therefore, they do not include the time
dependency of the rubber material properties. To include the viscoelastic response of the rubber
and the energy loss due to the contact between the tire and the pavement, transient analysis should
be run. The last two steps are transient analysis in ABAQUS explicit. These steps are discussed in
the following subsections.

3.7.1 2D half tire model

The first step in tire modeling is a 2D model of the tire. The geometry of the tire, cross section
mesh, material properties, damping, and inflation pressure are defined in this step. Since the tire
is symmetric around the vertical line that passes through the tire axle, only half of a tire section
with axisymmetric elements can be sufficient for modeling the tire (see

Figure 3-18). Inflation pressure on the inner surface of the tire is the only load that is applied in
this step. After loading the model, a circumferential deformation is generated due to the anisotropic
nature of the tire construction. Consequently, a fully three-dimensional stress field is developed.
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Figure 3-18. Generated 2D tire model

3.7.2 3D half tire model

In this step, a 3D model is generated by revolving the deformed axisymmetric cross-section
imported from the 2D model, around the axis of revolution. The revolving command cannot be
performed in the graphical version of ABAQUS, and it has to be written in command version. So,
the whole modeling process should be performed in ABAQUS command. A smooth pavement
surface is generated as an analytical rigid surface, and the contact between the tire and the surface
is defined in this step. A vertical load is applied to the tire rim centroid to initiate the contact
between the tire and the surface.

To base the initial state of this model on the previous one, the axisymmetric solution from the 2D
model should be transferred to the new mesh. Since in this step only half of the tire is modeled,
the skew-symmetric boundary conditions must be applied along the mid-plane of the cross-section
to account for antisymmetric stresses that result from the inflation loading and the concentrated
load on the axle (ABAQUS manual).

In this step the number of meshes in the driving direction is defined. Since the tire has to roll over
the pavement profile the mesh discretization should be the same for every point of the
circumference (see Figure 3-19). To capture the effect of the pavement surface profile a sensitivity
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analysis should be performed for different scales of surface profile. This sensitivity analysis will
be done in section 3.3, for both smooth and textured surfaces.

Figure 3-19. Generated 3D half tire model

3.7.3 Full 3D tire model

The solution from the half 3D tire model should be imported to the full 3D model as an initial
point. The full tire model can be generated by mirroring the half tire around the vertical plane (see
Figure 3-20). The vertical load is applied to the rim centroid to reach the final vertical load for the
analysis.

Figure 3-20. Full 3D tire model
3.7.4 Steady state analysis of the tire

Any changes to the model should be applied gradually so that the model stays in steady condition.
So far, the tire inflation pressure and vertical loading are applied in the previous steps and the
deformed tire under the vertical load is the initial state for this step. However, the tire is still
stationary.

For the tire to reach a velocity such as 80km/h (22.224 m/s) in a steady condition, the tire should
roll for a long time in a moving frame analysis. Therefore, it is very beneficial to use fixed frame
analysis instead of a moving one. In ABAQUS such analysis exists for rolling objects, called as
steady state analysis. In this analysis, the mesh is kept stationary while the material rotates within
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the mesh. In this step, longitudinal and angular velocities should be applied to the tire rim centroid.
As it was mentioned before in section 3.6.3, the free rolling angular velocity should be defined for
the tire not to be in braking or traction modes and prevent the tire from slipping over the surface.
This velocity will be applied as the initial velocity in the following steps.

3.7.5 Transient analysis of the tire

The steady state analysis is a stationary model in which the tire is not actually rolling. To capture
the effect of pavement profile on the tire deformation and rolling resistance, the tire should be
rolling over the surface. Moreover, the effect of the viscoelastic material properties is only
considered in transient analysis. Therefore, a transient analysis should be performed, using the
steady state analysis results as the initial point. The transient analysis is available in ABAQUS
explicit. Therefore, the finial state from the previous step should be imported to the new model.
Here only the deformed mesh can be imported from the previous model and the contact, boundary
condition, imbedded reinforcements, and pavement surface should be defined again. Since the
model is changing from steady state to transient mode, adequate time should be allocated so that
the model could get to a steady response rolling over the smooth surface. After reaching a steady
state mode, another model is generated to roll the tire over the pavement profile, using the steady
response of the transient analysis as the initial state. The surface profile causes deformation in the
tire and resisting forces which leads to energy loss in the tire.

As the profile length increases, depending on the details of the profile, the computational time
required for the analysis can be increased dramatically. Therefore, to reduce the computational
cost, the model can be divided into a few models having shorter spans of the pavement profile.

3.7.6 Transient analysis of the tire with suspension (Quarter-car model)

The previous step, having no suspension in the model, and applying the vertical load on the tire
rim centroid, is not very similar to the vehicle system in reality. In addition, the tire model alone,
can only capture the effect of pavement macro-texture and a portion of mega-texture which is
within the contact patch of the tire. The effect of any texture beyond the contact patch cannot be
captured thoroughly by the tire model. To have a more accurate and realistic model for
investigation of the effect of roughness and full range of the mega-texture, the suspension of the
tire should also be included in the analysis. A portion of the vertical load which is related to the
weight of the vehicle should be moved to the top of the suspension, while the axle load should be
applied at the rim centroid. The suspension of the vehicle can be modeled by a combination of a
spring and a dashpot to build a Quarter-car model. A schematic view of a tire with suspension is
shown in Figure 3-21. The suspension should move along with tire in longitudinal direction, while
being able to move freely in vertical direction. This vertical movement due to the contact between
the profile and the tire, causes energy loss in the suspension.

The stiffness of the spring and the damping in the dashpot are chosen from common values found
empirically by Dixon (2008) as 28 KN/m and 2000 Ns/m, respectively (see Figure 3-15).

3.1 PAVEMENT SURFACE GENERATION

The pavement profile in this study is only considered along the longitudinal direction and is
uniform in the transverse direction. For generation of the pavement profile, straight lines are used
between consecutive profile points. The pavement surface is considered as a rigid surface, and the
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deformation of the pavement under the tire load is neglected. A sample of the generated profile
underneath the tire model is shown in Figure 3-22.
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Figure 3-21. Schematic view of FE Quarter-car model

Figure 3-22. Tire model rolling on a textured surface

3.2 VERIFICATION OF THE TIRE MODEL

The first step after developing the tire model is its validation. For this purpose, it is beneficial to
compare the model with an experiment with a controlled test set up. As it was mentioned before,
the material properties in this study are borrowed from a study by Wei and Olatunbosun (2016).
In their study, they also provided the test results for a controlled experiment, rolling a tire over a
drum with a large diameter of 2.44 m to represent a flat road (with less than 0.1% error in contact
patch length, comparing to a flat road), as it can be seen in Figure 3-23. In the test setup, the tire
is fixed, and the drum is rotating. A step obstacle is built on the drum, and the longitudinal and
radial forces at the center of the tire are measured. The tire inflation pressure is 200KPa and the
vertical load applied on the tire is 3000N.

For simulating this experiment, instead of the drum rolling, the tire is rolling over the surface (see
Figure 3-24). Similar to the test, the vertical degree of freedom for the rim reference point
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(centroid) is fixed in the transient step, after deforming the tire under the vertical load in the steady
state analysis. The suspension is not included in this part. The friction coefficient is set to 1.
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Figure 3-23. Schematic test setup for transient rolling of tire over an obstacle (Wei and
Olatunbosun, 2016)

The tire is rolling with free rolling velocity with velocities of 10km/h, 20km/h and 30km/h over
an obstacle with dimension of 25mm width and 20mm height (see Figure 3-24). The longitudinal
forces are then compared with the measurements from Wei and Olatunbosun (2016). The
comparisons of the results are depicted in Figures Figure 3-25, Figure 3-26,and Figure 3-27.

Figure 3-24. FE tire model rolling over a step
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Figure 3-25. Comparison of the FE model with experimental measurements of Wei and
Olatunbosun (2016), at velocity of 10km/h
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Figure 3-26. Comparison of the FE model with experimental measurements of Wei and
Olatunbosun (2016), at velocity of 20km/h
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Figure 3-27. Comparison of the FE model with experimental measurements of Wei and
Olatunbosun (2016), at velocity of 30km/h

As the results show, the FE model captures the effect of the impact with the step well and the

longitudinal forces from the FE model match the measurements. Therefore, the FE model is
verified.

3.3 TRANSFORMING THE TIRE TO BOERE’S EXPERIMENTAL TIRE

After validation of the model, the tire model is converted to a 225/60 SR16 tire as explained in
section 3.1. For this purpose, the size of the tire is changed to the new tire, keeping a similar
structure to the previous tire. In addition to the size of the tire, the vertical load on the tire is
changed to 4100N to match Boere’s study. The tire is free to move in vertical and longitudinal
directions. The velocity is changed to 80km/h and the corresponding free rolling angular velocity
is obtained. The friction coefficient is set to dry pavement coefficient of 0.8, as it was explained
in section 3.5. In Boere’s study, the pavement profile includes only macro-texture. As it was
mentioned in section 3.4, the mesh size of the tire depends on the pavement profile texture.
Therefore, mesh sensitivity analysis should be performed to choose the mesh size resulting in
accurate results. Although the tire size is the same as that of Boere’s experiment, the details of the
two tires can be very different. Since there are no information provided by Boere about the tire
detail, to match the models with the measurements, Rayleigh damping can be used for this purpose.
To find the corresponding Rayleigh damping a sensitivity analysis should also be done.

3.3.1 Rayleigh damping sensitivity analysis

Rayleigh damping is a numerical damping applied to the material properties to match the model
to the experimental results (as it was explained in section 3.2.1). There are two sets of results
available in this study;
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Q) The longitudinal reaction at the rim centroid of the tire rolling over a step, for
verification of the initial developed tire model with the size of 235/60 R18, from Wei
and Olatunbosun (2016).

(i) The rolling resistance coefficient resulting from a 225/60 SR16 tire rolling on surfaces
with different textures, from Boere (2009).

As mentioned before, there is no information available on the structure of the test tire in Boere
study, and the only available data is the size of the tire. Therefore, first the Rayleigh damping
coefficients are found by performing a sensitivity analysis on the 235/60 R18 tire rolling over a
step and comparing the results with Wei and Olatunbosun study. Thereafter the model size is
changed to the 225/60 SR16 and the sensitivity analysis is performed again to match the results of
the new tire model to the Boere experimental data. Since the purpose of the study is the evaluation
of the effect of texture on rolling resistance, to avoid any effect on the final results, the smooth
surface is chosen for selection of Rayleigh damping coefficients.

Sensitivity analysis for 235/60 R18 tire

As it was explained before, due to the rigid body motion of the tire, the mass coefficient of « is
neglected and g coefficient is changed for all three rubber material properties to match the
experimental results. Figure 3-28 Shows the results of the sensitivity analysis for g coefficients
changing from 0 to 6e-4.
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Figure 3-28. Variation of tire longitudinal force rolling over a 10mm *25mm step with 10km/h
speed for different Rayleigh damping coefficients

As it can be seen, the additional damping does not affect the maximum force caused by the impact
significantly, but as the Rayleigh damping increases the oscillations after the impact decreases.

It is worth mentioning that as the Rayleigh damping coefficient increases, the model computational
time also increases. Therefore, since the variation of the results between f of 3e-4 and 6e-4 are
not very significant, §= 3e-4 is chosen as the final Rayleigh damping coefficient for this part of
the analysis.

Sensitivity analysis for 225/60 SR16 tire

After changing the tire size and rolling conditions, the tire is rolled over a smooth surface with
speed of 80km/h, the average rolling resistance force after reaching the steady state condition is
compared with the experimental results from Boere, 2009. In his study, the corresponding rolling
resistance coefficient for the tire rolling at RMS=0 is 0.0087. The rolling resistance coefficient is
defined as the ratio between the rolling resistance force and normal force applied to the tire. Having
a normal load of 4100kN on the tire the average rolling resistance force should be about 35.7 N.
In the initial model, B= 3e-4 is considered as matching the final value from the previous part.
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Thereafter, the value of g is varied between 2e-4 and 6e-4 to investigate its effect on the final
results. Figure 3-29 shows the variation of the rolling resistance force along the driving direction
by changes in rubber Rayleigh damping.
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Figure 3-29.Variation of tire rolling resistance force rolling over a smooth surface with 80km/h
speed for different Rayleigh damping coefficients

For better understanding the effect of 8 on rolling resistance force, their relationship is depicted
in Figure 3-30, for tire models with 180 and 540 radial sections.
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Figure 3-30. Relationship between the tire rolling resistance force and B rolling over a smooth
surface with 80km/h speed

As it can be seen, there is a linear relationship between £ and the rolling resistance coefficient.
Therefore, the equivalent § value corresponding to a rolling resistance force of 35.7 N can be
calculated using regression. As a result, the final value of £=3.2 e-4 is chosen for the tire model.

