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Abstract 

Increased fuel consumption, increased greenhouse gas emission, 
diminishing real-estate prices and increased health issues are some of  the 
negative effects on the climate, on the environment and on the society from 
tyre/road rolling resistance and noise. The first two aspects are affected by 
energy dissipation in the tyre/pavement contact and are related to rolling 
resistance. The other two aspects, real-estate property prices and health 
and comfort issues, are related to noise. 

This thesis uses a holistic approach to analyse functional 
properties of the tyre/road contact interaction. It studies how measures 
taken for different functional properties may correlate and studies the 
limits in evaluation of mitigation strategies considering the precision in 
available measurement methods. 

The investigative work included an examination of how 
reproducible CPX measurements are for evaluating tyre/road noise. 
Furthermore, the procedure for rubber hardness correction was subjected 
to a specific evaluation. Noise and rolling resistance measurements were 
performed on drums and the results were compared to on-road 
measurements for 50 different tyre models. Additionally, the consistency 
of rolling resistance measurements on roads was evaluated. 

Two mitigation strategies are discussed in this thesis: (i) selection 
of tyres, and (ii) grinding of road surfaces. For the first strategy, more than 
600 CPX and more than 500 rolling resistance measurements were carried 
out with 50 different tyre models to evaluate potential gain in selecting the 
best tyres. For the second strategy 8 road sections were ground and the 
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effect of grinding was evaluated with respect to noise and rolling 
resistance. 

The results indicate that when the CPX method is performed 
correctly, it can consistently evaluate tyre/road noise. Recommendations 
on how uncertainty in the CPX method can be reduced are included in the 
thesis. Additionally, recommendations on how the tyre rubber hardness 
measurements can be improved are also discussed, which is relevant not 
only for noise measurements but also for rolling resistance measurements. 

The selection of tyres is the mitigation strategy that has the largest 
potential to reduce noise and rolling resistance, yet it can take time to be 
implemented. On the other hand, surface grinding leads to substantial 
noise and rolling resistance reductions and can more readily be 
implemented. 

Noise and rolling resistance measurements on roads were 
compared to measurements on drums and no correlation was found. This 
indicates that drum results cannot be directly compared to tyre 
performances on roads.  

Values presented on the EU tyre lables were shown to not correlate 
to on-road measurements; this calls for a re-examination of the tyre 
labelling procedures. Regarding labelling of road surfaces, results in this 
thesis indicate that reliable acoustical properties can be obtained with the 
CPX method in a reproducible way and suggests that acoustical labelling of 
road surfaces is feasible with a precision of 1 dB. 
 
 
 
Keywords: 
road, surface, noise, rolling resistance, tyre, mitigation 
 



 

 
v 

 

Sammanfattning 

Energiförluster, ökad bränsleförbrukning, sänkta fastighetspriser och 
ökade hälsoproblem är några av de negativa effekter på klimat, miljö och 
samhälle som följer av rullmotstånd och buller från vägyta/däck. De första 
två effekterna uppkommer eftersom det uppstår energiförluster i 
vägyta/däckkontakten och är kopplat till rullmotstånd. De andra två 
effekterna, minskade fastighetspriser och hälsoproblem, är kopplade till 
buller. 
 Den här avhandlingen utnyttjar ett holistiskt helhetsgrepp för att 
analysera funktionsegenskaper hos vägyta/däckkontakten. Den studerar 
hur åtgärder för olika funktionsegenskaper kan korrelera, och studerar 
begränsningarna i utvärderingen av olika åtgärder med utgångspunkt i 
precisionen hos tillgängliga mätmetoder. 
 Den experimentella delen av avhandlingen omfattar en 
undersökning av CPX-metodens reproducerbarhet vid mätning av 
vägyta/däckbuller. Dessutom undersöktes specifikt korrektionsmetoden 
för gummihårdhet. Buller- och rullmotståndmätningar genomfördes på 
trumma för 50 olika däckmodeller och jämfördes med mätningar gjorda på 
vägyta. Därutöver gjordes en enkel utvärdering av pålitligheten hos 
rullmotståndmätningar på vägytor. 
 De två åtgärdsstrategier som utvärderas i den avhandlingen är: (i) 
val av däck, och (ii) slipning av vägytor. För att utvärdera den första 
strategin genomfördes mer än 600 CPX och mer än 500 
rullmotståndsmätningar med 50 olika däckmodeller för att kvantifiera 
potentiella vinster när man väljer de däck som har bäst prestanda. För att 
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utvärdera den andra strategin slipades åtta vägsträckor och både buller och 
rullmotstånd mättes före och efter slipningen. 

Resultaten visar att när CPX-metoden genomförs på ett korrekt 
sätt är den ett robust verktyg för att utvärdera vägyta/däckbuller. 
Avhandlingen inkluderar även rekommendationer om hur osäkerheter hos 
CPX-metoden kan minskas. Detta innebär även rekommendationer om 
hur man genomför gummihårdhetsmätningar för att minska osäkerheten, 
vilket är relevant även för rullmotståndsmätningar. 

Resultaten visade att val av däck är den strategi som har potential 
att leda till den största förbättringen. Nackdelen är dock att det kan ta tid 
att implementera genom t.ex. skatteväxling eller bonus-malussystem. 
Slipning av vägytor, å andra sidan, kan enklare implementeras direkt av 
väghållaren och leder ändå till betydande buller och 
rullmotståndsförbättringar. 

Buller- och rullmotståndsmätningar på vägyta jämfördes med 
mätningar på trumma utan att visa någon signifikant korrelation. Detta 
betyder att trummätningar inte direkt kan jämföras med hur däck 
presterar under verkliga förhållanden på väg. 

Värden som anges via den EU-gemensamma däckmärkningen 
visades inte korrelera med mätningar på vägbanor, vilket pekar på behovet 
av en omprövning av däckmärkningsmetoden.  Utifrån den noggrannhet 
som CPX-metoden uppvisar skulle det också vara möjligt att införa 
akustisk märkning av vägbanor med en noggrannhet av 1 dB.  
 
 
 

Nyckelord  
Vägbeläggning, vägyta, textur, buller, rullmotstånd, däck 
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Preface 

This thesis is intended to provide a holistic view of how tyre and pavement 
interact and how this interaction is related to noise and rolling resistance 
properties. The holistic approach proposed here is intended to provide a 
more comprehensive perspective on tyre/road interaction focusing on 
noise and rolling resistance, including not only an analysis of how both 
noise and rolling resistance can be reduced, but also the measurement 
methods used to evaluate such functional properties. Another relevant 
topic regarding tyre/road interaction is non-exhaust particles, which is 
analysed by my fellow PhD candidate, Joacim Lundberg. Moreover, this 
holistic approach is expected to contribute to procurement processes for 
road surfaces as the Swedish Transport Administration can apply the 
knowledge on functional performance of pavements to develop 
requirements for road surfaces based on functional characteristics. 

This thesis contains a brief review of the topics of tyre/road 
interaction with a focus on noise and rolling resistance and is followed by 
the investigative research part. By no means is the review presented here 
intended to be exhaustive, but rather to give an overview of the topic by 
presenting aspects that are relevant for the research part. The text begins 
with an introductory section, in which the background and relevance of the 
functional properties of tyre/road noise and rolling resistance are 
presented. Chapter two describes and delimitates the objectives of this 
thesis. Chapter three briefly reviews the tyre/road contact interaction 
including the relevance of surface texture and tyre properties that are 
relevant for this thesis. The functional properties of tyre/road noise and 
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rolling resistance are then discussed in chapters four and five respectively, 
including the measurement methods used to measure tyre/road noise and 
rolling resistance in this thesis. Chapter six discusses other functional 
properties that are not within the main objectives of this thesis but are still 
relevant for a holistic approach proposed here. Chapter seven briefly 
describes some strategies that can be employed to mitigate tyre/road noise 
and rolling resistance. The investigative work is summarized in chapter 
eight and discussed in chapter nine. Finally, the conclusions are presented 
in chapter ten This thesis is then finalized with chapter eleven that 
discusses some possibilities of future research topics. 

There are five appended papers in this thesis. The first two papers, 
A and B, deal with the Close Proximity (CPX) method and its variability, 
including also the variability of rubber hardness measurements on tyre 
treads. The variability of rubber hardness measurements on tyre treads 
leads to uncertainties in the CPX method. More importantly, papers A and 
B investigate to what degree it is possible to measure the functional 
properties of the road surface. Papers C and D explore the use of different 
tyre types and how this affects the resulting tyre/road noise and rolling 
resistance. Finally, paper E presents how the technique of surface grinding 
can be used to mitigate both tyre/road noise and rolling resistance. 

 
 
Linköping, April 2020 
Tiago Vieira 
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Terminology and abbreviations 

General note 
The term holistic refers to an approach that not only is concerned with 
different parts/subjects or topics, but also to how the different parts 
contribute and form a whole. In this thesis, the intended holism is based 
on three different aspects. The first and most important is that this thesis 
focuses on analysing phenomena that result from a contact system, and 
therefore all the elements of the contact system must be considered in the 
analysis, including the two contacting bodies, the environment and the 
interfacial medium.  The second aspect is that this is an approach to the 
functional properties of tyre/road rolling resistance and noise and includes 
not only a discussion on different strategies to minimize tyre/road noise 
and rolling resistance but also to take into account the limitations and 
uncertainties when these properties are measured and reported, for 
instance in tyre labels. The third aspect is considering the holism of both 
noise and rolling resistance, including a discussion on possibilities to 
mitigate both functional properties simultaneously. 

While sound is a physical phenomenon, noise is generally defined 
as unwanted sound, being, thus, a subjective phenomenon. In this thesis, 
however, noise is also used as a synonym for sound when it is obvious that 
the sound is not wanted. Thus, in this context, “noise” is an objective, 
physical phenomenon and “noise level” is an objective quantity, the reason 
being that this is common practice in sound and noise literature when the 
focus is on unwanted sound. 
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In English, a point is used as a decimal separator sign. In ISO, CEN 
and Swedish documents, the decimal separator is a comma. This can lead 
to inconsistencies, especially when transferring from ISO or Swedish 
documents, figures or tables to English. In this thesis, the decimal sign 
separator is a point and a comma is used as to indicate thousands’ 
separator. Nevertheless, if inconsistencies are found, which is a result of 
this thesis using referrals to publications made both with European and 
English standards, the context should make it clear what is meant. 

This thesis uses the term tyre/road to describe the interaction 
between tyre and road, as it is common practice in European literature and 
ISO standards. Even though the term “surface” encompasses the two-
dimensional surface that contacts the tyre, the depth also has a relevant 
effect. This is due to the interconnected air voids, which will affect the air 
pressure in the contact area between the tyre and the road. In this thesis, 
unless strictly two-dimensional texture profiles are discussed, the term 
surface is used as a synonym for wearing course. Again, as a result of this 
thesis containing publications made both with European and English 
standards, inconsistencies may occur and the term tire-pavement noise, 
which is commonly used in English, may be found.  
 

Abbreviations 
 
APMP ambient particulate matter pollution 
AS all-season tyres 
CEN European Committee for Standardization 
CPX close-proximity method 
CPXI close-proximity sound index 
DAC dense asphalt concrete 
EU European Union 
GLM general linear model 
GPS Global Positioning System 
ISO International Standardization Organization 
MPD mean profile depth 
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MSD mean segment depth 
OECD Organization for Economic Co-operation and Development 
PIARC Permanent International Association of Road Congresses 
RST Road Surface Tester 
SMA stone mastic asphalt 
SPB Statistical Pass-By 
SPL sound pressure level 
SU summer tyres 
TUG Gdansk University of Technology 
VETO Vejstandard og Transportomkostninger 
WHO World Health Organization 
WI winter tyres 
WIST winter tyres with studs 
 
 Latin Symbols 
 

B speed coefficient 

CL texture profile centreline 

CHA,t hardness correction for the CPX method 

CT,t temperature correction for the CPX method 

Cvref speed correction for the CPX method 

fc pressure in the tyre/road contact area 

Fc tyre/road contact force 

FC friction coefficient 

FN normal force 

Fr rolling resistance force 

Fx horizontal reaction force at the contact patch 

HA measured shore A hardness 

Href reference shore A hardness 

L texture profile length 

Lc tyre/road contact length 

p(z) amplitude density function  
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Pin power input 

PM10 particles with aerodynamic diameter smaller than 10 μm 

Pout power output 

Q Q factor 

RMS root mean square 

RPS relative peak smoothness 

RRC rolling resistance coefficient 

Sk skewness of a surface profile 

T torque 

Tair air temperature 

Tref reference temperature 

v linear velocity 

vref reference speed 

x axis parallel to the pavement surface profile 

z axis normal to the pavement surface profile 
  
Greek Symbols 
 

β rubber hardness correction coefficient 
γt temperature correction coefficient 
Δc distance between reaction force and tyre symmetry axis 
δ viscoelastic parameter for the phase angle 
θ Deflection angle of the pivoted arm 
ω angular velocity 
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1. Introduction 

The interaction between the tyre and the road surface affects a number of 
relevant functional aspects, including not only the resulting tyre/road 
noise and energy dissipation in the form of rolling resistance that are the 
main focus of this thesis, but also friction, wear, and air quality, among 
others. 

A public health threat that annoys one in three individuals during 
the daytime and one in five individuals during the night, traffic noise is not 
considered a mere nuisance (World Health Organization, 2011). It is 
estimated that 50 % of the EU population is exposed to an equivalent sound 
pressure level (SPL) higher than 55 dB(A) due to road traffic noise (World 
Health Organization, 2011). Considering the Swedish population, 
approximately 1.4 million people are exposed to average noise levels 
exceeding the EU reporting threshold of 55 dB during daytime due to road 
traffic noise only (European Environment Agency, 2019). Moreover, it is 
observed that the number of individuals exposed to noise levels above 
threshold values presents an increasing trend when considering daytime 
road traffic for the reported years, namely 2007, 2012 and 2017. 

The World Health Organization (2011) performed a study on the 
relationship between environmental noise and resulting adverse health 
effects. According to the report, the observed detrimental health effects are 
increased risk of ischaemic heart diseases, high blood pressure, cognitive 
impairment in children and sleep disturbance, among others.  



1. INTRODUCTION 

 

 
2 
 

Excessive noise exposure also has social impacts. The World 
Health Organization found out that there is a relationship between chronic 
noise exposure and children’s cognition (World Health Organization, 
2011). Exposure to improper noise levels leads to a negative effect on 
children’s learning process, including reading comprehension, memory 
and attention. According to the same report, excessive noise exposure has 
a lifelong effect on children’s cognitive development.  

The detrimental effects of traffic noise are not limited to health and 
societal aspects. Regarding the economic impacts of noise, one direct 
aspect is the property prices, which are sensitive to noise exposure. 
Andersson et al. (2010) analysed the relationship between property prices 
and traffic noise levels. They used noise exposure values and property sales 
values from the municipality of Lerum, in western Sweden. The results 
indicate that a 1 dB noise increase in road noise decreases the property 
prices by 1.7 %. 

