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Abstract

The research presented in this thesis focused on the development of a prediction model for
friction performance of asphalt pavements quantified as skid resistance, accounting for the non-
standard texture parameters. Pavement friction results from a complex interplay of many
influencing parameters that can be grouped in four distinct groups: surface roughness
properties, driving properties, vehicle tire properties and environmental influences. Surface
roughness properties were selected as the key influencing factor in this research. There are two
specific texture roughness scales relevant for pavement's friction performance: micro-texture
and macro-texture. Current standardized practice enables the determination of macro-texture
indicators, commonly related to friction performance measured on the roads. Despite the effort
to establish a relationship between the standard texture indicators and friction performance,
there still exists no unique model which would provide a reliable and unambiguous prediction

of friction from the traditionally determined texture roughness properties.

To investigate the relationship between pavement friction performance and surface roughness
on both relevant texture scales, an alternative method based on remote sensing technology was
developed in this thesis. The method utilized a digital camera for the acquisition of multiple
pavement surface images from a close range, further used for the creation of a 3D digital surface
model. The method was called Close-Range Orthogonal Photogrammetry - CROP method.
Created 3D digital surface models enabled the analysis of multiple roughness parameters on
micro- and macro-texture levels. The CROP method was optimized for the data acquisition
procedure, photographic equipment used and procedure for digital surface model processing
and analysis. The accuracy of CROP method was verified by performance comparison to a
benchmark technology for 3D digital model creation — a high precision 3D laser scanner.
Selected non-standard texture parameters were used as predictors in the development of a
friction prediction model, performed in regression analysis framework. Friction performance
was quantified by skid resistance measurements of the analysed surfaces, performed by a
stationary low-speed measurement device. Four different regression-based models were
established and compared for the model performance assessment, accounting for the model
predictive strength evaluated by coefficient of determination values and selected error metric.
The optimal model was defined by partial least squares regression, with two non-standard
texture parameters selected as the most influential for the prediction of pavement surface

friction performance. In comparison to the performance of simple linear regression model
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accounting for a single traditional texture indicator Mean Profile Depth, the model developed

in the thesis obtained better performance for the prediction of skid resistance.

Keywords: pavement friction, skid resistance, pavement texture, experimental analysis, close-
range photogrammetry, digital surface models, non-standard texture parameters, regression

analysis framework, partial least squares, prediction model
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Sazetak

Istrazivanje predstavljeno u ovom doktorskom radu usmjereno je na razvoj modela predikcije
hvatljivosti, uzimajuéi u obzir nestandardne parametre teksture kolnika. Hvatljivost na kolniku
sloZen je fenomen koji proizlazi iz medusobnog djelovanja mnogih utjecajnih parametara koji
se mogu grupirati u Cetiri razli¢ite skupine: svojstva hrapavosti povrsSine, svojstva voznje,
svojstva pneumatika vozila i utjecaji okoliSa. Svojstva hrapavosti povrSine odabrana su kao
kljuéni utjecajni faktor u ovom istrazivanju. Dvije su specificne razine hrapavosti teksture
relevantne za hvatljivost: mikrotekstura i makrotekstura. Standardizirana praksa omogucuje
odredivanje pokazatelja makroteksture, koji se uobicajeno povezuju sa izmjerenim svojstvom
hvatljivosti na kolniku. Unato¢ naporima da se uspostavi odnos izmedu standardnih pokazatelja
teksture 1 hvatljivosti, jos uvijek ne postoji jedinstveni model koji bi pruzio pouzdano i
nedvosmisleno predvidanje hvatljivosti iz tradicionalno odredenih svojstava hrapavosti

teksture.

Kako bi se istrazio odnos izmedu hvatljivosti kolnika i hrapavosti povrsine na obje relevantne
razine teksture, u ovom je doktorskom radu razvijena alternativna metoda temeljena na
tehnologiji daljinskih istrazivanja. U metodi je koristena digitalna kamera za prikupljanje veceg
broja fotografija povrSine kolnika iz neposredne blizine, koje se dalje koriste za izradu
trodimenzionalnog digitalnog modela povrsine. Metoda je nazvana Close-Range Orthogonal
Photogrammetry (Ortogonalna fotogrametrija bliskog dometa) - CROP metoda. Izradeni
trodimenzionalni digitalni modeli povrSina omoguéili su analizu nekoliko parametara
hrapavosti na razini mikro i makro teksture. CROP metoda optimizirana je za postupak
prikupljanja podataka, koristenu fotografsku opremu te postupak obrade i analize digitalnog
modela povrSine. Toc¢nost CROP metode potvrdena je usporedbom sa referentnom
tehnologijom za kreiranje 3D digitalnog modela — 3D laserskim skenerom visoke preciznosti.
Odabrani nestandardni parametri teksture koristeni su kao ulazni parametri u razvoju modela
predikcije hvatljivosti, izvedenog u okviru regresijske analize. Hvatljivost je kvantificirana
mjerenjem otpora klizanja analiziranih povrSina standardnim stacionarnim mjernim uredajem
pri malim brzinama. Cetiri razli¢ita regresijska modela uspostavljena su i usporedena za
procjenu izvedbe modela, uzimaju¢i u obzir snagu predvidanja modela procijenjenu iz
koeficijenta determinacije i odabrane metrike pogreske. Optimalni model definiran je
djelomi¢nom regresijom najmanjih kvadrata, s dva nestandardna parametra teksture
odabranima kao najutjecajnijima za predvidanje hvatljivosti. U usporedbi sa jednostavnim

modelom linearne regresije, koji uzima u obzir samo srednju dubinu profila kao tradicionalni

\Y
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indikator teksture, model predikcije hvatljivosti razvijen u ovom doktorskom radu postigao je

bolju izvedbu.

Klju¢ne rije€i: trenje na kolniku, otpor klizanju, tekstura kolnika, eksperimentalna analiza,
fotogrametrija bliskog dometa, digitalni modeli povrsine, nestandardni parametri teksture,

regresijska analiza, djelomicni najmanji kvadrati, model predvidanja

Vi
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1. Introduction

This Chapter provides a brief description of the research problem investigated in this thesis.
The relevance of the pavement friction performance for traffic safety is adressed as the main
motivation for the research. The defined research aims and hypotheses are given, together with
the scope of this research. A brief description of research methodology is given. A textual
description and graphical summary of the thesis structure is presented at the end of the

introductory chapter.
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1.1.Research background

Traffic safety of road users is, together with the road capacity, the most important functional
feature when the motorized road traffic is considered. Three main influencing factors are
responsible for adequate traffic safety: drivers' behaviour, vehicle properties and road properties
(Bilten o sigurnosti cestovnog prometa, 2021). More than half of traffic accidents in Croatia are
caused by drivers' behaviour (57%), and in combination with road properties drivers are
responsible for 35% of severe traffic accidents (Nacionalni plan sigurnosti cestovnog prometa
RH, 2021). Most traffic accidents with serious health or fatal outcomes occur when the driving
speed is not adjusted to given traffic conditions, either speed limit, weather conditions or road
surface conditions (39%). To adress the drivers' behaviour as the main influencing factor for
road safety improvements, national regulations are directed towards the increase of driving
culture by strictly penalizing the most severe traffic violations (Bilten o sigurnosti cestovnog
prometa, 2021). As the negative bihevioral effect could never be fully excluded, European
policies for road safety adopted the so-called ,,Safe System Approach* (SSA), accounting for
policies and measures which will be ,,forgiving* for road users and reduce the negative effect

of drivers' risky behaviour (Transport Research Centre, 2008).

The SSA has four key factors: safe infrastructure, safe road usage, safe vehicles and fast and
efficient emergency services. Safe infrastructure is the key factor relevant for civil engineering
practices dealing with safe road geometry and pavement design. It includes measures and
activities pointed towards the reduction of severe traffic accidents. Safety inspection and
analysis of existing and new roads by regular monitoring campaigns where road functional
properties related to traffic safety are analysed is one of the activities defined in the Croatian

national plan for road safety (Nacionalni plan sigurnosti cestovnog prometa RH, 2021).

There are multiple elements of road infrastructure that have to be considered in the process of
planning, design, construction and maintenance of safe road infrastructure. Pavement surface
friction is one of the most important functional features as it directly impacts the safety of road
users (Wambold et al., 1995). It is a physical phenomenon occuring on the contact between the
vehicle tire and pavement surface, which controls the stability of the vehicle in motion and
contributes to vehicle stopping when a braking maneuver is applied. Insufficient friction
between the vehicle tire and pavement surface results in an uncontrolled vehicle motion and

disables the driver to stop the vehicle, which could lead to road accidents with negative
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financial, health or fatal outcomes. Therefore, the adequate friction performance is an important

aspect of road safety management under jurisdiction of road agencies.

Friction performance on roads is mostly quantified by a non-dimensional friction coefficient,
resulting from the friction force that occurs on the contact surface between the vehicle and
pavement (Hall et al., 2009). The magnitude of friction coefficient depends on many influential
parameters, which can be categorized into four main groups: pavement surface properties,
driving properties, vehicle tire properties and environmental conditions. The parameters that
can be defined and controlled by pavement engineering practice are related to the pavement
surface properties. The most relevant surface features related to friction are roughness
characteristics, defined by pavement texture. Pavement texture is categorized by different
texture levels, where each level governs a certain driving effect (Wambold et al., 1995). Two
texture levels related to friction performance are micro-texture and macro-texture, defined by
certain wavelength and amplitude range and resulting from the properties of pavement

constituent materials and construction methods (Kogbara et al., 2016).

Pavement friction performance is regularly monitored on roads by standardized measurement
procedures and evaluated by defined threshold values of friction coefficient, specific for each
country and defined by naional regulations. Inadequate friction performance reduces the safety
level and contributes to an increased risk of traffic accidents occurence. Besides friction, texture
level is also monitored as a part of pavement performance evaluation. Texture measurements
produce a single texture indicator, mostly on macro-texture level. They are not affected by any
influencing factor but provide a geometrical description of roughness feature, which makes
them an objective descriptor of friction related pavement performance(Kogbara et al., 2016;
Wang et al., 2011).

The intention to relate friction performance with pavement texture has been a focal point of
numerous research dealing with pavement friction phenomenon (Fwa, 2021). To do so,
prediction models were developed in numerical and empirical framework. These models
account for a single texture property evaluated by traditional measurement methods or include
the effect of other influencing factors, such as vehicle speed, traffic load effect or environmental
conditions. The quality of developed models varies significantly, from no predictive strength
to almost perfect prediction based on included influencing parameters. There exists no uniquely
applicable prediction model, especially in case where influencing parameters other than texture

were included in the model development. When the model is established only from the
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traditionally evaluated texture properties, the predictive strength of the model is usually weak.
The reason is the generalization of surface roughness features to a single indicator, which

cannot describe the true effect that texture has on the friction performance.

In recent two decades, the effect of texture roughness to friction performance has been
investigated by remote sensing technologies (Matlack et al., 2023; Yu et al., 2020). These
technologies provide a more detailed insight to pavement surface morphology and enable the
extraction of roughness parameters on texture micro- and macro-scale, used for friction
prediction models establishment. Two most common technologies used for pavement texture
analysis are photogrammetry and laser scanning which enable the creation of 3D digital surface
models, further analysed in terms of roughness properties related to friction. In comparison to
the friction prediction models developed from the traditional texture characterization methods,
the models where alternative roughness parameters are the predictors obtained better
performance (Q. J. Li et al., 2020&2017).