3.3.2 Mesh sensitivity analysis

The mesh sensitivity analysis is performed on both smooth and textured surfaces. For this purpose,
different numbers of radial sections have been considered, from 90 sections to 540 radial sections

69



(see Figure 3-31). The largest element size is for the 90 sections (2.2 cm) and the smallest one is
for 540 sections (3.7 mm). The macro-texture wavelength range is from 0.5mm to 5cm, and that
for the mega-texture is between 5cm and 50cm. Due to the limited computational time allowed
(even by using 32 parallel cores), smaller mesh than 3.7 mm is not feasible. The minimum distance
between the pavement points used in this study is considered as 1mm for macro-texture and 7.5cm
for mega-texture and roughness. Going from the largest mesh size to the smallest, the mesh
analysis shows (i) how much the pavement texture is going to affect the final rolling resistance
and (i) how much error is caused by excluding the wavelengths smaller than the mesh size. Since
the distance between the pavement nodes is different for macro- and mega-texture, the mesh size
for the corresponding models does not need to be the same necessarily. To decrease the
computational time, the sensitivity analysis is performed for both macro- and mega-textures to
investigate the possibility of using a larger mesh size for mega-texture and roughness surfaces.

Rolling resistance force and coefficient are used for comparing the results of different models.
Rolling resistance force (RRF) is usually defined as the longitudinal force applied to the tire rim
centroid for overcoming the energy dissipation in the tire. Correspondingly, the rolling resistance
coefficient (RRC) is defined as the ratio between the average rolling resistance force and normal
force applied on the rim centroid.

90 sections 180 sections

360 sections 540 sections

Figure 3-31. Different number of radial sections used in the mesh sensitivity analysis

Figure 3-32 and Figure 3-33 show the variation of rolling resistance force (longitudinal force at
the rim centroid) over time on smooth and textured (including macro-texture only) surfaces,
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respectively. As it can be seen, while the average of the rolling resistance force is similar for
different mesh sizes, the oscillations are decreased. Therefore, the rolling resistance is calculated
more accurately.

This can also be observed in Figure 3-34 and Figure 3-35, where the variation of rolling resistance
coefficient with the number of radial sections (in other words, mesh size) is depicted. As it can be
seen RRC variation by number of radial sections on a smooth surface is about 5% between 90 and
540 radial sections, while this difference is much more evident for textured surface (more than
20% difference between 90 and 540 radial sections). It should also be noted that the difference
between 360 and 540 number of sections is small, and the results tend toward a plateau value. This
is an indication that the effect of the wavelength less than 3.7 mm is small. As a result, for the
effect of macro-texture, the number of sections is chosen as 540, for achieving a more accurate
result.
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Figure 3-32. Variation of tire rolling resistance force rolling over a smooth surface with 80km/h
speed for different number of radial sections
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Figure 3-33. Variation of tire rolling resistance force rolling over a textured surface with macro-
texture with RMS of 1.68 mm and speed of 80km/h for different numbers of radial sections
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Figure 3-34.Variation of tire rolling resistance coefficient rolling over a smooth surface with
80km/h speed for different numbers of radial sections
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Figure 3-35.Variation of tire rolling resistance coefficient rolling over a textured surface with
macro-texture RMS of 1.68 mm and speed of 80km/h for different numbers of radial sections

For mesh sensitivity analysis for mega-texture and roughness, the number of sections of 540 with
mesh size of 5mm is not necessary since the smallest mega-texture wavelength is 5cm. Therefore,
here the results of 360 and 180 sections are compared with each other (see Figure 3-36 and Figure

3-37).
4000 — 360 sections

o M A

Profile length (m)

Figure 3-36.Variation of tire rolling resistance force rolling over a textured surface with mega-
texture with RMS of 4 mm and speed of 80km/h for different numbers of radial sections
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Figure 3-37. Variation of average rolling resistance force of the tire rolling over a textured
surface with mega-texture with RMS of 4 mm and speed of 80km/h for different numbers of
radial sections

As it can be seen in Figure 3-36 and Figure 3-37, the results for the number of radial sections of
180 and 360 are perfectly matching. Therefore, the larger radial mesh size (180 radial sections
with 1.1 cm, almost 1/5 of the smallest mega-texture wavelength) is sufficient to capture the effect
of mega-texture and is chosen as the final mesh size for mega-texture and roughness models.

3.4 VERIFICATION OF THE QUARTER-CAR MODEL

As the wavelength of the profile increases (wavelengths more than tire contact patch), its effect
goes beyond the tire deformation to the suspension of the vehicle. The suspension of the vehicle
dampens the vibration caused by the contact between the pavement surface and the vehicle and as
the result the passengers experience a smoother ride. This damping causes energy dissipation and
therefore it should be accounted for in the calculation of the rolling resistance of the vehicle. For
this purpose, a simple suspension system (combination of a mass, spring and a dashpot) is added
to the model to build a quarter car model as it was explained in section 3.7.6. Having this system
in place, it is possible to distinguish between the sprung and unsprung masses in the vehicle. After
building the model based on the parameters given in Figure 3-15, the model should be verified
again. For verification the vertical displacement of the sprung mass (car) is evaluated. Considering
no damping in the dashpot, the deformation of the spring under a mass (m) is defined as

A=mg/K eg. 3-10

where K is the stiffness of the spring, and g is the gravity. Therefore, it is expected that by the
presence of the dashpot in the model, the deformation of the spring and displacement of the sprung
mass will be close to A. Figure 3-38 shows the displacement of the sprung mass obtained from FE
model, along with a 5% boundary from the analytical A value. As it can be seen, after reaching the
steady state condition, the displacement is within the 5% limit from A, which is an indication of
the model working properly.
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Figure 3-38. Vertical displacement of the spring mass under the vehicle load

After reaching the steady state condition (within the 5% limits) the tire can be rolled over different
surfaces, and the effect of texture and roughness on the deformation of the tire and suspension can
be considered as the rolling resistance.

The relevance of the effect of suspension for mega-texture and roughness may be obvious.
However, to evaluate its necessity or benefit for the macro-texture, another mesh sensitivity
analysis is performed for a macro-texture surface with RMS of 1.68mm. Figure 3-39 shows a
comparison between the rolling resistance coefficients obtained from the tire model with
suspension (Quarter-car model) and without suspension.

As it can be seen, the results are very similar after 180 radial sections. Since the addition of the
suspension does not change the computational time of the analysis, for consistency between the
models, even for the macro-texture surfaces, the Quarter-car model is used.
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Figure 3-39. Mesh sensitivity analysis for the Quarter-car model on textured surface with

RMS=1.68mm
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CHAPTER 4
RESULTS

Pavement surface profile is one of the factors that can influence the rolling resistance of the
vehicle. The macro-texture, the lower wavelengths within the profile spectrum, affect the
deformation within the tire, e.g., tread deformation and tire bending. Mega-texture includes
wavelengths as small as 5¢cm (within the tire contact patch) up to 50cm. Therefore, in addition to
the tire deformation, it also influences the suspension of the vehicle. Roughness of the profile that
consists of wavelengths beyond 50cm only affects the body and suspension of the vehicle. The
main purpose of the study is to determine the effect of each scale of profile (roughness, mega-, and
macro-texture) on the rolling resistance of the vehicle. To achieve this goal, as it was mentioned
in the previous chapter, two finite element models are developed: (i) Finite element model of the
tire to capture the effect of textures that only affect the tire deformation; and (ii) Finite element
model of the tire combined with a quarter-car mechanical model, which is a simplified vehicle
suspension system that is comprised of a spring and a dashpot in parallel. The second model is
able to capture the effect of the wavelengths that goes beyond the tire deformation. With these two
models, it is possible to evaluate the effect of different scales of the surface profile spectrum on
rolling resistance of the tire and suspension system separately.

It is obvious that textures larger than the tire’s contact patch affect the suspension system of the
tire. Therefore, to assess the effect of roughness, the quarter-car FE model will be used. Mega-
texture includes textures with wavelengths both smaller and larger than the contact patch. So, to
capture the effect of mega-texture on rolling resistance, similarly to the roughness, the quarter-car
FE model will be used.

Most of the current models consider the contact patch size (25 cm) as the cut-off wavelength for
the effect on suspension. Even in IRI calculation, textures smaller than 25 cm are neglected and
removed from the surface profile. The textures between 25 cm and 5 cm are within the mega-
texture limits and will be evaluated by the quarter-car FE model, as mentioned above. However,
although negligible, to investigate the macro-texture’s effect on the suspension of the vehicle, both
of the models will be used, and their results will be compared.

Then, the results of different scales will be compared with each other to evaluate the relative
importance of each scale. As it was mentioned in chapter 3, mega-texture can be a result of
localized events and allocating a high RMS value for mega-texture can be sometimes misleading.
Therefore, to completely understand the effect of mega-texture, the importance of these local
events should be evaluated along the profile length. For this reason, the rolling resistance of a
profile with roughness and mega-texture will be compared with the one with roughness only. The
difference is related to the mega-texture of the surface. Although surfaces can have different levels
of roughness and mega-texture, this model can provide an understanding of the localized high
mega-texture events.

Afterward, the results of the macro-texture’s effect on rolling resistance will be compared with
two empirical studies: NCHRP 1-45 project (NCHRP 720 report) and MIRIAM project. The effect
of roughness and mega-texture will be also compared with the NCHRP 720 report and a
mechanical model presented by Zaabar et al (2018).
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4.1 ROLLING RESISTANCE DEFINITION

4.1.1 Rolling resistance of the tire

When a tire is rolling at a certain velocity, to compensate any force that is resisting the tire rolling,
a force should be applied to the tire rim centroid. Therefore, the rolling resistance force of a tire is
defined as the average work per unit length or average longitudinal force that should be applied to
the centroid of the tire rim to roll it at the corresponding velocity.

RRF =224 eq. 4-1

If the rolling distance is sufficiently long, the average rolling resistance for the surfaces goes
toward a constant number (with small fluctuations related to local events).

4.1.2 Rolling resistance of a quarter-car FE model

When the profile affects the vehicle dynamics, the energy loss in the suspension system of the
vehicle and tire vibration should both be considered. There are various models for tackling this
problem, from two degree-of-freedom quarter-car model to complex finite element models. In this
section of the study, the finite element tire model is combined with the two degree-of-freedom
quarter car model (see Figure 4-1). Therefore, the model consists of a detailed finite element tire
model attached to a 300 kg mass via a spring and dashpot system as the suspension.

As it can be seen the system consists of two parts; (i) the dynamic response of the tire in contact
with the surface profile, where the FE tire model replaces the simplified spring and dashpot system
of (ke and ct) used in the simple mechanical models, and (ii) the response of the suspension system
between the axle (unsprung mass) and the vehicle mass (sprung mass), which is modeled in the
same way as simple mechanical models, considering ks and cs.

Zro ad(t)

Figure 4-1. Schematic of Two DoF Quarter-Car Vehicle Model (Zaabar et al., 2018)

For defining the rolling resistance force, the resistance forces in tire and suspension should be both
accounted for. The rolling resistance force in the tire is defined previously as the longitudinal force
at the rim centroid. The resistance in the suspension, however, is related to the energy dissipated
in the dashpot. Therefore, it should be defined accordingly.

When the surface is combined with the quarter-car model the relative displacements and velocities
of the sprung and unsprung masses can be obtained by solving the following system of two
equations:

mgeZ, + ¢ (Zs — 2y) + ky(zg —2,) =0 eq. 4-2
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myz, + Ct(Zu - Zr) + kt(zu - Zr) - Cs(Zs - Zu) - ks(Zs - Zu) =0 eq. 4-3

in which, mg and z, are the mass and the displacement of the sprung mass and m,and z, are the
mass and displacement of the unsprung mass. The parameters c; and k, are the damping and
stiffness of the suspension. The parameters c; and k; are the damping and stiffness of the tire, and
z,- 1S the road profile elevation.

The dissipative energy of the system per unit distance is related to the relative velocities between
the two masses, which can be defined by

D = ZE[22] + LE[22] eq. 4-4

in which V is the constant velocity of the vehicle, D is the energy dissipation, and z; and z, are
the relative velocities for the suspension and tire, respectively.

Therefore, the energy dissipation in the suspension is defined in this study as
Dy = ZE[22] eq. 4-5

The average rolling resistance force is equal to the average energy dissipated over the unit length.
The total rolling resistance coefficient is then defined as the ratio between the summation of the
rolling resistance forces in both tire and suspension and the applied normal force.

4.2 EFFECT OF MACRO TEXTURE PROFILE ON ROLLING RESISTANCE OF THE

TIRE

For understanding the effect of each scale of the surface profile (macro-, mega-texture and
roughness), the rolling resistance corresponding to each scale will be obtained separately. The
macro-texture of the profile is defined as wavelengths between 0.5mm and 50mm. The macro-
texture is known to only affect the tire tread deformation and bending and not the suspension. In
this section, the effect of macro-texture on tire rolling resistance is investigated. For this purpose,
different macro-texture profiles with different RMS values are defined in the finite element model.
The tire is rolled over each profile for 6 meters (Section 2.7.1) to reach a steady state condition.
The goal is to find a relationship between RMS of each scale and their rolling resistance
coefficient, if any. As it was mentioned in section 3.3.2, for capturing the effect of macro-texture,
a smaller mesh should be used. Therefore, the tire model with 540 radial sections is used. The
rolling resistance coefficients of the tire rolling on surfaces with RMS values of 0.51 mm, 1.1 mm,
1.68 mm, and 2.1 mm are obtained. The RMS value of zero corresponds to the tire rolling on a
smooth surface. The final results are shown in Figure 4-2.