Still addressing the economic impacts of traffic noise, Sandberg 
(2001) estimated the costs and benefits of low noise tyres and road 
surfaces. In this paper, the costs and benefits of low noise road surfaces 
were calculated with the Swedish monetary evaluation of noise exposure. 
Comparing the reference case of an SMA 16 (maximum aggregate size of 
16 mm) to an SMA 8, the calculated benefits, in USD, surpassed the costs 
by 106 %. Comparing the reference SMA 16 pavement to a porous asphalt, 
the surpassing beneficial value was 167 %. The reckoned benefits in this 
analysis are the reduced dweller's noise exposure levels. 

Swärdh and Genell (2020) analysed data of almost 100,000 road 
sections to estimate the marginal costs related to road traffic noise. They 
concluded that the marginal costs differ substantially depending on the 
vehicle type, among other variables. The marginal cost for large heavy 
vehicles estimated by the authors is approximately 10 times the marginal 
cost for a light vehicle. Moreover, according to this study, the use of 
studded tyres on light vehicles leads to an increase in the marginal cost of 
approximately 10 %. 

Sound (here referred to as “noise”) can be seen as a type of energy 
dissipation in the form of vibrations resulting from the interaction between 
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the tyre and the road surface. In this context, energy can also be dissipated 
in the form of heat due to the viscoelastic nature of the tyre, some of which 
is dissipated in the air during sound propagation. This leads to the other 
functional property that this thesis deals with: rolling resistance. To 
illustrate how relevant energy dissipation is for a road vehicle, consider the 
calculations performed by Holmberg et al. (2012) on the global energy 
consumption caused by friction in passenger cars. From the total energy 
obtained from fuel, only 21.5 % is left to actually move an average 
passenger vehicle with an internal combustion engine. The authors also 
point out that using different tyre designs is a potential method to reduce 
rolling friction in passenger cars. It is estimated that a 10 % reduction in 
rolling resistance was estimated to lead to a 2 % reduction in fuel 
consumption. For electric vehicles, as the drive train efficiency is higher, 
the relative importance of driving resistance1 becomes substantially higher 
(Ficht and Lienkamp, 2015).  

Road surface characteristics can directly affect the rolling 
resistance component, which is a result of the tyre rubber dissipating 
energy by contacting the surface asperities.  To have a glimpse of how 
relevant optimizing the road surface is, regarding only energy savings, one 
may consider the following information: (i) the worldwide energy 
consumption to overcome friction in passenger cars, for 2009, was 208 000 
million litres of fuel, including both gasoline and diesel; and (ii) one of the 
main friction loss sources is the tyre/road contact (Holmberg et al., 2012). 
Therefore, optimizing the tyre/road contact interaction and reducing 
unwanted energy dissipation mechanisms has a significant energy saving 
potential. Perrotta (2019) used a big data approach with data collected 
from truck sensors and concluded that road surface characteristics are 
usually more important for the resulting fuel consumption than variables 
such as the average speed of the vehicle or wind direction. However, the 
results did not allow for a a clear quantification of the road surface 
characteristics on fuel consumption which, according to the author, were 
due to the low data collection frequency. The road surface characteristics 

 
1 Rolling resistance is a component of the total driving resistance, see section 5.1. 
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and resulting rolling resistance should be taken into account when 
planning road maintenance activities, as this could lead to a reduction in 
energy usage and CO2 (Carlson, 2017).   

The tyre life cycle and its final disposal are also relevant factors. 
Approximately 1.4 billion tyres are sold worldwide each year and the 
demand for new tyres shows an increasing trend (Lo Presti, 2013). 
Furthermore, the rubber material does not degrade on its own (Fang et al., 
2001), which leads to the relevance of the environmental impact resulting 
from tyre waste. Approximately 17 million tonnes of tyres reach the end of 
their useful life every year. A tyre that has reached its end-of-life cannot be 
re-used for its original purpose, i.e. to constitute other tyres (World 
Business Council for Sustainable Development, 2010). Therefore, it is 
desirable to have tyres that are as effective as possible in meeting all the 
functional demands, including noise and rolling resistance, among others. 

Within the Swedish context, this thesis is in line with the National 
Plan for the Transportation System 2018-2029 as the plan aims towards a 
noise reduction for 100 000 people, originating from the transportation 
system as a result of pavement- and rail-related improvements 
(Trafikverket, 2017). 

To finalize this introductory discussion, it is noted that even 
though this thesis focuses on the functional properties of noise and rolling 
resistance, those properties should not be improved at the cost of 
significantly compromising other functional properties. Lowering friction 
levels, which would compromise safety or increasing tyre and pavement 
wear, which would affect air quality, are undesirable outcomes that are to 
be avoided. This leads to the requirement of a holistic approach that 
considers tyre/road noise and rolling resistance while simultaneously not 
significantly compromising other functional properties. Another 
important aspect within this holistic approach that is also encompassed by 
this thesis is evaluating the measurement methods (see section 2, p. 7). In 
order to evaluate how effective a given strategy is in mitigating tyre/road 
noise or rolling resistance, the measurement methods used should be 
reliable. The resulting improvements should be considered in light of the 
measurement method uncertainties in order to give an indication of how 
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worthwhile a given mitigation is. An evaluation of measurement methods 
also provides an opportunity to suggest improvements that lead to a 
reduction of the resulting uncertainty. 

The two main contributions of the holistic approach proposed in 
this thesis are, therefore: (i) analysing solutions that can potentially 
mitigate noise and rolling resistance simultaneously, while also 
considering uncertainties in the measurement methods, and (ii) providing 
recommendations on how to reduce uncertainties related to measurement 
methods to evaluate tyre/road noise and rolling resistance. These two main 
contributions lead to an improved knowledge on how effective the 
mitigation strategies analysed here are, which contributes to the decision 
process on when and where to implement them on roads. This, in its turn, 
leads to more effective noise and rolling resistance reductions. 
Additionally, improvements in methods lead to more reliable tools to 
assess such functional properties and better evaluate other mitigation 
strategies in future analyses. Finally, the holism proposed here is of 
interest both for labelling tyres and, in the future, for labelling road 
surfaces with respect to noise and rolling resistance. Such labelling 
requires reliable methods to assess the functional properties. 
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2. Objectives, methodology and 
limitations 

2.1. Objectives 

To attain the desired holistic approach, it is first necessary to assess the 
methods used to evaluate tyre/road interaction, as the discussion on 
functional properties of road surfaces is dependent on the degree that such 
functional properties can be measured. A discussion on improvements in 
functional properties of road surfaces is dependent on how well such 
functional properties can be assessed. The next steps are to evaluate how 
different tyres and different road surface characteristics can influence the 
functional properties. Therefore, this thesis has the following objectives 
 
1) Measurements: Evaluate to what degree it is possible to measure 

functional properties of the tyre/road interaction and make 
recommendations to improve the measurement methods and reduce 
the resulting uncertainty. 

2) Tyres: Evaluate the potential improvements in terms of noise and 
rolling resistance reductions when using different tyres with different 
properties. 

3) Road: Evaluate the potential improvements in terms of functional 
properties when optimizing road surfaces. 

 
Furthermore, this thesis also aims at being a stepping stone to the 

understanding of the functional performance of roads with respect to noise 
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and rolling resistance so that, in the future, these functional properties can 
be incorporated in the procurement processes for road surfaces. 

2.2. Methodology 

The methodology used in this thesis is to first identify a contact system, as 
described in section 3.1. Next, changes are made to one of the contact 
systems’ elements, e.g. the tyres.  The other elements are kept constant, 
e.g. the reference pavement surfaces.  Alternatively, when an element could 
not be controlled, e.g. air temperature, it was instead measured and 
corrected to reference conditions. 

Field measurements were carried out to evaluate noise and rolling 
resistance of in-service road surfaces. This leads to an evaluation of the 
functional properties on in-service road surfaces exposed to meteorological 
conditions and traffic. Given the holistic approach proposed in this thesis, 
complementary measurements, such as texture characterization and 
friction were also carried out on the road surfaces that were subject to this 
thesis.  

The field measurements of rolling resistance were also 
complemented by rolling resistance measurements in a laboratory drum 
facility. Another complementary drum investigation is the uncertainty of 
rubber hardness measurements and its impact on tyre/road noise 
measurements which was carried out under controlled conditions.  

2.3. Limitations 

The results of the field measurements were dependent on the road surfaces 
that were selected. Even though they were selected in order to lead to 
representative results for noise and rolling resistance, the results obtained 
here could be different on other road surfaces if they have substantially 
different characteristics, such as different texture or porosity. Additionally, 
the field measurements were taken at different speeds which are 
representative for Swedish roads; however, measurements carried out at 
different speeds would also affect the result. Similarly, temperatures 
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outside the range of validity for the standardized methods, the presence of 
water or snow on the road surface would affect the results obtained and 
discussed in this thesis. The noise measurements here were carried out 
near the source, i.e. near the tyre/road contact, which means that noise 
propagation effects are not included in this thesis.  
 Even though friction is also discussed in this thesis, the main focus 
and the intended holism is concerned with the functional properties of 
noise and rolling resistance. Other functional properties are not within the 
scope of this thesis. The holism regarding rolling resistance is focused on 
measurements with a trailer and on a drum facility, and the results 
confronted with values on tyre labels. However, no round robin test was 
performed for rolling resistance in this thesis. This results in a somewhat 
more limited discussion on methods to evaluate rolling resistance. To 
compensate for this, a brief consistency analysis of rolling resistance 
results was performed using VETO. 
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3. Tyre/road contact interaction 

3.1. The contact system 

To analyse phenomena related to contact between surfaces it is important 
to initially define a contact system. A contact system contains three 
elements: (i) a pair of contacting surfaces, namely a body and a counter-
body, (ii) a contact medium, also known as an interfacial medium, and (iii) 
an environmental medium (Czichos et al., 2010). For this thesis, the 
contact system to evaluate tyre/road interaction was defined as follows: (i) 
the road and the tyre surface are the body and counter-body, respectively, 
(ii) a water layer on the pavement surface prevents full contact between the 
two surfaces, acting as a contacting medium, and (iii) the previous 
elements are surrounded by air at a given temperature and humidity.  

The formal step of defining the contacting system is important as 
it helps to identify relevant variables. For instance, not carefully defining 
the system and including the environmental medium could eventually lead 
to neglecting relevant temperature and humidity effects on the tyre/road 
interaction. It is also meaningful to formally define the contact system as 
it allows modification of only one of its elements while keeping the others 
under controlled or known conditions and evaluation of the result. An 
example is given when the noise measurements are carried out on the same 
road surface (body) using different tyres (counter-body) while the results 
are corrected for eventual temperature fluctuations and no water is present 
on the road surface (contact medium). 
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3.2. Road surface characterization 

3.2.1. Road surface texture classification 

The pavement texture is defined in ISO 13473-1:2019 as “the deviation of 
the pavement surface from a true planar surface, with a texture wavelength 
less than 0,5 m” and is classified within four different texture categories as 
a function of its wavelength (International Organization for 
Standardization, 2019). These definitions of road surface texture ranges 
are a refinement of an earlier proposed classification by PIARC (1987). 
This earlier classification was proposed to convert pavement surface 
qualities related to phenomena that affect road users into geometric 
characteristics of pavement surfaces. The texture ranges and an illustration 
of how each texture range affects functional properties is presented in 
Figure 2. 

 

Figure 2 – Pavement functional properties affected by each surface category, based on ISO 
13473-1:2019. A red shade indicates an unfavourable effect while a green shade 
indicates a favourable effect. 
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The amplitude density function, p(z), which is shown in Figure 3 
describes the distribution of asperity heights for a given profile. This 
function returns the probability of finding a surface point at a given 
deviation (z) from the profile centreline (Whitehouse, 2004). Figure 3 also 
shows the bearing ratio curve, otherwise known as material ratio curve, 
which, for a given depth from the highest peak, returns the proportion of 
material to air found at this given depth (Whitehouse, 2004). 

Several indicators may be calculated with surface profiles, the 
amplitude density function and the bearing ratio curve. One such indicator 
that is used in this thesis is the skewness, or 3rd moment of the amplitude 
density function. It is an indicator of profile asymmetry. Skewness may be 
calculated for surface profiles according to eq.  2. 

 

 eq.  2 

3.2.2.2. Mean Profile Depth 

When characterizing pavement surfaces, a commonly used 
indicator is the MPD or Mean Profile Depth which is standardized by ISO 
13473-1 (International Organization for Standardization, 2019). To 
calculate the MPD, the surface profile is initially scanned for drop-outs, i.e. 
points that are indicated as invalid by the sensor. The dropouts are then 
replaced by linear interpolations with the nearest valid neighbouring 
points. The profile is then resampled to a fixed spatial spacing of 0.5 or 1 
mm. A spike (unintentional transient) correction is then applied which is 
followed by a high-pass and low-pass filtering. The profile is then divided 
into segments of 100 mm of length. Each segment is divided into two half 
segments of 50 mm and the highest peaks for each 50 mm segment is 
determined. The two peaks are averaged, and this value is subtracted from 
the average value of the 100 mm profile resulting in the mean segment 
depth, MSD. When enough MSD values are collected to characterize a 
given surface of interest, optionally extreme MSD values are removed by 
means of a 3-point moving median filter. In the last step, the MSD values 
are averaged leading to the MPD value. A simplified diagram for the MPD 
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3.2.2.3. Texture profile envelope 

The texture profile envelope is defined by ISO 13473-2:2002 
(International Organization for Standardization, 2002) as the “two-
dimensional approximation of the locus of the maximum penetration 
depth of the tyre tread when the tyre is rolling on the surface” (page 11). It 
is intended to represent the portion of the profile that the tyre can establish 
physical contact with. Given the complex viscoelastic behaviour of the tyre 
structure and the roughness of the road surface, providing a precise 
estimate of how the tyre will deform around the road surface asperities is 
indeed a complex problem. However, it is desirable to provide a simple 
approximation for the enveloped surface profile. 

The method applied in this thesis is the one described by Meier et 
al. (1992). This method consists of a mathematical/empirical model that 
calculates the enveloped surface starting from the original pavement 
surface and iteratively applies limitations to the second-order derivate, 
smoothing the original surface until a stop criterium is met. The 
implementation here is described in Paper E. 

3.2.3. Method used to measure road surface texture 

The evaluation of pavement surface texture with a laser profilometer was 
used in this thesis to obtain road surface texture profiles in order to 
characterize the surface texture and calculate parameters such as the MPD 
and calculating the surface envelope. A mobile measurement system was 
used for this purpose and is presented in Figure 6 which is VTI’s RST (Road 
Surface Tester) vehicle. It scans the surface texture with laser sensors (also 
known as Laser Rangefinders) located in the front part of the vehicle. The 
laser beam yields a small laser spot of 0.5 mm in diameter and operates at 
a sampling rate of 32 kHz. There is a total of 19 laser sensors installed in 
the RST vehicle; however, only three of them are used for evaluating road 
surface macrotexture profiles along the road, in the driving direction. One 
of the sensors is located between the wheel tracks and the other two are 
positioned to measure the left and right wheel tracks. For a more 
comprehensive description on the RST vehicle, refer to Arnberg et al. 
(1991), but note however that the vehicle has been updated over the years. 
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reinforcement materials provide strength and stability to the tyre structure 
and include the tyre cords and bead wires.2 

A typical radial tyre usually contains an innerliner, which is a 
compound specifically formulated to decrease air permeability through the 
tyre. Body plies provide strength and resistance to impact. The sidewall 
rubber protects the body plies from abrasion, impact and flex fatigue. Steel 
belts restrict the expansion of the body ply cords, stabilize the tread area 
and provide impact resistance. The shoulder inserts contribute to 
maintaining a smooth belt contour and insulating the body plies from the 
belt edges. The tyre tread will directly contact the pavement surface, with 
resulting values of grip, traction, braking, cornering, wear, among other 
functional properties. The subtread, if used, is a lower hysteresis 
component placed under the tread compound to improve rolling resistance 
performance and fine-tune riding quality, noise and handling. The 
undertread boosts adhesion between the tread/subtread and the stabilizer 
plies during assembly (Gent and Walter, 2005). 