1.2. Friction terminology explication

Two different terms can be found in the literature regarding the pavement surface frictional
performance: pavement friction and skid resistance (ROSANNE Project Deliverable DA4.1,
2014). Pavement friction is a term related to the physical phenomenon, describing the grip
developed on the contact between a particular road surface and vehicle tire, influenced by a
number of parameters. Skid resistance reffers to the road surface’s contribution to the frictional
performance determined by a standardized measurement procedure, performed under dry or
wet surface conditions. The measurement result is expressed as ,,skid number*. In general, the
term “friction” represents the phenomenon itself and the term ,,skid resistance” represents the

pavement surface’s functional property related to the measured frictional performance.

This research is focused on the investigation of pavement surface friction performance affected
by surface roughness properties. Friction performance was evaluated by a standard
measurement procedure in dry surface conditions, resulting in friction indicator called Skid
Resistance Tester number. The term ,,skid resistance® was used in the thesis title as the
prediction models for friction performance developed in this research were established on dry
surface skid resistance measurements. However, the term ,,pavement friction* will be used
further in the thesis as a synonym to ,,skid resistance®, for the sake of simplicity and broader

analysis of pavement frictional properties presented in Chapters 2 and 3.
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1.3. Problem statement and research aims

The main objective of this research is the prediction of pavement friction performance based
on texture properties. The initial idea was motivated by the availability of measurement
equipment for texture characterization in the Transportation laboratory of Faculty of Civil
Engineering Rijeka. The intention was to utilize the traditional measurement methods to relate
measured pavement texture with friction performance. Several measurement campaigns were
performed in cooperation with Croatian road agencies, resulting in a large database of friction
and texture values collected on different types of roads and under different climatic conditions.
The goal was to develop a friction prediction model based on texture indicators derived from
traditional measurement methods. Texture measurements were simpler than friction
measurements, as they did not require any additional resources such as water supply or traffic
regulation during the measurement procedure and provided indicators which are objective
representation of texture roughness features. Conducted analyses however did not result in a

significant or reliable friction prediction model (Pranji¢ et al., 2020).

To adress the problem of defining a friction prediction model from texture roughness features,
the analysis of an advanced method for a detailed texture characterization was done. The
method is based on photogrammetry, an image-based measurement methodology which enables
the interpretation of the relevant properties extracted from the digital reconstruction of an object
captured by images (Luhmann et al., 2006). A special case of photogrammetry, called close-
range photogrammetry was utilized in this research for pavement surface texture data collection

on sub-millimeter scale.

The results of the preliminary research of texture-friction relationship establishment by
traditional measurement methods and the potential of photogrammetry method for a detailed
pavement texture roughness description formed the main research aim of this thesis - to
establish a reliable prediction model for friction performance based on non-standard texture
parameters, derived from the digital pavement surface representation produced by close-range

photogrammetry method.
To reach this aim, following research goals were defined:

1.) Establish a photogrammetry-based data collection procedure which will produce digital
surface representations with sufficient precision and accuracy for the analysis of pavement
texture morphology on relevant texture scales. By defining a sutiable data collection procedure,

pavement texture features could be extracted from the reconstructed digital surface models.

6
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2.) Determine the texture roughness parameters with a significant influence on pavement

friction performance.

3.) Define a friction prediction model in regression analysis framework by using selected
texture roughness parameters as model predictors. Several models were proposed and evaluated

by selected performance measures to determine the optimal model.

The defined research aim and corresponding research goals were pointed towards the
confirmation or rejection of the following thesis hypotheses:

H1: Close-range photogrammetry based method is suitable for the determination of non-

standard pavement texture parameters.

H2: Non-standard pavement texture parameters enable a more detailed description of surface
roughness properties related to the pavement friction performance in comparison to traditional
texture descriptors.

H3: Non-standard pavement texture parameters can be used for the definition of a friction
prediction model which is more reliable in comparison to the prediction models defined from

traditional texture indicators.

1.4.Research scope and limitations

Pavement friction is adressed as a highly complex phenomenon influenced by many parameters
and a complete understanding of the friction mechanism on tire-pavement interface would be
reachable if all the influential factors were considered. The research scope in this thesis was
limited to investigation of pavement texture properties related to friction performance. The
roughness characteristics were investigated at two texture levels relevant for friction: macro-
texture and to a certain extent micro-texture, following the technical limitations of utilized

equipment for data collection.

To reach the defined research aim and the corresponding research goals, a thorough
investigation of advanced photogrammetry-based method for data acquisition was conducted,
including the analysis of the method's performance in different data acquisition setups. The
relative camera position to the pavement's surface, number of acquired images and differences
in photographic equipment used were evaluated. The properties of pavement surface's digital
models created by different data acquisition setups were analyzed to evaluate the performance
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of method's variants. The optimal method was verified by a selected benchmark remote sensing

technology for small-scale measurements.

The development of a friction prediction model based on non-standard texture parameters
obtained by advanced texture measurement method was done in regression analysis framework,
which was found to be suitable for the determination of cause-effect relationships and
predictions from two or more variables determined empirically, in this case the texture

parameters and friction performance (Uyanik & Giiler, 2013).

1.5.Thesis outline

The research activities and results obtained in this thesis are structured in seven chapters:
Introduction, Pavement friction, Pavement texture properties related to friction, Preliminary
research of texture-friction relationship, Development of CROP method, Development of
friction prediction model and Research conclusions and further plans (Figure 1.1).

The Introduction chapter (1) summarizes the relevance of the problem, defined research aim
and hypotheses, research scope, limitations and provides a schematic overview of thesis
content. The chapter Pavement friction (2) is a state-of-the-art overview of the friction
phenomenon in general and in the context of pavement functional performance. It provides a
thorough analysis of the influencing factors, measurement methods and friction performance
characterization incorporated in national regulations in Croatia, European Union and
worldwide. In this chapter, existing friction performance prediction models are analysed and
uniquely classified to simple and complex prediction models, with respect to the number of
influencing parameters they account for and to the framework they were developed in. The
chapter Pavement texture properties related to friction (3) is devoted to an overview of
pavement texture properties, as the texture was selected as the key influencing parameter of this
research. Pavement texture classification according to World Road Association PIARC is
given, with the emphasis on two friction-related texture levels: micro-texture and macro-
texture. Traditional methods for texture measurement and characterization are reviewed,
pointing out the deficiencies of such methods in friction performance assessment via texture
properties. Advanced methods for texture characterization and evaluation are described as an
introduction to the development of a novel methodology for texture analysis, based on remote
sensing photogrammetry technology. The chapter Preliminary investigation of pavement
texture-friction relationship (4) presents the results obtained from the initial attempt to relate
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pavement texture and friction performance determined by traditional measurement methods.
The results presented in this chapter are published in Pranji¢ et al., 2020. The following chapter
(5) Methodology development for pavement texture data analysis describes the research
activities performed with the aim to establish a photogrammetry-based methodology for texture
data acquisition and analysis. A part of the research presented in this Chapter was published in
Pranji¢ & Deluka-Tibljas, 2022. The CROP method was utilized for the acquisition of texture
dataset, used for the development of a friction prediction model based on non-standard texture
roughness parameters, described in chapter (6) Development of a friction performance
prediction model. The final chapter (7) Conclusions and further research perspectives provides
a summary of performed research and discusses the importance and relevance of research
findings with respect to the existing research results in the field. The limitations, disadvantages
and weak points of the performed research are pointed out, together with the opened research

questions and further research plans.
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Research contribution to knowledge in the field
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Figure 1.1 A schematic overview of research activities performed in this thesis
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2. Pavement friction

In this Chapter an insight to the theory of friction and rough contact mechanics is given.
The physical meaning of friction and its application to the analysis of a rough contact
problem in the pavement surface — vehicle tire system is described. An overview of key
influencing factors for pavement friction realization is provided. Standard methods for
pavement friction measurements and established pavement friction indicators are presented
and discussed. The models developed for the prediction of pavement frictional performance
based on different influencing factors are analysed. A summary of the most important

findings for the pavement friction analysis is given in the final section of this Chapter.

11
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2.1. Friction force and coefficient of friction

Friction is a resistive force that occurs when one body moves over another body. It is
generated at the contact surface between two bodies and directed opposite to the direction
of motion, acting to try to stop the relative motion of the moving body. The forces present
in this system are the normal load F, acting perpendicular to the contact surface, and the
tangential (friction) force T, acting parallel to the contact surface. The proportionality
between the tangential force and normal load is defined by the coefficient of friction, which

occurs on the contact surface between the bodies (Figure 2.1).

F T

Direction of motion

ﬁ

T
h

Figure 2.1. Definition of friction coefficient u as a ratio between tangential friction force (T) and Normal force
F)

Friction coefficient can be either static or kinetic, depending on the relative motion of the
system. If the ratio between friction force and normal force is below the critical value no
motion occurs, and the ratio is defined as static coefficient of friction (Vakis et al., 2018).
If the critical value of the friction force is overcome, motion occurs and the proportionality
between the normal and tangential force is now defined as the kinetic coefficient of friction.
If the motion is sliding, kinetic friction is defined as sliding friction. If the moving body is
in rolling motion, the coefficient of friction is defined as rolling friction (Figure 2.2).

N A N4 N Direction of motion
No motion Direction of motion \
Friction Friction Friction
Vg Ve * g
Static friction Sliding friction Rolling friction

Figure 2.2. Difference between static, sliding and rolling friction

The fundamental friction laws described above are defined by Amontons and Coulomb

(Vakis et al., 2018). They state that the friction force is proportional to normal load and

12
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independent of the apparent contact area (1st and 2nd Amontons law) and that kinetic
friction is independent of sliding speed (Coulomb law). According to the Amontons and
Coulomb laws of friction, both the static and kinetic coefficients of friction are defined as
constants that are independent of the contact area and sliding velocity (Barber, 2018; Popov,
2010). However, this constant proportionality depends on several influencing factors, for
example the surface roughness, properties of the interacting materials and thermal
conditions but also contact time and sliding velocity. Therefore, the basic friction laws are
extended to more complex frictional laws to account for all the influencing variables for

applications that cannot be described by the basic friction law (Vakis et al., 2018).

Static friction coefficient is greater than kinetic friction coefficient, as stated by Euler. The
linearity of the normal and frictional force defined by the Amontons and Coulomb law is
applicable just for a limited range of forces and must be interpreted carefully for materials
such as polymers or elastomers where the actual contact area differs significantly from the
apparent contact area (Popov, 2010). However, for contact problems with friction observed
at the macro level, the fundamental friction laws can be used not just for the definition of
frictional behavior, but also for the comparison to experimental results (Paggi & Hills,
2020).

2.2. Contact mechanics on rough surfaces

Surface roughness is an important parameter in the friction phenomenon as it determines
the size of the actual contact area between two bodies in contact(\Vakis et al., 2018). If at
least one of the contacting bodies surfaces is rough, the actual contact area is much smaller
than the nominal contact area equivalent to the true contact area in case of a smooth contact
(Figure 2.3). The contact pressure is a function of the real contact area and the applied
normal load. Therefore, the coefficient of friction derived from the ratio between tangential
and normal force directly depends on the real contact area. An adequate representation of
the surface roughness is crucial for determining the frictional behavior of bodies in contact.

Contact mechanics represents a fundamental discipline focused on the study of the

13
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deformation that occurs when two bodies come into contact and the resulting effects,
including friction (Popov, 2010).