As it can be seen, a linear relationship (with a slope of 0.0012) can be considered for the effect of
macro-texture profile on tire rolling resistance. The obtained result is compared with the
experimental results reported by Boere (2009). Although the two results are very similar, there is
a difference between the slope of the two lines. The finite element model is demonstrating a
slightly higher influence of the macro-texture profile on the rolling resistance of the tire than the
experimental results. It should be mentioned that it may not be possible to find the source of this
difference, since it can be related to a range of assumptions and simplifications considered in this
study that may be different from the experimental set up; from simplifications in the geometry of
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the tire to neglecting the effect of temperature, or inflation pressure, or any other differences
between the two studies.
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Figure 4-2. Effect of macro-texture profile’s RMS on tire rolling resistance coefficient

4.3 EFFECT OF MACRO-TEXTURE PROFILE ON ROLLING RESISTANCE OF THE

QUARTER-CAR FE MODEL

For investigating the effect of macro-texture on the quarter-car FE model rolling resistance, the
model’s properties are changed to the properties of a model by Dixon (2008). For this purpose,
besides the addition of the suspension to the model, the normal load on the system is changed to
3433 N (combination of 300 kg sprung and 50 kg unsprung masses, see Figure 3-15). Then, the
quarter-car FE model is rolled over surfaces with different macro-texture profiles. The rolling
resistance coefficients (RRC) obtained from the model for profiles with RMS values of 0.51mm,
1.1mm, 1.68mm, and 2.1mm are shown in Figure 4-3. To better understand the effect of macro-
texture on the suspension system, in addition to the RRCs of the quarter-car FE model (tire and
suspension), the RRCs of the tire alone are also shown. As it can be seen, both tire and quarter-car
FE model show a linear relationship with the RMS of macro-texture, with very similar slopes. This
is an indication that the surface macro-texture mainly affects the tire deformation and its effect on
suspension can be neglected.
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Figure 4-3. Effect of macro-texture profile’s RMS on RRC of the tire and the quarter car model
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Moreover, the relationship between rolling resistance and mean profile depth (MPD) of the profiles
is also found, see Figure 4-4.
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Figure 4-4.Effect of macro-texture profile’s MPD on RRC of the tire and the quarter car model

As it can be seen, a similar relationship to RMS vs RRC is obtained for MPD vs RRC for the
selected surfaces. However, RRC seems to have a slightly better relationship with MPD than RMS.
RMS is the root mean square of the whole profile while MPD is related to the maximum points
within a profile. When the tire is moving on macro-texture at 80km/h speed, it is not able to have
contact with all of the textures within segments below the mean of the profile. But it can capture
the effect of the textures at the peak of the profile. Therefore, the MPD shows a better relationship
with RRC than RMS. However, since the difference is not significant, RMS can still be considered
as an acceptable parameter for characterization of the surface macro-texture profile.

The effect of the normal load on rolling resistance will be addressed in section 4.10.1.

4.4 EFFECT OF MEGA-TEXTURE PROFILE ON ROLLING RESISTANCE OF THE

QUARTER-CAR FE MODEL

The mega-texture is defined as wavelengths between 50 mm and 500 mm with peak to peak
amplitude of 0.1 to 50 mm. For modeling the effect of mega-texture on the rolling resistance of a
vehicle and tire, two ranges should be considered (1) wavelengths larger than the contact patch (=
250 mm — 500 mm), and (2) wavelengths smaller than the contact patch (= 50 mm — 250 mm). The
upper part of the mega-texture spectrum affects the vehicle dynamics. However, the textures within
the contact patch (= 50 mm — 200 mm) are known to not have a big influence on the suspension of
the vehicle, and their effect is limited to the tire vibration. The quarter-car FE model, including
both tire and suspension, should be capable of capturing the effect of both mega-texture spectrums.

For investigating the influence of the mega-texture on rolling resistance, the filtered mega-texture
profiles of 12m length are imported into the quarter-car FE model. Similar to the previous section,
the effect of mega-texture on both tire and the combination of tire and suspension is evaluated.
Figure 4-5 shows the relationship between the RMS values of the selected mega-texture profiles
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and their corresponding rolling resistance coefficients. Figure 4-6 shows the same relationship for
the IR1 values of the profiles.

As it can be seen the effect of the mega-texture on the suspension of the vehicle is negligible for
smaller RMS and IRI values, while its effect can be quite noticeable for rougher surfaces. Here,
for distinguishing between the effect of mega-texture on rolling resistance in tire and its effect on
rolling resistance in the suspension, ARRC parameter is introduced. ARRC of suspension and tire
at any given RMS value can be defined based on y: and y- relationships given in Figure 4-5:

ARRCsuspension = RRCjre & suspension,RMS=x — RRCtire,RMS:x = Y2,RMS=x — Y1,RMS=x =

0.0006 RMS eq. 4-6
ARRCtire = Ytirerms=x — RRCrys=0 = Y1,rMs=x — Y1,RMs=0 = 0.0013 RMS eq. 4-7

Therefore, the ratio between the effect of mega-texture on rolling resistance of suspension and its
effect on tire is ARRCsyspension/ARRCtire = 0.0006/0.0013 ~ 0.46. This result shows that the

effect of mega-texture on the tire is more than its effect on the suspension.
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Figure 4-5. Effect of mega-texture profile’s RMS on RRC of the tire and the quarter car models
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Figure 4-6.Effect of mega-texture profile’s IRI on RRC of the tire and the quarter car models

It is worth mentioning that the equivalent IRI for the RMS of 6.6mm is quite high (12m/km).
Usually, IRI values around 5 or 6m/km are considered high for pavement management purposes
and preservation strategies should be suggested for such surfaces. However, in this part of the
study, it should be considered that the length of the profile is only 12 m while in practice the IRI
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is measured for much longer profile lengths. Mega-texture profiles with high IRIs do exist along
a road profile; however, since they do not occur as often, the measured IR values in the field are
usually not as high. An assessment of the effect of occurrence of these kinds of events with high
mega-texture on rolling resistance will be done in section 4.7.

A comparison between Figure 4-5 and Figure 4-6 shows that the relationship between RMS and
RRC is a better one than RRC and IRI. In calculation of IRI, a 250 mm filter is used to eliminate
the effect of the profile within the contact patch. The exclusion of mega-texture wavelengths
between 50 and 250 mm from the profile can be the reason for the weaker relationship between
IRI and mega-texture-induced RRC. To verify this suggestion, the wavelength smaller than 250
mm are filtered from the roughest profile in this section with RMS of 6.6mm (applying the high
pass filtering of 250 mm), see Figure 4-7.
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Figure 4-7. Filtered mega-texture profile (RMS=6.6mm)

The RMS value of the new filtered profile is reduced to 5.3 mm. The rolling resistance force (RRF)
of the new profile is then compared with the RRF of the full mega-texture profile, in Figure 4-8.
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Figure 4-8. Effect of 250mm filtering of mega-texture on the rolling resistance force of the
quarter-car FE model

Table 4-1 shows the variations in the rolling resistance forces in the tire, suspension, and the
quarter-car FE model.
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Table 4-1. Summary of the effect of 250 mm filtering of mega-texture on the rolling resistance
force of the quarter-car FE model

Profile RMS (mm) Tire RRF (N) SESFEE”(T\'I‘;” Total RRF (N)
Full Profile 6.6 60.54 11.88 72.42
Filtered 5.33 50.31 10.82 61.31
Ratio (Filtered/Full) 0.808 0.83 0.91 0.84

For the given profile, the total rolling resistance force decreases by 16% after filtering out the
wavelengths less than 250 mm. The rolling resistance force in the suspension is reduced by 8.9 %,
while the RRF of the tire is decreased by almost 19%. This result shows the significance of the
effect of the 250 mm filtering on the rolling resistance of the quarter-car FE model. Also, it is
noticeable that the filtering affects the tire rolling resistance more than the suspension. This is an
expected result, since the wavelengths less than 250 mm are within the contact patch of the tire
and their effect should be more on the tire than the suspension.

4.5 EFFECT OF ROUGHNESS PROFILE ON ROLLING RESISTANCE OF THE

QUARTER-CAR FE MODEL

The roughness of a profile is defined as any wavelength larger than 500 mm. Similarly to the upper
segment of mega-texture, the roughness profile affects vehicle dynamics. Therefore, a quarter-car
FE model is required for calculating the roughness-induced rolling resistance force. Hence, the
filtered roughness profiles of 30 m length are imported into the quarter-car FE model. The
relationships between the RRC of both tire and quarter-car FE models and the RMS values of the
roughness profiles are shown in Figure 4-9.
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Figure 4-9. Effect of roughness profile RMS on RRC of the tire and the quarter car models

As it can be seen the slope of the relationship between RRC and roughness RMS for the total
rolling resistance of the quarter-car FE model is lower than the one for mega-texture found in the
previous section. However, the effect of roughness on suspension can be more pronounced in some
cases: The RRC variation in the suspension can be as high as 80% of the changes in RRC of the
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tire, using eg.5.6 and eq.5.7 (ARRCsuspension/ARRCme = gggg‘; = 0.8). As a result, it can be

assumed that the RRC of the roughness should have a strong relationship with IRI of the profile,
which is related to the displacements in the suspension.

The available studies on the relationship between IRl and RRC, have considered both linear and
non-linear relationships. As an example, the empirical results from NCHRP 720 report show a
linear relationship between rolling resistance and IR1. However, the mechanistic models developed
by Zaabar et al (2018), Louhghalam et al. (2015) and Kim et al. (2017) showed a non-linear
relationship. Here, to get a better understanding, both relationships are considered for the rolling
resistance coefficient and IRI of roughness profile (see Figure 4-10). It can be seen that the non-
linear relationship is stronger than the linear one.

0.025 , 0.025 ,
0.02 ¢ 0.02 R2=0.9828 ®
R?=0.8686 - P4
0.015 _-" = 0.015 g
. - &Y R 06 § L
o 0.01 ,’-l’ """"" = - 001 | _ M= R2=0.9715
| o | o
0.005 m Tire 0.005 m Tire
® Tire and suspension ® Tire and suspension
0 > 0 >
0 5 10 15 0 5 10 15
IRl (m/km) IRI (m/km)

Figure 4-10. Effect of roughness profile IRI on RRC of the quarter car model with linear and
non-linear relationships

Similarly to the mega-texture, the roughness profiles with high RMS values result in higher than
normal IR1 values, which can be explained by the presence of local events within portions of the
profile length, that do not necessarily occur regularly in measurements over longer surface profiles.

4.6 COMPARISON OF ROLLING RESISTANCE IN DIFFERENT SCALES

So far, the relationships between the rolling resistance coefficient of the quarter-car FE model and
the profile for each scale of macro-texture, mega-texture, and roughness have been found. In this
section, the obtained results are compared with each other to assess the relative importance of each
one of the scales. For this comparison, the RMS parameter which is the common parameter
between all of the scales is used and only linear relationships are considered. Figure 4-11 and
Figure 4-12 show this comparison for tire and quarter-car FE models, respectively. For better
visualization of the results and comparison of the RRC values of the different scales for lower
RMS values (less than 2 mm) for quarter-car FE model, the log x-axis format is used (see Figure
4-13).
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Figure 4-11.Comparison
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Figure 4-12. Comparison of the effect of macro-texture, mega-texture, and roughness on rolling

As it can be seen, for lowe

resistance coefficient of quarter-car FE model

r RMS values within the macro-texture range (less than 2mm), the RRCs

for all of the scales are very similar to each other. Also, the profiles in this range affect the
suspension only slightly. Therefore, whether the profile includes roughness or texture, for profiles
with RMS values less than 2 mm, the rolling resistance is limited to the energy dissipation in the
tire. In another words, when the amplitude is low, regardless of the frequency of the wave, the
response is similar, and the profile only affects the tire.
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Figure 4-13.Comparison of the effect of macro-texture, mega-texture, and roughness on rolling
resistance coefficient of quarter-car FE model in semi-log space
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However, for higher RMS values (higher amplitudes), mega-texture shows a higher rolling
resistance than roughness. For a better understanding of the effect of these two scales on rolling
resistance, two profiles with similar RMS values are selected and their results are compared: (i)
mega-texture profile with RMS of 4.4 mm (ii) roughness profile with RMS of 4.8 mm. A
comparison of the profiles of these two surfaces is shown in Figure 4-14.
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Figure 4-14. Comparison of mega-texture profile with RMS of 4.4 mm with roughness profile
with RMS of 4.8 mm

Table 4-2 shows a summary of the rolling resistance coefficients for the two profiles. It can be
seen that the mega-texture profile’s effect on the tire RRC is significantly higher than that of the
roughness profile (a factor of 2.6). As a result, the total RRC due to mega-texture is also higher
(about 70%) than that due to roughness. It is expected that the mega-texture will influence the tire
deformation more than the suspension. However, it has generally been assumed that roughness
affects the suspension response more than mega-texture. In this case, the results show that the RRC
due to mega-texture is still about 30% higher than that due to roughness. Although the absolute
effect of mega-texture on RRC on the suspension response is still slightly higher than that from
roughness, the ratio of ARRC suspension / ARRC Tire fOr roughness (78%) is higher than that for the
mega-texture (38%). This result indicates that the roughness effect on RRC in the suspension can
be in the same order as that in the tire, while the mega-texture’s effect on RRC in the tire is much
higher than that in the suspension.