The tread design will have a major effect on noise and rolling 
resistance. An increase in the tread thickness and decrease in the hardness 
of the bead filler may reduce coarse road-texture-generated noise, yet it 
increases rolling resistance (Gent and Walter, 2005).  

3.3.2. Tyre properties 

Rubber is a viscoelastic material, therefore its mechanical properties, such 
as elastic modulus, are temperature- and frequency-dependent. The 
addition of filler, which is typically carbon black or silica, results in 
increased resistance to abrasion. Filled rubber is, however, highly inelastic. 
The stress–strain relationship is affected by the strain history; the material 
is softened by straining and this softening increases as the pre-strain level 
is increased. This effect of strain history is named the Mullins effect (Gent 
and Walter, 2005). 

 
2 Bead wire is a steel wire coated with bronze. It is placed on each side of the tyre, 
in various configurations to anchor the inflated tyre to the rim. See GENT, A. N. 
& WALTER, J. D. 2005. The pneumatic tire, Washington DC, United States, 
National Highway Traffic Safety Administration (NHTSA).. 
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At smaller strains, from 0.1 % to 10 %, another effect is present. If 
the filled rubber is subjected to cyclic tensile or shear strain at a frequency 
between 0.1 Hz to 100 Hz, the dynamic modulus decreases substantially, 
typically to 1/3 of the initial value or less. This phenomenon is named the 
Payne effect (Gent and Walter, 2005). 

Given this complex viscoelastic behaviour, a rubber compound 
may be optimized to operate at a given indentation frequency and 
temperature, therefore resulting in tyres optimized for certain temperature 
and road conditions, such as summer versus winter tyres. 

The tyre interaction with the road surface is affected by 
temperature and speed. Therefore, both parameters should be considered 
when measuring tyre/road related quantities, such as noise and rolling 
resistance. For example, the tyre/road noise results obtained by the CPX 
method are corrected to a nominal speed and a reference temperature 
(International Organization for Standardization, 2017a). 

3.3.3. Tyre wear and ageing 

The properties of rubber tyres are affected by chemical processes, such as 
oxidation and thermal decomposition. As Gent and Walter (2005) point 
out, a highly degraded rubber becomes sticky and may be pulled off the 
tyre by adhesive forces acting within the tyre/road contact area. In 
addition, the temperature effect should not be neglected in the wear 
process, as the energy dissipated by wear will also increase the interface 
temperature and affect the subsequent wear process.  

The tyre deterioration caused by its interaction with the road 
surface, resulting in loss of material, is usually referred to as mechanical 
wear. Another type of ageing effect is also relevant for tyres and is named 
chemical ageing (Sandberg and Glaeser, 2008a). The latter does not 
require any mechanical action and even affects tyres that are in storage 
conditions. The exposure to oxygen and ozone are the two primary 
contributing factors for the ageing process of rubber tyres. Other relevant 
contributing factors are heat, light and humidity (Gent and Walter, 2005).  

According to Gent and Walter (2005), the ozone attack is an 
important deterioration mechanism as ozone reacts with the unsaturated 
elastomers commonly found in rubber tyre composites. If there is no 
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tensile strength in the surface, the ozone reaction will be limited to a thin 
layer of approximately 20 μm depth, not affecting the inner rubber 
material. If there is a tensile strain of approximately 10 % in the rubber 
surface, the ozone deterioration reaction will lead to characteristic cracks 
starting in the rubber surface and propagate inwards, continuously 
exposing new material to the ozone reaction. The cracks may become as 
deep as 1 mm after only 2 weeks after exposure to normal outdoor air with 
an ozone concentration of approximately 5 parts per hundred million. The 
ozone degradation is critical mostly in tyre sidewalls, which are subjected 
to tensile stresses both in storage and in use (Gent and Walter, 2005). 

The other type of chemical deterioration, also according to Gent 
and Walter (2005), is the oxidation. This process is slower than the ozone 
attack, but it penetrates deeper into the rubber material. The hydrocarbon 
elastomers will, after reacting with oxygen, form new crosslinks by 
interacting with neighbouring molecules. The oxidized rubber, therefore, 
becomes harder and often brittle. As a result, the material is more likely to 
crack under stress. 

Two other ageing mechanisms are mentioned by Gent and Walter 
(2005): additional vulcanization and weathering. Additional vulcanization 
is the continuation of the vulcanization process that began during tyre 
manufacturing and will continue at much lower rates afterwards. A result 
of additional vulcanization, if the tyre is stored or used at higher 
temperatures, is that more crosslinks will be formed, increasing the rubber 
hardness. Existing crosslinks may also be decomposed, by a phenomenon 
called termed reversion, resulting in rubber softening. Weathering is 
another mechanism that seems to be connected to UV and sunlight 
radiation, but as the authors point out, this mechanism is still ill-defined. 

Rubber hardness changes due to ageing and usage significantly 
affect the tyre/road noise measurements. Sandberg and Glaeser (2008a) 
evaluated the effect of ageing and wearing of tyres and concluded that those 
have a dramatic effect on rolling resistance and noise generation on rough-
textured surfaces. For this reason, the CPX method (International 
Organization for Standardization, 2017a) has a correction term to 
compensate for the measured noise levels for changes in rubber hardness. 
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3.3.4. Features of different types of tyres 

Previously exposed tyres may be optimized to different operating 
conditions, balancing different performance aspects such as noise, rolling 
resistance and friction. For instance, in older winter tyres, which were 
optimized for friction in winter conditions, the tread was designed with 
high air voids, relatively large tread blocks, and wide channels between 
them. This is not the case for more recent winter tyres, which employ more 
advanced and softer rubber compounds, with smaller tread blocks that are 
cut by sipes, resulting in narrow ridges (Sandberg and Hjort, 2013). 
Another example of different tread design is found on the CPX reference 
tyre Avon AV4, which has larger tread blocks and therefore behaves more 
similarly to heavy vehicle tyres regarding noise performance (Morgan et 
al., 2009). These examples indicate how different optimization techniques, 
involving both material properties and tread geometries, may be used to 
design tyres to a given operational condition.  Tyres optimized for 
continental European conditions will have different properties compared 
to tyres optimized for Nordic conditions, which are optimized for lower 
temperatures and more frequent contact with ice, slush and snow. The so-
called all-seasons tyres are optimized to operate under a wider range of 
climatic conditions, from warm summer conditions to wet or snowy road 
surfaces during winter. This leads to a compromise for different functional 
properties in order to have such a wide range of operational conditions.  
Discussions on different tyre types and the resulting noise and rolling 
resistance performances can be found in papers C and D, respectively. 
 Studded tyres should also be considered when discussing tyre 
characteristics. The presence of the studs leads to different mechanisms 
related to tyre interaction. As shown by Gültlinger et al. (2014) the studs 
interact with the road surface by first impacting it, being compressed 
against the road surface in the contact patch, sliding over the road surface, 
and finally snapping out of the contact patch.
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4. Tyre/road noise 

4.1. Tyre/road noise as a component of the total 
vehicle noise 

Tyre/road interaction is one of the three main noise sources for the overall 
light vehicle’s noise, the other two sources being wind turbulence and 
power unit noise. For heavy vehicles, an additional source is added to this 
list with the hydraulic and pneumatic auxiliary systems. The tyre/road 
noise becomes the dominating noise source as the speed increases. The 
speed at which tyre/road noise becomes dominating over the power unit 
noise is called the crossover speed. Considering vehicles made no earlier 
than 1996, Sandberg and Ejsmont (2002) estimated the crossover speed at 
15-25 km/h for light vehicles, and 30-35 km/h for heavy vehicles under 
cruising conditions. 

With the advent of electric vehicles, the power unit noise is 
reduced, thus reducing the crossover speed and leading to a more 
significant tyre/road noise contribution, even at lower speeds. According 
to the EU regulation 540/2014 vehicles running on electric engine mode 
must have an AVAS (Acoustic Vehicle Alerting system) system (European 
Parliament and Council, 2014). The concept of AVAS is to emit a minimum 
noise level at low speeds hoping to ensure that other road users are aware 
of the presence of the electric vehicle. Berge and Haukland (2019) 
performed tests with electric vehicles and concluded that at 20 km/h 
tyre/road noise was the dominating noise source. Additionally, the authors 
mention that it would have been interesting to perform tests at lower 
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speeds so that the tyre/road noise component would not be so dominant. 
This indicates how tyre/road noise becomes relevant, even at lower speeds 
as the power unit is becoming quieter. 

4.2. Tyre/road noise mechanisms 

For this section the main reference used was Sandberg and Ejsmont (2002) 
due to the fact that it is the most comprehensive book available on the topic 
of tyre/road noise. 

Tyre/road noise is the result of several mechanisms. There are 16 
tyre/road noise mechanisms, which are divided into 9 generation and 7 
amplification mechanisms. The 9 generation mechanisms are further 
divided into 5 vibrational/structure-borne mechanisms and 4 
aerodynamical/air-borne mechanisms. Figure 7 shows the 9 generation 
and 7 amplification mechanisms, which will be exposed in more detail in 
the following subsections.  

The different noise generation and amplification mechanisms 
affect the overall resulting noise in different frequency ranges. The impact 
mechanisms are related to low-frequency noise, whereas the air 
displacement mechanisms are related to high-frequency noise (Sandberg 
and Ejsmont, 2002). Below the so-called cross-over frequency, at which 
noise is mostly influenced by impact mechanisms, the noise will generally 
increase with texture amplitude, when considering a texture range of 10-
50 mm. Above the cross-over frequency, at which noise is mostly affected 
by air displacement mechanisms, the noise will decrease with texture 
amplitude, when considering a texture range of 0.5-10 mm. The cross-over 
frequency is approximately 500 Hz for heavy vehicles and 1,000 Hz for 
automobiles, due to the significantly larger tyre treads in heavy vehicle 
tyres (Wayson, 1998). The mechanisms are illustrated in Figure 8 and the 
frequencies that each mechanism effects are illustrated in Figure 9. For 
more details on typical impact frequencies and how they are affected by 
speed, see Sandberg and Ejsmont (2002). 
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Figure 7 – Tyre/road noise mechanisms, vibrational mechanisms in red, aerodynamical 
mechanisms in yellow, and amplification mechanisms in green, based on Sandberg 
and Ejsmont (2002) 
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The tread impact takes place both at the leading and at the trailing 
edges of the contact patch. At the leading edge, the tread is pushed inwards, 
towards the tyre’s rotational centre. At the trailing edge the tread is pushed 
outwards, away from the rotational centre, as the contact stresses are 
released. Even a tyre with no tread pattern generates noise by impact as it 
is also subject to running deflection, which generates distortion in the tyre 
circumference. The tyre is also subject to texture impacts, as the texture 
asperities impact the tread elements, generating vibrations (Sandberg and 
Ejsmont, 2002). 

When the tyre contacts the pavement surface, it generates both 
radial and tangential vibrations, as the tyre tread elements will contact the 
road surface at a given attack angle, which is a function of the tyre radius, 
tyre tread pattern and road surface texture. The generated noise is also 
speed-dependent, as an increased speed will increase the indentation 
frequency for a given tyre tread element (Sandberg and Ejsmont, 2002). 

4.2.1.2. Adhesion mechanisms 

The two adhesion mechanisms are: (i) stick/slip, (ii) stick/snap. The 
stick/slip mechanism consists of tread elements moving tangentially to the 
road surface texture, causing tangential vibrations. Stick/snap mechanism 
consists of tyre tread snapping off the surface texture, resulting in 
tangential or radial vibrations. The former may provide excitations to pipe 
resonances and Helmholtz resonances (Sandberg and Ejsmont, 2002).  

4.2.2. Generation mechanisms: Aerodynamical 

The four aerodynamical mechanisms are: (i) air turbulence, (ii) air-
pumping, (iii) pipe resonances, and (iv) Helmholtz resonance. The air 
turbulence is the result of turbulent air flowing near the moving tyre. The 
air-pumping mechanism a result of air flowing in and out of the cavities 
between the tread blocks and the pavement surface. The pipe resonances 
are air displacements in the grooves of the tyre tread pattern, which will 
act as pipes. This may also be considered a special case of the air pumping 
mechanism. The Helmholtz resonance is generated by air displacement in 
connected air cavities between the tyre tread and the pavement surface, 
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amplified by resonances.  This may also be considered as a special case of 
the air pumping mechanism (Sandberg and Ejsmont, 2002).  

4.2.3. Amplification mechanisms 

The seven amplification mechanisms are (i) horn effect, acoustical 
impedance, (ii) voids in porous surfaces affecting the source, and (iii) far-
field, (iv) road surface reaction to tyre block impacts, (v) tyre vibrations 
transferred to the road surface, (vi) belt resonances, and (vii) torus cavity 
resonance. The horn effect is generated by the curved volume between the 
tyre edges and the pavement surface, which has a similar shape to a horn 
and amplifies sound. The voids in porous surfaces absorb the generated 
noise, reducing its strength both near the source and to a far-field receiver. 
The road surface reaction to tyre impacts depends on the dynamic 
tyre/road properties and affects the noise amplification properties. The 
tyre vibration may also be transferred to the road surface, which will then 
radiate noise. Belt resonances are resonances in the tyre belt, and torus 
cavity resonance is the resonance in the air volume inside the tyre cavity 
(Sandberg and Ejsmont, 2002). 

4.3. Methods to evaluate tyre/road noise 

4.3.1. General comments on tyre/road noise 
measurement methods 

The discussion on methods for measuring tyre/road noise presented in this 
thesis is not an exhaustive one. Only the methods that are used in this 
thesis are discussed here; for a more comprehensive discussion on the 
different methods to evaluate tyre/road noise see Sandberg and Ejsmont 
(2002).  

4.3.2. Close Proximity method (CPX) 

The Close Proximity method (CPX) consists in measuring the tyre/road 
noise levels near the pavement interface. This method is standardized in 
ISO 11819-2:2017 (International Organization for Standardization, 
2017a). A test trailer can encapsulate the test tyre to prevent undesired 
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acoustical interference, for instance by other vehicles near the test trailer, 
wind and other unexpected or unwanted noise sources. The microphones 
are positioned near the tyre/road contact. 

For the test, the vehicle’s actual speed and the noise level for 
segments of 20 m in length are recorded. The values are then normalized 
to the desired nominal speed. The resulting test value, Ltr, is the average 
noise level value registered by the two mandatory microphones, after the 
necessary speed corrections. The method also has a correction for 
temperature and tyre rubber hardness. The test result, the Close Proximity 
Sound Index (CPXI), is the average value of the evaluated Ltr for each 
tested tyre. The CPX measurement trailer Tiresonic MK4, by the University 
of Gdańsk, Poland, is presented in Figure 10. This is only an example; there 
are several CPX trailer types in the world. Four different designs are shown 
in paper A. 

