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Preface 

The intention behind this thesis was to investigate the complex system that 
is the road surface and tyre interaction, focusing on abrasion wear of road 
surface wear courses, the generation of abrasion wear particles from 
pavements and road dust, including its generation, transport and its 
storage. The thesis also aimed to act as a start for a more holistic approach 
to functional parameters related to this complex interaction and to put the 
aspects found for road dust and abrasion wear particles into a greater 
context with other aspects which affect the road surface and tyre 
interaction, including noise, rolling resistance and friction. 
 The thesis is constructed to give the reader an introduction to the 
subject of particles, its impact on health and its sources. This is followed by 
the aims, objectives and limitations of the thesis together with a more 
descriptive outline. The road surface and tyre interaction is then 
introduced and different parameters affecting or affected by this 
interaction is described. Measures to reduce road dust and in continuation 
air quality is then presented. Methods used in the studies the thesis is 
based upon is then described, followed by a summary of the appended 
papers. The results are then discussed and put into a greater context before 
presenting the conclusions and some of the identified research needs. 
Appended is the five papers the thesis is based upon. 
 
 
 
Boxholm, April 2020 
Joacim Lundberg 
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Förord 

Tanken bakom denna avhandling var att undersöka det komplexa system 
som vägyta-däckinteraktionen utgör, med fokus på dubbdäckslitage av 
vägens slitlager, genereringen av slitagepartiklar från beläggningen samt 
generering, transport och lagring av vägdamm. En annan målsättning med 
avhandlingen var att agera som en start för ett mer holistiskt grepp kring 
funktionella parametrar relaterade till denna komplexa interaktion och att 
sätta de funna aspekterna för vägdamm och slitagepartiklar in i en större 
helhetsbild med andra aspekter som påverkar eller påverkas av vägyta-
däckinteraktionen, inklusive buller, rullmotstånd och friktion. 
 Avhandlingen är uppbyggd på ett sådant sätt att läsaren får in 
introduktion till ämnet partiklar, dess inverkan på hälsan och dess källor. 
Detta följs av målen och begränsningarna för avhandlingen följt av en mer 
beskrivande sammanfattning av de olika kapitlen som ingår i 
avhandlingen. Därefter introduceras vägyta-däckinteraktionen och olika 
parametrar som påverkar eller påverkas av interaktionen beskrivs. Sätt för 
att minska vägdamm och i förlängning minska inverkan på luftkvalitet 
beskrivs därefter. Sedan följer en beskrivning av de metoder so manvänts 
i de artiklar som avhandlingen är baserad på, följt av en sammanfattning 
av dessa artiklar. Resultaten diskuteras sedan och sätts i ett större 
sammanhang, innan slutsatser och några framtida forskningsbehov 
beskrivs. Bifogat därefter finns de fem artiklarna som avhandlingen 
baseras på. 
 
 
 
Boxholm, april 2020 
Joacim Lundberg 
 
 
 
  



Förord 

vi 
 

 

 



 

vii 
 

Acknowledgement 

There are many persons I would like to thank and acknowledge for making 
this thesis possible. 
 Firstly, I would like to thank my family for their love and support 
throughout the PhD studies. This include my mother Anette Lundberg, my 
father Björn Lundberg and my sister My Lundberg with her family 
consisting of her husband Christoffer Lundberg and her sons (my 
nephews) Alvin and Milo Lundberg. Especially Alvin and Milo kept 
reminding me with the joys of learning new things and teaching them to 
others. There are others not among us today that also should be 
remembered whom I know would have supported me or supported me 
while they could, which includes (but are certainly not limited to) my uncle 
Lars-Thomas Lundberg, my grandfather Rune Lundberg, his brother Odd 
Lundberg, my grandmother Sylvia Karlsson and her husband Gunnar 
Karlsson. All are greatly missed. My first thank also goes to all my friends, 
who never tired of my talk about my research and who always stood by my 
side. You are too many to mention here, but You know who you are and 
know that I am grateful for our friendship! 
 Another thanks go to my supervisors Sigurdur Erlingsson 
(VTI/KTH), Mats Gustafsson (VTI), Sara Janhäll (first VTI, later RISE), 
and Göran Blomqvist (VTI). I am grateful for all the supervisions and 
things you have taught me, despite us all not always agreeing on 
everything. I surely have developed much and learned much from you all 
through all the interesting and sometimes complicated discussions we have 
had. I am also grateful that Sara kept supervising me even after she moved 
on from VTI to RISE. Here is also in its place to thank both Anders Genell 
(VTI) and Olle Eriksson (VTI), with whom I have had much fruitful, 
complicated, and fun discussions with which has also taught me a lot. My 
fellow PhD candidate and friend Tiago Vieira (VTI, connected to KTH) 
deserve a very special thanks, for without him I would not have been able 
to write this thesis. I will surely miss all our fun discussions and the 
cooperation together, you taught me a lot not only about road traffic noise 
and rolling resistance, but also regarding friction, road surface texture and 



Acknowledgement 

viii 
 

tyres. I greatly appreciate the cooperation we had, and I surely hope we will 
continue to work together! Also thanked are all the other people whom I 
have worked with the last few years at VTI, both the environmental unit 
and other units, as well as outside of VTI. You are too many to mention 
here but know that I greatly appreciated it! 
 A special thanks also goes to the reference group at the Swedish 
Transport Administration, which consisted of Jan Skoog, first Peter Smeds 
and later Julia Bermlid, first Martin Juneholm (currently the Swedish 
Transport Agency) and later Hung Nguyen, Lars Dalhbom, first Robert 
Karlsson and later Erik Oscarsson. All you interest and input has been 
valuable and greatly appreciated. 
 Another thanks goes to the personnel at KTH, who has made this 
thesis possible, both at the division of Building Materials with Magnus 
Wålinder, Alvaro Guarin Cobo and the others, to which I was connected, 
but also especially Katharina Lindroos, Merja Carlqvist and Viktor Brolund 
for all the help with the administration and practicalities. Without them 
this thesis surely would not have happened. Also greatly appreciated are 
Johan Silfwerbrand, who reviewed this thesis and whose great comments 
surely made it better.  

It should not be forgotten those who inspired me to go into higher 
education and later research to begin with, which especially includes my 
old high school teachers at Falkenbergs Gymnasieskola Bo Eklund, 
Magnus Karlsson and Semir Becevic, whom made math and physics 
something understandable and fun, as well as my teachers at Lund 
University, especially Ebrahim Parhamifar, Sven Agardh, Katja Fridh, 
Oskar Larsson Ivanov and Conny Svensson, all who greatly inspired me to 
go into research. 