Table 4-2. Summary of the rolling resistance coefficients of the quarter-car FE model for mega-
texture and roughness profiles with similar RMS values

Profile RMS (mm) | Initial RRC ARRC Tire | ARRC syspension | Total RRC
Mega-texture 4.4 0.0086 0.006 0.0023 0.0169
Roughness 4.8 0.0086 0.0023 0.0018 0.0127

4.7 EFFECT OF MEGA-TEXTURE AND ROUGHNESS ON ROLLING RESISTANCE

As it was mentioned in section 2.8.3, high values of RMS for mega-texture can be related to local
events in the road profile. Based on the results shown in the previous section mega-texture
variation has the highest effect on RRC considering a constant presence of high mega-texture
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features all along the profile (Figure 4-14). However, if high mega-texture RMS values only appear
a few times within a longer profile length, its overall effect may not be as dominant as it was found
in the previous sections. Therefore, it is necessary to investigate the effect of mega-texture on
rolling resistance more thoroughly and in a more realistic way. For this purpose, two profiles with
30 m length have been chosen randomly (namely, profile 1 and 2). Table 4-3 shows the IRI and
RMS values of the full profile, as well as of the roughness and mega-texture portions only. To
fully understand the effect of mega-texture, the rolling resistance forces are obtained for (i) the full
profile including both roughness and mega-texture and (ii) the profile including only the roughness
after removing the mega-texture.

Table 4-3. Summary of surface characterization parameters for effect of mega-texture repetition
on rolling resistance

. Full Profile Roughness Mega-texture
Profile IRI (m/km) RMS (mm) RMS (mm) | RMS (mm)
1 5.06 9.12 8.58 2.86
2 3.85 7.7 7.5 1.3

The profiles and their filtered roughness and mega-texture profiles are shown in Figure 4-15 and
Figure 4-16 for profile 1 and 2, respectively. As it can be seen, profile 1, includes higher mega-
texture with several local events, while the mega-texture of profile 2 is lower and only consists of
one event around x=22m of the profile.
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Figure 4-15. Profile 1, IRI=5m/km
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Figure 4-16. Profile 2, IR1=3.85m/km
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The corresponding rolling resistance force (obtained from the full FE model with tire and
suspension system) for these profiles, with and without mega-texture, are shown in Figure 4-17
and Figure 4-18 for profiles 1 and 2, respectively. A summary of the results is given in Table 4-4.
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Figure 4-17. Rolling resistance forces for full profile and filtered roughness profile of profile 1
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Figure 4-18. Rolling resistance forces for full profile and filtered roughness profile of profile 2
with IR1=3.85 m/km

For understanding the effect of the mega-texture and roughness of the profile on rolling resistance
force, the rolling resistance force of the smooth surface is considered as the base line (RRFiri=o
=29.52 N). The effect of the different profiles on the rolling resistance force can then be defined
as the difference between the RRF of the profiles and the smooth surface (RRFiri=x - RRFIRri=0).

Table 4-4. Summary of rolling resistance forces and coefficients for effect of mega-texture
repetition on rolling resistance

Profile IRI RRF Full RRF roughness RRC Full RRC roughness
(m/km) profile (N) profile (N) profile profile
1 5.06 57.89 42.2 0.0169 0.0123
2 3.85 44.69 40.04 0.0130 0.0117

Therefore, it can be noted that for profile 1, from almost 28.39N increase in rolling resistance force
because of the full surface profile, only 12.7 N is related to roughness portion of the profile (45%).
Therefore, although mega-texture is not high everywhere and its RMS is only 2.86 mm, its effect
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on rolling resistance is more than roughness. For profile 2, however, the mega-texture’s RMS is
1.3mm and it includes only one large event. As a result, the roughness portion of the profile
imposes the majority of the effect on rolling resistance, causing 10.56 N increase in rolling
resistance force out of the total of 15.17 N (69.6%).

These results are an indication of the importance of mega-texture on the rolling resistance of the
vehicle, even when the events are isolated.

4.8 COMPARISON OF THE RESULTS ON THE EFFECT OF MACRO-TEXTURE ON

ROLLING RESISTANCE WITH EMPIRICAL STUDIES

There are a few empirical models on the effect of macro-texture on rolling resistance which were
discussed in section 1.3.2, namely NCHRP 720 report, MIRIAM project, and Boere study. There
seems to be a significant difference between the results of NCHRP 720 report and the MIRIAM
project. The main focus of both of these studies is energy dissipation. Therefore, here, their results
are compared with those from Boere’s study, in which the rolling resistance forces were measured
directly. The results from the quarter-car finite element model developed in this study were already
compared with Boere’s experiments. In this section, they will be compared with the other two
studies as well.

The NCHRP 720 report includes a wide range of vehicles. But, the MIRIAM project only covers
three vehicle types: car, truck, and truck with trailer. On the other hand, the measurements reported
by Boere were performed using a trailer. The normal load applied on the trailer is 4100 N, which
is equivalent to a 417 kg mass. Since this weight is on only one tire, the total vehicle mass
(considering 4 wheels) is about 1668 kg. Based on the tire model and the axle load, the equivalent
vehicle type for the Boere study can be considered as a medium car. Therefore, the common
vehicle type for all three studies can be considered as the medium car.

Both NCHRP 720 report and MIRIAM project presented equations for rolling resistance definition
based on factors such as texture, roughness, deflection, load, and velocity (section 1.3.1). The
results of Boere’s experimental study, however, are more limited, since the experiment was only
performed at one velocity under a specific load. Therefore, for performing the comparison, the
rolling resistance force is found at 80km/h speed and under a load corresponding to 1,668 kg in
order to match Boere’s experimental study.

The results of Boere’s study are based on the RMS of the profile texture while the other two are
based on MPD. Therefore Boere’s results are converted to MPD, using the following equation
(Avaik et al. 2013):

MPD =1.729 RMS +0.019 eq. 4-8

Figure 4-19 shows the rolling resistance forces and coefficients for different MPD values for full
vehicles of different types: car, light truck, and articulated truck from NCHRP 720 report.
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Figure 4-19. Rolling resistance force and coefficient for full car, light truck, articulated truck,
from NCHRP 720 report

As it can be seen, the rolling resistance force of the articulated truck is much higher than the other
two. However, when converted to rolling resistance coefficient the articulated truck and light truck
have similar values. This is because in NCHRP 720 study the parameters used for rolling resistance
calculation are the same based on vehicles weight class, and both light truck and articulated truck
are considered in the same weight class.

Figure 4-20, depicts the rolling resistance forces and coefficients for MIRIAM project for a car
and a truck with trailer for different MPD values. The rolling resistance force for a truck with
trailer is much higher than the car, due to the difference between the weight of the two vehicles.
However, the final rolling resistance coefficient (RRF/ Normal force) of the car is higher than the
truck and trailer. This is because all of the coefficients used for rolling resistance calculation (e.g.
rolling resistance, texture, IRI, and temperature coefficients) are higher for the car than the ones
for the articulated truck.
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Figure 4-20. Rolling resistance force and coefficient for a full car, and equivalent articulated
truck, from MIRIAM project

Since various factors affect the rolling resistance of the vehicle (espicially in empirical studies),
for comparison of different studies a parameter should be used that is able to isolate the effect of
one factor only. NCHRP 720 report introduced an adjustment factor for this purpose which can be
defined as the ratio of the rolling resistance at any MPD value with respect to the rolling resistance
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at a base MPD. In this study, the smooth surface is considered as the base point, therefore the
ajustment factor is defined as RRCwmpp = x / RRCwpp = 0.0. Since the effect of macro-texture is
important in this section, the IRI and deflection values are set to zero.

Figure 4-21 shows the comparison of the rolling resistance coefficients for the mentioned studies.
It can be seen that the NCHRP 720 report underestimates the rolling resistance for zero texture
condition (intercept of the line) and the effect of texture on rolling resistance (slope of the line)
while MIRIAM project overestimates them. The FE results are similar to Boere’s results as it was

stated before.
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Figure 4-21. Comparison of rolling resistance coefficients of MIRIAM, NCHRP 720, Boere
study and quarter-car FE model for a car at v=80 km/h

For having a better comparison, the adjustment factor is used, which considers the effect of both
slope and intercept of the relationships, but eliminates the other factors involved (see Figure 4-22).
It can be seen that considering both initial rolling resistance and the effect of texture on rolling
resistance, the NCHRP 720 results are closer to those from Boere’s study than the MIRIAM
project. However, the FE model results are more similar to those from Boere’s study.
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Figure 4-22. Comparison of rolling resistance adjustment factor of MIRIAM, NCHRP 720,
Boere study and quarter-car FE model for a car at v=80 km/h
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4.9 COMPARISON OF THE RESULTS ON THE EFFECT OF IRI ON ROLLING

RESISTANCE WITH PREVIOUS STUDIES

In the previous sections, the effect of roughness and mega-texture on rolling resistance have been
investigated separately. However, most of the available studies have not differentiated between
these two scales and instead evaluated the effect of IRI on rolling resistance. As it was mentioned
previously, IRI is related to the summation of displacements in the suspension, and it takes the
effect of any wavelength larger than 250 mm into account. Therefore, it captures a combination of
the effect of roughness and mega-textures with wavelength larger than 250 mm.

Among the studies that evaluated the effect of IRl on vehicle rolling resistance, the empirical
model presented in NCHRP 720 report and a mechanical quarter-car model by Zaabar et al. (2018)
have been chosen for comparison in this study. As it was mentioned previously, the NCHRP 720
model is an empirical model for predicting fuel consumption of the vehicle, which comprises a
rolling resistance model based on texture (MPD) and roughness (IRI). The mechanical quarter-car
model, on the other hand, considers the tire and suspension of the vehicle as a combination of a
spring and a dashpot. A comparison of the results from these two studies is shown in Figure 4-23.

As it can be seen, there is a good agreement between the results of the two studies for lower IRI
values (less than 3 m/km). However, for higher IRI values, the mechanical model shows a non-
linear relationship and diverges from the NCHRP 720 results.
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Figure 4-23. Comparison of the effect of IRI on energy dissipation of a car for NCHRP720
report and mechanistic quarter-car model at v=80 km/h (Zaabar et al. 2018)

The parameters used in the quarter-car finite element model in this study are similar to the
mechanical model by Zaabar et al. (2018). However, there are three differences between the two
studies: (i) the mechanical model considers the tire as a combination of a spring and dashpot, but
in this study a full finite element model of the tire is used; (ii) in the mechanical quarter-car model
enveloping of the surface profile is done to exclude the wavelengths within the contact patch, while
the finite element model can consider the full surface profile; and (iii) the mechanical quarter-car
model enforces full contact between the tire and the profile, while the FE model allows the tire to
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lose contact with the profile, if necessary. The issue of loss of contact is looked at in an example
shown at the end of this section.

Different profiles with various IRI values have been chosen from the NCHRP 720 surface profile
database. The quarter-car FE model is used for the evaluation of the rolling resistance of these
profiles. To compare these results with those presented in Figure 4-23, the excess rolling resistance
force should be calculated. For this reason, the IR1=0 is considered as the base line. Figure 4-24
shows the results of this comparison.
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Figure 4-24.Comparison of the effect of IRI on rolling resistance of a car for quarter-car FE
model and previous studies.

It can be seen that the three models are in a good agreement. The FE quarter-car model shows a
non-linear trend with IRI similar to the mechanical model. The results from the three models match
very well for IRI values lower than 4m/km. It should be noted that almost 93.5% of the road
surfaces in the United States have IRI values less than 4m/km, where the results of all three studies
are in good agreement (see Figure 4-25).
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Figure 4-25. Histogram of the distribution of IRI in United states (Zaabar, 2010)
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On the other hand, for IR values higher than 4 m/km, the rolling resistance forces of the FE model
and the mechanical quarter-car model start diverging from NCHRP 720 report results. It can be
hypothesized that this difference may be due to the loss of contact between the tire and the
pavement surface. To investigate this hypothesis, the vertical displacement of the rim centroid and
the profile are compared with each other for IRI values below and above 4m/km (Figure 4-26 and
Figure 4-27). The longitudinal forces at the rim centroid are also depicted in Figure 4-28 and Figure
4-29.
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Figure 4-26. The vertical displacement of the rim centroid and the profile for IRI=3.3 m/km
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Figure 4-28. Longitudinal forces for IRI=3.3 m/km

93



4000

2000

(N)

-2000

Longitudinal Force

-4000

v

0 5 10 20 25 30

Dista%ge (m)
Figure 4-29. Longitudinal forces for IRI=5 m/km

As it can be seen in Figure 4-26 and Figure 4-27, for the profile with IR1= 3.3 m/km the vertical
displacement of the rim centroid is very similar to the profile. However, for the profile with IR1=5
m/km, there are differences between the rim displacement and the profile. For the points where the
profile is below the vertical displacement of the rim, the tire does not have contact with the profile.
Therefore, there is a partial loss of contact at these points. For the points where the profile is above
the rim displacement, the tire deformation is local, and their effect is evident on the longitudinal
forces depicted in Figure 4-29. It is worth mentioning that even though the loss of contact is partial,
a reduction in the longitudinal force can be observed at these points.

However, since no complete loss of contact is seen in these examples, it is not expected to have a
reduction in the rolling resistance forces due to loss of contact. Therefore, the results of the FE
quarter-car model are agreeing more with the mechanical model than the experiments.

It should be noted that the rolling resistance of the FE quarter-car model is a little higher than the
mechanical quarter-car model (see Figure 4-24). This difference is due to the effect of mega-
texture within the contact patch that is included in the FE model and excluded from the mechanical
quarter-car model due to the enveloping of the profile.