Smooth surface Rough surface

MWVAATAAT SV VAT VYW
True contact area = Nominal contact area True contact area < Nominal contact area

Figure 2.3. Difference between contact area for smooth contact (left) and rough contact (right)

2.2.1. Rough contact theories

The study of the contact mechanics problem began with the Hertzian theory in 1882, as a
contact between two single non-deformable asperities of a parabolic shape in the contact
zone (Persson, 2006). The contact was assumed to be frictionless and the proportion of the
squeezing force F and resulting contact area A was non-linear, defined as A~F ¢, Hertz
extended his single contact model to a rough surface contact model, where the surface
roughness was defined as a regular array of parabolic asperities and the contact theory was
applied to each asperity of the surface (Vakis et al., 2018). This was the simplest asperity
contact model, representing a basis for later smooth contact theories, e.g. JKR theory
(1971.) and DMT theory (1975.), but also for several non-smooth contact theories, e.g.,
Archard (1957.) and Greenwood and Williamson (1966.) contact theories, which account

for the effect of surface roughness on the mechanical response of the system.

The effect of surface roughness to the frictional response was first adressed by Bowden and
Tabor (1950.), who introduced the importance of roughness in frictional contact by
distinguishing between the actual contact area and the apparent contact area caused by the
roughness of the contacting bodies (Vakis et al., 2018). Because of the importance of
surface roughness to the problem of contact mechanics, this theory became a basis for the
development of rough contact mechanics theories. In general, the rough contact problem is
described by two main theories: Greenwood and Williamson (GW) theory and Persson's
theory of rubber friction. Greenwood and Williamson (1966) introduced the multi-asperity-
based contact model, while Persson's theory is based on the pressure probability distribution

function and includes real surface roughness (Persson, 2001).

Greenwood and Williamson (GW) theory is a pioneering approach to rough contact

mechanics, predicting the load-displacement behaviour of contacting surfaces by

14
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considering the height distribution of the asperities (Ciavarella et al., 2008). This theory
assumes that the surface roughness can be described by a set of asperities whose peak
heights follow a normal distribution, they have an equal radius of curvature and the contact
between them is assumed to be independent since they are separated by distances at which
their mutual influence can be neglected. Another assumption is the approximate
proportionality of the contact area and the applied load and the contact between two surfaces
is described by the Hertzian contact theory (Vakis et al., 2018.). By neglecting the
interaction between the asperities, GW theory is physically incorrect and affects the
resulting forces in the contact theory. Nonetheless, the GW theory was a basis for the
development of some advanced multi-asperity contact theories such as Nayak’s theory or
BGT theory (Vakis et al., 2018). Two main drawbacks of the multi-asperity theories are the
assumption that there is no interaction between asperities and the lack of inclusion of real
surface roughness, which has multi-scale characteristics and is crucial for defining a contact
problem with roughness and friction. Contact models with multiple asperities are generally
correct only for very low pressures and small contact areas due to the simple representation

of surface roughness and in cases when long-range elastic coupling is neglected.

A fundamentally different approach to rough contact mechanics was given by Persson
(2001), whose theory considers a very large contact area and high squeezing forces that
cause a nearly complete contact at the interface (Persson, 2006). The stress distribution at
the contacting interface is calculated by a diffusion-like equation, considering the stress as
the spatial variable and magnification level as the time variable. The magnification level {
is determined as the ratio between contact length L and shortest surface wavelength A that
can be detected at a given magnification level {. For low magnification levels, the contacting
interface appears to be smooth, and the true contact area is equal to the nominal contact
area. By increasing the magnification of the contacting interface ((=10 or {=100) in a way
that more roughness components are observed, non-contact regions occur, and the stress

distribution function propagates as a Gaussian distribution (Figure 2.4.).

Persson's theory predicts that the contact area evolves as an error function from zero to full
contact, and it is approximately valid for all squeezing forces. The linearity of Persson's
theory holds for realistic area/pressure intervals and provides accurate predictions for full
contact conditions and approximate results for partial contact cases. Persson’s theory was

originally developed to implement the theory of rubber friction on rough road surfaces,
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incorporating rubber-like materials such as vehicle tyres that exhibit viscoelastic behaviour
when in contact with the road surface (Vakis et al., 2018).

=1 P(c.1)

|
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P(c.10)
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P(c.,100)

Figure 2.4. The efect of magnification level on the contacting interface and the distribution of the stress function
defined in Persson's contact theory (Persson, 2001)

2.2.2. Rubber friction theories

The theory of rubber friction assumes that friction results from energy dissipation during
the deformation process of the elastomer when in contact with rough surface irregularities.
Rubber friction differs significantly from the frictional behaviour of other solids due to the
specific properties of rubber: very low modulus of elasticity and high internal friction over
a wide range of frequencies (Persson, 2001). The pioneering experimental studies by
Grosch (1962) showed that rubber friction is mainly related to the internal friction of the
rubber, leading to a coefficient of friction that depends on sliding speed and temperature
(Lorenz et al., 2011). These findings led to the conclusion that the frictional force depends
on the internal friction of the rubber, mainly related to the bulk property of the rubber
(Persson, 2001). The effect of sliding velocity and the temperature dependence of the rubber
define its viscoelastic character, which in general has a phase difference between stress and
strain originating from internal energy dissipation (Lorenz et al., 2015).

In rubber friction theory, the assumption is that the surface roughness of a rigid body causes
the deformation of the viscoelastic rubber body during the rolling or sliding motion. This
results in energy dissipation in the bulk of the rubber. Direct bonding between the rubber
molecules and the rough substrate followed by viscoelastic deformation and bond breaking
contributes to the energy dissipation and sliding friction. In rubber friction theory, three
main components of frictional force are distinguished: adhesion, hysteresis and wear. Each

of these components contributes to rubber friction in a different way and on different length
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scales as a result of complex interactions between the materials in contact. The adhesion
and hysteresis contribution to the pavement friction are described more in detail in section
2.3. In a discussion about rubber friction theories by (Genovese et al., 2019), two theories
were selected as significant with respect to their possible application to quantitative
frictional models - Persson’s rubber friction theory and Heinrich and Kliippel’s rubber

friction theory.

Persson’s theory of rubber friction states that the main contribution to the frictional response
comes from the viscoelastic energy dissipation on the rubber surface in contact with rough
surface. This phenomenon is a result of the forces acting on the contacting interface,
observed within the hysteretic contribution to the friction force and without the
consideration of the adhesion effect, excluded due to the small true contact area. The kinetic
rubber friction coefficient ukin derived by Persson (2001) is dependent on the rubber
viscoelastic complex modulus and rough surface representation as power spectral density
function at a specific velocity (Persson et al., 2005). Surface roughness is considered within
a limited range of wave vectors related to real physical lengths of the observed problem,
specifically the texture wavelengths corresponding to the friction relevant texture scales.
Persson’s theory emphasizes the importance of inclusion of all relevant length scales in the
determination of frictional response for rubber friction, which is proven to be a sound
approach verified by conducted numerical and experimental investigations (Lorenz, 2012;
Ueckermann et al., 2015).

Heinrich and Kliippel’s (HK) rubber friction theory accounts for the different contributions
of energy dissipation during the sliding of a rubber on a self-affine rough surface (Heinrich
& Kliippel, 2008). This theory includes fractal analysis of texture, characterized as a self-
affine surface with three characteristic roughness descriptors: the Hurst exponent related to
the fractal dimension and two correlation lengths parallel and perpendicular to the surface
and related to the height-difference correlation. Texture roughness is described by the
fractal dimension of the surface D, such that 2 < D <3, used for the calculation of Hurst
exponent. The original HK rubber friction theory used the elastic contact model defined by
GW theory, which was found to be applicable only for a limited roughness spectrum
(Genovese et al., 2019). A later generalization of HK theory included the viscoelastic
contact, which showed to be effective for the description of the rubber friction theory
(Heinrich & Kliippel, 2008). The kinetic friction coefficient in HK theory is defined as a

sum of frictional coefficients resulting from the dissipation mechanisms adhesion and
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hysteresis. The adhesion-related friction coefficient is determined as a ratio of adhesion
force, calculated from the shear stress in the actual contact area and the load-dependent size
of actual contact area, and normal load. The hysteresis-related friction coefficient is defined
as velocity-dependent and it is calculated as a ratio of hysteresis friction force, determined
from the material parameters of the rubber (loss modulus and thickness of the rubber layer)

and surface roughness power spectral density function, and normal load.

Rubber friction theories are developed as analytical approach to the friction phenomenon
on rough contact interface, where the surface roughness characteristics are included as
analytical functions, for example power spectral density functions or fractal functions. Limit
ranges of roughness values are often discussed in terms of their relevance to the prediction
of friction coefficient, so there is no unique rule or range of values defined for usage in
friction prediction models (Genovese et al., 2019). The fractal description of the surface
roughness used in analytical models cannot accurately describe the real topology of
engineering and natural surfaces (Paggi & Hills, 2020).

Contact problems are in general considered as non-linear due to the material behaviour or
geometrical non-linearities of the observed problem (Renaud et al., 2005; Vakis et al.,
2018). Rough profiles of the contacting bodies can be conforming as for a fracture induced
interface, or non-conforming as for an interface between two different bodies. For rough
contact problems with non-conforming surfaces, the contact area is a priori unknown due
to the changes in the position over the time or the applied load, which yields non-linearity
of the problem (Paggi & Hills, 2020).

To overcome the limitations of analytical methods regarding the non-linearity of the
problem, numerical methods are utilized for explicit solutions. The numerical approach
doesn’t require the approximations of surface topology or contact conditions that are
necessary in analytical solutions. In terms of numerical analysis of rough contact problems
including friction, the most common methods employed are the finite element method
(FEM) and the boundary element method (BEM) (Vakis et al., 2018; Paggi & Hills, 2020).
Both methods can solve rough contact problems and the selection of a specific method
depends on the nature of the problem. Numerical methods can be computationally complex
due to the non-linear nature of the problem, especially for multi-scale problems, which
could result in absence of solution convergence. Recently, standard numerical methods are

supplemented with multi-scale and hybrid methods which are less computational
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demanding but still accurate enough to predict the frictional response of a pavement in a
realistic way ((Putignano & Carbone, 2014; Paggi & Hills, 2020).

2.2.3. Numerical methods for rough contact mechanics

Boundary element method (BEM) is a numerical method utilized for solving multiscale
rough contact problems mostly in the linear elastic regime and for small deformations
assumption, where only the surface of the bodies in contact must be discretized without the
need for surface interpolation techniques to discretize the interface (Bugnicourt et al., 2017;
Putignano & Carbone, 2014). In order to be able to use BEM it is necessary to know the
surface topography of the bodies in contact defined in a matrix form as a set of coordinates.
As the contacting surfaces are non-conformal, the contacting area is unknown, and this
results in a non-linear and complex problem. BEM is a good numerical method for solving
contact problems of rough bodies in linear elasticity regime with the possibility of its
extension to some more complex problems including material non-linearity or contact
problems involving friction by introducing some simplifications of the problem (Nguyen &
Hwu, 2019). The advantage of the BEM is the fact that it does not require the discretization
of the entire bulk but only the rough interface for the problem solution, which significantly
reduces the computational time in comparison to the FEM. The main drawback of this
method is that it is not generally applicable for more complex problems that involve both
constitutive and geometric non-linearities in large deformations framework, as is the rubber
friction problem on rough surfaces. For such problems, the FEM is preferable even if it is
more computationally demanding than BEM.