 
Figure 10 – CPX measuring trailer Tiresonic MK4 owned and operated by the Gdańsk 

University of Technology (TUG) 
 
The method has two reference tyres. The P1 tyre representing 

passenger cars is the Uniroyal Tigerpaw 225/60 R16. The H1 tyre is the 
Avon Supervan AV4 195-R14C, which is a proxy for heavy vehicle tyres 
(Morgan et al., 2009). The tread patterns of the two reference tyres are 
shown in Figure 11. 



4. TYRE/ROAD NOISE 
 

 
31 

 

 

Figure 11 – The reference tyres for the CPX method. 
 

4.3.3. Drum method 

The drum method is a laboratory method in which a test tyre runs on the 
inner or the outer surface of a drum test equipment. Typical drum 
diameters are between 1.5 m and 2.5 m. The microphones are placed near 
the tyre, in different positions and numbers, depending on the desired test 
purposes (Sandberg and Ejsmont, 2009).  

The drum surface that interacts with the tyre must be covered by a 
proper material that results in a representative acoustic performance of 
pavement surfaces. The use of bare steel or sandpaper surfaces, or similar, 
such as the sandpaper-like material known as “Safe Walk”, results in 
significantly different sound spectra when compared to CPX 
measurements of actual road surfaces (Sandberg and Ejsmont, 2002).  

Given that this is a laboratory test, a straightforward advantage is 
that ambient and other test conditions are more easily set and controlled. 
It also allows testing at different speeds, and with heavy vehicle tyres. The 
limitations and disadvantageous aspects of this method include 
background noise, which could significantly affect the result. The drum 
curvature may affect the noise measurement (Sandberg and Ejsmont, 
2002).  
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4.4. Temperature, speed, and tyre rubber 
hardness influence 

4.4.1. Temperature 

The tyre/road interaction is affected by three different temperatures: (i) 
the environment (ambient air) temperature, (ii) the tyre temperature, and 
(iii) the pavement surface temperature. Even though tyre temperature is 
the most realistic temperature reference, it is the most difficult to be 
measured (Mioduszewski et al., 2015). 

The effect of temperature on tyre/road noise is frequency 
dependent. The most prominent temperature effect occurs in a range of 
1 kHz to 4 kHz. The frequency that is less affected by temperature is the 
one related to tread block impacts and is connected to the spectral peak 
(Sandberg and Ejsmont, 2002). 

A temperature correction procedure for the CPX method is 
available in the ISO 13471-1 (International Organization for 
Standardization, 2017c) and is presented in eq.  3.  

 

 eq.  3 

 
where the linear correction term, , normalizes the test results carried 

out at an air temperature, Tair, with a reference tyre t to a reference air 
temperature,  of +20ºC. The slope of this correction,  is dependent on 
the type of road surface and nominal test speed. 

This correction is valid within a temperature range of +5ºC to 
+35ºC. The typical values for uncertainties related to the temperature 
correction are 0.25 dB for tyre P1 and 0.3 dB for tyre H1. 

4.4.2. Speed 

Even though the tests are carried out as close as possible to the nominal 
speeds, fluctuations are inevitable. ISO 11819-2 (International 
Organization for Standardization, 2017a) requires that the actual test 
speed is within ± 15 % of the nominal speed on each segment and no more 
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than ± 5 % for the entire road section. Within those limits, the correction 
term, , in equation eq.  4 is applied  

 

 eq.  4 

 
which normalizes the results from the actual speed, , to the nominal 

speed,  using the speed coefficient, B, which is dependent on the road 
surface. The typical value for uncertainty related to the speed correction 
procedure is 0.2 dB.  

4.4.3. Tyre rubber hardness 

As previously exposed in section 3.3.3, the wear and ageing processes affect 
the tyre’s rheological properties, which in turn affect measurements of 
tyre/road noise. One parameter which is relatively simple and inexpensive 
to be measured is the Shore hardness (Brown, 2006) which can be taken  
on the tyre tread. The Shore hardness measurement consists of measuring 
the resistance that a given sample has to be indented by a standardized 
indenter, under controlled conditions.   ISO/TS 11819-3 (International 
Organization for Standardization, 2017b) has a correction term, , as 

defined by eq.  5;  
 

 eq.  5 

 
This term normalizes measurements considering the Shore 

hardness. The hardness, ,  is  measured on the tyre tread. A reference 

rubber hardness value, , of 66 Shore A is used. The rubber hardness 

coefficient,  is 0.12 dB/Shore A for the reference tyre P13 and 0.20 
dB/Shore A for reference tyre H1. 

The typical value for uncertainty related to the hardness correction 
is 0.15 dB for tyre P1 and 0.2 dB for tyre H1. Additionally, the uncertainty 

 
3 The hardness coefficient for tyre P1 was amended from its previous value of 0.20 
dB/Shore A in the ISO meeting for TC 43/SC 1/ WG33 that took place in 2018-
10-05 
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related to change in tyre properties as a result of wear and ageing is 
typically 0.1 dB for tyre P1 and 0.2 dB for tyre H1 (International 
Organization for Standardization, 2017b). 

The hardness values should be normalized to a reference 
temperature of 20ºC. To perform measurements the temperature 
normalized Shore hardness should be within 62 and 73 Shore A for tyre 
P1, and within 60 and 73 for tyre H1. The procedure for measuring rubber 
hardness of reference tyres is described in ISO 11819-3. Additionally, the 
standard requires that the Shore value is read within 2 s after the 
instrument has contacted the tyre tread. This measurement procedure is 
further discussed in article B.
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5. Tyre/road rolling resistance 

5.1. Rolling resistance as a component of the 
total driving resistance 

Different energy dissipation phenomena are relevant to the tyre/vehicle 
interaction context. Initially, it is important to define which dissipation 
mechanisms are not encompassed by the term rolling resistance. For this 
purpose, consider the terminology presented in Figure 12 based on 
Sandberg et al. (2011).  

Tyre/road rolling resistance, hereinafter referred to as rolling 
resistance only can be described as the result of the road interaction, which 
leads to tyre deflection, deformation and the imposed hysteretic losses due 
to the rolling movement. When the road is substantially flexible and 
deforms significantly under the tyre load, energy is also dissipated in the 
pavement top layer. The pavement unevenness will also affect rolling 
resistance, as it will dynamically change the load on each tyre, therefore 
changing the contact patch deformation and all the energy dissipation 
mechanisms associated to it (Sandberg et al., 2011). The surface 
macrotexture and microtexture will also create local stresses and shear 
forces in the tyre tread, again dissipating energy.  

Concerning the vehicle rolling resistance, it is also important to 
consider the parasitic losses. Such losses encompass energy dissipations 
that are not connected to internal tyre losses. They can be attributed to 
other elements of the system which may be inherent in measurements 
(United Nations Economic Commissions for Europe (ECE), 2011). One of 
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such losses is the bearing resistance as, depending on the bearing 
conditions, such friction is also not negligible. Transmission resistance is 
also relevant as part of the energy is dissipated before being transmitted to 
the tyre, by the clutch and other components of the transmission system. 
The suspension system may also result in significant energy losses which 
take place in the shock absorbers and other suspension components. 

 

Figure 12 – Driving resistance components grouped into vehicle rolling resistance, 
aerodynamical resistance and propulsion resistance. 
 
Aerodynamic losses may also be relevant depending on the speed, 

which are related both to the test vehicle and to the tyre specifically. 
Inertial resistance is related to the vehicle inertia, which opposes 
accelerations. Gravitational resistance includes the effort to overcome 
driving on inclined surfaces because of gravitational forces. Engine 
resistance includes the energy dissipated by engine components. Finally, 
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auxiliary equipment resistance includes the energy required by other 
vehicle components, such as air conditioning, sound system, fans, and so 
on. 

5.2. Tyre/road rolling resistance mechanisms  

Rolling resistance is the result of mechanical energy converted into heat 
for a rolling tyre moving over a given pavement length (Gent and Walter, 
2005). By performing an energy analysis on a rolling tyre, a definition of 
rolling resistance based on the net power input received by the tyre is 
shown in eq.  6. 

 

 eq.  6  

 
where FR is the rolling resistance force, Pin is the power input, Pout is the 
power output, v and ω are the linear and angular velocity of the tyre with 
respect to the road surface, T is the torque applied to the wheel spindle and 
Fx is the horizontal reaction force at the contact patch, opposing the tyre 
roll (Gent and Walter, 2005).  

Energy loss occurs as the tyre is subjected to cyclic loading and its 
surface cyclically conforms itself to form the contact patch. This leads to a 
bending of the crown, sidewalls and bead areas, compression of the tread 
and shearing of the tread and sidewalls (Gent and Walter, 2005). The 
crown region contains the belt which behaves as an inextensible and 
incompressible layer. It also contains viscoelastic layers, like the tread and 
the liner. When the crown is subjected to bending deformations, the inner 
and outer layers that surround the belt will be subjected to tension and 
compression cycles, which substantially contributes to rolling resistance 
losses. Additional energy losses take place in the sidewall and bead region 
that combined account for approximately 30 % of energetic losses during 
rolling. This generates a travelling wave which will also dissipate energy. 
When a tyre is loaded and the crown is flattened to form the contact patch, 
deformations are imposed to the sidewall and bead regions. This bending 
deformation results in tension and compression for the inner and outer 
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layers, similar to the mechanism described in the crown (Gent and Walter, 
2005). 

Defining rolling resistance by energy dissipation results in 
practical difficulties when it comes to measurements. Therefore, when 
performing measurements, the force definition is preferable. From the 
force approach, the rolling resistance coefficient, RRC, is defined by eq.  7  

 

 eq.  7  

 
as the ratio between rolling resistance force, FR, and the normal force, FN. 
Note that the RRC is obtained by dividing the force magnitudes, resulting 
in a dimensionless coefficient: it is a scalar and not a vector definition. The 
rolling resistance force is dependent on the applied load, and previous 
studies have found a linear relationship between the normal load and the 
rolling resistance. For this reason, the rolling resistance coefficient, as 
defined by eq.  7, provides a more practical and comparable parameter. It 
may be used to compare different tyres and pavements (Sandberg et al., 
2011). 

Note that even though the rolling resistance has an approximately 
linear relationship to load, increasing load causes the energy dissipation to 
increase and leads to an increase in the tyre temperature which reduces the 
rolling resistance coefficient in some cases. A reduction in tyre pressure 
will affect tyre deformations in a similar way to an increase in load. An 
increase in tyre pressure usually leads to a decrease in rolling resistance 
(Gent and Walter, 2005). 

The speed will also affect the energy dissipation in tyres, resulting 
in a higher indentation frequency, which leads to increased viscoelastic 
losses with an increased tan(δ). On the other hand, it also causes the tyre 
temperature to increase which leads to a reduction of tan(δ) and thus a 
reduction in rolling resistance. The typical net result is an increase of 
rolling resistance with speed, depending on the tyre viscoelastic behaviour.  

The non-linear behaviour of the tyre structure, which includes the 
Mullins and Payne effects, previously discussed in this text, are also 
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relevant when assessing the tyre/road interaction regarding rolling 
resistance. 

5.3. Tyre/road rolling resistance measurement 
method 

There are two possible and reasonably practical approaches to measure 
RRC, according to Zöller and Haider (2014), the direct and the indirect 
approaches. With the direct approach, the rolling resistance force acting 
on a test tyre fixed to a reference point is measured. The indirect approach 
will measure other physical quantities, for instance, the tyre torque or 
displacement angle in some linkage system. 

With the direct approach, the rolling resistance force may be 
measured in three different ways: (i) at the wheel spindle of a tyre mounted 
on a separate suspension, (ii) by an assembly of a wheel force transducer 
and the test tyre, or (iii) measured by the reaction force that an entire axle, 
with two or more identical wheels and the test tyre, are assembled. The 
indirect approach using angle measurements will require that the angle of 
a reference arm is measured. This arm will be deflected by the rolling 
resistance force, as it is connected to the wheel spindle. The other 
possibility with an indirect approach is to measure the torque directly at 
the test wheel spindle. By multiplying this torque by the dynamic rolling 
radius of the rolling tyre,4 one may obtain the driving torque of the tyre at 
a steady speed and then evaluate rolling resistance. Figure 13 summarizes 
the rolling resistance measurement methods. 

 
4 The dynamic rolling radius is the radius of a tyre during motion 
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Figure 13 – Rolling Resistance measurement methods 
 

5.3.1. Rolling resistance measured by a trailer 

The rolling resistance measurements performed in this thesis were carried 
out with the measurement trailer owned, constructed and operated by 
TUG, shown in Figure 14. The equipment has 3 wheels, and a suspension 
system on the front wheels that will remain blocked during measurements 
to assure proper levelling. A schematic description of the same 
measurement trailer is presented in Figure 15. 
 

 

Figure 14 – Rolling resistance measurement equipment from TUG  
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more test runs. For more information on the trailer construction, 
mechanism and calibration, see Zöller and Haider (2014), and Ronowski 
(2016). 

The rolling resistance measurements in this thesis were performed 
with the trailer owned and operated by TUG following the method 
proposed in project ROSANNE5 (Bergiers et al., 2016). 

5.3.2. Tyre/road rolling resistance measurement with a 
drum facility 

It is also possible to measure rolling resistance in a laboratory with drum 
equipment. The drum used in this thesis is owned by TUG and measures 
rolling resistance by evaluating torque in the tested tyre. The equipment 
has a diameter of 1.7 m and a maximum load of 6 kN. As temperature 
significantly influences rolling resistance, it is also possible to control the 
test temperature in the drum facilities. 

5.4. Tyre/road rolling resistance modelling 

Given the holistic approach proposed in this thesis, it is desirable that the 
rolling resistance model used here takes road surface characteristics into 
account. VETO includes a rolling resistance model that takes road surface 
characteristics as input and calculates the resulting rolling resistance 
coefficient. Road surface characteristics are input into VETO by means of 
MPD and IRI. The model was first reported by Hammarström and 
Karlsson (1987) and was continuously developed and updated over the 
years. The version used in this thesis includes the updated parameters from 
the European project MIRIAM. Even though not explored in this thesis, 
some interesting aspects of VETO when it comes to rolling resistance 
include the possibility of simulating the presence of snow and water on the 
road surface. 
Some limitations of this model with regards to rolling resistance are that 
it does not take into account transient effects when simulating a driving 
cycle and it uses a model that is linear with respect to the vehicle speed. 