Finally, for all of you whom I have not managed to mention by 
name here, know that I appreciate you all! 
 
 
 
Boxholm, April 2020 
Joacim Lundberg



 

ix 
 

Funding acknowledgement 

This PhD programme was funded primarily by the Swedish Transport 
Administration, for which I am grateful. It was also funded in part by the 
Swedish National Road and Transport Research Institute (VTI), where the 
work was also carried out, for which I am also grateful. An indirect, and 
later, funder was the Research Institutes of Sweden (RISE), who, while not 
directly funded the PhD programme, continued fund my supervisors Sara 
Janhäll time for her supervision of me, for which I am also grateful. 
 
 
 
Boxholm, April 2020 
Joacim Lundberg 
 
 
 
 
 
 

 
 
  



Funding acknowledgement 

x 
 

 



 

xi 
 

Erkännanden 

Det finns många personer som jag vill tacka för att ha gjort denna 
avhandling möjlig. 
 Först så vill jag tacka min familj för deras kärlek och deras stöd 
genom mina doktorandstudier. Detta inkluderar min mamma Anette 
Lundberg, min pappa Björn Lundberg och min syster My Lundberg med 
hennes familj bestående av hennes make Christoffer Lundberg och 
sönerna Alvin och Milo Lundberg. Särskilt Alvin och Milo förtjänar ett 
extra tack för att de fortsatte påminna mig om glädjen i att lära sig något 
nytt och att lära lärdomen till andra. Det finns flera som inte längre finns 
ibland oss som även bör kommas ihåg vilket inkluderar (men är dock ej 
begränsat till) min farbror Lars-Thomas Lundberg, min farfar Rune 
Lundberg, hans bror Odd Lundberg, min mormor Sylvia Karlsson och 
hennes make Gunnar Karlsson. Alla är mycket saknade. Mitt första tack 
går även till mina vänner, som aldrig tröttnade på mitt prat om min 
forskning och som alltid stod vid min sida. Ni är för många att nämna vid 
namn här, men Du vet vem du är och vet att jag är tacksam för vår vänskap! 
 Ett ytterligare tack går till mina handledare Sigurdur Erlingsson 
(VTI/KTH), Mats Gustafsson (VTI), Sara Janhäll (först VTI, senare RISE) 
och Göran Blomqvist (VTI). Jag är tacksam för all handledning och allting 
ni har lärt mig, trots att vi kanske inte alltid var överens om allting. Jag har 
säkerligen utvecklats mycket och lärt mig mycket från er alla genom alla 
intressanta och inte sällan komplicerade diskussioner vi har haft. Jag är 
också tacksam över att Sara fortsatte att handleda mig även efter att hon 
gick vidare från VTI till RISE. Här är det även på sin plats att tacka även 
Anders Genell (VTI) och Olle Eriksson (VTI), vilka jag har haft många 
komplicerade, roliga och fruktsamma diskussioner med som jag har lärt 
mig mycket från. Min meddoktorand och vän Tiago Vieira (VTI, kopplad 
till KTH) förtjänar ett mycket särskilt tack, för utan honom hade jag inte 
kunnat skriva denna avhandling. Jag kommer säkerligen sakna alla våra 
roliga diskussioner och vårt samarbete, du har lärt mig mycket, inte bara 
om vägtrafikbuller och rullmotstånd, utan även om friktion, vägytetextur 
och däck. Jag uppskattar samarbetet vi har haft mycket och jag hoppas att 



Erkännanden 

xii 
 

vi i framtiden kan fortsätta vårt samarbete! Jag tackar även alla andra som 
jag har arbetat med över de senaste åren både inom VTI, både 
miljöenheten och övriga enheter, men även utanför VTI. Ni är för många 
att nämna här men vet att jag uppskattade detta mycket! 
 Ett särskilt tack går till referensgruppen på Trafikverket, som 
bestod utav Jan Skoog, först Peter Smeds och senare Julia Bermlid, först 
Martin Juneholm (numer Transportstyrelsen) och senare Hung Nguyen, 
Lars Dalhbom, först Robert Karlsson och senare Erik Oscarsson. Allt ert 
intresse och feedback har varit värdefullt och är mycket uppskattat. 
 Ett annat tack går till personalen på KTH, vilket har gjort denna 
avhandling möjlig, både vid avdelningen för Byggnadsmaterial, med 
Magnus Wålinder, Alvaro Guarin Cobo och övriga, till vilken jag var 
kopplad men även speciellt Katharina Lindroos, Merja Carlqvist och Viktor 
Brolund. Utan deras hjälp med administration och praktiska aspekter hade 
denna avhandling säkerligen aldrig blivit av. Mycket uppskattad är även 
Johan Silfwerbrand, som förhandsgranskade denna avhandling och vars 
kommentarer säkerligen har gjort den bättre. 
 Glömmas skall ej de som till att börja med har inspirerat mig att 
bege mig in i högre utbildning och forskning, som särskilt inkluderar mina 
tidigare gymnasielärare vid Falkenbergs Gymnasieskola, Bo Eklund, 
Magnus Karlsson och Semir Becevic, som lyckades gör matte och fysik till 
något förståeligt och roligt, men även mina lärare vid Lunds Tekniska 
Högskola, och då särskilt Ebrahim Parhamifar, Sven Agardh, Katja Fridh, 
Oskar Larsson Ivanov och Conny Svensson, som alla inspirerade mig att 
välja forskningsbanan. 
 Slutligen, till alla er som jag inte har nämnt vid namn här, vet att 
jag uppskattar er alla! 
 
 
 
Boxholm, April 2020 
Joacim Lundberg 
 
 



 

xiii 
 

Finansiering 

Detta doktorandprogram finansierades främst av Trafikverket, för vilket 
jag är tacksam. Programmet finansierades även delvis av Statens Väg- och 
Transportforskningsinstitut (VTI), för vilket jag är tacksam över. En annan 
finansiering, dock inte av doktorandprogrammet direkt, har funnits genom 
Research Institutes of Sweden (RISE), vilka betalade för all tid som min 
handledare Sara Janhäll lade på att handleda mig, och för detta är jag 
tacksam. 
 