Finite element method (FEM) is a numerical method that can deal with the non-linear
complexity of the contact problem in different aspects - the non-linear material model, the
multiscale roughness character, the time and velocity dependence, the temperature effect
etc. (Vakis et al., 2018). With FEM employed in contact modelling, it is necessary to
discretize the entire volume of the bodies in contact and define proper contact interaction
scheme on the contacting interface. FEM is capable of an explicit definition of stress-strain
relationship by including a constitutive material model of any kind, for both infinitesimal
and finite strain formulations (Srirangam et al., 2017). The possibilities of numerical
modelling of contact engineering problems with FEM results in higher computational
complexity in comparison to BEM, but the method is inevitable for problems that cannot
be solved by BEM - for example problems with large deformations, large sliding contacts,

problems with non-linear material behaviour, etc. (Vakis et.al, 2018). In general, the FEM

19



Ivana Ban: A Model for Skid Resistance Prediction Based on Non-Standard Pavement Surface Texture Parameters

solution of rough contact problems includes the phase where the contact area is defined by
applying contact search algorithms (Hyun et al., 2004) and afterwards the enforcement of
contact conditions, once when the true contact area is defined. The methods for defining
contact conditions differ for the compenetrating condition, for example the penalty method
allows a certain compenetrating level while methods based on Lagrange multipliers
explicitly impose there is no compenetrating at the contacting interface. Resulting system
of non-linear equations is usually solved by an appropriate algorithm, in most cases

Newton-Raphson iterative scheme (Wriggers & Reinelt, 2009).

Multiscale and hybrid modelling approach considers interaction between several different
numerical models defined for different problem scales. When this approach is exploited for
rough contact problems, the multitude of the scales is caused by multiple scales of rough
geometrical features, defined as a spatially multiscale problem (Vakis et al., 2018). For a
multiscale problem it is important to define the governing physical processes in each of the
observed scales and the hierarchy and independence between the defined problem scales
(Hou et al., 2018; Luan et al., 2006). An example is a multiscale rough contact model where
the upper scale model is treated with FEM and it determines the state for the lower -
microscale model, which is treated with BEM and provides the contact interface properties
relevant for the macroscale model (Wriggers & Reinelt, 2009). A FEM-BEM approach that
involves an interface FE for modelling interface interaction on macroscale and BEM for
modelling the solution of the contact problem on microscale is another example of
multiscale modelling (Bonari et al., 2020; Bonari & Paggi, 2020). In this approach, scale
coupling is enforced by passing the calculated value of the normal gap at each integration
point of the interface FE observed at macroscale to the BEM procedure for the normal
contact problem solution at the microscale, without the need for the roughness topology
simplification. An extension of this approach is a hybrid FEM, where the exact height field
of the rough profile is stored nodal-wise inside the novel MPJR finite element. This
framework is recently extended to frictional simulations as shown in (Bonari et al., 2021,
2022).

2.3. Friction mechanisms on pavement surfaces

Pavement surface frictional performance is characterized by a non-dimensional friction
coefficient, calculated as a ratio between the traction friction force and wheel load (Figure

2.5) (Fwa, 2017). The friction force is the tangential force that occurs between the tire tread
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of a vehicle in motion and the pavement surface, in the direction opposite to the direction
of motion. The vehicle load is normal force perpendicular to the pavement surface (Hall et
al., 2009).

Weight, Fw

Direction
of motion

Friction Force, F

Figure 2.5. Pavement friction phenomenon and forces in the system (from Hall et al., 2009)

The interaction mechanism between the pavement surface and vehicle tire is crucial for
understanding the pavement friction phenomenon. Pavement surface is considered to be
rigid as its deformations in the system are negligible in comparison to the deformations of
vehicle rubber (Al-Assi & Kassem, 2017; Alhasan et al., 2018a; Wriggers & Reinelt, 2009).
Rubber is the main component of vehicle tires. It is characterized as an elastomer which
undergoes finite deformations during the vehicle motion over the pavement surface due to
the material characteristics of the rubber bulk. The friction mechanism on tire-pavement
interface is described by the theory of rubber friction. Two friction force components
recognized in the rubber friction theory are relevant for pavement friction phenomenon:
adhesion and hysteresis. Each of these components contributes to the friction realization

differently on a different roughness scale.

Adhesion (Figure 2.6 a, c) is a result of intermolecular contact between two materials,
caused by attractive Van der Waals dipole forces (Wriggers & Reinelt, 2009). When the
micro-asperities of two surfaces are in contact, dipole Van der Waals forces attract and hold
the two asperities together and prevent their separation. VVan der Waals forces that occur on
a molecular level between two different materials in contact are not particularly strong and
they need a very close contact for their activation. Adhesion is very dependent on the size
of the true contact area, so in the perspective of rough pavement surfaces in contact with
the rubber tire, the adhesion force plays a minor role in the friction phenomenon. This is
even more emphasized if the contact is lubricated, i.e. if a water layer exists between the

pavement surface and vehicle tire. However, adhesion is the most representative component
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of the friction force for low sliding velocities and dry surface conditions. Here, the pavement
surface properties related to the micro-roughness scale geometry and material features
contribute significantly to the friction performance. Studies show that there is a noticeable
correlation between the adhesive bond energy and the friction coefficient on the rubber -
pavement contact, which implies that the increase in the adhesion force results in an increase
of the friction coefficient (Al-Assi & Kassem, 2017).

Hysteresis (Figure 2.6 b, d) is the result of the rubber material bulk deformation when it
contacts the surface irregularities and undergoes permanent plastic deformation while
passing over the rough surface (Al-Assi & Kassem, 2017, Srirangam et al., 2017). Bulk
deformation causes energy loss during the sliding movement. The rubber undergoes
compression-expansion cycles while moving over the rough surface asperities. When a
deformable rubber material is pressed against a rigid and rough surface asperity, the stress
distribution causes the rubber to deform, resulting in energy loss. The resulting deformation
is the potential energy stored in the rubber bulk. After passing over the asperity, the rubber
returns to its initial state and the material is relaxed. Part of the stored potential energy is
recovered and the other part is lost in the form of heat. The irreversible energy loss is known
as hysteresis. The hysteresis effect to the friction phenomenon lies in the fact that asperities
induce energy dissipation on the contact between the tire and the pavement. Rougher
surfaces will produce greater energy loss and consequently larger friction coefficient.
Hysteresis is considered to be a governing friction force component for high-speed and
larger texture scales, especially for wet pavement surfaces. Furthermore, as tire rubber is a
viscoelastic material, a significant contribution to the phenomenon is given by the sliding

speed and the temperature (Hall et al., 2009).
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Figure 2.6. Adhesion and hysteresis mechanisms of pavement friction on dry (a,c) and wet (b,d) pavement
surfaces (from Fwa, 2021)

2.4. Factors affecting pavement friction

The frictional response of a pavement results from the interplay of several factors that can
be grouped into four main categories (Hall et al., 2009, Kogbara et al., 2016, Yu et al., 2020,
Kumar & Gupta, 2021):

- pavement surface properties,

- environmental impacts,

- driving parameters

- vehicle tire properties

Each group of properties contributes to the frictional performance specifically and for a
comprehensive understanding of the friction phenomenon the best approach would be to
consider the effect of all the influencing parameters in these groups. As such approach
would result in a highly complex framework, researches usually focus on several interacting
parameters to gain insight into pavement frictional properties (Kogbara et al., 2016). The
following sections provide an overview of the most important influencing parameters in

each group of properties.
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2.4.1. Pavement surface properties

Surface properties related to the pavement friction performance are mostly considered as
the texture-related properties, stemming from the characteristics of the pavement material
and construction method. The material characteristics are resulting from the asphalt mixture
type, whose properties define the surface texture characteristics on friction-related texture
scales, micro-texture and macro-texture (Wambold et al., 1995). Each of the relevant texture
levels has a different influence on the pavement friction performance. By referring to the
friction mechanisms adhesion and hysteresis described in section 2.2., micro-texture scale
is responsible for the most of the adhesion contribution and macro-texture governs the
hysteresis effect.

Micro-texture mostly results from the aggregate particles properties so it is usually referred
to as “the texture of the aggregates”. Macro-texture results from the asphalt mixture
properties and surface layer construction method, therefore it is referred to as “the texture
of the pavement”. Surface-related texture properties are thoroughly observed in Chapter 3
as the texture was selected to be the key parameter for friction performance assessment in
this research.

2.4.2. Environmental impacts

Three major environmental impacts related to the pavement frictional performance are
temperature, presence of water on the surface and various contaminations of the surface
(Kogbara et al., 2016). These effects are not controllable as they mostly depend on the

seasonal climatic variations or unexpected events.

The influence of temperature on frictional performance is investigated mostly within the
effect of the seasonal variations in winter and summer period. In general, pavement
frictional performance decreases with an increase of temperature (Khasawneh et al., 2012).
This is due to the viscoelastic nature of the problem and the changes of rubber and pavement
stiffness with the temperature changes. An increase of the rubber resilience on higher
temperatures causes the decrease of the hysteretic losses and consequently reduced
frictional performance. This is why pavement frictional performance monitoring is mostly
performed during the summer, as the critical values occur on higher temperatures. On the
other hand, higher frictional performance on lower temperatures results from an increase in
aggregate roughness due to the winter maintenance procedures and aggregate natural

weathering processes (Kogbara et al., 2016). Also, as winter season tends to have higher
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amounts of precipitation, road surfaces are less contaminated and therefore aggregate’s
textures are more exposed and consequently providing higher friction values.

The presence of water on the pavement surface in general has a negative effect on the
frictional performance (Kumar & Gupta, 2021). When the pavement surface is wet, a thin
water film occurs between the vehicle tire and pavement, lubricating the contact area and
reducing the friction. For pavement surfaces with lower macro-texture values, the presence
of water is critical for the hydroplaning effect appearance. Water fills the texture cavities
and additionally reduces the surface roughness, making it very slippery especially under
high driving speeds. The positive effect of the water presence is obtained if the surface’s
macro-texture level is satisfactory so the water does not retain on the pavement or if the
pavement type is open-graded (porous) asphalt mixture so the water is drained from the
surface to the pavement base layers. In such cases, the intensive rainfall washes out the
pavement and removes the contaminants which might contribute to the polishing of the
surface texture under the traffic load (Kogbara et al., 2016).

The contaminants negatively affect the pavement frictional performance by smoothing the
surface for two main reasons (Kumar & Gupta, 2021). If they are largely accumulated on
the surface, they tend to fill up the texture cavities and thus smooth the surface. This often
happens during the dry season, when no intensive rainfall could wash out the pavement
surface. The second reason is the polishing effect of the contaminants under the traffic load.
This is specific for fine-grained contaminants such as dust and sand particles, chipped fine
aggregates and similar. Viscous-type contaminants such as motor oils or ice and snow
reduce the frictional performance similar to the presence of water, making the contact area
more slippery. Several models and research results about the effect of contaminants on the
friction were listed in (Alauddin Ahammed & Tighe, 2010), concluding that there is no
consensus over their influence and pointed out the importance of both seasonal temperature
variations and pavement type used for the prediction of frictional response of the surface.