4.10 IMPORTANCE OF VEHICLE OPERATING CONDITIONS ON ROLLING

RESISTANCE

There are a few factors beside the geometry and material properties of the tire and suspension that
affect the rolling resistance of the vehicle. For example, the vehicle’s mass and velocity, and the
tire’s inflation pressure and temperature have been considered in different empirical studies as
some of the factors that influence the vehicle’s rolling resistance. The rolling resistance is expected
to decrease by reducing the normal load on the tire and vehicle velocity and increasing the tire
inflation pressure and temperature. In this section, the aim is to investigate the influence of these
factors on the effect of surface profile on rolling resistance.

4.10.1 Effect of applied load on the influence of texture on rolling resistance of the vehicle

As the weight of the vehicle or normal load applied on the tire and suspension decreases, the tire
deformation and displacement in the suspension decreases. As a result, it is expected that the
rolling resistance of the vehicle decreases. In this study, the effect of macro-texture on rolling
resistance is found under two axle loads of 4100N (similar to Boere’s study) and 3433 N (similar
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to the mechanical quarter-car model), which are within the acceptable range for a medium car. The
effect of macro-texture on rolling resistance is shown for both of these cases (see Figure 4-30).

As it can be seen in the figure, the rolling resistance coefficient at zero RMS decreases by
decreasing the normal load from 4100N to 3433N (a reduction of about 3.5%). Considering the
absolute rolling resistance force values, decreasing the load by about 16.3%, a reduction of about
19% is observed in rolling resistance forces. This result is in agreement with other studies which
suggest similar changes in rolling resistance force with respect to variations in normal load
(Hernandez, 2015).

However, comparing the effect of macro-texture’s RMS on RRC in these two cases, it can be seen
that decreasing the normal load by 16.3% only causes a very small change in RMS-RRC
relationships, since the slope of the two relationships are very similar.
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Figure 4-30. Effect of applied load on variation of rolling resistance with surface macro-texture

Therefore, it can be concluded that although the normal load affects the absolute RRC value, it
does not affect the variation of rolling resistance with texture (i.e., the effect of texture on rolling
resistance).

4.10.2 Effect of velocity on the influence of texture on rolling resistance of the vehicle

The results presented so far correspond to a vehicle velocity of 80km/h. As the velocity decreases,
the rolling resistance on a smooth surface is also expected to decrease. The variation of RRC is
assumed to be higher for higher speeds (see Figure 4-31).
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Figure 4-31. Effect of speed on rolling resistance coefficient (Mozharovskii et al. 2007)
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In this section, the RRC is obtained for vehicle velocities of 20, 55, and 80 km/h on a smooth
surface (see Figure 4-32). A similar trend is observed.
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Figure 4-32. Variation of rolling resistance coefficient by velocity on a smooth surface

In previous sections, the effect of mega-texture on rolling resistance was found to be more
pronounced than the other two scales. Therefore, evaluating the effect of velocity on the
relationship between surface profile and rolling resistance, mega-texture surfaces with RMS values
of 1.1, 4.4, and 6.6 mm are used.

The quarter-car FE model is rolled over the surface profiles with a velocity of 55km/h (15.2778
m/s) and the results are compared with those at 80km/h (22.224m/s). Figure 4-33 shows the effect
of mega-texture on RRC for the tire and quarter-car FE model at 55km/h velocity.
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Figure 4-33. Effect of mega-texture on rolling resistance coefficient at V=55km/h

Comparing these results with those from Figure 4-5, it can be seen that by decreasing the vehicle
velocity, the effect of mega-texture on tire rolling resistance is decreased, while the effect of
suspension is increased. The increase in the suspension’s effect is because energy dissipation in
the suspension (D;) has a reverse relationship with vehicle velocity (V):

Ds = 2 E[22] eq. 4-9

where Z, is the relative velocity in suspension.

96



Therefore, although the average relative velocity in the suspension is decreased, for the given
mega-texture profiles, this reduction is less than the reduction caused by the vehicle velocity.
Figure 4-34 shows the comparison between the rolling resistance coefficients of the quarter-car
FE model at 55 and 80 km/h velocities.

It can be seen that the RRC at 55km/h is lower than that at 80km/h, but the slope of the line is very
similar. Therefore, it can be concluded than the rolling resistance coefficient is reduced by
decreasing the vehicle speed; however, vehicle speed does not affect the variation of rolling
resistance with texture (i.e., the effect of texture on rolling resistance).
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Figure 4-34. Effect of vehicle velocity on variation of rolling resistance with RMS of surface
mega-texture

4.10.3 Effect of temperature on the rolling resistance of the vehicle

As the temperature within a tire increases, the stiffness of the rubber material changes. A lower
loss modulus for the rubber material results in a lower rolling resistance. Furthermore, the tire
temperature increases with increasing velocity. Changing the temperature within the model is
possible if thermo-mechanical material properties are used. In this study, such material properties
were not available. Therefore, in order to include the effect of temperature variation in the model,
the rubber material properties are modified to the corresponding values for a given temperature.
As it was mentioned in Section 3.2.1, for including the temperature’s effect on material properties,
the coefficients of the Prony series can be changed. The original coefficients are obtained from
experiments performed at 23°C. Considering that by increasing the velocity to 80 km/h the
temperature within the tire can rise to 74°C (explained in section 3.2.1,), the Prony series
coefficients are changed accordingly. The effect of temperature on the rolling resistance forces
was investigated for two profiles: (1) smooth surface with RMS=0 mm and (2) mega-texture
surface profile with RMS=4.4 mm. Table 4-5 shows a summary of the variation of rolling
resistance force and coefficient with changes in temperature for these two profiles.

As it was expected, the rolling resistance slightly decreases by increasing the temperature. The
results show that the effect of temperature on the smooth surface is more than on the textured
surface for the given profile. Variation of tire temperature also affects the inflation pressure of the
tire. Therefore, any considerations for the temperature should also include the changes in the
inflation pressure.
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Table 4-5. Summary of effect of temperature on rolling resistance of the tire
RMS

Profile (mm) Temp (°C) RRF (N) RRC Difference
1 0 23 30.7 0.0087
3% decrease
1 0 74 29.78 0.0086
2 4.4 23 49.42 0.00144
0.2% decrease
2 4.4 74 49.30 0.00143

4.10.4 Effect of inflation pressure on the rolling resistance of the vehicle

The changes in the temperature of the tire affect the tire inflation pressure. Rising the temperature
within the tire increases the inflated air temperature and correspondingly its pressure. The effect
of tire inflation on energy dissipation is known to be more than the effect of temperature itself.

Different parts of the tire usually have different temperatures, but some studies suggested that the
temperature of the inflated air is similar to the one of the tire shoulders (Nielsen and Sandberg,
2002 and Janssen and Hall, 1980).
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Figure 4-35. Inflated air temperature variation with tire shoulder temperature (Janssen and Hall,
1980)

The suggested temperature for the tire shoulder in different studies is around 50 °C (Nielsen and
Sandberg, 2002; Lin and Hwang, 2004). Some studies suggested a 10 Kpa increase in tire inflation
pressure for every 10 °C increase in the air temperature (Schuring, 1985).

As the inflation pressure increases, the contact area between the tire and the surface decreases, and
the stiffness of the tire increases, which reduces the tire deformation. Therefore, less rolling
resistance is expected within the tire. Figure 4-36 depicts the variation of rolling resistance with
tire inflation pressure at a velocity of 60 mph (Schuring, 1985).

As it can be seen, the relationship is non-linear when we can consider the entire range for inflation
pressures (changing from 10 psi to 65 psi). However, the common inflation pressure for passenger
car tires is usually between 30 to 35 psi (200 to 240 kPa) and pressures as high as 65psi or as low
as 10psi do not occur in normal conditions. Therefore, in this section, only the variation of the
inflation pressure within the common range of 200 kPa to 240 kPa is considered. Figure 4-36
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shows an average decrease of about 7% in rolling resistance for a 10% increase for this range of
tire pressure at 60 mph.

In this study, the inflation pressures of 200, 210, and 240 kPa are considered and the rolling
resistance in each condition is calculated on a smooth surface at 80km/h velocity. Figure 4-37
shows the variation of rolling resistance forces and coefficients by changing the inflation pressure
from 200 kPa to 240 kPa on a smooth profile (RMS=0). The results show a linear relationship,
which can be due to the narrow range that is considered for the variation of the inflation pressure.

In Figure 4-36, also, although the whole trend is nonlinear, a linear relationship can be assumed
between 30 and 35 psi inflation pressures. In addition, in the FE model, the rolling resistance
coefficient decreases by 8.5% for a 10% increase in inflation pressure, which is close to the results
shown in Figure 4-36.
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Figure 4-36. Relationship between tire inflation pressure and rolling resistance (Schuring, 1985)

0.009 , e
Py Ay AR LA ¥ O . 0085 '......

---240kPa

——200kPa @ 0.008

- =--210 kPa @

0.0075 ‘o
> 0.007 >
0 20 40 180 200 220 240 260
Distane (m) Inflation pressure (kPa)

Figure 4-37.Effect of inflation pressure on rolling resistance force and coefficient on a smooth
surface at 80km/h

In addition to the smooth surface, the mega-texture profiles with RMS of 1.1, 4.4 and 6.6 mm used
in the previous sections are selected to investigate the variation of texture-induced rolling
resistance with variation of the inflation pressure. To observe the effect better, the maximum
inflation pressure of 240 kPa is considered.

Figure 4-38 shows the comparison between the effect of texture on rolling resistance coefficient
for two inflation pressures of 200 and 240kPa. As it can be seen, the slope of the RRC-RMS
relationship has not changed by changing the inflation pressure. Therefore, it can be concluded
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that although the inflation pressure affects the energy dissipated within the tire in the smooth
surface condition, it doesn’t influence the effect of texture on rolling resistance.
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Figure 4-38. Effect of inflation pressure on variation of rolling resistance by surface mega-
texture at 80km/h
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CHAPTER 5
SUMMARY, CONCLUSIONS, AND FUTURE WORK

5.1 SUMMARY

Pavement surface profile is one of the factors that can influence the rolling resistance of the
vehicle. There are different mechanisms involved in the rolling resistance, namely, vehicle
dynamics, tire bending and deformation, and tread deformation. The surface profile can be divided
into four scales of roughness, mega-, macro-, and micro-texture. These scales influence different
mechanisms of the rolling resistance. The effect of micro-texture, which includes wavelengths
smaller than 0.5 mm, is known to be negligible on vehicle rolling resistance, but important in
surface friction and road safety. The macro-texture scale, wavelength between 0.5 mm and 50 mm,
affects the tread deformation and tire bending. The mega-texture scale, wavelengths between 50
mm and 500 mm, includes both wavelengths within and beyond the tire contact patch. Therefore,
in addition to the tire deformation and bending, it also affects the vehicle dynamics and
deformation in the vehicle’s suspension system. The roughness scale consists of any wavelengths
larger than 500 mm. Hence it is expected to mostly affect the rolling resistance within the
suspension of the vehicle. The main purpose of the study is to determine the effect of these scales
of profile (roughness, mega-, and macro-texture) on the vehicle’s rolling resistance.

To capture the effect of the profile on tire deformation, including tire bending and tread
deformation, a full 3D finite element tire model is developed and verified. For investigating the
influence of the profile on the energy dissipation in the vehicle suspension system, the tire model
is combined with a quarter-car mechanical model. Such a model is a simplified vehicle suspension
system, comprised of a spring and a dashpot in parallel. These two models are capable of
evaluating the effect of different scales of the surface profile spectrum on rolling resistance of the
vehicle.

The surface profile is decomposed into the above-mentioned scales. For a robust comparison of
the effect of these scales, a common parameter should be considered for surface profile
characterization between these scales. For surface texture characterization, the mean profile depth
(MPD) is usually used, which is based on the texture variation within a 10 cm length of the profile.
However, since the roughness affects the suspension of the vehicle, for its characterization, IRI
index is used. This index is related to the vertical displacement within the suspension induced by
the surface profile. Since the mechanisms involved in the definition of these two parameters are
totally different and not applicable for one another, the root mean square of the profile at each
scale is considered as the common parameter.

A FE tire model is used for evaluating the effect of macro-texture on rolling resistance, while the
quarter-car FE model is used for the mega-texture and roughness scales.

In addition to evaluating the effect of different scales on rolling resistance of the vehicle, some of
the shortcomings in the current state of the art are also addressed using the developed models.

Moreover, the influences of vehicle operating conditions including applied load, driving velocity,
and tire temperature and inflation pressure on the effect of surface profile on rolling resistance are
investigated.
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5.2 CONCLUSIONS

The following conclusions are drawn based on the presented analysis and results.

5.2.1 Effect of individual scales of the surface profile on rolling resistance

The effects of each individual scale of the pavement profile (macro-texture, mega-texture, and
roughness) are investigated and the following conclusions are obtained:

On the effect of macro texture profile on rolling resistance of the tire, the analysis shows
that a linear relationship exists between the macro-texture RMS and rolling resistance
coefficient (RRC) of the tire. The obtained results are similar to the experimental results
by Boere (2009). However, the FE model slightly overestimates the influence of macro-
texture on RRC, which can be because of the differences between the model and the
experimental study, such as simplifications and assumptions within the developed model.