 
 
Boxholm, April 2020 
Joacim Lundberg 
 
 
 
 
 

 
  



Finansiering 

xiv 
 

 



 

xv 
 

Opponent, Appraisal Committee and 
Supervisors 

Supervisors 

Professor, Docent, Ph.D., Sigurður Erlingsson, Statens Väg och 
Transportforskningsinstitut (VTI) / Kungliga Tekniska Högskolan (KTH) 
/ Háskóli Íslands, Linköping / Stockholm / Reykjavik, Sweden / Sweden / 
Iceland. 
 
Senior Researcher, Ph.D., Mats Gustafsson, Statens Väg och 
Transportforskningsinstitut (VTI), Linköping, Sweden. 
 
Senior Researcher, Ph.D., Sara Janhäll, Research Institutes of Sweden 
(RISE), Borås, Sweden. 
 
Senior Researcher, Ph.D., Göran Blomqvist, Statens Väg och 
Transportforskningsinstitut (VTI), Linköping/Stockholm, Sweden. 

Opponent 

Research Professor, Ph.D., Xavier Querol, IDAEA, Barcelona, Spain. 

Appraisal Committee 

Senior Principal Engineer, Ph.D., Brynhild Snilsberg, Statens Vegvesen, 
Trondheim, Norge. 

Professor, Docent, Ph.D., Ulf Olofsson, Kungliga Tekniska Högskolan 
(KTH), Stockholm, Sweden. 

Professor, Docent, Ph.D., Johan Boman, Göteborgs Universitet (GU), 
Gothenburg, Sweden. 

Reserve 



Opponent, Appraisal Committee and Supervisors 

xvi 
 

Professor, Ph.D., Nicole Kringos, Kungliga Tekniska Högskolan (KTH), 
Stockholm, Sweden. 
 



 

xvii 
 

Opponent, Betygskommitté och Handledare 

Handledare 

Professor, Docent, Teknologie Doktor, Sigurður Erlingsson, Statens Väg 
och Transportforskningsinstitut (VTI)/Kungliga Tekniska Högskolan 
(KTH)/Háskóli Íslands (Islands Universitet), Linköping/Stockholm/ 
Reykjavik, Sverige/Sverige/Island. 
 
Senior Forskare, Filosofie Doktor, Mats Gustafsson, Statens Väg och 
Transportforskningsinstitut (VTI), Linköping, Sverige. 
 
Senior Forskare, Teknologie Doktor, Sara Janhäll, Research Institutes of 
Sweden (RISE), Borås, Sverige. 
 
Senior Forskare, Teknologie Doktor, Göran Blomqvist, Statens Väg och 
Transportforskningsinstitut (VTI), Linköping/Stockholm, Sverige. 

Opponent 

Professor, Ph.D., Xavier Querol, IDAEA, Barcelona, Spanien. 

Betygskommitté 

Sjefingeniør, Doktor Ingeniør, Brynhild Snilsberg, Statens Vegvesen, 
Trondheim, Norge. 

Professor, Docent, Teknologie Doktor, Ulf Olofsson, Kungliga Tekniska 
Högskolan (KTH), Stockholm, Sverige. 

Professor, Docent, Filosofie Doktor, Johan Boman, Göteborgs Universitet 
(GU), Gothenburg, Sverige. 

Reserv 



Opponent, Betygskommitté och Handledare 

xviii 
 

Professor, Teknologie Doktor, Nicole Kringos, Kungliga Tekniska 
Högskolan (KTH), Stockholm, Sverige. 

 

 



 

xix 
 

Abstract 

Particulate matter is a problem for human health, where several 
relationships between negative health effects and air pollution has been 
found, including, but not limited to, respiratory diseases, lung cancer and 
cardiovascular diseases. In countries where studded tyres are used, for 
example Sweden, Norway and Finland, and where traction sanding is used, 
particles from abrasion wear of pavements and crushing of traction sand 
contribute significantly to PM10.  

The thesis has several objectives, where a broader aim is to 
investigate the complex road surface and tyre system regarding abrasion 
wear of pavements and the impact on abrasion wear particles and road 
dust. The thesis also aims to put these aspects in relation to other, equally 
complex, aspects coming from or affected by the road surface and tyre 
interaction which include noise, rolling resistance and friction. This is done 
through some more specific objectives and limitations described in the 
thesis. The thesis also has the fundamental aim to act as a starting point to 
reach a more holistic approach to understand the functional performance 
of the road surface and tyre interaction which has been done in cooperation 
with Vieira and the results he publishes in his thesis. 

The road surface and tyre interaction consist of a complex contact 
system which is affected by both tyre properties and the road surface 
course properties, including both its inherent material properties and the 
road surface characteristics, as well as the surrounding environment and 
any interface consisting of for example water, slush, snow, ice or sand and 
so on. 

The surface wear course has several functions which is dependent 
on the inherent material properties. The wear course must resist several 
degradation processes, including chipping, different types of deformation, 
different types of cracking as well as abrasion wear due to studded tyres to 
mention some. 

The surface course construction and the traffic characteristics 
affect the particle generation, where the surface course properties that 
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govern the resistance against abrasion wear also affect the generation of 
wear particles. 

Other aspects which are affected by the road surface and tyre 
interaction is the generation of noise and the rolling resistance. Noise has, 
as for particles, an negative impact on health and the road surface and tyre 
interaction is the dominating source from about 15 km/h to 25 km/h for 
light traffic and from about 30 to 35 km/h for heavy traffic. Several 
mechanisms generate or amplifies the noise and is connected to the surface 
characteristics such as the macrotexture. Rolling resistance is the 
conversion of mechanical energy to heat for a rolling tyre and is affected by 
both the road surface and tyre deflections and deformations and are 
affected by the surface characteristics such as unevenness and the 
macrotexture. The rolling resistance is linked to fuel consumption and in 
extension to exhaust emissions. Another functional property is the friction 
which is affected by the road surface characteristics by the micro- and 
macrotexture. 

There are several measures to reduce road dust loads and PM10. 
The measures can be either preventive or mitigative. Measures aimed at 
changing the traffic situation and the tyre usage, changing of the road 
surface wear course, cleaning of the road surface and dust binding are 
described. 

Several methods has been used in the studies discussed in the 
thesis and consist of a large-scale road simulator, the usage of laser 
measurement systems for determination of road abrasion wear and texture 
respectively, a prediction model for studded tyre abrasion wear and the 
NORTRIP model for modelling of non-exhaust particle emissions from 
road traffic. Also used was a commercial system for traffic measurements 
and a method for determining the proportion of studded tyre usage. Road 
dust was sampled and quantified using the WDS (Wet Dust Sampler) 
method and the collected dust was quantified and characterised using a 
laboratory method and by using laser granulometry.  Turbidity was used as 
an approximation of the road dust load. 