2.4.3. Driving parameters

Pavement surface friction is highly related to the vehicle speed and driving manoeuvres
(Hall et al, 2009). During the vehicle motion, two speeds are present in the system: vehicle
speed usually defined as or the operating speed, and rolling tire speed which depends on the
tire radius and angular velocity. The difference between these two speeds is called the slip
speed. When a vehicle tire is in free rolling mode, meaning there is no braking manoeuvre,

the vehicle speed and tire speed are equal. The slip speed changes when a breaking
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manoeuvre is applied. During the braking, the vehicle tire is blocked and can no longer have
the same speed as the vehicle. In this case the slip speed increases and the ratio between slip
speed and vehicle speed is called the slip ratio. The pavement frictional performance
changes with respect to the change in the slip ratio (C. Huang & Huang, 2014). After
obtaining a peak friction value at the critical slip value equal to 10-20% of the slip ratio, the
frictional performance decreases to the value of sliding friction at 100% slip, when vehicle

tire is fully blocked and its speed is equal to zero (Figure 2.7).
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Figure 2.7. Slip ratio versus pavement friction performance (Hall et al., 2009)

When considering the influence of speed on the friction realization, it is well known that
low speed frictional performance depends on the micro-texture properties of the pavement
surface and macro-texture is a predominant factor for friction realization at high speeds (Yu
et al., 2020). Another important speed-related observation is that the micro-texture governs
the peak value of the friction coefficient obtained at a critical slip speed value and macro-
texture is responsible for the slope of the friction curve after the peak friction is obtained
(Figure 2.8).
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Figure 2.8. The effect of different texture levels on the slip ratio (Yu et al., 2020)

2.4.4. Tire properties

Tire properties have an important effect on the pavement friction phenomenon being a body
in contact to the pavement surface. The rubber as a constituent material dictates the material
behavior law and consequently the friction coefficient realization on the contacting
interface. Besides the material properties, the condition of vehicle tires plays a significant
role in the friction realization (Hall et al., 2009). Vehicle tires have a tread so they can
provide a better grip and efficient surface water evacuation when the road surface is wet.
Another important tire property is the inflation pressure, which affects the contact area and
resulting contact pressure. In cases when the tires are under-inflated, contact area increases
causing the decrease in contact pressure and consequently the decrease in frictional
performance. If the tire is overinflated, the true contact area reduces and the contact pressure

increases. Therefore, no significant pavement friction loss occurs (Hall et al., 2009).

In the pursuit for the prediction of tire-pavement friction performance, a notable amount of
research was oriented on the tire behavior modelingl resulting in both analytical and
numerical solutions for the problem (Yu et al., 2020). Tire performance-oriented research
is mostly driven by the automotive industry, emphasizing the importance of further research
and development of the tire properties related to the friction performance. From the
pavement engineering perspective, the effect of tire properties is less important for the
observed phenomenon than the effect of the pavement properties and therefore won’t be

further analyzed in this thesis.
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Table 2.1 summarizes the main influencing parameters described in previous sections,
emphasizing the positive or negative effect that each parameter has on the pavement friction

properties.

Table 2.1. A summary of the positive and negative effects of the key influencing parameters for pavement
friction performance

Influencing Pavement surface Environmental | Driving parameters | Tire properties
parameter properties impacts
Positive E high micro- | E  lower E moderate vehicle | E new,  well-
effect texture and temperature speed treaded tires
macro-texture s E straight road
~ levels E dry weather sections
E  “positive” texture E quasi steady-state
with surface driving
asperities pointed conditions
upwards
Negative E low micro- and | E temperature | E Increase in | E  under-
effect macro-texture increase vehicle speed inflated, worn
values, E rainfall E curved road out tires
“negative” E surface sections with
texture with contaminan high super-
significant ts  (debris, elevations
amount of texture dust etc.) E braking
valleys and manoeuvres
cavities

2.5. Measurement and characterization of pavement friction

To characterize the frictional performance of a pavement, road authorities perform friction
measurements and categorize the measured values according to available national
regulations or technical standards. The measurements are usually performed as a part of a
periodical monitoring program or in cases of reduced road safety level when traffic
accidents occur frequently on a specific location. In such cases, measured frictional
performance is compared to the defined threshold values defined in the regulations and
standards. In this Section, an overview of methods for pavement friction measurement is
given, including the description of standard measurement methods and resulting friction
performance indicators. A comparison of limit values for friction indices according to the

Croatian national regulations and some internationally recommended indicators is provided.

2.5.1. Pavement friction measurement methods

The quantification of pavement frictional performance is obtained by different measuring

principles and corresponding devices. In general, all measuring devices operate on a
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principle of detecting a resistive force that occurs when a rubber object slides over a
pavement surface. The differences between the measuring devices are in the measuring
speed, slip ratio and friction force direction (Rajaei et al., 2016). The choice of an
appropriate measuring device depends on the measuring conditions, target speed for the
friction estimation and limiting factors such as device availability.

Traditionally, friction measurement methods are grouped into stationary and dynamic
methods. The difference is in the relative position of the measuring device with respect to
the measured surface. Stationary methods imply a fixed position of the measuring device,
while dynamic measuring methods entail movement of the measuring device. Stationary
devices are more common for laboratory testing of friction performance or for single-spot
measurements in situ, while dynamic devices are usually exploited for road network
monitoring and measurements of longer road sections where frictional performance has to
be assessed. A schematic representation of the most common stationary and dynamic

friction measurement devices is given in Figure 2.9.

The widely used single-spot methods for pavement friction estimation are pendulum-based
measurements and rotating plate-based measurements (Figure 2.9, i-vi). Both methods
estimate the friction performance from the kinetic energy loss due to the contact between
the rubber pads characteristic for the devices and the pavement surface (Hall et al., 2009).
The measuring speed for such devices are different. Pendulum-based devices always
operate under the same measuring speed, while rotating-plate devices can have variable

measuring speeds. The value of slip ratio is unknown for such devices (Yu et al., 2020).

The friction value from pendulum-based devices (Figure 2.9, i) is a result of the resistance
that a specific pavement surface provides against the swinging pendulum movement. The
kinetic energy of a pendulum reduces as the rubber is sliding over the surface and it is
converted to potential energy for a maximum height, which in the end represents the
measuring result. The measurement speed is a fixed value and it is approximately 10 km/h.
Therefore, pendulum-based devices are categorized as low-speed friction measurements but
also as an indirect estimation of pavement surface micro-texture performance (Kogbara et
al., 2016). They enable relatively easy and low cost measurements. The operating principle
is simple so no specific training is needed for its usage and the device is easily transferable.
However, such devices cannot yield results that are comparable to the real interface contact

conditions due to its operating principle. Also, the results can be very sensitive to the
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subjectivity of the measurement due to the purely mechanical principle of device adjustment

prior to the measurements and influence of the operator's measuring skills.
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Figure 2.9. Friction measurement devices with different operating principles: (i) pendulum-based devices, (ii)
single-spot dynamic friction testers, (iii) locked wheel dynamic testers, (iv) fixed slip dynamic testers, (v)
variable slip dynamic testers, (vi) sideway force testers ( Rajaei et al., 2016)

Single-spot dynamic friction testers (Figure 2.9, ii) operate on a principle of rotating disc
with rubber pads attached to its bottom, which come into contact with pavement surfaces at
different speeds. The device measures the momentum at which the rubber pads are rotating
for a given measuring speed. As the speed can be varied, this type of equipment can be used
to determine the dependency of the friction performance with respect to different speeds.
Similar to the pendulum-based devices, they can be also made as field testing equipment,
therefore portable and easy to operate with. Another advantage is lack of subjectivity due
to the operator's experience as the device operates automatically. Even though it is a single-
spot measuring device, it can represent the friction performance at high speeds, up to 90
km/h (Wallman & Astrém, 2001).

Dynamic methods for friction performance estimation are related to the in-situ testing as
they imply high speed testing devices. They are categorized according to the operating
principle into four modes: locked wheel, fixed slip, variable slip and sideway force (Hall et
al., 2009). The sliding process is controlled by the wheel blocking process specific for

different measurement devices.

Locked wheel friction devices (Figure 2.9, iii) have a slip ratio of 100%, meaning that the
measuring wheel is fully blocked and sliding occurs. The friction performance is measured
in the direction of vehicle movement for a given operating vehicle speed. This type of device

produces a longitudinal friction coefficient as a friction estimation. The devices that operate
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under fixed slip (Figure 2.9, iv) and variable slip mode (Figure 2.9, v) have one or two
measuring wheels which can have a fixed slip ratio usually up to 20%, or variable slip ratios
which are predetermined. Sideway force devices (Figure 2.9, vi) are different from the
aforementioned for the position of the measuring wheel. In such devices, the measuring
wheel is dilated from the vehicle movement axis for a constant angle and usually has a
constant slip ratio (also up to 20%). The angle between the direction of motion and turned
wheel is called slip angle, which generates the sideway friction coefficient. In this way, the
friction performance related to the vehicle stability and manoeuvring performance in the

curves can be assessed.

The main advantage of the dynamic friction measuring devices is that they represent the
actual contact conditions and frictional response of a pavement much more realistic than
the single-spot low speed measurements (Yu et al., 2020). As these measurements are
performed at driving speeds, no traffic interruption is necessary. The devices are capable of
continuous data acquisition. Therefore, they represent the friction performance of the entire
road section and not only a single location. The main drawback of the dynamic friction
measurement systems is that they are more resource — consuming in comparison to the
single-spot measurements. Dynamic devices provide longitudinal friction coefficient and
they have the advantage of higher measuring speeds, better mobility performances as they
are generally smaller and mostly trailer-based, but require an addition of accompanying
vehicle carrying a water tank which can be a limiting factor in the measurement length range
(Andriejauskas et al., 2014). The sideway operating devices are larger and consequently
more expensive for the operation, obtain lower measuring speeds but have an integrated
water tank so the measurements can be continuous and long distance. For a heavily uneven
road surface, sideway force devices can suffer from measuring wheel damage (Yu et al.,
2020). A summary of selected traditional measuring methods and corresponding devices

mostly related to European practice is given in Table 2.2 (Andriejauskas et al., 2014).

Both stationary and dynamic measurement methods estimate the pavement frictional
performance based on the contact between the rubber of the measuring device and the
pavement surface. In such measurements, factors such as surface and rubber temperature,
rubber material properties, measurement speed, operator's skills, measuring device
characteristics and similar affect the measurement result. For different types of measuring
devices, pavement frictional performance is expressed through different friction values. The

diversity of operating principles and the measuring procedures make it impossible to define
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a unique friction indicator. The PIARC association performed a series of harmonization
campaigns in order to derive such an indicator, by carrying out extensive measurement
programmes with various texture and friction measuring devices. The result was a common
harmonization index called International Friction Index (IFI), formulated in such way that
for a given texture measurement expressed in millimetres and friction value adjusted to 60
km/h from the actual performed measurements at different slip speeds, a friction number at
60 km/h can be estimated. This procedure however, accounts for the calibration coefficients
that are device specific, therefore any other device that was not a part of the harmonization
campaign couldn't be used for the estimation of a standardized friction index expressed as
IFI. Following, a number of researches attempted to exploit the IFI concept for the
harmonization of friction measurements was prompted, but the results didn't seem to be
satisfying enough (Ahammed & Tighe, 2012).
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Table 2.2. An overview of friction measurement devices used in Europe (Andriejauskas et al., 2014)

] ] - Measurement Re§ul_t 'ng
Device Type Operating principle parameters friction
indicator
Pendulum: friction is estimated from Spir;t(mfo Epr)ﬁ/ehd.
Skid Resistance | Stationary | the kinetic energy loss in the sliding I\/ngasur.ed surface Skid Resistance
Tester (SRT) (lab/field) | process of a rubber attached to the ) Number
pendulum arm area: approx 9
000 mm2
Operating speed:
Dynamic Friction | Stationary Rotating plate: friction is estimated | 0 — 80 km/h Friction
Tester (DFT) (lab/field) from the decrease of the target speed | Measured surface coefficient
to zero area: approx. 65
000 mm2
Rotating plate: friction is estimated g(? ekmwg speed:
Wehner/Schulze | Stationary | from the contact between the Measured surface Friction
Machine (W/S) | (lab) rotation beads accelerated to a target ) coefficient
speed and wetted test surface area. approx. 40
000 mm2
Operating speed:
5-100 km/h
GripTester Slip ratio: 15%
Measurement
interval: various
Operating speed:
Fixed slip: friction is estimated from | 30/60 km/h
RoadSTAR the wheel dragging force and wheel | Slip ratio: 18%
load, as the rotation of the measuring | Measurement
wheel is partially confined with a | interval: 50 m
fixed slip ratio. The devices are | Operating speed:
usually  operating under wet | 70 km/h
BV-11 conditions with controlled water | Slip ratio: 17%
film thickness. Measurement
interval: 20 m
Operating speed:
> 50 km/h
: oo
R nLae 2| Longuara
Moving : ) Friction
interval: >5m -
Operating speed: Coefficient
" | (LFC)