The effect of macro-texture on the suspension of the vehicle is also investigated. The
quarter-car FE model shows that the surface macro-texture mainly affects the deformation
within the tire and its effect on suspension can be neglected.

In comparison of the relationship of the two surface characterization parameters of RMS
and MPD with tire RRC, MPD shows a slightly better correlation than RMS.

Mega-texture profile affects the energy loss both within the tire and the suspension system.
For smaller RMS values, similar to the macro-texture, the effect of the mega-texture on the
suspension of the vehicle is negligible. Although for rougher mega-texture, the energy
dissipation in the suspension is more noticeable, the rolling resistance within the tire is still
higher. The mega-texture-induced rolling resistance in the suspension can be as high as
23% of the total rolling resistance.

The relationship between RMS and RRC for mega-texture is found to be better than that
between RRC and IRI. This can be related to the exclusion of the lower portion of mega-
texture spectrum from IRI calculation.

The mega-textures within the contact patch (wavelength smaller than 250 mm), influence
the rolling resistance in both tire and suspension and its effect on the tire energy dissipation
is more significant than the suspension.

The effect of roughness profile on the total rolling resistance is found to be lower than the
one for mega-texture. However, its effect on suspension is more pronounced than mega-
texture and it can be as high as 45% of the total rolling resistance.

Roughness-induced RRC is found to have a strong non-linear relationship with IRI.

5.2.2 Comparison of the rolling resistance of different scales

The results for the different scales are compared with each other:

For low RMS values (less than 2 mm), i.e., low amplitudes, all of the scales show similar
results and there is not a big difference between the effect of different wavelengths. Also,
the profiles of different scales in this range barely affect the suspension. However, for
higher RMS values, mega-texture shows a higher rolling resistance than roughness. This
means that for higher amplitudes, lower wavelengths affect the rolling resistance more.
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- Mega-texture profile affects the rolling resistance in the tire much more than the
suspension. However, the effect of roughness on rolling resistance in the suspension can
be in the same order as that in the tire.

- High values of RMS for mega-texture can be related to local events in the road profile and
therefore they only appear a few times within a longer profile length. In an investigation of
the importance of the frequency of occurrence of high mega-texture within the profile, it is
found that the mega-texture can affect the rolling resistance of the vehicle, even when the
events are isolated.

5.2.3 Comparison of the finite element results with empirical studies

The influence of macro-texture on the rolling resistance as predicted by the FE model is compared
with a few empirical studies, namely the NCHRP 720 report, the MIRIAM project, and the results
reported by Boere. NCHRP 720 report and the MIRIAM project are based on the energy
dissipation of the vehicle and there is a significant difference between their results. Boere’s study
on the other hand measured rolling resistance directly using a trailer. Here, the three studies are
compared with the developed FE model:

- The results show that considering both the initial rolling resistance (on the smooth surface)
and the effect of texture on rolling resistance, the NCHRP 720 results are closer to those
from Boere’s study than the MIRIAM project.

- The results of the developed FE model in this study are closer to those from Boere’s study
than the other two studies.

Most of the available studies on the effect of roughness have not differentiated between roughness
and mega-texture scales and evaluated the effect of IRI on rolling resistance. The empirical model
presented in NCHRP 720 report and a mechanical quarter-car model by Zaabar et al. (2018) are
compared with the results of the FE model.

- The FE quarter-car model and the mechanical model show a non-linear trend with IRI,
while NCHRP 720 has a linear relationship.

- The excess rolling resistance forces from the three models match very well for the lower
IRI values (IRI<4m/km), which represents the majority of the IRI values for pavement
surfaces in the US. For IRI values higher than 4m/km (about 6.5% of the pavement surfaces
in the US), the rolling resistance forces of the FE model diverges from NCHRP 720 report
results, while being reasonably close to those from the mechanical quarter-car model.

5.2.4 Importance of vehicle operating conditions on rolling resistance

Besides the geometry and material properties of the tire and suspension, other factors related to
the vehicle operating conditions, such as the vehicle’s mass and velocity, and the tire’s inflation
pressure and temperature affect the rolling resistance. The effect of these factors on the texture-
induced rolling resistance is investigated in this study and the following conclusions are obtained:

- The vehicle weight or the normal load applied on the quarter-car model, affects the absolute
value of rolling resistance. Decreasing the load, reduced the rolling resistance. However,
the variation of the load does not influence the effect of texture on rolling resistance.

- While the tire rolling resistance is reduced by decreasing the velocity, the rolling resistance
in the suspension is increased for the range considered. But the total, combined rolling
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resistance is reduced by decreasing the velocity. In addition, the velocity does not affect
the variation of rolling resistance with texture.

- The rolling resistance slightly decreases by increasing the temperature. The effect of
temperature on the smooth surface is found to be more than the textured surface for the
given profile.

- Variation of tire temperature affects the inflation pressure of the tire. Increasing
temperature increases the tire inflation pressure and reduces the contact area between the
tire and the surface as well as the tire deformation, and as a result the rolling resistance.
However, it does not influence the effect of texture on rolling resistance.

5.3 FUTURE WORK:

- RMS is a statistical parameter and may not be the best parameter for characterizing the
surface profile and capturing the effect of profile on rolling resistance of the vehicle.
Another parameter that also includes the frequency of the high amplitude texture or
roughness can be more beneficial.

- The current cut-off wavelength for the effect of pavement texture on displacement in the
vehicle suspension and also IRI calculation is considered as the contact patch length (250
mm). However, the results of the study show that the mega-texture profile within the
contact patch also affect the suspension of the vehicle. Therefore, further investigation is
required for finding a new cut-off wavelength for the effect of texture on vehicle
suspension.

- The developed FE model allows the tire to lose contact with the profile if necessary. This
loss of contact occurs in reality, especially in rough surfaces. However, although when the
tire does not have contact with the surface, the resisting forces within the tire are minimum,
the impact with the surface after contact can increase the rolling resistance. Therefore, the
effect of this loss of contact is not understood fully and it should be investigated further.

- Itis also beneficial to further investigate the effect of operating conditions, including the
interaction of velocity (within the city and on highways), temperature and tire inflation
pressure on the effect of texture and roughness.

- The pavement surface is considered as rigid in this study and the deformation of the
pavement under the load is neglected. Further investigation into the effect of two-way
interaction between the vehicle and pavement (considering the deformability of both tire
and pavement) can be beneficial, especially for chip seal surfaces.
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APPENDIX A- LITERATURE REVIEW ON EFFECT OF PAVEMENT SURFACE

MICRO-TEXTURE ON FRICTION

Friction is a macro-scale empirical representation of a multi-scale deformation mechanism which
results from three parallel phenomena; adhesion, hysteresis, and shear (Figure Al-1).

N Bending S > Slip speed

Hysteresis Adhesion Shear

Figure Al-1. Friction mechanism

Adhesion is induced by interlocking and bonding of rubber compound to pavement surface. In the
exposure of micro-asperities and irregularities of tire and pavement surfaces to each other, an
attractive force due to VVan der Waals or dipole forces keeps the two materials together and prevents
their movements (Dewey et al., 2001, Persson, 1998). Adhesion is a function of the contact area
and the shear strength of the contact surface (Hall et al., 2009).

Hysteresis, or internal friction, is a multi-scale phenomenon which highly influences the overall
response of tires ranging from friction and noise to rolling resistance. It results from the
viscoelastic response of the rubber material to the cyclic loading. Thus, the bulk deformation of
the rubber and the deformation of the tire tread due to engaged texture yields hysteresis (Hall et
al., 2009, Choubane et al., 2004, Lindner et al., 2004).

Defining the cascade of hysteresis in tire-pavement contact, three separate length-scales can be
identified and associated to (i) tire deflection and bending, (ii) tread slip, and (iii) tread surface
deformation (Bendtsen, 2004, Xiong and Tuononen, 2013).

The shear force of a rigid surface in contact with another material is small, and thus negligible.
However, in the presence of a fluid scattered between the two surfaces, the shear force, which is
mainly induced by the viscosity of the fluid, is more significant. The viscosity of water is less than
snow, which leads to (i) lower shear forces in the contact area, and (ii) faster escaping rate of water
from within the contact area and correspondingly smaller shearing contact area in comparison to
the presence of snow. Therefore, the role of shear in friction between tire and rigid pavement is
usually neglected except in the existence of snow (Hall et al., 2009). The contribution of friction
components at different environmental conditions is depicted in Figure Al-2 (Hall et al., 2009).

Hysteresis
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Figure A1-2. Compositions of Major influences on braking slip conditions (Hall, 2009)

Hysteresis is correlated to the volume of the deformed material and adhesion to the contact area
(Kummer, 1966, Do and Marsac, 2015). Therefore, these phenomena are governed by
characteristics of the pavement surface, the tire properties, and the loading conditions due to
environmental factors and vehicle performance (see Table Al-1).

In contrast to macro-texture, the contribution of micro-texture to adhesion is more significant than
to hysteresis (Leu and Henry, 1978, Henderson et al., 2006, Hall et al, 2009). Nevertheless, there
is a difference between the hysteresis of these two textures. The hysteresis of macro-texture
contributes to rolling resistance and noise, in addition to friction (Bendtsen, 2004). However, the
micro-texture mainly affects friction (Boere, 2009).

Beside the surface texture, the friction depends on other factors among which sliding velocity,
temperature, normal load, and presence of contaminations are the most prominent ones. In the
following, the influence of these factors on the contribution of surface texture to friction will be
discussed. These factors are not necessarily independent of each other.

Table Al-1. Important factors in pavement friction (after Hall et al., 2009)

Pavement Vehicle Tire Properties Environmental factors
surface Operating
characteristics Parameters
= Surface- = Slip speed = Tread design and = Climate (Wind,
texture _ condition Temperature, rainfall and
(Vehicle speed, condensation, Snow and
= Material Braking action) = Inflation pressure Ice)
properties 1.Drivin _ _
' J = Tire Foot print 2.Contaminants like: Anti-
maneuver X :
= Temperature . skid material (salt, sand),
(Turning, = Rubber Dirt, mud, debris)
Overtaking) it ' '
composition  and
hardness
= Load

= Temperature

Note: Critical factors are shown in bold.

The velocity of the vehicle influences the role of surface texture in friction by affecting the
viscoelastic behavior of the tire. In tire-pavement interaction, two velocities of free rolling (static)
and sliding velocity during cornering or ABS-braking (kinetic) are involved. The velocity of
rolling tire directly influences the viscoelastic properties of the rubber. As the velocity increases
the rubber becomes stiffer. Therefore, the contribution of different surface textures in friction
varies with vehicle speed and the deformation rate (Persson, 2001). The influence of micro-texture
on friction is more at lower speeds (soft tread) while the one of macro-texture is more at higher
speeds (stiff tread) (Dewey et a., 2001, Hall et al., 2009). The changes in the engagement of
textures affect the contact area between the tire and the pavement surface and thus the friction
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coefficient. At higher velocities, the contact area decreases due to the reduction of the engaged
texture (Persson, 2001).

Temperature affects the viscoelastic properties of the rubber, similar to velocity. The tire pressure
increases with temperature and consequently, the area of contact and the friction decreases (Lin
and Wang, 2004).

Bazlamit et al, (Bazlamit and Reza, 2005) suggested that the decrease in hysteresis due to the
increase in temperature occurs in all surfaces with different textures. But, the effect of surface
texture on adhesion is more dominant in comparison to temperature. However, there are still some
challenges in understanding the effect of temperature on the friction since the temperature in
friction measurements are influenced by friction test method, pavement type, and climate (Flintsch
etal., 2012)

Considering the effect of normal load on friction, increasing the load leads to an increased contact
area due increase in the engaged texture. Whilst, the rate of penetration is defined by the rubber
stiffness. The relationship between the applied load and the contact area is the topic of many recent
theoretical studies (Heinrich and Klupple, 2008, Persson, 2001, Persson, 2002, Klupple and
Heinrich, 2000). Most of the available theories define this relationship to be linear when the contact
area in comparison to nominal contact area is small. As the load increases the area approaches to
the nominal contact area in a continuous manner (Persson, 2006).

However, representing the contact to be similar to the real contact between a solid and a rough
surface, and also considering the coupling of adjacent asperities under a reasonable load has been
a challenge (Archard, 1957, Greenwood, 1966, Bush et al., 1975, Persson, 2006). Such a
relationship has been developed by Persson (Persson, 2001).

Contaminations also influence the role of surface texture in friction. As an example, in the presence
of water the contact zone is divided into three zones: (i) tire lifting zone, (ii) thin water film zone,
and (iii) full contact zone (Figure A1-3) (Moore, 1975). Since the friction force is only generated
in the full contact zone, there is a reduction in friction due to the decrease in contact area. Surface
micro- and macro-texture along with tire tread help the water to escape through the contact surface
and therefore they could increase the contact area (Do and Cerezo, 2015). At high speeds, the
available time for water evacuation decreases, thus, the loss of friction becomes more significant.
If there is no contact maintained between the tire and the surface, aquaplaning® occurs.