Five papers are appended to the thesis. The first paper describes 
the calibration of the Swedish studded tyre abrasion wear prediction model 
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and the effect it has on the NORTRIP model, in which the abrasion wear 
model is implemented. The second paper describes the macrotexture of 
different surface wear courses and how different texture measures could 
be used to describe the potential dust storage capability. The third paper 
investigate the WDS-method regarding its performance regarding water 
and how the water performance theoretically affects potential dust losses. 
The fourth paper describe the spatial and temporal variation of road dust 
for six winter and spring seasons in Stockholm, Sweden, for several streets 
with SMA (Stone Mastic Asphalt) pavements. The fifth paper describe a 
similar investigation performed in Linköping, Sweden, during one winter 
and spring season for a double layered porous asphalt and for an SMA 
which acted as a reference. When applicable, the results from Linköping 
was compared to those from Stockholm.  

The results showed that the abrasion wear modelling 
overestimated the abrasion wear by approximately 50% which caused the 
NORTRIP model to overestimate the contribution from the abrasion wear 
to the particle emissions, which was not surprising. However, it is not likely 
that the NORTRIP model gets a decrease of the emissions 50% since the 
road surface and tyre interaction is complex and several aspects affects the 
abrasion wear and the resulting generation and storage of road dust, 
including, but not limited to, polishing of the road surface, increased 
abrasion wear for wet surfaces. 

The results from the WDS investigation showed that the method 
seems to function well, given the limitations of the study. The largest water 
loss was the water retained on the road surface. It also seems like most of 
the dust is collected. The discussions also consider how the WDS method 
uses water and the strengths and weaknesses this has compared to dry 
sampling methods. 

The results from the spatial and temporal variation of the road 
dust loads in Stockholm showed that there are differences between seasons 
and there is a difference between the dust loads in the wheeltracks and 
between wheeltracks. In some cases, differences were seen between the 
streets with large variations, which could be expected since the road dust 
load is dependent on the traffic characterization, road operation, 
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deposition of material on the surface and the meteorology.  Another result 
was that an increasing macrotexture seemed to result in an increase in dust 
loads. The macrotexture was, generally, lower between the wheeltracks and 
higher in the wheeltracks, which was not surprising due to the traffic 
impact on the texture development. The macrotexture was, however, only 
measured at a single occasion. The repaving of a SMA surface course to a 
more abrasion resistant SMA surface course resulted in a higher dust load 
compared the before the repaving, while visual observation of the road 
surface implied a rougher macrotexture. This could, however, have been 
affected by an increased abrasion wear which occur during the first winter 
season due to a higher initial abrasion wear. The results in Linköping 
showed similar temporal and spatial variations as in Stockholm for the 
investigated SMA surface course. It was also discussed how the double 
layered porous pavements construction affect the particle transport 
processes. In the comparison between Stockholm and Linköping, it was 
suggested that the dust binding and cleaning in Stockholm affect the dust 
load since these measures are not performed in Linköping which is 
possibly reflected in the dust loads in and between wheeltracks. 

How different texture measures could be used to characterize the 
road surface texture and its connection to the dust load storage was also 
discussed, including a discussion of which measures that could be used. It 
is, however, also noted that the measures discussed the measure that 
should be used is not necessarily discovered yet. 

The discussion also mention the lack of a holistic approach 
regarding the road surface and tyre interaction which simultaneously 
consider effect such as abrasion wear particles, noise and rolling 
resistance. Some measures seem to be of interest to improve at least two 
aspects simultaneously, for example the usage of a double layered porous 
pavement or texture optimisation. Different strength and weaknesses are 
discussed for the different mechanisms affecting the different aspects as 
well as how some mechanisms should be further studies from other 
perspectives, for example noise mechanisms which may be interesting 
from a particle perspective. 



Abstract 
 

xxiii 
 

The thesis ends with giving some suggestions for continued 
research to increase the knowledge. This concern abrasion wear modelling 
and road dust emission modelling where the road surface texture should 
be considered. Also suggested is that mechanisms from other aspects of the 
road surface and tyre interaction, for example those affecting noise, also 
should be investigated and be used to explain mechanisms related to road 
dust generation and suspension. Several combined investigations are 
suggested for studying several aspects from or affecting the road surface 
tyre interaction simultaneously, including noise, rolling resistance, the 
road surface characteristics, road abrasion wear, abrasion nwear particles, 
the road dust loads, the suspension of particles and friction which is 
required to finally achieve the holistic knowledge required to at least 
minimise conflicts of interest between different functional properties for 
road surface courses.  

Keywords  
Road dust, Road abrasion wear, Studded tyre abrasion wear, Texture, 
Emissions, Abrasion wear model, NORTRIP, PM10, Particles, Stone Mastic 
Asphalt – SMA, Porous Pavements, Double Layered Porous Asphalt 
Concrete – DLPAC, Road traffic noise, Rolling Resistance, Friction, 
Holistic, Function, Functional properties, Functional demands, Temporal 
variation, Spatial variation. 
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Sammanfattning 

Luftburna partiklar (PM) är ett problem för människans hälsa, där flertalet 
samband mellan negativa hälsoeffekter finns mellan luftföroreningar 
finns, bland annat för respiratoriska sjukdomar, lungcancer och 
kardiovaskulära sjukdomar med flera. I länder där dubbdäck används, till 
exempel Sverige, Finland och Norge, och sandning av vägar och gator 
genomförs vintertid för att säkerställa god friktion kommer en betydande 
andel av partiklarna från vägslitage och nedkrossning av sand vilket bidrar 
till PM10. Mängden som icke-avgaspartiklar bidrar med till PM10 varierar 
med lägst nivåer på landsbygd och högst nivåer i vägnära miljöer. 

Avhandlingen har flertalet mål, där ett bredare mål är att 
undersöka det komplexa väg-ytadäcksystemet gällande vägslitage och dess 
inverkan på genererandet av slitagepartiklar och vägdamm, inklusive 
transporten och lagringen av vägdamm på vägytan. Avhandlingen syftar 
även att sätta in dessa aspekter i relation till andra lika komplexa 
funktionella parametrar som kommer av eller påverkas av vägyta-
däckinteraktionen såsom bullergenerering, rullmotstånd och fiktion. Detta 
görs genom några mer specifika mål och begränsningar som beskrivs i 
avhandlingen. Avhandlingen har även det fundamentala syftet att agera 
som en start för att nå ett holistiskt helhetsgrepp för att förstå den 
funktionella prestandan som krävs för väg-ytadäckinteraktionen, vilket 
har genomförts i samarbete med Vieira och det som han publicerar i sin 
avhandling. 