IMAG (variable
slip mode)

SRM

Skiddometer BV-
8

ADHERA

Variable slip: the test wheel rotates
freely, therefore friction can be
estimated for different slip ratios

65 km/h
Slip ratio: up to
100%

Operating speed:
40/60/80 km/h
Slip ratio: 15% or
100%
Measurement
interval: 20 m

Operating speed:
40/60/80 km/h
Slip ratio: 14% or
100%
Measurement
interval: 30-50 m

Locked wheel: friction is estimated
from the resisting force generated in

Operating speed:
40/60/90/120
km/h
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full sliding conditions, as the | Slip ratio: 100%
measuring wheel is fully locked Measurement
interval: 20 m

Operating speed:
SRT-3 60 km/h
Slip ratio: 100%

Operating speed:

Slip ratio: 100%
Operating speed: | .
Sideway force: friction is estimated | 50 km/h IEIr(ijcet\?cl)?]y
SCRIM from the ratio of generated side | Slip angle: 20° -
. ! Coefficient
force, which stems from the slip | Measurement (SFC)
angle between the measuring wheel | interval: >10 m
and moving direction Operating speed:
MuMeter 60 km/h MuMeter

Slip angle: 7,5° Number (MuN)

2.5.2. Pavement friction indicators

Traditional friction measuring devices provide a friction performance estimation in the form
of a specific pavement friction performance indicator, which depends on the operating
principles of the devices and specific measurement conditions (Table 2.2). The selection of
measuring devices and resulting friction performance indicators depends on the national
regulations and accepted standards and practices for practical use in road management. The
most commonly used friction measurement devices in Europe are SRT Pendulum device,
Grip Tester and SCRIM (Andriejauskas et al. 2014). The SRT is mostly used for quality
control assessment or for location-based friction performance measurements. In general,
European countries are more leaning towards fixed-slip and sideway force slip devices for
network monitoring purposes, while US countries mostly use the devices based on locked
slip principle (Yu et al., 2020).

European normative documents consider the friction measurement procedures within
several standards and technical specifications. In European standard EN 13036-4: Road and
airfield surface characteristics — Test methods — Part 4: Method for measurement of
slip/skid resistance of a surface: The pendulum test, a procedure for friction performance
determination by means of a stationary pendulum device is defined. Technical specification
CEN/TS 13036-2: Road and airfield surface characteristics — Test methods — Part 2:
Assessment of the skid resistance of a road pavement surface by the use of dynamic
measuring systems describes the necessary procedures for friction measurements conducted
by the dynamic friction measuring devices, whose specifications are given in CEN/TS
15901-1 to -10 series of technical specifications. The devices listed in CEN 13036-2
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technical specification are characterized as ,,permitted for friction measurements, with a
described measuring principle and procedure”. The measuring results are used for the
estimation of Skid Resistance Index (SRI), together with the texture measurements, device-

specific calibration parameters and adjusted slip speed.

The determination of friction performance threshold values depends on the national policies
of road agencies and in general, it is very different among countries. Authors Astrom and
Wallman (2001) analysed the measurement methods, resulting friction indicators and their
relation to the traffic safety to define the friction coefficient threshold value in several
European countries (Table 2.3). An American technical document AASHTO's Guide for
Pavement Friction (Hall et al., 2009) provided an overview of threshold values for friction
performance in UK, New Zealand, Maryland, USA and Australia related to the road
ategories or specific road network sites (Table 2.4). This document also encourages the
establishment of investigatory and intervention friction threshold levels as a part of
pavement friction management program. Methods for defining investigatory and
intervention levels of pavement friction are proposed, based on historical friction data
collected on a particular road and traffic accident data. The investigatory and intervention
levels are set to be corresponding to a notable decrease of friction values or an increase in

traffic accidents number.

Table 2.3. Required friction levels in some EU countries (Wallman and Astrom, 2001; Litzka et al., 2008)

Country Required friction level (friction | - yyooq,rement device principle
coefficient)
Austria 0.38 Fixed slip
Belgium 0.4 Sideway force
Denmark 0.5 (60 km/h) Sideway force
Germany 0.3 (80 km/h), 0.39 (60 km/h), Sideway force
0.48 (40 km/h)
Sweden 0.5 Sideway force
Finland 0.4 (80 km/h), 0.5 (100 km/h), 0.6
(120 kmv/h) Locked wheel or sideway force
Netherlands 0.51 (50 km/h) Fixed slip
Poland 0.35 (60 km/h) Locked wheel
Slovenia 0. 45 (50 km/h), 0.39 (70 km/h), Sideway force
0.33 (90 km/h)
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Table 2.4. Threshold friction levels in non-EU countries (Hall et al., 2009)

Country e fr;:;rt:/(?]n el Comments about threshold values and site specifics
0.30 — 0.55 for Eriction Number Threshol_d values are dlffer_ent for specific road categories,
UK (FN) intersections and road design elements (curvature radius,
vertical gradient)
New | 035 0.5 o ideuay Friton | St e et for et s of ot
Zealand | Coefficient (SFC) ; P gs, g
categories
Marviand Threshold values defined for various intersection types,
UéA " | 3555 for Friction Number (FN) | pedestrian crossings, highway categories and road design
elements (curvature radius, vertical gradient)
0.35 — 0.60 for primary and
secondary roads with > 2500 | Threshold values defined for various intersection types,
Australia | veh/lane/day pedestrian crossings, road design elements (curvature
0.30 — 0. 55 for secondary roads | radius, vertical gradient) and road categories
with < 2500 veh/lane/day

In 2004. COST Action 354 Project was launched in several EU countries with the objective
to define a set of uniform pavement performance indicators and indexes (Litzka et al.,
2008). The project deliverables were presented in COST Action 354 Final Report (2008),
where a set of performance indicators (P1) related to a specific technical parameter (TP)
obtained from different measuring procedures was given. COST Action 354 proposed a
unique performance indicator for friction performance assessment for two types of
measuring devices — sideways friction coefficient devices and longitudinal friction
coefficient devices, with respect to the measurement speed of each device. To evaluate the
performance indicator (P1_F) of frictional properties expressed as Skid Resistance, the
transformation functions were derived to calculate the PI from the measured values. The
Action's Final Report (2008) presented a range of values for the proposed technical
parameters (TP) for pavement friction estimation and the transformation equations for the
calculation of the Performance Index from the obtained technical parameter values (Table
2.5).

Table 2.5. Proposed transfer functions for the friction Technical Parameters analyzed in COST 354 Action
(Litzka et al., 2008)

Transfer functions for Performance Indicator

Technical Parameter .
calculation

Measurement speed

Sideway Friction
Coefficient - SFC
Longitudinal Friction
Coefficient — LFC

60 km/h PI_F = Max (0; Min (5; (-17.600 SFC + 11.205)))

50 km/h PI_F = Max (0; Min (5; (-13.875 LFC + 9.338)))
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The conclusions derived in the COST 354 Final Report emphasize that the obtained PI’s
serve only as a recommendation for road agencies, without the proposal of target or limit
values for any of the derived indicators. This conclusion is corroborated with a statement
that threshold values strongly depend on the road type and characteristics, but also on the
desired serviceability level for a specific road. Therefore, the values given as results of this
Action serve only as a recommendation or a guideline in pavement management
assessment. The Report gives some recommendations regarding the range of calculated
Performance Indicator values within the defined grades (0-5), specifying that lower grade

value represents better performance (Table 2.6).

Table 2.6. Performance Index grades for friction determined by two different measurement devices and resulting
Technical Parameters SFC and LFC, (Litzka et al., 2008)

Very Good > Very Poor

Skid Resistance
Performance

Index (PI_F) 0-1 1-2 2-3 3-4 4-5

SFC (60km/h) | 64 058 | 058052 | 052047 | 0.47-0.41 | 041035

LFC (50 km/h)

0.67-0.60 | 0.60—-0.53 | 0.53-0.46 | 0.46-0.38 | 0.38-0.31

A collaborative European project ROSANNE was launched in 2013, with the aim of
development and harmonization of pavement performance measurement methods in terms
of friction, noise and rolling resistance (Birkner et al., 2016). The objectives of the
ROSANNE project in the context of pavement frictional performance was to harmonize the
friction measurements by defining the conversion factors for the devices with similar
operating principles. The texture influence was evaluated by exploring the usage of texture
parameters derived by non-contact measurement methods for a better description of its
effect to the pavement frictional performance. The ROSANNE Project reviewed the
national policies and established thresholds for the frictional performance in participating
European countries, different for the monitoring of the existing pavements or the acceptance
of newly built ones. A summary of friction measurement devices with specified friction
coefficient type (depending on the measurement principle of the used device) and defined
threshold values for new pavements and pavements in use for different road categories can
be found in the Project deliverable D 4.1 Definition of boundaries and requirements for the
common scale for harmonization of skid resistance measurements (Goubert et al., 2014).

The analysis of existing practice for frictional performance assessment in the participating
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countries showed that almost all of them have a defined threshold for friction, but only nine
out of 20 demand a threshold value for texture acceptance and eight for texture monitoring
(Table 2.7).

The ROSANNE project was a continuation of the TYROSAFE project (2008-2010), a
collaborative European action with the aim of coordination and preparation for the
harmonization of frictional performance assessment Europe (Haider & Conter, 2010).
TYROSAFE delivered a report about skid resistance policies and standards in Europe for
17 participating countries, showing the threshold levels for frictional performance are very
different among them. They were different for the performance indices and influencing

parameters taken into consideration, but also for the investigatory timetables and levels of

road network where the monitoring is performed.

Table 2.7. National policies of friction and texture monitoring for ROSANNE project participating countries
(Goubert et al., 2014)

Country .A_cceptance Rgaq monitoring

Friction | Texture | Friction | Texture
France - X X X
UK X X X X
Germany X X X -
Denmark X - X -
Spain X X X X
Slovenia X - X X
Portugal X X X X
Italy - - -
Czech Republic X X X X
Sweden X X - X
Norway - - - -
Finland - - - -
Belgium X X X -
Netherlands X - X -
Austria X - X X
Switzerland X X X -
Hungary X - X -
Slovakia X - X -
Romania X - - -
Poland X - X -

A thorough investigation of skid resistance policies was performed with results presented
in the TYROSAFE Project Deliverable D06 (Nitsche & Spielhofer, 2009). The
measurement procedures and used devices, the purpose of measurements and the frequency

of road network monitoring are very different among the participating countries. The
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existence of threshold values for frictional performance assessment determined in the
TYROSAFE project is shown in Figure 2.10.