 
5 The deliverables of project ROSANNE can be found at http://rosanne-project.eu/ 
, access date: 02-04-2020 
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None of the mentioned limitations affect the applicability of the results 
obtained from VETO in this thesis as all measurements were made in 
constant conditions, with constant speed, and the tyre was warmed up to 
the point of thermal equilibrium before measuring on road surfaces. 
Additionally, the speed linearity did not pose a problem given that the 
test speeds used in this thesis were no higher than 80 km/h. Even though 
other rolling resistance models are non-linear with respect to speed (see 
Mitschke and Wallentowitz (2004) for an example), for lower speeds, up 
to 80–100 km/h, the rolling resistance results for no-linear models are 
similar to the results obtained with VETO. 
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6. Other functional properties of road 
surfaces 

6.1. Friction 

Friction is a functional parameter related to safety which should be 
controlled to make sure that no functional optimization may lead to 
insufficient friction levels. Friction is affected by the surface texture as 
shown in Figure 2; see section 3.2. In this work, friction coefficients on 
roads were measured with VTI’s SAAB Friction tester. The measurement 
consists of a longitudinal friction measurement by a car equipped with a 
fifth wheel. The measurement is carried out at an optimum slip, on wet 
surface conditions. Nominally the water depth is 0.5 mm (European 
Committee for Standardization, 2011). The tests were carried out at the 
speeds of 50 and 80 km/h. 

6.2. Road wear and non-exhaust particle 
emissions 

Another important functional property for road surfaces is particle 
emission, which directly affects air quality. The particulate matter is 
expressed as PM10 mass concentrations, usually expressed in μg/m3 which 
considers particles with an aerodynamic diameter smaller than 10 
micrometres (Kulkarni et al., 2011). The current PM10 limit set by the 
European Commission (2016) of 50 μg/m3 for the average over 24 hours 
must not be exceeded more than 35 times per year. Within the European 
Union the PM10 regulatory limits are exceeded in nearly all countries 
(Johansson et al., 2012). 
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Several health issues are correlated with an increased 
concentration of particles in the air. Perez et al. (2009) investigated the 
health impacts associated with an increased level of PM2.5-10 (particles with 
an aerodynamic diameter between 2.5 μm and 10 μm). The authors 
concluded that an increased level of those particles in the air is associated 
with increased cardiovascular and cerebrovascular mortality levels. For the 
fine particles, PM2.5-1, the authors found an association with increased 
respiratory mortality. Similar conclusions were also obtained by Stafoggia 
et al. (2013). They found a connection between cardiovascular and 
respiratory health issues and the emission of PM2.5-10 and PM2.5 in eight 
different Mediterranean cities. 

Different estimates are also available regarding the socio-
economic costs associated with an increased level of particulate matter in 
the air. The costs are associated with increased mortality levels, reduced 
life expectancy, increased costs for health care and reduced productivity. 
The social-economic costs associated with premature deaths caused by 
ambient particulate matter pollution (APMP) in 2005 and 2010 were 
estimated at USD 1,007,223 million and USD 1,156,118 million, 
respectively (WHO Regional Office for Europe OECD, 2015). Considering 
data for Sweden only, in this same investigation, the estimated values were 
of USD 3,219 million and USD 3,641 million, for 2005 and 2010 
respectively. 

Even though no PM10 measurements were carried out in any of the 
appended papers in this thesis, the effects of a porous pavement on PM10 
concentrations were studied and reported in Vieira et al. (2019) and 
Lundberg et al. (2019b). The preliminary analyses performed by the 
authors indicate that there is an initial positive trend in the reduction of 
PM10 concentrations at the porous surface site when compared to a 
reference dense surface. This is an important result shown by the two 
aforementioned references, given the holistic analysis of functional 
requirements of road surfaces, as it indicates that a noise-reducing 
pavement also seems to positively contribute to PM10 mitigation.  

The use of studded winter tyres also has a significant effect on road 
wear. As shown by Gültlinger et al. (2014), there is a linear relationship 
between the stud mass and road wear. Other factors that were observed to 
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increase road wear, according to the authors, are driving speed, wheel load, 
and traction force. 
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7. Strategies to optimize functional 
properties and reduce the environmental 

impact of asphalt pavements 

7.1. Porous road surfaces 

A  porous road surface course is a surface with an increased number of air 
voids that will provide increased sound absorption (Sandberg and 
Ejsmont, 2002). Usually, it has around 18–25 % air voids content when 
new, compared to dense surfaces that usually have around 3–6 %. It 
reduces noise by reducing air pumping and air resonance mechanisms as 
the increased porosity allows the air to move through the pores. By friction 
in the pores, the sound is then partly converted into heat. 

The porosity and resulting sound absorption also reduce the horn 
effect and absorb part of the power unit noise. Additionally, the surface 
texture of porous pavements reduces the noise generated by impact 
mechanisms if the porous surface also has a smaller maximum aggregate 
size, which is common in Sweden. Sandberg et al. (2018) show the 
acoustical lifecycle of a double-layer porous pavement in Huskvarna, 
Sweden. The results show that even after seven years a reduction of 3–4 dB 
remained. Preliminary results also indicate that porous surfaces have a 
positive result not only on noise but also on air quality (Vieira et al., 2019).  



7. STRATEGIES TO OPTIMIZE FUNCTIONAL PROPERTIES AND REDUCE THE 
ENVIRONMENTAL IMPACT OF ASPHALT PAVEMENTS 

 

 
50 
 

7.2. Selection of tyres 

Tyres can be optimized for different operational conditions and have 
different functional performances. A winter tyre that was optimized for 
lower operating temperatures will have different characteristics compared 
to a winter tyre optimized for central European conditions. Even tyres 
optimized for the same operational conditions can have different 
performances. For this reason, tyres sold within the European Union have 
a label that describes the functional performance with regard to (exterior) 
noise, energy (more precisely rolling resistance) and friction (wet grip) 
(European Parliament and Council, 2009). 

One possibility to reduce noise and rolling resistance is to use more 
efficient tyres that lead to lower noise levels and lower rolling resistance 
coefficients. Therefore, a question that arises is how much commercial 
tyres differ from each other on actual road conditions and how this 
compares to the labelled value. 

Another aspect that is relevant when considering tyres is the use of 
studs. Studded tyres are intended to have good friction performance on ice 
and snow. The usage of studded tyres leads to a policy requiring rougher 
road surfaces. This is due to the studs impacting the road surface and 
sliding over it, leading to a requirement for a larger maximum aggregate 
size in the pavement design and construction processes. Abrasion 
resistance for the aggregates is another relevant factor that should be 
observed. The studs also increase and intensify wear processes on road 
surfaces (Lundberg et al., 2019a). Given the specific characteristics of 
studded tyres, it is also relevant to evaluate how they compare to non-
studded tyres with regard to noise and rolling resistance. 

7.3. Surface optimization through horizontal 
grinding  

The surface grinding technique described here consists of removing the 
highest asperities’ peaks with grinding tools that rotate in a horizontal 
plane, parallel to the road surface. This process will not only affect the 
macrotexture by removing some of the asperities’ peaks but will also affect 
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the microtexture as a result of the coarseness of the grinding tools. This 
process results in a surface with a more negative skew, and the now 
flattened asperity peaks will influence the tyre deflections in the contact 
patch. The ground surface affects the tyre deflections and leads to different 
noise levels, rolling resistance and friction.  

The grinding process described here, i.e. horizontal grinding, 
should not be confused with another grinding technique referred to as 
diamond grinding. In the latter case, the grinding tools move in the vertical 
plane, orthogonal to the road surface plane. 

An important aspect when considering surface optimization is the 
wear process. Especially with studded tyres, the changes promoted by a 
grinding process may quickly be lost due to wear. 
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8. Methods 

The methods used in this thesis are presented here and linked to 
the objectives, as presented in chapter 2.1. 

8.1. Measurements 

1. With a Round Robin experiment evaluate the variance of the 
Close-Proximity (CPX) method for evaluating tyre/road noise and 
make recommendations to reduce the method’s uncertainty. 

2. With a specifically designed measurement programme, quantify 
the variance of rubber hardness measurements leading to an 
evaluation on the implications of such variances to uncertainties 
in the Close-Proximity (CPX) method. Make recommendations to 
reduce the method’s uncertainty. 

3. The consistency of the rolling resistance measurements on 
different in-service road surfaces was evaluated using VETO.  

4. The relationship between noise and rolling resistance 
measurements on drums and on in-service road surfaces was 
analysed. 

8.2. Tyres 

5. To evaluate how the selection of tyres can affect the resulting 
tyre/road noise on in-service road surfaces as measured by the 
Close Proximity (CPX) method.  
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6. To evaluate how the selection of tyres can affect the resulting 
tyre/road rolling resistance on in-service road surfaces as 
measured by a measurement trailer. 

7. To evaluate how tyre/road noise and rolling resistance on in-
service road surfaces compare to the noise and fuel efficiency 
values labelled on tyres 

8.3. Road 

8. To evaluate how effective the technique of surface grinding on 
asphalt pavement is, as a means to reduce tyre/road noise 

9. To evaluate how effective the technique of surface grinding of 
asphalt pavements is, as a means to reduce tyre/road rolling 
resistance. 
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9. Investigative work and summary of 
appended papers 

9.1. Structure of the investigative work and 
connection to the research objectives 

In this chapter, a summary of the investigative work carried out related to 
this thesis is presented. The three following sections in this chapter are 
related to the three objectives of this thesis as presented in 2.1. The first 
part deals with variations of results in the CPX method, the second with 
the selection of tyres, and the third with horizontal grinding of road 
surfaces. 

For the first objective, regarding the variations of results in the 
CPX method, papers A and B were written.  The field measurements were 
carried out on different surfaces, including both dense and porous 
pavements, with different maximum aggregate size and at different speeds. 
The experiment was carried out in the form of a round robin with different 
trailers evaluating the same road surfaces, though at different times. This 
led to an evaluation of the variations of results in the CPX method and a 
study of its uncertainty on a range of different road surfaces, speeds, and 
temperatures. 

For the rubber hardness measurements and their effect on CPX 
measurements, an experimental plan was created in order to evaluate the 
effect of different operators and different instruments. The same three 
hardness measurement instruments used in the CPX round robin test were 
used in the experimental plan by five different operators. This allowed an 
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evaluation of how different operators and different instruments affect the 
hardness measurements and thus the measured CPX level by means of its 
hardness correction term. 

For the second objective, on the selection of tyres, Papers C and D 
analysed the different contact system results obtained when different tyres 
were used, including both studded and non-studded winter tyres. Paper C 
analyses the noise results while paper D focused on rolling resistance and 
attempted to correlate rolling resistance results to noise results. Both 
papers C and D also analysed correlations between values measured on 
roads and those found on the tyre labels. For the field measurements 
related to objective 2, only two surfaces were used as the focus was to 
evaluate how different tyres perform with regard to noise and rolling 
resistance. The two surfaces were selected in order to be representative of 
the most common Swedish road surfaces when it comes to noise and rolling 
resistance. 

For objective 3, a total of eight grinding operations were 
performed on different road surfaces that had a different surface texture 
before grinding. In this case, it was necessary to have a reference unground 
surface adjacent to each ground section that was also measured. As the 
reference surface was adjacent, it was subjected to the same ageing and 
wear process. This allowed an evaluation of the ground process by simply 
comparing each grinding surface to a respective reference surface. 
Horizontal grinding of road surfaces was studied in paper E. 

9.2. Variation of results in the CPX method 

9.2.1. Paper A: “Close Proximity (CPX) round robin test: 
Comparison of results from four different CPX trailers 
measuring tyre-pavement noise properties of 10 Swedish 
road surfaces” 

A round robin test to analyse the variation of results in the CPX method on 
ten difference Swedish road surfaces and four different CPX trailers was 
carried out. The two reference tyres for the CPX method were used in all 
the measurements and the test speeds were either 50, 60, 70, or 80 km/h 
depending on the road section. The different road sections include SMA 8, 
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SMA 11, SMA 16, DAC 16, a porous pavement with regular stone aggerates 
and a double layer with steel slag. 

The tests were planned in a way that would simulate how a 
transportation authority would order CPX measurements, which means 
that the measurements were carried out on different days, with different 
temperatures and different road surface conditions.   

When comparing the different CPX trailers, two different design 
approaches were present: the closed design and the open design. In the 
first case, the trailer has an enclosure that protects the tested wheel and 
microphones from excessive wind turbulence and other disturbing noise 
sources like other vehicles. 

The corrections for speed, temperature and rubber hardness were 
carried out in accordance with ISO 1189-2 (International Organization for 
Standardization, 2017a). Even though the operators were requested to 
deliver the data already corrected for temperature, speed and rubber 
hardness, most of the operators did not perform such corrections, which 
were then carried out by the author. Even though GPS coordinates for each 
test section were provided, in some cases the measured length varied and 
in one case, a CPX operator missed a test section entirely.  

Differences in the actual start and stop position for each 
measurement affected the result. For the test sections where the 
differences between expected and actual measured length were no larger 
than 180 m; the difference among all CPX trailers was 1.5 dB or lower when 
taking average noise levels. Two of the CPX trailers (designated CPX 1 and 
CPX 2) followed each other remarkably well on almost all test sections. 
CPX 3 systematically reported slightly higher values and CPX 4 had a 
higher variability, sometimes higher and sometimes lower than the other 
three trailers. By using a general linear model (GLM), the differences 
between trailers, CPX 1, CPX 2 and CPX 4 led to average noise level 
differences no larger than 0.41 dB. When including CPX 3, the maximum 
difference increased to 0.94 dB.  

When comparing the different frequency spectra, again CPX 1 and 
CPX 2 followed each other very well. CPX 3 deviated from the others by 
having slightly higher peaks at frequencies of 400 Hz, 800 Hz, and 1.6 kHz. 
This indicates that a recalibration of CPX 3 would likely reduce such 
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differences and reduce, if not remove, the systematic differences observed 
in average noise levels. CPX 4 had increased noise levels for frequencies 
higher than 1.6 kHz for a number of test sites. This is explained by the fact 
that the CPX 4 operator decided to perform measurements when the road 
surfaces were wet or humid. Measurements on wet roads typically increase 
noise levels at higher frequencies (Sandberg and Ejsmont, 2002). 
Additionally, CPX 4 was not calibrated according to standard. The lack of 
calibration possibly led to additional noise reflections and thus an increase 
in noise levels.  

The different trailer designs, i.e. open and closed, seem to affect 
the peak region of the frequency spectra. When the results were grouped 
with respect of trailer design the spectral peaks were compared by 
calculating a relative peak smoothness (RPS). This means that the noise 
levels for the frequencies neighbouring the peak were divided by the peak 
level. This indicator led to a grouping of open trailers with a higher median 
value for this relative peak smoothness indicator when compared to the 
closed trailers, even though some overlapping between the two groups 
existed. The spectral peak was also analysed by means of the Q factor, 
which describes how wide the spectrum is when the noise level drops 3 dB 
from the top level. The Q factor also indicated that there is some difference 
between open and closed trailers, however, a more evident clustering of the 
results from CPX4 was found. 

Surface homogeneity was calculated according to ISO 11819-3 
(International Organization for Standardization, 2017a); however, no 
substantial differences among participants were noted. The results were 
consistent at all speeds and with both reference tyres. The largest 
difference in average noise levels between participants on a given test site 
was 3 dB and, on that surface, all participants reported an increase in 
acoustical inhomogeneity. This inhomogeneity could be the reason for the 
larger differences between test trailers in this test section. 

When removing the temperature correction and comparing the 
average values for all test sites and speeds, the maximum difference 
between participants increased from 1.1 dB to 1.5 dB. A similar approach 
was used for the rubber hardness correction; however, as the 
measurements involved different operators, instruments and tyres, the 
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analysis of hardness correction presented in paper A is limited. It was 
shown that, even though the hardness correction affected the difference 
between average noise levels, the maximum difference between values 
remained 1.0 dB. It is, however, necessary to more carefully evaluate the 
effect of operator and instrument on the hardness measurement. This led 
to paper B. 