Vägyta-däckinteraktionen utgörs av ett komplex kontaktsystem, 
som påverkas av både däckegenskaper och vägens egenskaper, dels 
ingående material och vägytans karaktär, samt omkringgivande miljö och 
eventuella mellanlager av till exempel vatten, slask, snö, is eller sand och 
grus med mera.  

Slitlagret, eller vägbeläggningen, har flera funktioner som beror på 
de ingående materialens egenskaper. Beläggningen måste motstå flertalet 
olika nedbrytningsprocesser, inklusive stensläpp, olika typer av 
deformation, olika typer av sprickor och slitage från dubbdäck bland annat.  
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Beläggningens konstruktion och trafikens sammansättning och 
egenskaper påverkar även partikelgenereringen, där 
beläggningsegenskaperna som styr nötningsmotståndet mot 
dubbdäckslitage även påverkar genereringen av slitagepartiklar. 

Andra aspekter som påverkas av vägyta-däckinteraktionen är 
genereringen av buller och fordonets rullmotstånd. Buller har likt partiklar 
negativa hälsoeffekter och vägyta-däckinteraktionen är den dominerande 
källan till trafikbuller från ungefär 15 - 25 km/h för lätta fordon och från 
ungefär 30 - 35 km/h för tunga fordon. Flertalet mekanismer ger upphov 
eller förstärker bullret, och flera är kopplade till ytans beskaffenhet såsom 
makrotexturen. Rullmotstånd är omvandlingen av mekanisk energi till 
värme för ett rullande däck och påverkas av både däckets och vägytans 
deflektion och deformation, och påverkas även av vägytans beskaffenhet 
av t.ex. ojämnheter och makrotexturen. Rullmotståndet ör kopplat till 
bränsleförbrukningen och därigenom till avgasemissioner. En annan 
funktionell egenskap för vägytan är friktionen som påverkas av vägytans 
beskaffenhet av både mikro- och makrotexturen. 
Det finns flertalet åtgärder för att minska vägdamm och PM10. Åtgärderna 
kan vara preventiva eller avhjälpande. I avhandlingen beskrivs åtgärder 
riktade mot att förändra trafiksituationen och däckanvändningen, byte av 
vägbeläggning, städning av vägytan och dammbindning. 

Flertalet metoder har använts i studierna som diskuteras i 
avhandlingen och består av en storskalig vägsimulator, användandet av 
lasermätsystem för bestämning av vägslitage respektive textur, dels en 
prediktionsmodell för dubbdäcksslitage och den nordiska NORTRIP-
modellen för modellering av icke-avgasemissioner från vägtrafik. Även ett 
kommersiellt trafiksystem har nyttjats samt en metod för att bestämma 
dubbdäcksandelen av trafiken. Vägdamm har samlats in och kvantifierats 
genom användandet av WDS (Wet Dust Sampler) metoden och det 
insamlade dammet har beskrivits och karakteriserats med hjälp av en 
laboratoriemetod och med hjälp av lasergranulometri. Turbiditet har även 
använts som en approximation av vägdammsförrådet. 

Fem artiklar finns bifogade till avhandlingen. Den första handlar i 
korthet om en kalibrering av den svenska prediktionsmodellen för 
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dubbdäckslitage av vägar och dess effekt på NORTRIP-modellen, där 
slitagemodellen är implementerad. Den andra artikeln handlar om olika 
vägbeläggningars makrotextur och hur olika mått kan användas för att 
beskriva den potentiella lagringsförmågan. Den tredje artikeln undersöker 
WDS-metoden, dels beträffandes dess prestanda gällande vatten samt dels 
hur detta teoretiskt påverkar eventuella dammförluster. Den fjärde 
artikeln handlar om den rumsvariationen och tidsvariationen av vägdamm 
för sex vinter- och vårsäsonger i Stockholm för flera gator med ABS 
(AsfaltsBetong, Stenrik)-beläggningar. Den femte artikeln genomförde en 
liknande undersökning under en vinter- och vårsäsong i Linköping för en 
dubbeldränerande beläggning och för en ABS-beläggning som agerade 
referens. Resultaten jämfördes med resultaten i Stockholm när det var 
möjligt.  

Resultaten visar att slitagemodelleringen överskattade slitaget 
med ungefär 50%, vilket ledde till att NORTRIP-modellen överskattar 
bidraget från dubbdäckslitage till partikelemissionerna, vilket inte var 
förvånande. Dock är det inte troligt att NORTRIP-modellen får 
motsvarande minskning då vägyta-däckinteraktionen är komplex och 
flertalet aspekter påverkar slitaget och den efterföljande genereringen och 
lagringen av vägdamm, såsom polering av vägytan, ökat slitage vid våt 
vägbana med mera.  

Resultaten från undersökningen med WDS-metoden visar att 
metoden verkar fungera väl, givet begränsningarna som fanns i studien. 
Den största vattenförlusten verkar vara det vatten som lämnas kvar på 
ytan. Det verkar även som att det mesta av dammet samlas upp. 
Diskussionen tar även upp hur WDS-metoden använder sig av vatten och 
vilka för- och nackdelar detta har jämfört med en torr metod. 

Resultaten från undersökningarna om rumsvariationen och 
tidsvariationen av vägdammsförrådet i Stockholm visade att det fanns 
skillnader mellan olika säsonger, och att det fanns en skillnad mellan 
dammängderna i hjulspåren och mellan hjulspåren. I vissa fall syntes även 
skillnader mellan de undersökta gatorna med stora variationer, vilket 
kunde förväntas då dammförrådet beror på trafiksammansättningen, 
mängden fordon, vägdriften, deposition av material på ytan och 
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meteorologin. Ett annat resultat var att en ökande makrotextur verkade 
resultera i ett högre dammförråd. Generellt var makrotexturen lägre 
mellan hjulspåren och högre i hjulspåren, vilket ej var förvånande på grund 
av trafikens inverkan på texturutvecklingen. Detta var dock enbart 
uppmätt vid ett tillfälle. Omläggningen av en ABS-beläggning till en mer 
slittålig ABS-beläggning genomfördes, med ett högre dammförråd som 
följt jämfört med före omläggningen, samtidigt som okulärbesiktning av 
vägytan antydde att makrotexturen ökat. Dock kan detta ha påverkats av 
ett högre slitage vilket inträffar under en beläggnings första vintersäsong 
på grund av ett extra initialslitage. Resultaten i Linköping visade liknande 
tids- och rumsvariation som i Stockholm för den undersökta ABS-
beläggningen. Vidare diskuterades även hur den dränerande 
beläggningens konstruktion inverkar på partiklarnas transportprocesser. I 
jämförelsen föreslogs även att dammbindningen och städningen i 
Stockholm påverkar dammförrådet, då dessa åtgärder saknas i Linköping, 
vilket möjligtvis reflekteras i vägdammsförrådet i och mellan hjulspåren. 