Motorw ays TE% [ 24% I
Primary Roads T6% | 24% I
Secondary Roads T1% | 29% l
Tertiary Roads 59% | 41% l
Urban Roads 4T% | 53% |

0% 10% 20% 30% 40% 50% 60% T0% B80% 0% 100%

O BJ countries w ith policies for skid resistance O BJ counfries w ithout policies for skid resistance

Figure 2.10. TYROSAFE project analysis of friction national policies (Nitsche & Spielhofer, 2009)

2.5.3. Pavement friction performance evaluation in Croatia

European Normative documents are incorporated in the Croatian national regulations and
technical specifications for the pavement frictional characteristics assesment. The friction
performance estimation is mostly related to the road safety topic, mentioned in two national
laws: The road law (Zakon o cestama, NN 04/23) and The road safety law (Zakon o
sigurnosti prometa na cestama, NN 114/22). In these documents, pavement friction is
considered as a part of safety and maintenance activities that road authorities should
perform, but no specific actions or requirements are mentioned. There are several rulebooks
that are considering the issue of pavement friction with respect to the road safety
requirements, but again no particular demand is expressed. The rulebook on activities and
procedures for improving the safety of road infrastructure and road safety auditing
(Pravilnik o aktivnostima i postupcima za poboljsanje sigurnosti cestovne infrastrukture i
reviziji cestovne sigurnosti, NN 55/2022-739) defines that one of the activities for the road
safety estimation is pavement skid resistance. The rulebook for road safety improvement
activities (Pravilnik o aktivnostima poboljsanja sigurnosti TEM cesta, NN 74/2013-1485)
provides guidelines for the revision of the road safety, including the pavement condition as
one of necessary input parameters. It also states that if some road sections have a reduced
safety level measured in number of accidents with fatal outcome, the increase of pavement
skid resistance performance has to be performed. The rulebook for road safety maintenance
(Pravilnik o odrzavanju cesta, NN 90/2014-1826) provides a list of activities that have to
be performed in a specific timeframe, including the pavement inspections which include the

estimation of pavement friction performance.
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The only Croatian regulation document that gives a specification for minimal requirements
for pavement friction performance is Technical specification for asphalt pavements
(Tehnicki propis za asfaltne kolnike, NN 48/2021-977). This document defines the
properties that have to be inspected on installed road surface layers, including the skid
resistance and texture as a part of friction performance estimation. The EN standards for
inspecting the relevant friction-related surface properties are specified, with respect to the
road category and testing frequency on newly built roads or roads in use. Technical
specification defines the threshold values for friction performance as skid resistance values,
SRT and texture properties as Mean Texture Depth (MTD) values. The values are given for
different types of asphalt pavements and different road categories (Table 2.8). The
document also specifies the minimal requirements for friction performance of pavement
surface at the end of road warranty period, with respect to the aggregate type used in the

asphalt mixture (Table 2.9).

Table 2.8 Friction performance requirements for newly built roads - acceptance criterion (Tehnicki propis za
asfaltne kolnike, 2021)

Asphalt pavement surface property Skid resistance
National standard for determination (HRN) EN 13036-4
Technical parameter SRT
Minimal required SRT value for different road categories Comments

For all asphalt mixture types used for
Highways 58 surface layers in Croatia except for
overlays, where the SRT value has to
be > 60 for primary and secondary
Primary and secondary roads 55 roads and > 55 for noncategorized
roads

Table 2.9. Friction performance requirements at the end of warranty period for different aggregate
types in asphalt mixture (Tehnicki propis za asfaltne kolnike, 2021)

Aggregate type AGl | AG2and AG3 | AG4
SRT limit value: 2-year warranty period | 58 55 45
SRT limit value: 5-year warranty period | 53 50 40

2.6. Existing models for pavement friction prediction

Direct estimation of pavement friction by employing the measuring techniques described in
previous section provides unambiguous friction value, which facilitates the characterization
of pavement friction performance for both researchers and practitioners. However, some
limitations emerge from the direct friction estimation. The repeatability and accuracy of the
performed measurements are affected by the testing and environmental conditions (Yu et
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al., 2020). Another issue is the simplified assumption of the contact behavior on the tire-
pavement interface in some measurement procedures, which makes it difficult to understand
the actual friction mechanism. Friction measurement campaigns can be heavily resource
and time - consuming , especially in cases of friction performance estimation by dynamic

measurements with real-scale measuring devices.

To overcome the difficulties of direct pavement friction performance estimation by
traditional measurement methods, the development of a prediction model based on one or
more factors affecting pavement frictional performance has been one of the main topics in
the research field. The framework for the development of a prediction model can be
analytical, numerical or empirical (Yu et al., 2020). When a prediction model is being
defined in any of the frameworks, the complexity of a model increases for a larger number
of influencing parameters included. Simple prediction models account for a small number
of influencing parameters. Complex prediction models account for several influencing
parameters in the same group or from different parameters’ groups. The complexity of a
model stems from the computational environment in which the model was developed. An
example of a simple friction prediction model would be an analytical model observing only
influence of speed to the friction performance, or an empirical model predicting friction
performance on a single texture indicator. Some examples of complex models are numerical
models developed in the finite element framework or empirical models defined with several

influencing parameters: texture properties, climate effects or vehicle speed.

In this Section, existing friction prediction models were reviewed and addressed as simple
or complex with respect to the number of influencing factors they account for and the
approach adopted for the prediction model establishment. The systematization of prediction
models is shown in Figure 2.11. A special attention was given to the empirical prediction

models accounting for texture features as the main influencing parameter.
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Figure 2.11. Friction prediction models — a schematic overview

2.6.1. Analytical models

Analytical models represent the pioneering approach of rough contact mechanics modelling
and the prediction of surface’s frictional performance based on rubber friction theory. Such
models are developed by Greenwood and Williams, Grosch, Persson, Heinrich and Kluppel
and others, as described in sections 2.2.1 and 2.2.2. In analytical models, friction prediction
is evaluated by accounting for the influence of surface roughness, tire rubber material
properties and/or speed. The explanation of friction phenomenon is limited due to the
approximations and assumptions specific for the applied theory and usually fail to
accurately predict the non-linear behaviour of the observed problem. They are applicable
only for small deformation ranges, which is not the case in the tire-pavement interaction.
Also, they cannot account for the transient contact conditions, due to the braking or
acceleration or existence of a water film on the pavement surface (Yu et al., 2020).
Analytical models are therefore characterized as simple models as the number of
influencing factors is generally small and the friction performance prediction is limited due

to the models’ simplifications.

2.6.2. Numerical models

Numerical methods for pavement friction modelling are an extension of analytical methods,
where the problem non-linearities resulting from the rough contact interface and
viscoelastic material behaviour could be addressed without the problem generalization and
solved in the large deformation framework, as described in section 2.2.3. The most common

numerical method for pavement friction modelling is the finite element method (FEM), in
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which modelling of vehicle tires, pavement structure and the contact between these two
bodies is needed for the simulation of the physical problem (Peng et al., 2019; Z. Yang et
al., 2019). This framework requires the discretization of both vehicle tires and the pavement
structure, which results in high computational complexity of the FE numerical model. Tire
modelling requires not only the definition of the material model, which is commonly
selected as hyper elastic or viscoelastic, but also the specification of the loading scenario
and the influence of tire anisotropy caused by the different stiffnesses of the vehicle wheels
(Yu et al., 2020). Even though it is possible to simulate the tire-pavement interaction in a
2D framework, the best simulation results comparable to the actual physical problems are
obtained by 3D interaction models. Pavement structure modelling is even more demanding
because it requires the discretization of the surface texture irregularities, but it is inevitable
if the goal of the simulation is to evaluate the frictional response in the tire-pavement
interaction. An overview of research of pavement frictional performance done in the

numerical FEM framework is given in Table 2.10.

The main advantage of numerical models is their ability of friction performance prediction
by including the actual effects of the selected model parameters, without the need to
simplify or approximate any influence as is the case for the analytical models. The
numerical models are considered as complex models for friction prediction as they account
for more than one influencing parameter and they are computationally demanding, which
means they require a deep understanding of rough contact mechanics and friction theories,
but also FEM expertise with accompanying computational structure (adequate hardware
and software for FE analysis). This is a major drawback for numerical models in terms of

practical applications.
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Table 2.10. Examples of FEM application for numerical modelling of pavement friction phenomenon

Model . .
Authors Model parameters dimension Contact simulation Model output
Coulomb friction law
g;tl;\i/;rgsmkes and The contact model
Fwa, 2017 Water film thickness, sliding 2D standard x-¢ model s_olves_ the coupled
speed . | tire-fluid-pavement
for the fluid | . .
. interaction problem
behaviour
description)
Frictional response is
evaluated through the
surface-to-surface . -
: calculation of sliding
. Surface morphology, contact algorithm | [ . .
Srirangam - ; . friction coefficient as
pavement material, loading | 3D (suitable for the large .
etal., 2017 - . the ratio between the
pressure, sliding speed deformation | ial
framework) resultant tangen'gla
force and applied
normal force
elastic properties (recoverable
resilient  deformation) of . -
. dynamic friction -
various pavement structures . Pavement elasticity
Yuetal., . ) contact analysis (3D | .
and system variables: tread | 3D : influences the real
2017 . ; tire-pavement
deformation at the contacting - . contact area
) interaction model)
interface, actual contact area
and the braking force
viscoelastic material
model and robust
surface-to-surface Low-speed  slidin
rubber friction components - contact algorithm for | = . P g
Wagner et - i . . friction on rough and
adhesion and  hysteresis, | 2D hysteresis modelling, | . :
al., 2017 ; . rigid pavement
multi-scale surface roughness different surface surfaces
contact conditions on
macroscopic level for
adhesion modelling
asphalt mixture components:
aggregates, bitumen and air
voids (modelled by Frictional response is
microstructure FE  meshes derived from the
Tang et al., surface-to-surface .
where  aggregates  were | 3D - theory of hysteresis-
2018 - . contact algorithm -
modelled as elastic material induced energy
and binder was modelled as dissipation
viscoelastic material), the
effect of high temperatures
3D pavement surface model - -
. Friction  coefficient
reconstructed  from  high from  the  resultant
resolution pavement texture . .
Pengetal., . Exponential  decay | tangential force wvs.
data, assumption of pavement | 3D L .
2019 o friction model applied normal load
rigidity and rubber hyper- X .
. L (with and without the
elastic characterization, water
effect of water)
effect
integrated tire-vehicle
Pavement texture, effect of Persson’s friction | model for the
Liuetal., | water, effect of different 2D theory for the | prediction of
2019 vehicle movements (braking, calculation of Kinetic | frictional

turning)

friction coefficient

performance of wet
pavements
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2.6.3. Empirical models

Empirical prediction models are developed from the experimentally obtained data for different
groups of influencing parameters. They investigate the relationship between one or more
influencing parameters and the frictional performance, usually by inferential statistics methods
(Rezaei & Masad, 2013a). By following the classification of friction prediction models in
Figure 11, an empirical model is considered to be simple if it accounts for a maximum of two
influencing parameters, and complex if it observes multiple influencing parameters. Simple
empirical models usually investigate the influence of a single pavement surface roughness

indicator, the influence of speed or the combined effect of these two parameters.

2.6.3.1. Simple empirical prediction mode

Simple empirical models aim to predict the friction performance by observing a single
influencing parameter, most commonly the measured pavement texture indicator. Additionally,
the friction measurement device speed is accounted in the prediction model and the final model
outcome is adjusted according to the measurement speed. All the other influencing parameters
are usually neglected in the prediction model. Such models have a straightforward interpretation

and provide a direct causality of friction performance based on the evaluated texture property.