The maximum differences between trailers for each reference tyre 
were estimated by the GLM. A maximum difference between participants 
of 0.69 dB for tyre P1 and 1.01 dB for tyre H1 when considering averages 
for all speeds and test sites was considered satisfactory when compared to 
a typical uncertainty of 1.0 dB found in the standard ISO 11819-2 
(International Organization for Standardization, 2017a).  

9.2.2. Paper B: “Evaluation of uncertainty on shore 
hardness measurements of tyre treads” 

To investigate the effect of different instruments and operators on the 
rubber hardness measurements and their effect on the CPX correction 
term, an experimental programme was designed. With five different 
operators, three different instruments and two different tyres, the 
experiments were carried out to detect any potentially remaining 
difference between instruments and operators, as well as the interaction 
between them. Note that all instruments were calibrated and checked with 
control blocks. 

The three Shore hardness instruments used were the same three 
that were used in paper A. This time, however, all operators measured with 
all tyres and instruments.  

The results indicated that both operator and instrument affect the 
hardness result and there are two significant interactions: (i) operator and 
instrument, (ii) operator and tyre. The typical uncertainty value of 0.2 dB 
found in ISO 11819-3 (International Organization for Standardization, 
2017b) is lower than the ones obtained in this study. The operator 
influence, including the interactions, is estimated as 0.24 dB and the 
instrument uncertainty is estimated as 0.40 dB. 

The change in hardness was also evaluated over time with a 
reduced number of measurements. A linear relationship between log-
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transformed time and shore hardness was observed. This phenomenon is 
called hardness drift and was useful to indicate that the hardness values 
obtained instantly or up to 0.1 s after the instrument’s foot had made 
contact with the tyre tread do not show the same linear relationship as all 
other data observed up to 10 s after contact.  

Even though the hardness drift did not contribute to a decrease in 
the uncertainty in the hardness measurements, this could be further 
studied as a means to characterize the processes of age and wear. Such 
processes are known to affect hardness results and therefore measuring 
hardness drift can potentially provide a better characterization of how the 
rubber properties change with age and wear. 

It is recommended that, instead of accepting measurements within 
2 s after the presser foot contacts the tyre tread, the standard should set a 
well-defined time for taking a shore value. As shown, hardness drift does 
affect the results. Moreover, measurements should not be taken with 
instantaneous values nor within the first 0.1 s after contact, as such values 
do not hold the same hardness drift property as all other values. The use of 
digital instruments is considered better, as it is possible to programme how 
long to wait before taking a reading. Using maximum readings, which is 
usually the case with analogue instruments, is not recommended either. To 
reduce the operator effect, a recommendation is to use a test stand as it will 
reduce the operator effect. The operator will not be able to tilt the 
instrument freely as happens with handheld instruments.  

9.3. Selection of tyres as a means to mitigate 
noise and rolling resistance 

9.3.1. Methods and basic description 

For the field measurements of noise and rolling resistance two reference 
in-service road surfaces were selected as the focus was to evaluate 
differences among tyres. The two selected road surfaces were a DAC 16 and 
an SMA 8. The texture measurements revealed MPD values of 1.09 and 
0.78 mm, respectively. The DAC 16 is, for the purpose of noise and rolling 
resistance tests, considered similar to SMA 16 surfaces found in Sweden. 
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The SMA 8 surface works also as a proxy for the standard surface of ISO 
10844 (International Organization for Standardization, 2014), which is the 
standard surface used for tyre/road noise measurements. The combined 
results of the two surfaces are intended to be representative of the surfaces 
commonly found in the Swedish road network. 

Temperature normalization procedures were applied to the test 
results using a reference temperature of + 10 oC which is intended to be 
more representative of the operational conditions of winter tyres than the 
more commonly used temperature of +20oC.  

A total of 50 tyres were tested for noise and rolling resistance on 
roads. Additionally, rolling resistance measurements were also carried out 
in a drum facility. Considering all the repetitions, this led to a database with 
more than 500 measurements, allowing an evaluation of the performance 
of the tested tyres with respect to noise and rolling resistance. The tested 
tyres were developed by 16 different manufacturers and included all-
season tyres (AS), summer tyres (SU), winter tyres (WI), and winter 
studded tyres (WIST). An additional tyre category was also present, the 
Green Diamond (WIGD), which is a winter tyre that, instead of having 
regular studs, has hard particles baked into the tyre tread. 

All tyres were new and subjected to a run-in process of 100 km and 
a warm-up process before testing. A small sample of tyres was also tested 
in used condition, corresponding to an average use for two winter seasons. 

In addition to the field measurements, comparisons between 
measured and labelled values were carried out in order to assess how 
representative the labelled values are when compared to results obtained 
on in-service road surfaces.  

9.3.2. Paper C: “Acoustical performance of winter tyres on 
in-service road surfaces” 

Noise results on the two reference road sections were carried out with the 
CPX method at the nominal speeds of 30, 50 and 80 km/h. For each CPX 
measurement, the number of runs (repetitions)  was between two and four. 

The results revealed that the studded winter tyres are noisier than 
all the other tested tyre groups and have higher noise levels in all frequency 
bands from 315 Hz up to 10 kHz. Additionally, the shape of the frequency 
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spectra for studded tyres is different than all other tyre groups, having a 
plateau region from 4 kHz up to 10 kHz, while the other groups show the 
typical decreasing levels after a peak at approximately 800 Hz. 

On average, studded tyres were 7 dB noisier than the average tyre 
tested here. Nordic non-studded winter tyres were 1 dB quieter than 
central European tyres on average levels. In the frequency domain this 
reduction is observed at frequencies of 1.25 kHz and 1.6 kHz, therefore 
related mostly to aerodynamic noise generation mechanisms. This could 
be a reflex of softer rubber materials and an increased siping in the tyre 
tread. 

The sole effect of the studs was tested by comparing a studded 
winter tyre with another tyre having the same model and from the same 
batch, however without the studs. This revealed that the studs not only are 
responsible for the plateau region at frequencies higher than 4 kHz but also 
contribute to a noise increase at lower frequencies, related to vibrational 
noise generation mechanisms. 

The Green Diamond tyres has the lowest average noise level and a 
spectral curve that resembles a non-studded tyre, except for frequencies of 
6.3 kHz and higher. This supports the idea that the plateau for studded 
tyres is generated by the impact of the studs. The hard particles found on 
the tyre tread for the Green Diamond tyres are much smaller than the studs 
and therefore do not contribute to vibrational noise generation 
mechanisms. 

The road surface also has an important role in the resulting noise 
levels. More than 75 % of the tested tyres without studs were noisier on the 
DAC 16 surface. When it comes to studded tyres, however, almost all of 
them were noisier on the SMA 8 surface. Considering the frequency 
spectra, the DAC 16 surface was noisier at lower frequencies and the SMA 
8 surface was noisier at higher frequencies. The frequency range at which 
the DAC 16 is noisier than the SMA 8 becomes wider with speed and is also 
affected by tyre type. At 30 km/h the frequency that the SMA 8 becomes 
noisier for AS and WI tyres was approximately 630 Hz, while at 80 km/h it 
is up to 2 kHz.  

Considering average noise levels for all sites and speeds, the 
standard deviation within each group was between 6.0 and 6.6 dB. Studded 
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tyres have a slightly lower standard deviation of 5.4 dB. This reveals that 
there is a clear potential gain in tyre selection when it comes to noise 
mitigation. 

Regarding the labelled values for noise, no significant correlation 
was found with the noise levels on roads. This is therefore a topic that 
requires further studies but suggests that a critical review of the tyre 
labelling is necessary regarding noise. 

9.3.3. Paper D: “Rolling resistance evaluation of winter 
tyres on in-service road surfaces” 

Rolling resistance measurements were performed with the trailer owned 
and operated by TUG following the method proposed in project 
ROSANNE6 (Bergiers et al., 2016). The selected nominal test speeds were 
50 and 80 km/h, and a minimum of three runs were made in each test 
condition. A reduced number of tyres (35) were also tested at 30 km/h. 

The road measurements were complemented by drum 
measurements, also carried out by TUG. The drum has a diameter of 1.7 m 
and the tests were carried out at 80 km/h. Two surfaces were used for the 
drum tests: (i) a replica of an SMA 8 pavement, and (ii) a sandpaper surface 
with the brand name “Safety Walk”. 

The rolling resistance values on roads were not substantially 
higher for winter tyres, neither studded nor non-studded. The Green 
Diamond tyres did, however, have a slightly lower rolling resistance when 
compared to all other tyre categories. The all-season tyres did, however, 
have a higher rolling resistance. As such tyres are developed to perform 
both in summer and winter conditions, it is reasonable that rolling 
resistance performance is somewhat compromised. Less specialized tyres 
will compromise some of its functional performance variables in order to 
operate in a wider climate range. 

When comparing the results for the two test tracks, in almost all 
cases the difference between tracks is within the mean value, +/- one 
standard deviation of each group. The only exception being for the Green 

 
6 The deliverables of project ROSANNE can be found at http://rosanne-project.eu/ 
, access date: 02-04-2020 
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Diamond tyre that had a higher RRC on the DAC 16 surface at 80 km/h. 
The dispersion within each tyre category, particularly non-studded winter 
tyres, was substantial. This indicates that differences between individual 
tyres are more important than the tyre group itself, which leads to the 
relevance of a reliable tyre labelling system.  

An additional analysis was carried out comparing noise in different 
frequency ranges, obtained from CPX measurements, to rolling resistance 
values. Some correlation was expected here as the low-frequency noise is 
related to tyre vibrations and it was hypothesised that a change in such 
vibrations expressed by noise levels would correlate to a change in rolling 
resistance values. The obtained correlations, however, were not significant. 
This means that further research is needed on correlating noise at lower 
frequencies and rolling resistance. It could also be the case that there is no 
relation between noise measured by the CPX method and rolling 
resistance, yet lower frequencies should be analysed before a more general 
conclusion is obtained.  

The sole effect of the studs was tested by comparing a studded 
winter tyre with another tyre of the same model and from the same batch 
but without the studs. The results indicated only a marginal decrease in 
rolling resistance when the studs were removed. More research is needed 
in order to better understand how the studs affect rolling resistance. It 
would be advisable to have a large sample of tyres tested with and without 
studs and also test how the weight of the studs affect the results. 

 A major conclusion of this study is that the energy labelling of 
individual tyres could not be reproduced in road measurements by the 
trailer method. As the trailer is assumed to be more representative when 
considering the actual performance on in-service road surfaces, it is an 
indication that the labelling system should be re-examined regarding the 
energy certification process. 
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9.4. Surface texture optimization by horizontal 
grinding 

9.4.1. Paper E: “Negative texture, positive for the 
environment: effects of horizontal grinding of asphalt 
pavements” 

The technique of horizontal grinding was explored in this paper as a means 
of optimizing the pavement surface by creating a more negatively skewed 
texture. A total of eight test sections were ground in Sweden using grinding 
machines of different sizes. The machines had between one and three 
grinding heads, i.e. circular rotating plates with a diameter between 
650 mm and 950 mm, and on each head between three and four grinding 
discs with diameters between 170 mm and 270 mm.  

The ground pavement was compared to a non-ground reference 
surface adjacent to it, having, therefore, comparable surface 
characteristics. Tyre/road noise was evaluated with the CPX method, 
according to ISO 11819-2 (International Organization for Standardization, 
2017a), and rolling resistance was measured following the method 
proposed in project ROSANNE (Bergiers et al., 2016). Both noise and 
rolling resistance were measured at 50 km/h and 80 km/h. Friction 
measurements were carried out with the Saab Friction Tester (European 
Committee for Standardization, 2011). 

The pavement texture for all the ground and reference surfaces 
were characterized by VTI’s RST laser measurement vehicle. The 2017 
measurements were an exception as they were measured by Ramboll 
Sverige AB yet using the same measurement technique. Texture data was 
collected in accordance with ISO 13473-1 (International Organization for 
Standardization, 1997), megatexture in accordance with ISO 13473-5 
(International Organization for Standardization, 2009), and unevenness 
with the respective CEN standards (Swedish Standards Institute, 2019).  

The texture measurements indicate that the grinding operation 
reduced MPD. Additionally, for the sections where raw profile data were 
available, the skewness and enveloped profile were calculated. The results 
indicate that the grinding operation led to a more negative skewness and, 
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judging from the enveloped surface, the grinding operation also reduced 
tyre deflections. 

With respect to the functional performance of the ground surface, 
the results indicate an improvement in acoustical performance with a noise 
reduction of up to 3.3 dB. The noise reduction varied with tyre and 
pavement type. The highest effects were achieved with pavements that 
originally had higher macrotexture values, such as SMA 16. Noise 
reductions took place at frequency ranges of 250 – 1250 Hz for tyre P1 and 
250-1000 Hz for tyre H1. Such frequencies are related to the air pumping 
mechanism, stick-snap and stick-slip mechanisms. At higher frequencies, 
8 kHz – 10 kHz, a noise increased was observed. Noise reductions were 
more substantial for tyre P1 than tyre H1. This was no surprise given that 
heavy vehicle tyres are less sensitive to texture impact mechanisms. 

With regard to rolling resistance, the observed reduction was up to 
15 %, which is significant given that a 10 % reduction in rolling resistance 
is estimated to reduce the fuel consumption of vehicles and the CO2 
emissions between 1 and 2 %. Again, the H1 tyre was less sensitive to the 
grinding operation and this result, similarly to the noise results, is also 
interpreted as a result of heavy vehicle tyres being less sensitive to the 
surface texture.  

The results indicate that both noise reductions and rolling 
resistance reductions correlate with the initial MPD value, before grinding. 
Therefore, surface grinding should be applied on surfaces that initially 
have a high MPD value. The grinding operation is, however, limited by the 
final MPD which should be enough to give proper friction. 

Frictional properties were not compromised by the grinding 
procedure. Quite the opposite was observed as small increases in friction 
values were observed when comparing the ground and original surfaces. 
The reason is that the grinding operation leaves a rougher microtexture 
which leads to a small improvement in frictional values despite the 
reduction in macrotexture which was expressed in MPD. 

A crucial question regarding the grinding effect is how long its 
beneficial aspects last. As the ground surface is subjected to traffic the 
beneficial aspects are progressively lost as the texture characteristics 
change. The surface asperities will be polished at the edges and the surface 
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will lose its negative skew. This will increase the resulting indentation in 
the tyre surface, reflected in an enveloped profile with higher deflections. 
This process is accelerated in Sweden by the use of studded winter tyres. 
The noise reduction seemed to disappear after a year while the rolling 
resistance reduction was diminished after the same period. 

Grinding speed is a variable that requires further studies. The 
grinding operations presented in this paper were carried at a speed range 
of 1–2 m/min. Using different speeds could affect the results, yet this effect 
was not tested in this paper. 