En diskussion förs kring hur olika texturmått kan användas för att 
karakterisera vägytans textur och hur detta kopplar till dammförrådet, 
samt vad som kan vara lämpligt att initialt använda, även om det påpekas 
att måttet som bör användas inte nödvändigtvis är upptäckt än. 

Diskussionen tar även upp avsaknaden av ett holistiskt 
helhetsgrepp gällande vägyta-däckinteraktionen som tar samtidig hänsyn 
till effekter såsom slitagepartiklar, buller och rullmotstånd. Det verkar 
finnas några åtgärder som kan vara av intresse för att förbättra minst två 
aspekter samtidigt, till exempel användandet av en dubbeldränerande 
beläggning eller texturoptimering. En diskussion förs mellan för och 
nackdelar gällande de olika mekanismerna som påverkar de olika 
effekterna, samt hur vissa mekanismer bör undersökas närmare utifrån 
andra perspektiv, till exempel bullermekanismer som kan vara intressanta 
ur partikelsynpunkt. 

Avhandlingen ger slutligen flera förslag till fortsatta 
undersökningar för att öka kunskapen. Detta gäller dels 
vägslitagemodellering och vägdammsmodellering där även vägytans textur 
bör beaktas. Vidare bör även mekanismer från andra effekter från vägyta-
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däckinteraktionen, till exempel de som påverkar buller, även undersökas 
och användas för att förklara mekanismer relaterade till 
vägdammsgenerering och uppvirvling. Det föreslås även flertalet 
gemensamma undersökningar som simultant undersöker flera aspekter, 
såsom till exempel buller, rullmotstånd, vägytans egenskaper, vägslitage, 
slitagepartiklar, vägdammsförrådet, uppvirvlingen av partiklar och 
friktion, vilket krävs för att slutligen åstadkomma det holistiska 
helhetsgreppet som krävs för att minst minimera intressekonflikter mellan 
olika funktionsegenskaper för vägbeläggningar.  

Nyckelord  
Vägdamm, Vägslitage, Dubbdäcksslitage, Textur, Emissioner, 
Slitagemodell, NORTRIP, PM10, Partiklar, Asfaltsbetong, stenrik - ABS, 
Dränerande beläggning, Dubbeldränerande beläggning, Buller, 
Rullmotstånd, Friktion, Holistisk, Funktion, Funktionskrav, Tidsvariation, 
Rumsvariation. 
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Definitions and Nomenclature 

Definitions 

There are some terms used within this thesis that needs to be defined. This 
list reflects how the terms are used within the thesis and they can deviate 
slightly compared with other definitions.  
 
Surface course, or road surface wear course, is defined as the topmost 

layer of a road construction which the tyres interact with. 
Consists of a binder phase, a mastic (binder and filler) 
phase and an aggregate phase. 

 
Abrasion wear is defined as the loss of material from the road surface 

course or the tyre due to the interaction with a rolling tyre.  
 
Suspension of particles is defined as the process in which particles are 

transported from the surface storage into the air using 
aerodynamic processes. 

 
Road dust is defined as all particles, mineral and organic, deposited on 

the road surface, regardless of origin or mode of transport. 
 
Dust load, or road dust load, is defined as the mass dust present on the 

road. It includes both suspendible and non-suspendible 
dust. It is often measured in terms of g/m2. 

 
Suspendible dust is defined as the dust available for suspension into the 

air, either by wind or by direct contact of tyres flinging 
particles into the air. Suspendible dust can become non-
suspendible by cementation, or dust binding using either 
water or chemicals. 
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Non-suspendible dust is defined as the dust not available for 
suspension by air or by direct tyre contact. This dust could 
become suspendible again through external forces, for 
example abrasion wear or high pressure washing.  

 
Cementation is defined as the process of particles getting cemented or 

bound to the road surface and not being available for 
suspension. 

 
Road dust load dynamics is defined as the interaction between road 

dust, the road surface course storage capabilities and the 
different transport processes, both dry and wet, causing an 
accumulation or decrease of total dust load, suspendible 
dust load or non-suspendible dust load. 

 
Wind erosion is defined as the process of wind causing soil or dust 

particles to be transported in small or large quantities, 
either by rolling the particles along the surface or lifting 
them into the air from the surface. 

 
Functional property is defined as one or several properties with which 

a function can be specified. In this case, the functional 
property is related to functions affected by the road surface 
course and the interaction with tyres. 

 
Holistic is defined as a greater context in which two or more aspects are 

simultaneously considered and investigated/accounted 
for. 
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Nomenclature 

Abbreviations 

AADTL  Average Annual Daily Traffic in specified Lane 
ADF  Amplitude Density Function 
BR  Bearing Ratio 
CCP  Cement Concrete Pavement 
CEN European Committee for Standardisation (Comité 

Européen de Normalisation) 
CL  Centreline 
COPD   Chronic Obstructive Pulmonary Disease 
CPX  Close-Proximity 
DAC  Dense Asphalt Concrete 
DL  Dust Load (mineral) 
DL10  Dust Load (mineral) smaller than 10 μm  
DL180  Dust Load (mineral) smaller than 180 μm  
DL180,tot  Dust Load (mineral and organic) smaller than 180 μm  
DLPAC  Double Layered Porous Asphalt Concrete 
EPA  United States Environmental Protection Agency 
ETD  Estimated Texture Depth 
EU  European Union 
IRI  International Roughness Index 
ISO  International Organisation for Standardisation 
LED  Light Emitting Diode 
MPD  Mean Profile Depth 
MPDn  Mean Profile Depth, Inverted 
MSD  Mean Segment Depth 
MSDn  Mean Segment Depth, Inverted 
MTD  Mean Texture Depth 
NORTRIP NOn-exhaust Road Traffic Induced Particle emission 

model 
NOx  NO+NO2 
PA  Porous Asphalt Concrete 
PAC  Porous Asphalt Concrete 
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PIARC  World Road Association 
PM  Particulate Matter 
PM10  Particulate Matter with an aerodynamic diameter smaller 

than 10 μm  
PM1-2.5  Particulate Matter with an aerodynamic diameter between 

1 μm and 2.5 μm  
PM2.5  Particulate Matter with and aerodynamic diameter 

smaller than 2.5 μm, also referred to as the fine particle 
span 

PM2.5-10  Particulate Matter with an aerodynamic diameter between 
2.5 μm and 10 μm, also referred to as the course particle 
span 