Engaged texture (i) (i) ()
(a) (b) ()

Figure A1-3. Effect of water presence on contact area (a) contact without water, (b) contact in
presence of water, and (c) contact zone

Similarly, other contaminants (such as dust and dirt particles) decrease the friction because they
prevent the contact between the tire tread and the smallest micro-textures of the surface. This effect

3 Aguaplaning occurs when enough water is trapped under the tire tread at high speeds to detach the entire tire tread
from the pavement surface.
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is more significant on adhesion component since the influence of micro-texture on adhesion is
more dominant than hysteresis. Therefore, adhesion is usually assumed to be important on clean
and relatively smooth surfaces (Persson, 2001). It worth mentioning that in presence of detergents
the friction coefficient is even less since they prevent the direct contact at the interface.

Grosch (Grosch, 1963) investigated the effect of dust, water and detergent on friction coefficient

as depicted in Figure Al1-4.
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Figure Al-4. The kinetic friction coefficient for rubber sliding on a carborundum surface under
different conditions (Grosch1963)

e Friction Measurements

Friction measurement devices are founded on the principle of rubber sliding over the wet surface
and the measurement of the resistance force. These devices follow different measurement
mechanisms depending on the type of the measured friction force, the performance speed, and the
slip ratio of the tire. The two different frictional forces measured with these devices are (i)
longitudinal and (ii) lateral frictional forces, which help the driver to control and maneuver the
vehicle safely. The longitudinal forces occur between the tire and the pavement surface when it is
moving in the longitudinal direction in the free rolling or constant-braked mode. The lateral friction
forces occur when the vehicle is changing direction or moving on a cross-slope road or facing a
cross-wind effect.

Most devices are capable of measuring friction at various speeds up to highway limit. Some of
them can even perform in variable slip ratio of the tire. Other factors can also influence the friction
measurements, such as tire loading, size, tread design and construction, and inflation pressure. For
controlling these tire-related factors standard tires are used after ASTM E501.

So far, there is no well-accepted universal friction measurement approach. The popular approaches
vary depending on the region (Wallman et al., 2001). Here, the most popular friction measuring
devices are reviewed.

i. Stationary devices

The two devices that are used commonly for friction measurement at low speeds (which require
the traffic to stop) are British Pendulum Tester (BPT) (AASHTO T 278 or ASTM E 303) and the
Dynamic Friction Tester (DFT) (ASTM E 1911). In these devices, a slider (pendulum or rotating
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disc) slides over the pavement surface at a specific speed. The friction between the slider and the
surface forces the slider to slow down. This friction is then measured tracing the dissipation of the
kinetic energy of the slider which is governed by a decrease in the momentum of the pendulum or
the disc (Hall et al.,2009). A good agreement has been found between the coefficient of friction of
the DFT and the British Pendulum Number (BPN) at different speeds (Saito et al., 1996). The
results of these methods are usually attributed to micro-texture of the surface because the effect of
micro-texture on friction is more dominant at lower speeds.

ii. Pulling devices

The friction measurement devices which can work at higher speeds are mostly categorized in four
groups of locked-wheel, fixed-slip, variable-slip and sideway-force or cornering mode. The
locked-wheel devices measure the friction when the tire is moving in the vehicle direction, the
wheels are locked, and the slip ratio is 100%. The friction in fixed-slip devices is measured in
vehicle direction and constant slip ratio up to 20%, similar to anti-lock braking condition. The
variable-slip devices are capable of measuring the frictional force at predetermined slip ratios in
vehicle direction. In sideway-force devices, there is a constant angle between the tire and the
vehicle direction which is necessary to assess the rotational resistance and the controlling ability
of the vehicles in curves at constant slip ratio (Nordstroem, 1998).

Among these devices locked-wheel (ASTM E 274) is widely used in the U.S. (Choubane et al.,
2004). It characterizes the friction by a friction number (FN) that depends on the tire velocity, the
horizontal and the vertical loads and the friction coefficient (Henry, 2000, Hall et al.,2009).
Despite being popular, locked-wheel devices have limited performance due to the required long
distance between two readings. These devices provide only one reading of friction over a long
distance. Also, the locked-wheel condition is not a proper representation of the braking condition
of the current vehicles equipped with ABS systems. Therefore, continuous friction measuring
equipments (CFME) (ASTM E2340) as slip-wheel devices (fixed-slip or variable-slip) are more
preferable, e.g. Grip tester (Najafi et al., 2013). These devices can measure the friction in higher
frequencies and operate similarly to the ABS systems with a critical slip ratio of 10-20%. However,
still, the current CFME devices are not able to measure the lateral friction at curves.

The ability of these devices to measure the friction at various speeds, is useful for investigating
the effect of velocity on friction (Hogervorst, 1974, Noyce et al., 2005, Matilainen and Tuononen,
2012). At higher speeds, friction is mainly governed by hysteresis while at lower speeds, it is
governed by adhesion (Masad et al., 2009). Accordingly, it could be possible to find the
contribution of hysteresis and adhesion by performing friction test at different speeds.

The main limitation of the high-speed friction measurement devices is the consumption of a large
amount of water for wetting of the surface (Ueckermann et al., 2015). Therefore, in the more recent
friction measurement devices, the focus is on reducing the amount of required water as much as
possible. The presence of water affects the measurements by reducing the engaged texture.
Moreover, other factors such as temperature, speed of measurement, and age and wear of the
rubber can affect the friction measurements, while being difficult to control during the
measurement process. To address these limitations, the concept of contactless friction
measurement based on optical texture measurements has been introduced. The method relates the
surface texture measurements to the friction of the surface (Dunford, 2008). They are founded on
the current friction prediction models based on surface data.

The tests presented here, evaluate friction by a friction coefficient or friction number, as a function
of speed and tire load. Many equations have been developed by different studies to define the
correlation between friction numbers and various factors such as surface texture, velocity, and
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temperature (Bazlamit et al., 2005, Hall et al., 2009). Some studies developed models to correlate
the results of different tests. Some of these correlations are presented in Table Al-2.

A schematic comparison of the pavement friction devices and their mechanisms are presented in
Figure Al1-5.

Theoretical studies on rubber-surface contact characterization use different devices to measure the
friction. Lorenz et al. (Lorenz et al., 2011) developed a new instrument for validating their friction
theory. It included a rubber block attached to an aluminum plate and a rough surface moving with
a specific speed. Tension and compression load cells were used to measure the friction force in the
interface. They used this device for measuring friction on concrete (Lorenz et al., 2011) and asphalt
(Lorenz et al., 2013) surfaces.

Table A1-2. Correlation between different friction test results

Friction coefficients Correlation Validation Author
DFT=0.0078 BPN R=0.97 -
BPN and DET Steven _-2009
BPN=57.9 DFT+23.1 R=0.86 henry2000
SN4=0.862 BPN-969 ----- Kissoff1988
BPN and SN
SNo=1.32 BPN-34 R=0.95 henry1983
BPN and CST BPN=179.67 CST R=0.99 Steven_-2009
Muso=1.21 SN4¢?-14.9 R=0.99 burns1973
SN and Mu
Muso=2.14 SN4P-17.8 R=0.92 burns1973
SFCs50=0.388 SNgo'4%° © R=0.93 Henry1986
SN and SFC
SFCs0=1.52 SNgo’-1.4 R=0.9 Henry1986

BPN: British pendulum tester, DFT: Dynamic friction tester, SN: Locked-wheel (* New Mexico Locked-
Wheel, © California Locked-Wheel, ¢ Stuttgarter Reibungsmesser, ¢ Skiddometer BV 8), CST: California
Skid tester (Stationary device), Mu: Mu Meter (Side-force), SFC: SCRIM tester (Side-force)
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Figure Al1-5. Friction measurement devices: (a) BPT (b) DFT (c) CFME (d) Locked-wheel (e)
Fixed-slip (f) Variable-slip (g) Side-force
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e Texture-Friction Relationship

Friction coefficient, u, has long been known to be a function of the texture and adhesion of the
contact surface. On the smooth surfaces, the friction coefficient can be attributed to adhesion.

On the rough surfaces, u is attributed to deformation and hysteresis. In most of the existing studies
the adhesion and hysteresis components of friction have been studied separately. While the surface
texture directly influences the hysteresis, its contribution in adhesion is limited to the increase in
the nominal surface area.

In pavement surface, micro- and macro-texture both affect the hysteresis, and consequently
friction. While there are few models that can correlate the friction to the texture, it remains a
challenge to define the exact geometrical parameters that contribute to friction.

The complexity of tire-pavement interaction, lack of detailed texture profiles, and in compatibility
of tire and pavement models makes the development of a multi-scale contact model for predicting
the pavement friction difficult (Li et al.,, 2005). Existing contact models are mostly
phenomenological and can be divided into three categories (i) tire models, (ii) theoretical contact
models, and (iii) empirical or semi-empirical models.

The tire models and hysteresis contact models used for friction modeling are similar to the models
for rolling resistance mentioned in section 2. However, in dry or poorly lubricated contacts,
adhesion is also present due to the molecular interaction between the two surfaces. In the presence
of adhesion, the breakage of the adhesive bonds in the contact interface in addition to adhesional
friction, can also cause adhesional hysteresis. While few studies have incorporated the effect of
adhesion into the contact problem (Persson et al., 2015, Busse et al., 2010), it remains a challenge
to describe the friction as the result of concurrent hysteresis and adhesion mechanisms.

Theoretical Adhesion Models

If loading and unloading process occurs at a very low speed, rubber can be assumed elastic. Thus,
some studies employed adhesion theories for elastic materials for the contact between rubber and
rough surfaces (Carbone and Bottiglione, 2008, Persson, 2015). Among the existing elastic
theories for adhesion, DMT theory (Derjaguin, 1934) and JKR theory (Johnson et al., 1971) have
been used for this contact. In DMT theory, adhesion is considered as a force applied to the solid
in addition to the normal force. The contact area is then defined by the classic theory of Hertz
(Hertz, 1881). This theory includes the adhesion in non-contact zones near to the contact zone as
well as the contact area and is valid for elastically hard solids which are weakly interacting with
each other. However, in JKR theory, the adhesion is only limited to the extent of the contact area
and the adhesional energy is defined as U,4;, = AyA. In which y is the work of adhesion, which
represents the required energy for separation of a unit area of the interface between two materials.
This theory is valid for elastically soft solids which are strongly interacting with each other. Here,
the deformed shape of the solids after the contact can be calculated by minimizing the total energy,
sum of adhesional and elastic energies U4, + U,;.

Carbone model (Carbone et al., 2015) is based on JKR theory and it considered the penetration
of an elastic rubber layer into a fractal rigid surface. The hysteresis loop induced by a randomly
rough adhesive contact was investigated. The total energy was defined as the sum of adhesion
and elastic energies. The adhesion energy was obtained from
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Uaan = —VZ V1+[z'(x)]?dx

i=1 "%

where y is the work of adhesion. z'(x) = z — Z is the height of the profile measured from its mean
plane. n. is the number of contact regions and a; and b; are the limit lengths of each contact. They
found that the contact area has a linear relationship with the work of adhesion (Carbone et al.,
2015).

Busse model (Busse, 2010) described friction coefficient as the summation of individual
contribution of hysteresis, p,,s, and adhesion mechanisms, q45,. Accordingly,

U= Upys + Uadan

Here, the hysteresis friction is given by describing the surface by two different fractal dimensions,
dividing it into two scaling ranges, expressed as

<> w2 Wmax
Hhys = (f E"(w)C(w)w dw + f E" (w)Cy(w)w dw

where § = b. z, is the mean excitation depth in which b is a fitting parameter. C; and C; are the
PSDs in two different scaling ranges, namely {win-@2} and {w,-wqx }-

Adhesion friction coefficient was defined as the ratio between the adhesion force F,;, and normal
force Fy.

Eins/Eo
1%
@+ ()"
where 7 and 7, are the interfacial shear stress at v and 0 velocities, respectively. E;,,r and E, are

long term and instantaneous elastic moduli. Here, v, is the critical velocity where the shear stress
is at maximum, and n is related to the exponent of the relaxation time spectra of the elastomer.
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Persson and Scaraggi (2014), investigated the effect of surface roughness on adhesion between
two elastic solids, implementing JKR and DMT theories into Persson theory of friction. They
verified their theory results with exact numerical calculations using RMD.

Empirical Models

Empirical modeling is another popular approach to describe the correlation between the texture of
the surface and friction measurements through fitting of the results to pre-assigned formulas.
Micro-texture and its role in friction is often neglected in empirical models of friction since most
of the shape descriptor parameters considered in empirical models cannot detect micro-texture.
For many parameters listed in table 1, micro-texture presence only results in micro-variations in
their magnitudes. Therefore, for inclusion of micro-texture effect, its characterization should be
implemented separately.

In 1978, Dahir and Henry proposed the first empirical model that incorporated micro texture into
friction by using BPN values as a surrogate for micro-texture. While their study suggests the
existence of a correlation between friction and micro-texture, they could not formulate it (Luce,
2006). The relationship between BPN and surface texture has been the focus of several studies
(Forster, 1989, McLean and Foley, 1998, Do, 2000, Ergun, et al. 2005, Serigos et al.,2014}, and
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BPN was found to be governed by both micro- and macro-texture (see Figure A1-6) (Serigos et
al., 2014).