It is noteworthy that the grinding operation is not very expensive 
and if it is done on a larger scale, it should result in a favourable cost–
benefit analysis result. However, this was not within the scope of this study. 
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10. Discussion 

10.1. Measurement of tyre/road functional 
properties  

The CPX round robin tests indicated some uncertainties that should be 
controlled in order to ensure a proper evaluation of tyre/road noise. Key 
factors to achieve a proper evaluation include making sure that start and 
stop positions are correct and consistent between different runs. When the 
measurement position is not controlled properly, a surface with higher 
inhomogeneity will lead to different results. The device calibration is 
another important factor. A CPX trailer should be calibrated according to 
the standard and the calibration should be reliable.  

Measuring under humid or wet conditions has proven to increase 
noise levels, specifically for frequencies equal to or higher than 1.6 kHz. 
Unless the intention is to evaluate tyre/road noise under wet or humid 
conditions, this should be avoided. 

When considering only the CPX trailers that had reliable 
calibrations and did not measure during humid or wet conditions, the 
effects of measuring with different tyres and trailers were not larger than 
0.35 dB for tyre P1 and 0.47 for tyre H1. According to the results obtained 
by the GLM, even without GPS synchronization the average noise levels did 
not differ more than 1 dB for all nine sites used but one. Moreover, on six 
of the nine sites, these two trailers did not differ more than about 0.2 dB. 
The maximum differences between trailers for each reference tyre, 
considering all trailers, were estimated by the GLM in 0.69 dB for tyre P1 
and 1.01 dB for tyre H1. This quantified variability is relevant when 
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considering applications such as labelling of road surfaces with respect to 
tyre/road noise, see section 10.7. 

As the CPX round robin tests used hardness values that were 
measured with different instruments and operators, it is likely that the 
observed variance could be reduced by following the recommendations 
given in paper B. The recommendations in this article will be submitted to 
the relevant ISO working group. 

The tyre rubber hardness correction term was shown to be 
operator and instrument dependent. The operator and instrument effects 
were estimated to impact the CPX noise levels by 0.24 and 0.40 dB, 
respectively. This is higher than the typical uncertainty expressed in ISO 
11819-3 (International Organization for Standardization, 2017b). With 
handheld instruments, the operator may affect the result by, for instance, 
tilting the instrument while pressing it. For this reason, to minimize the 
operator effect it was recommended to use a test stand. Additionally, it was 
found that the hardness values obtained at 0.1 s or less do not follow the 
same hardness drift relationship with logarithmically transformed time as 
all other values up to 10 s. Therefore, another way to reduce uncertainty is 
to not take instantaneous hardness values and ignore readings earlier than 
0.1 s. Digital instruments are better as they can control the time lapse until 
the hardness value is taken in a more precise and repeatable way 

When considering only calibrated trailers and trailers that did not 
measure humid or wet surfaces, the main effects related trailers were, in 
many surfaces, smaller than the main effects related to tyres. In the GLM, 
the effects related to tyres include both that different tyres types lead to 
different noise levels  and that different tyre specimens of the same type 
also affect the result without any possibility to separate these effects with 
the used experimental design. 

Differences between tyres of different models is natural; however, 
differences between tyres of the same model are seen as an uncertainty. 
The recommendations contained in this thesis contribute to a reduction of 
both uncertainties related to measurements with different trailers and 
uncertainties related to tyres of the same models.  

The comments regarding how tyre hardness is measured can also 
be used to perform corrections in rolling resistance measurements. A 
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reduction in the variability when measuring tyre rubber hardness leads to 
a more reliable hardness correction term, which leads, in turn to a reduced 
variability of the rolling resistance measurements with a trailer. The 
method used in this thesis to measure rolling resistance on roads does not 
include a correction for tyre rubber hardness as it states that a relationship 
between rubber hardness and rolling resistance has not yet been studied, 
but it would be of interest to investigate such corrections (Bergiers et al., 
2016).  

10.2. Selection of tyres 

The study on the selection of tyres showed that, considering average noise 
levels for all tracks and speeds, the standard deviation within each group 
was between 6.0 and 6.6 dB. Studded tyres have a slightly lower standard 
deviation of 5.4. This reveals that there is a clear potential gain in tyre 
selection when it comes to noise mitigation. One possibility to achieve this 
noise reduction is having a labelling system that can inform the customers 
as to which tyres are noisier and which are quieter. The second possibility 
is by having more strict regulations, setting maximum acceptable noise 
levels for tyre/road noise and gradually reducing this maximum acceptable 
level. Note that the first alternative, relying on the labelling system, 
depends, however, on a trustworthy tyre labelling system, which is not the 
case considering the lack of correlation between road and drum 
measurements presented in this thesis; see the discussion on tyre labelling 
in section 10.6. 

The surface type and speed are also important for the selection of 
tyres. This importance is not, however, on the consumer side. The 
consumer selects tyres and drives with them at different speeds and 
various locations. The surface type and speed are important when selecting 
a road surface and planning speed limits, as this will affect the functional 
performance concerning not only noise but also rolling resistance, as it was 
shown here. As an example, at lower speeds, such as 30 and 50 km/h, 
studded tyres were noisier on the SMA 8 surface than on the DAC 16 
surface. The average noise level for studded tyres was approximately 2.0 
dB higher on the SMA 8 than the DAC 16 at 30 km/h. The frequency 
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spectra comparison between the two surfaces indicated that the DAC 16 
was noisier at lower frequencies and that the spectral region that the DAC 
16 was noisier and increasingly noisier with increasing speed. The low-
frequency region is typically related to vibrational mechanisms, meaning 
that the increased noise levels in the DAC 16 surface are related to impact 
mechanisms. This is logical considering the larger maximum aggregate size 
and the increased MPD found in the DAC 16 surface. This means also that 
the surface selection should take the speed and the proportion of studded 
tyres into account. Moreover, a noise reduction for studded tyres is not 
achieved by simply reducing the maximum aggregate size. 

When looking at the specific case of studded tyres, at lower 
frequencies they do not differentiate between the two tested tracks so 
substantially. Furthermore, when two nominally identical tyres were 
compared, one with studs and the other without studs, it was shown that 
studs lead to an increase in noise levels even for lower frequencies. It seems 
to be the case that the presence of the studs leads to low-frequency 
vibration that takes place independently of which surface is used. Section 
10.3 presents a specific discussion on noise generation mechanisms for 
studded tyres; however, this thesis has shown that there are potentially 
good alternatives to the use of studded tyres, such as tyres with hard 
particles baked in the tyre tread.. 

The use of hard particles baked into the tyre tread instead of 
regular studs was shown to lead to lower noise levels and a spectrum that 
did not have a plateau for higher frequencies. As the hard particles are 
smaller and lighter compared to the studs, this reduces their kinetic energy. 
For this reason, it is logical that they do not generate as much impact noise 
as the studs do. It is reasonable to expect that hard particles lead to reduced 
wear of the road surface when compared to substantially heavier regular 
studs by the same reasoning. 

When it comes to rolling resistance the measurements on roads 
indicate that the gains in rolling resistance are not linked to tyre categories, 
which emphasizes the relevance of a reliable labelling system to select the 
most efficient tyres. This is a contrast to noise, as studded tyres were shown 
to be the noisiest group. The average RRC for all tyres was 1.44 [RRC in %] 
and the standard deviation considering all tyre groups was 0.19 [RRC in 
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%]. All season tyres had the highest rolling resistance, with an average 
value of 1.60 [RRC in %], indicating that this is a result of tyres that were 
optimized for a broader range of operational temperatures, leading to a 
sacrifice in performance for rolling resistance. The winter studded tyres 
had a mean value of 1.48 [RRC in %] and a standard deviation of 0.21 [RRC 
in %], which are not substantially larger than the mean and the average 
standard deviation for all groups.  

Even though it was expected that higher noise levels, especially at 
lower frequencies related to tyre vibrations, would lead to higher rolling 
resistance, no correlation was found. It could be that such vibrations are 
not a good indication of rolling resistance dissipations. Although rolling 
resistance is related to cyclical deformations in the tyre structure, those 
were not captured by the CPX frequency spectra. It could be the case that 
vibrations at lower frequencies would lead to better correlations with 
rolling resistance.  

Regarding the difference between test tracks, most tests indicated 
that the tyre groups did not show a substantial track differentiation. The 
tracks did have a different MPD and this is known to affect rolling 
resistance. The difference in surface texture, however, did not affect the 
group means substantially. Within each group, however, some tyres 
differentiated between the two surfaces more substantially than others and 
the difference was up to 0.20 [RRC in %]. Again, this means that a reliable 
labelling system is important for selecting the tyres that are more energy 
efficient.  

Comparing nominally identical tyres, one with studs and the other 
without studs, led to a marginal decrease in rolling resistance for the tyre 
without studs. Even though there is a marginal mass decrease, this 
corresponds to approximately 2 % of the total weight of a tyre. It is possible 
that the removal of the studs affects vibrational mechanisms at low 
frequencies. As no correlation was observed between CPX noise levels at 
lower frequencies and rolling resistance, it could be the case that these 
vibrations take place at frequencies lower than 315 Hz and are therefore 
not captured by the CPX method. The effect of removing the studs leads to 
a noise reduction between 5–7 dB within the frequency range of 315 Hz–
5 kHz and an additional 2 dB reduction in the frequency range of 1–2 kHz. 
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This positive effect is combined with a rolling resistance reduction of 0.06 
[RRC in %]. 

The discussion presented here indicates that substantial 
mitigations can be achieved by selecting the most efficient tyres, with 
respect to both noise and rolling resistance. This requires a reliable 
labelling system for both noise and rolling resistance. 

10.3. Noise generation mechanisms for studded 
tyres 

The CPX measurements with studded tyres indicated that the studs lead to 
increased noise levels over the entire frequency spectra and a plateau 
region for frequencies higher than 4 kHz. Considering the contact 
mechanisms proposed by Gültlinger et al. (2014) and the noise generation 
mechanisms for non-studded tyres proposed by Sandberg and Ejsmont 
(2002) four-noise generation mechanisms for studded tyres are proposed 
here. The four-noise generation mechanism for studded tyres discussed 
here are illustrated in Figure 16. 

The first two mechanisms are (i) Stud-induced Tangential 
Vibrations and (ii) Stud-induced Radial Vibrations. Such vibrations in 
tangential and radial vibrations, respectively, and are a result of the studs 
transmitting vibrations to the tyre structure. This adds up to the already 
existing vibrational mechanisms that typically vibrate at frequencies lower 
than 4 kHz.  

The third mechanism is the Stud Scratch that takes place when the 
studs enter the contact patch and there is an almost instantaneous change 
in the kinetic energy (Gültlinger et al., 2014). This impact energy is 
released not only in the form of road surface damage but also in the form 
of noise, leading to the plateau region observed in the results. Given the 
CPX results, it is possible to suggest an association of this impact 
mechanism with frequencies higher than 4 kHz. 

 The fourth mechanism is related to the studs slicing over 
the road surface. This takes place in the contact patch when there is a 
relative motion of the studs in relation to the road surface, leading to 
scratching of the road surface. It is proposed here that this scratching also 
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reductions for light vehicles and on surfaces where the MPD is originally 
high.   

Rolling resistance was reduced by grinding up to 15 %. This was a 
result of the texture optimization which affects how the tyre deforms itself 
when contacting the road surface. The rolling resistance reductions were 
higher for the reference tyre P1 than for the H1 tyre. Again, this is typical 
considering that the P1 tyre is more sensitive to road surface texture 
characteristics than the H1 tyre. The average rolling resistance reduction 
was 9.9 % for tyre P1 and 4.7 % for tyre H1.  

The increased microtexture led to a small increase in friction in all 
cases except one where friction decreased by 1 %. The average friction 
increase in terms of FC was 4 % at 50 km/h and 3 % at 80 km/h. 

The grinding of road surfaces leads to improvements both with 
regard to noise and rolling resistance; however, these improvements 
vanish over time, especially due to the wear caused by studded tyres. 
Therefore, as in section 10.3, the use of studded tyres should be considered 
not only when selecting a given road surface, but also when selecting the 
surface optimization technique. 

10.5. Assessment of functional properties and 
the mitigation strategies. 

The CPX round robin quantified the variance in the measurements on 10 
roads that were selected to be representative of Swedish road surfaces. The 
GLM indicates that the main effects related to different trailers were larger 
than the components related to tyres. However, this includes trailers that 
were not properly calibrated and performed measurements on humid or 
wet roads.  

When interested in evaluating different tyres, the other system 
variables were fixed or controlled (see 3.1, p. 11). This means that, when 
evaluating tyre/road noise for different tyres, the same road surfaces and 
same measurement trailer were used, all under controlled conditions. For 
this reason, when using the CPX measurements to evaluate different tyres, 
the uncertainties related to the use of different test trailers are not present.  
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There are additional reasons to underscore the claim that the 
uncertainties in the tyre selection studies are not larger than the ones 
observed in the round robin tests. One of the trailers in the round robin 
test had an unreliable calibration which was identified when analysing the 
resulting frequency spectra. Another trailer performed some 
measurements in wet or humid road surface conditions, which was also 
identified in the frequency spectra. The frequency spectra for the 
measurements on the selection of tyres were analysed and no anomalies 
indicating unreliable calibration or humid/wet road conditions were 
found. Even though the individual uncertainty related to each of the 50 
tyres used in the tyre selection study were not evaluated specifically, it is 
unlikely that the uncertainties would be larger for the study on tyre 
selection than on the round robin test. In other words, it is unlikely that 
measurements using the same trailer and the same two reference surfaces 
would lead to larger uncertainties than those obtained in a study where 
different trailers and a broader selection of road surfaces were used. A less 
conservative reference value from the CPX round robin would be to 
consider only the values from the two trailers that have a reliable 
calibration and did not measure under humid or wet conditions.  

The standard deviations for the average noise levels observed for 
the different tyre groups from the tyre selection study ranged from 5.4–
6.6 dB. These were substantially higher than the uncertainties observed in 
the round robin test, even when all uncertainties involving unreliable 
calibration of one of the trailers and measurements in humid/wet 
conditions were obtained. It is, therefore considered that there is a 
potential gain in noise reduction by selecting quieter tyres. This reduction 
will be different on different road surfaces. 

The idea of reducing the maximum aggregate size to obtain a noise 
reduction is not always valid. The studded tyres tested in this thesis were 
noisier on the SMA 8 surface than on a DAC 16 surface. The direct 
implication is that the pavement selection should take into consideration 
how often studded tyres are used, not only for structural purposes to have 
a proper wear resistance but also with regard to noise. 

When it comes to the process of grinding road surfaces, a similar 
argument is proposed. The measurements were carried out by the same 
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trailer, under controlled conditions, yet with the two reference tyres for the 
CPX method. As the noise reduction was obtained by comparing a ground 
surface with an unground surface directly adjacent to it, this also reduced 
uncertainties related to the test site. For this reason, the noise reductions 
obtained by grinding the road surfaces are also considered meaningful. 

Note that the resulting gains by selecting quieter tyres would be 
larger than the gains obtained by grinding road surfaces. On the other 
hand, the operation of grinding a road surface has immediate effects on the 
noise levels. Measures to remove the noisier tyres from a vehicle fleet are 
not as simple nor can they be implemented as quickly. 