PMcoarse Particulate Matter with an aerodynamic diameter between 
1.5 μm and 10.9 μm according to Padoan and Amato 
(2018) 

P-RST  Portable Road Surface Tester 
RMS  Root Mean Square 
RST  Road Surface Tester 
SLPAC  Single Layered Porous Asphalt Concrete 
SMA  Stone Mastic Asphalt 
WDS  Wet Dust Sampler 
WHO  World Health Organisation 
VTI  Swedish National Road and Transport Research Institute  
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Latin symbols 

  Vehicle linear velocity 
  Vehicle linear reference velocity 

 Pressure of the contact area between the tyre and the road 
surface 

 Resulting vertical force from the contact between the tyre 
and road surface 

 Length of the contact area between the tyre and the road 
surface 

 Normal load of the tyre 
 Mass water, corrected 

 Mass water with particles (mineral and organic) smaller 

than 180 μm 
 Mass mineral particles smaller than 180 μm 

 Mass particles 

 Mass water (average) flushed from the WDS during 

sampling 
 Number of WDS shots each sample consist of 
 Dust Load (mineral) smaller than 180 μm 
 Sampling surface area of the WDS 

Greek symbols 

  Tyre angular velocity 
 Distance from the symmetry axis where the resulting 

vertical force from the contact between the tyre and road 
surface act 
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1. Introduction 

This chapter introduces the problematics of particles on human health, the 
more recent trends and the source variation of anthropogenic particles, 
focusing on non-exhaust particles from road traffic and comparing these 
to the exhaust sources. 

1.1. Particulate matters impact on health 

Particulate matter (PM) is well known to impact on public health. Thurston 
et al. (2017) put forward an updated statement regarding adverse health 
effects of air pollutions (both gasses and particulates from exhaust and 
non-exhaust sources) and give an overview of diseases, conditions and 
biomarkers which are affected by outdoor air pollution, including, amongst 
others, respiratory disease mortality and morbidity, lung cancer, 
pneumonia, type 1 and type 2 diabetes, high blood pressure, deep venous 
thrombosis, stroke, neurodegenerative diseases, cardiovascular disease 
mortality and morbidity, myocardial interaction, arrythmia, congestive 
heart failure, premature birth and decreased birthweight, all which are 
included in the global burden of disease category.  

Studies have shown that different size spans of particulates have 
an effect on the health response. Iskandar et al. (2012) found that short 
term exposure to PM10 (Particulate Matter with and aerodynamic diameter 
smaller than 10 μm), PM2.5 (Particulate Matter with and aerodynamic 
diameter smaller than 2.5 μm, commonly known as fine PM), NO2 and NOx 
could instigate hospital admission for asthma in children, with indications 
that infants had stronger associations compared to older children, 
although non-significant. Perez et al. (2009), for instance found that 
increased levels of PM2.5-10 (Particulate Matter with aerodynamic diameter 
between 2.5 μm and 10 μm, commonly also known as coarse PM) had a 
negative effect on cardiovascular and cerebrovascular mortality, while 
PM1-2.5 (Particulate Matter with an aerodynamic diameter between 1 μm 
and 2.5 μm) also had a negative effect on respiratory mortality.  Brunekreef 
and Forsberg (2005) found, when investigating the literature, some 
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evidence for COPD (Chronic Obstructive Pulmonary Disease), asthma and 
respiratory admissions, where coarse PM fractions had strong short-term 
effects, which also were stronger than for fine PM. Stafoggia et al. (2013) 
found correlations in eight Mediterranean cities between respiratory and 
cardiovascular hospital admittance and the levels of PM2.5-10 and PM2.5. 
Adar et al. (2014) also found suggestions that higher short-term levels of 
PM2.5-10 increased mortality and hospital admissions, which were not seen 
for long-term concentrations.  

Studies are also available investigating lung cancer occurrence and 
air pollution such as Raaschou-Nielsen et al. (2013) and  Raaschou-Nielsen 
et al. (2016) showing associations between exposure to particulate air 
pollution and incidence of lung cancer. In Sweden, Meister et al. (2012) 
found increased daily mortality from elevated levels of PM2.5-10 in the urban 
background. Forsberg et al. (2005) estimated up to 10 months reduced life 
expectancy and up to 5 300 premature deaths due to long-term exposure 
to PM10 in Scandinavia (Sweden, Norway and Denmark). Toxicological 
studies also exist, where, for example, Gustafsson et al. (2008b) found that 
non-exhaust particles generated from studded tyres in a road simulator 
study had a similar inflammation potential as that of PM10 in a city 
environment.  

A newer overview of health impacts from particulate matter are 
given by Stafoggia and Faustini (2018) who studied the literature regarding 
epidemiological evidence between exposure to non-exhaust PM10 and the 
health effects. They mention that the particulate sources can be either 
natural sources (such as desert dust, sea salt spray, crustal sources) or 
anthropogenic sources such as non-exhaust traffic sources, construction 
activities and suspension/resuspension of road dust. They did find that 
both long-term and short-term health effects possibly can be related to 
exposure to non-exhaust particles from road traffic sources, where 
estimations found that daily mortality or hospital admissions increase with 
about 4% - 5% per 2 μg/m3 increase of road dust contribution to PM2.5, 
which are at similar levels seen for exhaust emissions. They point out that 
these are estimated from only a few studies and locations and thus they had 
to generalise. Long-term effects have shown inconsistent evidence 
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regarding exposure to non-exhaust particles, thus making adverse health 
effects from non-exhaust traffic sources exposure an open issue. Also 
stated by the authors are that there are no available studies, neither for 
short-term nor long-term exposure to non-exhaust particle sources apart 
from road dust suspension.  

Other studies regarding the problematics of non-exhaust 
particulates were performed by van der Gon et al. (2013), who produced a 
consensus statement that health risks associated with wear particulates 
were non-neglectable, while Amato et al. (2014), found indications that 
non-exhaust particulates could be, at a minimum, as hazardous as exhaust 
particulates.  