A A
120 120 -
° °
100 - 100 -
~ L ) ® s
£ ° ¢ e e £ * e 7
@ 80 o g 2 80 ¢ 7 .
- L] e
-§ * :3,.‘-""./ ‘e -g o % -8 ° ¢
S60F s3 200 A
= a R2=0.59 = Yo R*=0.56
40 40 -
20 1 1 Il > 20 1 1 I 1 1 > .
0 | 2 3 0.015 0.02 0.025 0.03 0.035 0.04
Macro-texture MPD(mm) Micro-texture MPD(mm)

Figure A1-6. Relationship between Skid resistance and Macro- and Micro-texture (Serigos et al.,
2014)

In another approach, Kokkalis and Panagouli (1998) described the friction at 40 mi/h SNao, with
respect to micro-texture as

9.4m x Z — 38
0.14
4.25 X d%'e Zmacro

where Z,,,4.r0 1S the average macro-texture depth expressed in millimeters and d,, is the distance
between adjacent asperities. Later, Kokkalis et al. (2002) suggested that SN values are directly
correlated to the fractal dimension (Figure Al1-7).
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Figure A1-7. Correlation between the fractal dimension and the friction for dried and wet
surfaces (Kokkalis et al., 2002)

113



Ergun et al. (Ergun et al., 2005) presented a model to correlate friction coefficient and surface
texture as follows

S
0.11 + 0.15 ) X e(149+91log(MPDmac)+80log(quic))
MPD,,qc

where s is the slip speed and MPD,,,, is the mean profile depth of macro-texture. Here, La,,;. and
Rq.ic are the average wavelength and the root-mean-square of micro-texture, respectively. They
suggested the average wavelength of the profile as the most reliable texture parameter for
predicting the friction coefficient at no slipping.

u(s) = (0.37 +

Lamic

Recently, Kanafi et al. (2014) have extensively studied the correlation between friction and the
fractal and non-fractal surface parameters. They found that none of the current fractal parameters
can be considered to be directly correlated with the friction (see Figure A1-8).
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Figure A1-8. Friction variation relationship with Hurst exponent

Noyce et al. (Noyce et al, 2005) demonstrated the variation of wet skid resistance of pavement in
different speed by changing micro or macro-texture, while keeping the other factor constant, as
illustrated in Figure A1-9. On the basis of these results, it can be concluded that the need for
adequate macrotexture does not reduce the need for high micro-texture in pavement surfaces. Both
textures contribute to the wet friction although their magnitudes vary with speed (Noyce et al.,
2005).
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Figure A1-9. Wet skid resistance versus speed for constant (a) macro- and (b) micro-textures
(Noyce et al., 2005)
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Micro-texture plays a significant role in tire-pavement friction particularly in low speeds, and has
to be understood (Forster, 1989, Serigos et al., 2014). Moreover, there has been very limited efforts
on coupling of existing tire and surface models together. Since the influence of both elements on
friction is evident, such efforts are necessary for thorough understanding of friction mechanism.
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APPENDIX B- EFFECT OF PAVEMENT SURFACE MICRO-TEXTURE ON ROLLING

RESISTANCE OF TIRE - A PRELIMINARY STUDY

Introduction

In the previous chapters the effect of roughness, mega-, and macro-texture scales of the pavement
surface profile has been investigated. The effect of micro-texture is very important on friction as
it was stated in Appendix A. Many studies have been performed and different models have been
generated for capturing this effect. The hysteresis portion of the friction is related to the effect of
the energy dissipation due to deformation of the rubber on the friction between the two surfaces in
contact. There is no mechanistic study on the effect of micro-texture on rolling resistance, since is
effect is often known to be negligible.

Therefore, here, instead of a thorough investigation, a rough estimate of the effect of micro-texture
on rolling resistance is presented. Further investigation is not performed based on the preliminary
results; however, the full procedure is explained.

Methodology

Micro-texture is referred to wavelengths from 0.001 to 0.5 mm. Due to the small size of the textures
at this level, their effect is only evident on tire tread deformation. Therefore, the problem can be
defined as contact between a rubber block and the surface texture, which can be approached by
finite element analysis using ABAQUS software.

Considering that the micro-texture goes down to 0.001 mm wavelengths, generation of a contact
with the whole spectrum can be computationally very expensive and sometimes even not possible.
Therefore, in this study a multi-scale approach is considered, in which the surface is divided into
a reasonable number of scales of sinus waves; assuming that the final surface is the summation of
these sinus waves, see Figure A2-1.

/\/W\N\/\/\m

Figure A2-1. A sample of wavelength combination for pavement surface simulation in FE model

Then, in each scale, the contact between the sinus wave and the rubber block with the same width
as the wavelength of the sinus wave is modeled, see Figure A2-2.

For a full multi-scale simulation, the pressure applied at each scale should be defined based on the
contact force in the upper scale and the energy dissipation at each scale should be dependent on
the lower scales. Therefore, in the analysis of this model, the contact forces should be similar to
the forces applied in the upper scale (macro-texture scale) as an input for the largest scale. In the
first step of the process, a top-down analysis of the scales should be performed to obtain the contact
pressure at each scale. Then, in the second step, a bottom-up analysis should be done to calculate
the energy dissipation of each scale, by importing the stresses inside the block to the upper scale.
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Figure A2-2. A schematic view of multi-scale modeling of micro-texture effect on rolling
resistance

However, as it was mentioned, this procedure is not fully followed due to the preliminary results
which demonstrate the negligible effect of micro-texture on rolling resistance.

Model development
The process of model development at each scale is explained in the following.

For generating the surfaces in ABAQUS, the coordinates of the surface are obtained from a
MATLAB code, the surface is constructed in Auto-cad, and then imported into the ABAQUS
model. In order to decrease the computational cost, the smallest required size for the rubber block,
which satisfies the boundary conditions, should be found. The width of the block should be limited
to the surface wavelength (1) at each scale because, for any lower values, the boundary conditions
on the two ends of the block will not be the same (loss of contact at one end). The height of the
rubber should be big enough to ensure that the load application zone does not affect the contact
zone. Therefore, after performing a sensitivity analysis, the height of the rubber block is considered
to be A/2. A schematic view of the problem at each scale is shown in Figure A2-3.

For completely defining the problem the following boundary conditions should be applied:

- Asarigid element, the pavement surface requires the boundary condition defined at only one
point. Therefore, a reference point should be defined for the part. Since in the model, the rubber
block is sliding on the pavement surface, the pavement surface (reference point) is considered
fixed in all directions.

- In Sliding, the top surface of rubber is constrained to move perfectly horizontally.
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Figure A2-3. Schematic view of the FE model and applied loads for each micro-scale

- When a large system is in contact with repeated events, it is possible to capture the effect of
the events by considering the system as one finite representative element, using periodic
boundary conditions (PBCs). Therefore, PBCs have been applied to the nodes on the two walls
of the rubber block, as follows:

Uleft = — Urignt
where, u is the displacement of the node (see Figure A2-4).

Ueft = —Uright
Rubber

Figure A2-4. Periodic Boundary condition

This PBC should be applied in both horizontal and vertical directions. For implementing PBCs
equation constrains have been used. Using this periodic boundary condition on the sides, all of the
corresponding points on the two side of the walls (that are in the same elevation and location) are
forced to have the same strain and stress distribution.

For reducing the computational time, a finer mesh should be used near the contact. However, it
should be considered that in order to be able to define the PBCs, the mesh should be structured so
that every point on one side the block has an equivalent point on the other side of the block (see
Figure A2-5).
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Figure A2-5. Rubber block mesh

The micro-scale model is generated with the following procedure: First a 2D FE model was
developed, which was then converted to a 3D model for considering the effect of texture in both
directions. The first step after generation of the model is finding the required size of the block; i.e.,
the block height after which the effect of the surface on tread deformation is negligible. For this
purpose, a sensitivity analysis is performed, and its results are shown in Figure A2-6. As it can be
seen, for height less than 0.5 A (A= wavelength of the surface and width of the block), the energy
dissipation decreases which indicates that the height of the block that is influenced by the texture
iS0.5A.
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Figure A2-6. Sensitivity analysis for finding the optimum rubber block height

Also, the performance of the 2D and 3D models are compared with each other. For this purpose,
the penetration depth under a certain load is compared between the two models, see Figure A2-7.
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Figure A2-7. Comparison of penetration depth between 2D and 3D models
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It can be seen that both models generate similar results.
Model validation

For validation of the model, some of the assumptions of the contact theory presented by Persson
(2001) for hysteresis friction are assessed for the 2D model in the following:

Investigation of the relationship between contact area and applied pressure

Persson theory of hysteresis friction suggests that the contact area and applied load should have a
linear relationship when (i) the load is small and (ii) the contact area is not close to the nominal
contact area, AQ. After running the model for a certain surface, with different applied loads and
obtaining the contact area in each case, a linear relationship has been found between the contact
area and applied load. Figure A2-8 demonstrates this relationship. Graphs on the left show the
variation of contact area for different loads with time and the graphs on the right show the linear
relationship between the load and contact area. Also, the contact area for a certain load is known
to be more for a smooth surface in comparison to a rough one.
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Figure A2-8. Load-contact relationship (a) for A=4mm (b) for combination of A=4mm, A=1mm
and A=0.25mm.

Figure A2-9 shows a comparison between the contact area of a smooth surface (a sinus wave with
wavelength of 4mm) and a rough surface (summation of three sinus waves with wavelengthes of
4,1, and 0.25 mm). As it can be seen in Figure A2-9, the contact area for the smooth surface is
larger than the rough surface.
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Figure A2-9. Comparison of area of contact for a smooth (sinus wave) and a rough surface
(summation of three sinus waves) under equal load
Investigation of the relationship between penetration depth and applied pressure

The relationship between the penetration depth and applied pressure is also known to be linear. As
it can be seen in Figure A2-10, this assumption holds in this model as well.
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Figure A2-10. Load-Penetration relationship for (a) A=4mm and (b) combination of A=4mm,
1mm, and 0.25 mm

Investigation of the relationship between h/) and applied pressure

It is assumed that if the ratio between the amplitude and the wavelength is related to the ratio
between the applied pressure and the elastic modulus of the rubber (h/A a o/E), the full contact
between the rubber and the surface should be reached. Also, if h/A is the same for two different
surfaces, the load required for the full contact would be the same. After running the model, it can
be seen that these assumptions are valid (see Figure A2-11(a)). In addition, a linear relationship
has been found between the required pressure for full contact and h/A ratio (see Figure A2-11 (b)).

Model preliminary results

For performing the multi-scale modeling of the effect of texture on the energy loss in a rubber
block, the contact forces are required from the macro-texture scale. Therefore, here, the model is
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built (see Figure A2-12); however, the presented results are preliminary results because performing
the final simulation without the correct contact force and pressure is not possible.
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Figure A2-11. (a) A-Pressure relationship for different surfaces with the same h/A ratio when they
reach the full contact, (b) relationship between the required pressure for full contact and h/A ratio.

Figure A2-12. 3D rubber block model in contact with a sinusoidal surface

Therefore, in the following, some very preliminary results on the effect of texture amplitude on
energy dissipation are provided (Figure A2-13).
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Figure A2-13. Energy dissipation in a rubber block with 4mm width for a rough and smooth
surface

Figure A2-13 shows the dissipated energy variation for a rough and a smooth surface. The
amplitude ratio of the two surfaces (Arough/Asmootn) IS 2; however, the energy dissipated in the
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rougher surface is more than twice of the smoother surface. This is an indication of the importance
of the surface texture amplitude on energy dissipation.

Here, for evaluating the validity of the proposed approach, a simplified conceptual example is
given. In this example, the effect of texture at the lower range of the macro-texture (1-5 mm) is
simulated with the micro-texture approach presented here (without considering the multi-scale
modeling). Therefore, a very rough estimate of the effect of a continuous sinusoidal texture on the
rolling resistance of the rubber block can be obtained. This result can be then compared with the
NCHRP 720 model for the effect of macro-texture on rolling resistance. For this comparison, the
rolling resistance coefficient defined as the ratio between the rolling resistance force and the
normal force is used.

NCHRP 720 provides the rolling resistance force. For an MPD of 0.5mm, the rolling resistance
coefficient (rolling resistance force/normal force) for a car is almost 0.01 N/N.

For the rubber-texture interaction model, the rolling resistance force can be obtained by dividing
the energy dissipation by the sliding distance of the rubber. Therefore, the rolling resistance
coefficient for a rubber block with width of 3 mm (moving with 0.01 m/s speed and sliding a
distance of 15 mm) is equal to 0.007 N/N. However, this model considers a continuous sinusoidal
surface throughout the sliding distance (in this case over 5 cycles; i.e., with 5 contact points).
Considering the distribution of micro-texture peaks in Figure 3-3 (only 5 peaks in 100 mm), a more
reasonable rolling resistance force for this model can be around (15/100)(0.007 N/N) = 0.0011
N/N, or about 15% of the macro-scale rolling resistance force obtained from NCHRP 720 model.
Considering that the wavelength in the FE model is only 3mm, while macro-texture in the NCHRP
720 model includes wavelength up to 50 mm, the result of the proposed model is reasonable.

It is worth mentioning that the wavelength of 3 mm used in this example is more than 5 times
larger than the upper limit of the micro-texture range. Therefore, the effect of micro-texture will
be even smaller than what is estimated here, since the results show that the rolling resistance force
decreases with decreasing wavelength.

These results give a rough estimate of how small the effect of micro-texture on rolling resistance
of the tire is. Since development of the full multi-scale model is computationally very expensive,
further investigation of the effect of micro-texture on rolling resistance deemed to be unnecessary.
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