The consistency of rolling resistance measurements was assessed 
using VETO. Even though this is not as robust as all the round robin tests, 
the data was considered consistent when measuring on different road 
surfaces. In contrast to noise, it was shown that studded tyres were the least 
optimal group for rolling resistance, and the least optimal tyre group was 
the all-season tyres. The standard deviations for the RRC in different tyre 
groups was approximately the same, 0.19 [RRC %], meaning that there is 
also a potential gain in selecting the most energy efficient tyres. 

Similar to the discussion on noise, removing the less efficient tyres 
from a vehicle fleet takes time and is not as easily performed. Immediate 
effects can be obtained by grinding, which was shown to reduce rolling 
resistance up to 15 %. To illustrate how meaningful this reduction is, the 
least energy efficient tyre group measured on roads in the tyre selection 
study had an average of 1.60 [RRC in %]; with a 15 % reduction, this group 
would have similar RRC to the other groups. 

A good alternative for studded winter tyres was also shown here, 
which is the use of tyres with hard particles baked into the tyre tread. Such 
tyres led to low noise levels and a good rolling resistance performance. 
Another potential advantage for these tyres which is foreseen here is 
reduced road wear as the small particles do not subject the road surface to 
the same impacts and stresses as regular studs do. This can potentially be 
translated into an improved air quality with the decrease of road surface 
wear. 
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10.6. Labelling of tyres with respect to tyre/road 
noise and rolling resistance 

Concerning measurements of tyre/road noise in drums compared to actual 
road surfaces as well as compared to labelled values, two problems are 
evident from the investigative work in this thesis: (i) the drum 
measurements do not correlate with the road measurements and (ii) the 
labelled values on tyres do not correlate with the actual performance as 
measured in this thesis. The first problem indicates that, while 
measurements on drums have some advantages such as a better controlled 
test condition, the drum does not seem to reproduce the performance of 
tyres on road conditions. This means that the road surface is a fundamental 
part when assessing functional performance and drum results cannot be 
directly translated into road results. 

This thesis indicates that, although there are aspects to be 
improved in the CPX method including how Shore hardness is measured, 
the resulting uncertainties related to tyres are not as large as to explain this 
lack of correlation. The results also show that, when properly performed, 
CPX values have uncertainties typically no larger than about 1 dB. Such 
uncertainties do not explain the lack of correlation obtained between 
labelled values and the values obtained on road surfaces. Therefore, an 
examination of the labelling procedure for tyre/road noise is strongly 
suggested. 

Even though no round robin for rolling resistance was performed 
in this thesis, the results are considered consistent and, similar to noise 
results, no correlation was found between road and labelled values. The 
labelling procedure for tyre/road rolling resistance should, therefore, also 
be examined. 

10.7. Labelling of road surfaces with respect to 
tyre/road noise 

In order to have reliable measurements it is imperative to follow the 
standardized procedure when measuring tyre/road noise. This includes 
having a reliable calibration of the test trailer and not measuring on wet or 
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humid roads. Additionally, synchronizing GPS coordinates to meet the 
exact start and stop position is fundamental. When the tests are performed 
with all the recommendations found here, including the recommendations 
for measurement of Shore hardness, the resulting uncertainty is expected 
to be even smaller than about 1 dB. Note that considering only the trailers 
that did not have calibration anomalies and did not measure on humid/wet 
roads in the round robin tests, for six out of nine test sites the effect of 
measuring with different trailers was no larger than about 0.21 dB. This 
was achieved without GPS synchronization; therefore, it is likely that an 
even higher precision is feasible. In comparison, the difference between  
the two trailers did not differ more than 0.35 dB for tyre P1 and 0.47 dB 
for tyre H1 when all 9 sites are included. Specific measurements reported 
in this thesis may have higher differences; however a precision of 1 dB is 
considered feasible given that the tests are properly performed. This 
assumes that the CPX measurements are correctly performed according to 
the standard and the recommendations given in this thesis are followed.  
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11. Conclusions 

This thesis focused on providing a holistic approach on the tyre/pavement 
noise with regard to the functional requirements of noise and rolling 
resistance. It included an integrated analysis of measurement methods and 
analysed two mitigation alternatives in light of the findings related to the 
measurement methods. The analysis also integrated the results on noise 
and on rolling resistance. Moreover, the analysis included the holism in the 
contact system by taking several components into account: tyre and road, 
measurements in different temperatures, and even an interfacial medium 
was present (water during some CPX measurements). 

Previous projects considered some combinations of parameters 
such as tyre/road noise and rolling resistance, but did not include an 
analysis of different tyres, e.g. the European project ROSANNE (Haider et 
al., 2016). Another example is the European project SILIENCE (Sandberg 
and Glaeser, 2008b) that considered different roads and tyres but only 
focused on noise. The holism proposed here, with an analysis integrating 
tyre/road noise and rolling resistance, measurement methods and 
mitigation strategies is considered a novelty of this work. The results here 
contribute, therefore, with a more integrated approach, to mitigating the 
health, social and economic issues related to noise and rolling resistance. 

This thesis indicated that even when performing CPX 
measurements on different days, under different meteorological 
conditions, with different operators and on ten different test tracks, the 
average difference between operators was comparable to the uncertainty 
estimations in the corresponding ISO standard. When considering only the 
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CPX trailers that had reliable calibrations and did not measure on humid 
or wet conditions, the difference between the trailers, including all 9 sites, 
was 0.35 dB for tyre P1 and 0.47 dB for tyre H1. The average noise levels 
did not differ more than 1 dB on eight out of nine sites included in the 
model. Moreover, on six of the nine sites, the main effects of measuring 
with two different trailers did not differ more than about 0.2 dB.Even 
though it was not an intended result, the CPX round robin tests allowed 
the inclusion of water as a contact medium7 between road and tyre in the 
analysis. The results indicated that this has an effect on the noise spectra 
for frequencies higher than the peak. This led to spectra that are broader 
in that region when compared to spectra obtained under dry conditions.  

The analysis also indicated that the rolling resistance 
measurements on roads were consistent with VETO when comparing 
results on different surfaces and measurements at different speeds.  

The results on drums did not correlate with results obtained on 
roads. This was the case not only for rolling resistance but also for noise. 
The road surface is a component of the contact system. When substituting 
the road surface by a drum surface, the results are no longer directly 
comparable. 

When evaluating different mitigation strategies, the same trailer 
was used and reference surfaces were selected. This means that some of the 
uncertainty components were removed, e.g. effects related to measuring 
with different trailers, or reduced, e.g. two-factor interactions involving 
trailer. The trailer used for evaluating different mitigation strategies was 
properly calibrated and did not measure under humid or wet conditions. 

The two mitigation strategies analysed here led to positive results 
when it comes to both noise and rolling resistance, however the selection 
of tyres can potentially lead to a more substantial mitigation of noise and 
rolling resistance. To illustrate this, consider the studded tyres group, 
which was the noisiest. The results showed that if the 25 % noisiest tyres 
studded tyres were removed, the average noise level for this group would 
decrease by 5.3 dB. This mitigation strategy requires, however, that the 
least efficient tyres are removed from the vehicle fleet, which is no simple 

 
7 More on the contact system is found in section 3.1 
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nor quick task. The variability of results within each group indicates that it 
is important to have a labelling system that is reliable. A reliable labelling 
system allows not only consumers to select the tyres that are more efficient 
but could also be used to guide new policies if it is decided to remove the 
least efficient tyres.  

The second mitigation strategy analysed here could more easily be 
implemented by different transportation authorities by grinding road 
surfaces. This requires a high initial MPD and leads to reductions in noise 
up to 3.3 dB and rolling resistance reductions up to 15 %. This solution, 
however, works for only a limited time, as the positive effects of grinding 
vanish as the surface is worn, especially by studded tyres. 

The idea of reducing the maximum aggregate size to obtain a noise 
reduction is not always valid. The studded tyres tested in this thesis were 
noisier on the SMA 8 surface than on an DAC 16 surface. The direct 
implication is that the pavement selection should take into consideration 
how often studded tyres are used, not only for structural purposes to have 
a proper wear resistance, but also with regard to noise. 

In line with the results, four different generation mechanisms are 
proposed for studded tyres: i) Stud-induced Tangential Vibrations and (ii) 
Stud-induced Radial Vibrations, (iii) Stud Impact, and (iv) Stud Scratch. 
When rolling over a surface with a smaller maximum aggregate size, the 
studs’ angle of impact with the road surface will be affected, which could 
increase the induced vibrations. This could be an explanation for the 
increased noise levels for studded tyres on surfaces with smaller maximum 
aggregates sizes. 

It was hypothesized that the tyre vibrations that generate noise, 
registered by the CPX method, would correlate with rolling resistance. A 
change in the vibrations, expressed by a change in noise, would therefore 
correlate to a change in rolling resistance. However, no correlation was 
obtained between CPX levels at lower frequencies and rolling resistance. It 
is possible, however, that tyre noise, as measured by the CPX method, and 
rolling resistance correlate at lower frequencies, lower than 315 Hz, which 
is the lowest frequency typically measured by the CPX method. 

It was also shown in this thesis that there are potentially good 
alternatives to the use of studded tyres, such as tyres with hard particles 
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baked in the tyre tread. Such tyres showed a good performance, both 
regarding noise and rolling resistance. Another potential advantage for 
these tyres is reduced road wear as the small particles do not subject the 
road surface to the same impacts and stresses as regular studs do. This can 
potentially be translated into an improved air quality with the decrease of 
road surface wear. It could also lead to a reduction in PM10 emissions., as 
it was shown that the use of studded tyres leads to increased PM10 
(Lundberg, 2020). 

When it comes to noise it was shown that studded tyres are the 
least effective group, with the highest noise levels. In contrast to noise 
results, for rolling resistance, the least optimal tyre group was the all-
season tyres. The standard deviations for the RRC in different tyre groups 
was approximately the same, 0.19 [RRC in %], meaning that there is also a 
potential gain in selecting the most energy efficient tyres for all tyre groups 
tested in this thesis. 

Similar to the discussion on noise, removing the less efficient tyres 
from a vehicle fleet takes time and is not as easily performed. Immediate 
effects can be obtained by grinding, which was shown to reduce rolling 
resistance up to 15 %. To illustrate how meaningful this reduction is, the 
least energy efficient tyre group measured on roads in the tyre selection 
study had an average of 1.60 [RRC in %]; with a 15 % reduction, this group 
would have a similar RRC to the other groups. 

This thesis includes recommendations to reduce uncertainties of 
CPX measurements. Those include always reporting and synchronizing 
GPS coordinates, not measuring on humid/wet roads, and always using 
trailers that have a reliable calibration.  

Additionally, the correction of rubber hardness should preferably 
be carried out with a digital instrument and the measurement time should 
be reported. No instantaneous, or maximum values should be used. 
Readings obtained at or before 0.1 s after the instrument has contacted the 
tyre tread should be discarded. The operator and instrument components 
lead to uncertainties of 0.24 dB and 0.40 dB. Note that the instrument 
component was obtained including digital and analogous instruments. It 
is likely that using only digital instruments would already reduce this 
uncertainty component. The results regarding rubber hardness are 
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relevant not only for the CPX measurements but also for rolling resistance 
measurements. A future standard for rolling resistance measurement on 
roads could include the hardness correction method.  

The CPX round robin results would, therefore, have been even 
better if the recommendations presented here had been applied. This leads 
to the discussion on labelling. 

The results with a drum did not correlate with the results on road 
which are considered more representative of how tyres perform in actual 
operational conditions. The results on road did not correlate to labelled 
values. As previously discussed, a reliable labelling system for tyres is 
important if strategies such as gradually removing the least efficient tyres 
from a vehicle fleet can benefit from a reliable labelling system. This is an 
important conclusion, both with respect to noise and rolling resistance, 
and improvements to the tyre labelling system should be considered. 

Finally, by measuring on different days, with different 
temperatures, different trailers and tyres, the round robin tests simulated 
the uncertainties found when a transportation authority orders a CPX 
measurement. There is usually not a fixed date for performing the tests and 
weather conditions may vary. This could just as well be a measurement 
aiming at verifying if a given road complies with a given labelling 
specification. If the tests are performed according to the standard and the 
results are reliable and reproduced. Given the uncertainties analysed in 
this thesis, it is considered that a precision of 1 dB for specifying a surface 
label is feasible. 
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12. Future work 

12.1. CPX and rolling resistance measurements 
with trailers 

The CPX round robin tests were performed with open and closed trailers. 
The frequency spectra indicate that the enclosure has some effect on the 
peak frequency region. More research on how the enclosure can affect the 
peak region is required to better understand this phenomenon. 
 The CPX measurements showed that, when measuring on wet 
roads the frequency spectrum is affected in frequencies higher than the 
peak region. This could be explored as an indicator for wet road conditions 
in the future.  

One CPX trailer had a calibration curve that led to some deviations 
in the frequency spectra when compared to all others. A quality control 
procedure for the calibration of CPX trailers would be desirable to avoid 
such problems. 
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Regarding the rubber hardness correction term, the concept of 
hardness drift could be explored to characterize the ageing and wear 
processes of tyres. Even though it was feasible to perform hardness drift 
measurements with a non-modified instrument, it could be of interest to 
implement modifications so that the instrument can automatically sample 
hardness values over a given time. A sampling rate of 0.1 s is suggested 
here. The use of a test stand is also recommended to reduce the operator 
effect when evaluating the hardness drift. This is relevant not only for the 
CPX method but also potentially relevant for rolling resistance 
measurements.  

For both noise and rolling resistance measurements it is important 
that the start and stop positions are synchronized using GPS coordinates.  

12.2. Selection of tyres 

Performing more tests with nominally identical tyres, however, one group 
with studs and the other without studs, would be of interest, especially to 
better evaluate the effect on rolling resistance. 

The relationship between noise in lower frequencies and rolling 
resistance is a topic of interest here. As no correlations between the CPX 
levels at different frequencies and rolling resistance were found, it is 
suspected that vibrations at frequencies lower than 315 Hz, and therefore 
not captured by the CPX method, affect rolling resistance. This would 
require the CPX method to measure at lower frequencies, which could 
imply changes in the standardized procedure. 

Changes in functional properties of tyres, including noise and 
rolling resistance, should be evaluated at different stages of age and wear. 
In this thesis, only a small sample was used.  

12.3. Noise generation mechanisms for studded 
tyres 

To explore and verify the validity of the generation mechanisms evaluation 
is suggested of how the studs affect the frequency spectra is affected by 
varying the weight of the studs for nominally identical tyres.  
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12.4. Horizontal grinding of road surfaces  

Regarding the surface grinding technique, further investigations would be 
interesting on the durability of the results and how this process can be 
connected to road maintenance cycles in order to generate a positive cost-
benefit result. Further analysis is needed on the usage of different grinding 
tools and on how the ground depth affects different functional properties 
of road surfaces.  
 An investigation on how the grinding process affects the road 
surface wear and PM10 emissions is also of interest. 

12.5. Road surface labelling, tyre labelling 

For the purposes of labelling it is of interest to perform a round robin test, 
similar to the one performed here, however focusing on rolling resistance. 
Some of the recommendations for the CPX measurements also apply for a 
future round robin test on rolling resistance, including reporting and 
synchronizing GPS coordinates and not measuring on humid/wet roads.  

A major point of this thesis is that the tyre labelled values do not 
correlate with the values measured on the road, neither for noise nor for 
rolling resistance. A review of the labelling procedure is therefore of 
interest and is necessary. 
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