Two widely known simple two-parameter empirical prediction models are The Penn State
model and the PIARC model (Fwa, 2021). Both models predict the frictional performance of a
wet pavement (i.e. skid resistance) by pavement surface texture characteristic and vehicle
speed. The Penn State model (1978) accounts for friction with respect to the various vehicle
speeds and texture dependable constants. This model is developed from skid resistance
measurements performed by a small scale standard static measuring method — pendulum device
and at various test speeds by a dynamic full-scale measuring method. The model also contains
parameters related to the micro-texture and macro-texture of the pavement surface. By
employing this model, it is possible to determine the threshold values of pavement frictional

performance for a given vehicle speed, with respect to the surface properties (Fwa, 2017).

The Penn State model was a basis for the development of the PIARC model, resulting from the
International PIARC experiment for pavement friction harmonization launched in 1991. This
extensive experimental program gathered sixteen world countries in the pursuit for a worldwide
acceptable friction performance indicator, derived from on-site measurements of friction and
texture. The participants had to provide at least one representative friction and texture

measurement device as a collaborator in extensive measurement campaign. The obtained
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friction and texture data was used for the establishment of friction and texture relationship
between different measurement principles and devices. The harmonization procedure outcome
was a unique friction performance indicator, the International Friction Index - IFI. The IFI was
defined as a function of two parameters: Friction Number (F60) and Speed Number (Sp). The
former is a friction performance indicator, adjusted from the measurement outputs of different
devices to the friction value at common slip speed of 60 km/h. The latter is a texture
performance indicator, estimated from the texture measurements. According to the PIARC

prediction model, the friction value F at any given slip speed S can be estimated as

OY 00Q
with F60 calculated as
O 0O 00Y oY

where A, B and C are are the calibration constants, specific for a particular friction and texture

measurement device and FR60 is determined as

"0Y oYWy

from the actual friction value measured by the system (FRS) and the slip speed of the measuring
system (S) adjusted by the speed number Sp. The speed number Sp is a parameter estimated

from the texture measurements as
Yoo WY

with a and b being constants depending on the applied measurement device and Tx texture

measurement output.

The PIARC experiment results provided a unique harmonization procedure for friction
performance assessment by a single friction indicator, including both friction and texture
measurements. The obtained results were limited to the participating measurement devices,
since the derived calibration constants used in the calculation expressions were device-specific.
PIARC model considered only macro-texture indicators in the friction prediction model,

neglecting the influence of micro-texture to the pavement frictional performance.

The Penn State and PIARC friction prediction models are applicable for the steady-state driving

conditions, where no changes in the driving speed or direction of motion occur. As the frictional
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phenomenon on the tire-road interface is mostly a dynamic process, steady-state models are not
suitable for the actual behaviour simulations (Canudas-De-Wit et al., 2002). Dynamic friction
models were developed to capture the dynamic tire-road contact behaviour, where the influence
of speed gradient is highlighted as an influential parameter, therefore they can also be
considered as simple one-parameter friction prediction models. The frictional behaviour in
dynamic models is described by ordinary differential equations for lumped models, assuming
point contact between pavement and tire. Some examples are the Dahl friction model which
accounts for friction as a function of displacement and speed effect is observed only through
the relative speed direction sign (positive or negative), the Brush model where the frictional
response is assumed from the tire deformation and stiffness with respect to the kinematics of
the system including the speed gradient, or the Lu-Gre kinematic model where the effect of
speed is accounted for by employing the Stribeck effect characteristic for lubricated contact.
The distributed kinetic friction models follow the tribology approach, where the frictional
response is assumed on a larger area than just a single point. This area is called the contact area
and it represents a zone where vehicle tires and pavement surface are in partial or full contact.
The frictional response is mostly realized in the zone of full contact and it depends on the ratio

between the size of the full contact zone and contact area in total.

2.6.3.2. Complex empirical prediction models

The complex empirical models observe more influencing parameters from the same group or
from several different parameters’ groups. An example of a complex empirical prediction
model including more influencing parameters from the same group would be a model
accounting for the effect of different asphalt mixture properties: aggregate type and gradation,
binder type and amount, different construction methods and different asphalt mixture types
(Hall et al., 2009). These models are usually pointed towards the influence analysis of a specific
property (or properties) to the texture performance related to the friction realization. Complex
empirical models with several influencing parameters from different groups account for their
combined effect on the friction realization. Some examples are the friction prediction model
developed from asphalt mixture surface properties evaluated during different polishing stages
at different test temperatures (Khasawneh et al., 2012), friction prediction model based on the
effect of environmental seasonal variations and traffic load (Pomoni et al., 2020) or the
prediction model accounting for the traffic load, pavement age and asphalt mixture
properties(Pérez-Acebo et al., 2019).
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2.6.3.3. Empirical models with texture as the main influencing parameter

Prediction models based on texture features are mostly derived from extensive measurements
of relevant pavement surface properties, performed by traditional measurement devices. They
can be simple if only a single texture parameter is related to the friction performance, or
complex if other influencing parameters, such as traffic load, pavement type or environmental

effects are included in the prediction model. An overview of some existing friction prediction

models with texture as the main influencing parameter is given in Table 2.11.

Table 2.11. Overview of empirical friction prediction models with texture emphasizd as the main predictor for

friction performance

. Influencing Model
Authors Research aim parameters Results complexity
Texture (micro-
To predict the friction 't[)exture charazteerggg
performance on W);velen ths P and R? = 0.89 for friction
Eraun et al different pavements macro—te%(ture prediction from the
92005 " | from micro- and macro- characterized with combined micro- and | Complex
texture features and .. macro-texture effects, with
. traditional texture .
examine the speed | . di respect to the slip speed
offect indicator),
Pavement type,
Speed
Texture (micro-
To predict the friction Eﬁ)(;tilségtl estlmatgd
performance from endulu?r/] devic)é R? = 0.74 for friction
Dell’Acqua et | micro- and  macro- Eweasurements and prediction from the Simple
al,, 2011 texture features on a macro-texture combined micro- and P
specific pavement type . . macro-texture effects
(porpous asphalt) characterized  with
porp P traditional texture
indicator)
;I;)ES;? esgimn:;tr:c; R = 053 for measured
To investigate the indirect] b friction and macro-texture
correlation between endulur>r/1 devicg indicator,
different texture ﬁweasurements and R = 0.85 for measured
Ahammed & characterization Macro-texture friction and micro-texture
. methods and friction : . indicator, Complex
Tighe, 2012 characterized  with - -
performance traditional texture Negative texture-friction
determined from high- indicator) correlation obtained for
speed measurement - ’ ribbed tire and positive
; Friction measurement . .
device . . correlation obtained for
equipment tire .
) smooth test tire
properties
Texture (micro-
To investigate the | texture estimated | R> = 0.80 for prediction
correlation between | indirectly by | model accounting for
different texture | pendulum device | micro- and macro-texture
Kotek & characterization measurements  and | effect and smooth tire, Complex
Kovaé¢, 2015 | methods and friction | macro-texture R?=0.88 for for prediction P
performance characterized ~ with | model accounting  for
determined from | traditional texture | micro- and macro-texture
measurement device indicator),  Friction | and ribbed tire
measurement
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equipment tire
properties

To investigate the

Traditional macro-

Kargah- : - R? = 0.11 regardless of the
. relation between texture indicator,
Ostadi & o gt measurement speed, .
friction performance | Friction measurement 2 _ . Simple
Howard, and macro-texture speed R? = 0.73 for high-speed
2015 N P measurements (70 km/h)
indicator
No correlation observed
for all observed texture
parameter values,
To investigate the . R? = - 0.85 for texture
Traditional macro- X .
effect of macro-texture - values with profile depths
Meegoda & level and eff f texture indicator and |
Gao, 2015 evel and effect o defined limit values > 0.9 mm, I Complex
' water on the friction The effect of water film is
performance included as an explanation
of correlation absence for
lower texture indicator
values
To investigate the -
. ; . Texture-friction
cummulative traffic Traditional macro- . -
effect on polishin texture indicator relationship is clear for
Miao et al., . poTIshing ] two pavement types, but
resistance of different | cumulated traffic load Complex
2016 - no exact measurement of
pavement types (2-year period), 4 .
A T correlation strength was
(indirec friction pavement types .
provided
performance)
To investigate the
correlation between .
i Two traditional
Chou et al., traditional texture . . .
- . macro-texture no significant correlation Simple
2017 indicators and high- -
. indicators
speed friction
measurements
To investigate the
correlation between
Basu & . ..
Chowdhury _tr_adltlonal texture Tradltlon_al macro- no significant correlation Simple
' inidcators and low- texture indicator
2017 .
speed friction
measurements
To investigate the
correlation between
G. Yang et traditional texture Traditional macro- no sianificant correlation Simole
al., 2018 indicators and high- texture indicator 9 P
speed friction
measurements
To investigate the .
effect of texture . Tr_adltlonal texture R? = 0.57 for low-speed
. indicator obtained by -
Kouchaki et measurement . . friction measurements, .
. two different devices, 2. . Simple
al., 2018 equipment on - R?=0.79 for high-speed
- Friction measurement .
measured friction friction meaurements
speed
performance
To Investigate the Traditional macro- No significant correlation
correlation between L
o texture indicator, on whole road network
traditional texture . .
- . Network level (whole level investigation,
Islam et al., indicator and high- . 5o > _ .
- road network, project R?=0.84 and R> = 0.97 Simple
2019 speed friction : :
level network with for project level network
measurements on i . "
. specified pavement investigation on two
different road network dif
levels types) ifferent pavement types
To investigate the Traditional macro-
Lietal., 2020 correlation between R2=0.58 Simple

traditional texture

texture indicator
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indicators and high-
speed friction
measurements

Traditional macro- ]
texture indicator, A strong but negative

To investigate the . . correlation with R?=- 0.8
cummulative traffic -
texture, long-term for texture and friction

Pomoni et al., S load effect, L .
2020 seaso_nal variation and Climate indicators (ex_plalned by Complex
traffic load effect on e the effect of micro-texture
. characteristics in :
friction performance which was not evaluated

Mediterranean zone

(wet/dry seasons) in this research)

2.7. Pavement friction — summary

Previous sections provided the most important findings related to the pavement friction
phenomenon selected from the performed extensive literature review. The theory of rough
contact mechanics and physical effects to the pavement friction were analysed. The contribution
of the most relevant influencing parameters to the pavement friction phenomenon was
overviewed. The methods for pavement friction measurements and classification of pavement
friction performance according to the relevant European standards, available technical
specifications, collaborative projects’ deliverables and most common practices in European
countries, including Croatia were given. The existing models for the prediction of friction
performance were analysed and grouped according to the number of influencing parameters
included in the model definition and with respect to the analytical, numerical or empirical nature

of the model. To summarize, here are some important findings about the pavement friction:

friction coefficient results from the magnitude of friction force, which depends on the size

of true contact area between pavement surface and vehicle tire

- true contact area is a function of surface roughness characteristics, therefore pavement
friction phenomenon should be observed in rough contact mechanics framework

- the complexity of the phenomenon is multi-dimensional: it accounts for a multitude of
roughness scales, non-linear behaviour of the tire rubber, the effect of velocity and
temperature in a non-linear behaviour regime and the influence of external non-controllable
environmental parameters

- pavement friction performance assessment is not unique, as there exists multiple

standardized measurement devices and corresponding resulting parameters for friction

performance characterization
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- development of different pavement friction prediction models represents an attempt to
exclude the actual friction measurements and estimate the friction performance from the
selected influencing parameters in a simple or more complex manner

The existing empirical models for friction prediction based on texture indicators as the

governing influence parameter were overviewed. The obtained results are not unique as some

indicate a strong and positive relationship between texture indicators and friction performance
and satisfactory coefficient of determination for the proposed prediction models, while others
failed to establish a reliable prediction model showing that no significant correlation could be

obtained between texture features and friction performance.

The research performed in this thesis focu