1.2. Particulate matter trends 

The European Union (EU) has, to ensure good air quality and ensure a 
lower impact on human health,  set the air quality limit value for PM10  
mass concentrations, expressed as the daily average, as a maximum 50 
μg/m3 (European Comission, 2016). This limit is allowed to be exceeded 
35 times per year. An annual limit value of 40 μg/m3 has also been defined. 
There have been earlier studies, such as Johansson et al. (2012), which 
estimated that most European countries exceeded the limit values for 
PM10, and that up to 49% of the European populace living in urban areas 
was exposed to higher concentrations than the limit values. A later 
overview has now shown generally decreasing trends of non-exhaust PM10, 
with highest decreases at traffic and industrial sites (Hopke et al., 2018). 
The authors express that the cause of the decreasing trends is unknown, 
although the results are likely affected by occurrence of African dust 
outbreaks, together with implementation of measures targeting studded 
tyres and traction sanding abating suspension where applicable, as well as 
implementation of policies and legislation, both at EU, national and local 
levels. They also show that similar decreasing trends are generally seen for 
PM2.5-10. Some specific sites, however, display an increase, including sites 
in Sweden and Finland.  
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1.3. Particulate matter sources 

There are many sources of PM10, including, as earlier stated, both natural 
(again, e.g. desert dust and sea salt spray) and anthropogenic sources 
(again, e.g. construction activities, traffic sources). These can be divided 
into local and non-local sources, where wind transport can cause transport 
from afar (long range transport) and thus make non-local sources 
contribute to air quality issues locally. For road and kerbside areas, traffic 
sources are large contributors, and can be further divided into exhaust and 
non-exhaust sources. The latter can be further subdivided into abrasion 
wear particles from pavements (e.g. Kupiainen, 2007, Snilsberg, 2008, 
Gustafsson et al., 2009, Denby et al., 2013b, Kupiainen et al., 2016, 
Gustafsson, 2018), from tyres (Thorpe and Harrison, 2008, Grigoratos, 
2018, Panko et al., 2018) and from brakes (Grigoratos and Martini, 2015, 
Grigoratos, 2018) as well as suspension/resuspension of road dust (Thorpe 
and Harrison, 2008, Pant and Harrison, 2013), which is consist of all 
particles, regardless of source, that have deposited on the road surface.  

There exist many investigations across the world where source 
appointment through different means has been performed. One study in 
the megacity Delhi in India found that 86% of PM10 were from of non-
exhaust sources and 14% from exhaust sources (Singh et al., 2020), of 
which resuspension of dust was estimated to contribute with 79% of the 
total emissions, followed by brake wear at 3% and road wear and tyre wear 
at 2% each. The authors stated that the results were in line with other 
Indian studies. Moreover, they also found that passenger vehicles 
contributed to about one third of the emissions and dominated the brake, 
tyre and road wear. They also noted that diesel cars contributed more to 
exhaust, while petrol cars contributed more to non-exhaust sources and 
that the relative contribution of exhaust and non-exhaust sources did not 
seem to be significantly affected by the vehicles’ age. Furusjo et al. (2007a) 
found that resuspension, a vehicle factor and long-distance transport 
dominated PM10 in urban street canyons, when compared to a highway 
setting where long-distance transport dominated. They mention that there 
could be no separation between road abrasion and soil dust sources. Querol 



1. Introduction 

5 
 

et al. (2004) studied PM10 for seven EU countries (Austria, Germany, the 
Netherlands, Spain, Sweden, Switzerland and the United Kingdom) and 
divided PM10 into kerbside, urban and regional (rural) background 
categories. The lowest annual means were found for regional background, 
followed by urban background and then kerbside, with spans of 19 - 24 
μg/m3, 28 - 42 μg/m3 and 37 - 52 μg/m3, respectively. In Sweden, 
specifically, the annual means were 8 - 16 μg/m3, 17 - 23 μg/m3 and 25 - 51 
μg/m3, respectively. They also considered the mineral content of PM10 and 
found that the proportion increased when going from rural background to 
urban background to kerbside, with contents of 25%, 39% - 41% and 59% - 
65%, respectively. The authors discuss the fact that the urban background 
is influenced by suspension of road dust, and construction and demolition 
work, while kerbside corresponded to road dust emission, for which 
pavement abrasion wear from studded tyres was a partial reason in 
Sweden. Zeng et al. (2010) used receptor modelling and found that PM10 in 
Taiyuan, China, consisted of 13% from exhaust and 26% from road dust. 
Studies have also shown that both PM10 and road dust loading have, for the 
Nordic countries, at least partly been due to the usage of traction sanding 
and studded tyres and show a seasonal pattern with highest levels during 
dry winters and spring where the road surface conditions are dry and 
suspension again occurs (e.g. Gustafsson et al., 2011b, Denby et al., 2013b, 
Gustafsson et al., 2015, Gustafsson et al., 2019, Stojiljkovic et al., 2019, 
Lundberg et al., 2020).  
 Hopke et al. (2018) studied available PM10 data in Europe for 2004 
- 2014 and found that PM2.5-10 differed between rural, suburban, urban 
background, industrial and traffic sites, with annual average fractions 
presented in Figure 1. Specific sites showed larger variation, e.g. Portugal 
which had a coarse fraction of 64% - 80% of the annual PM10 which the 
authors suggest could be due to a high contribution of sea salt, while for 
Spain (Canary Islands) had 65 - 72% due to the influence of African dust. 
Also specified was that some traffic sites in Sweden, Norway, Finland, 
Denmark, the Czech Republic and the United Kingdom had proportions of 
50 - 66% contributed to road dust emissions, enhanced by traction sanding 
and, in some cases, the use of studded tyres (Hopke et al., 2018). 



1. Introduction 

6 
 

 

 

Figure 1. The mass proportions of PM2.5-10 in PM10 for five different locations for air quality 
data in Europe. The bars present the average values, while the error bars present 
the minimum and maximum values. Data source: Hopke et al. (2018). 

 
Padoan and Amato (2018) investigated the literature regarding the source 
appointment of PM10, PM2.5 and PMcoarse (the coarse particulate matter 
span, in this case including sizes between 1.5 μm and 10.9 μm in total, 
overlapping mostly with PM2.5-10). The results are presented in Figure 2. 
The authors state that non-exhaust emissions are at least as important as 
exhaust, regardless of location studied for PM10, while also contributing to 
a third of PM2.5 of the total traffic contribution while also dominating the 
coarse particle span of PM. The authors also investigated the literature 
regarding both direct source contributions from both brakes, tyres and a 
generic non-exhaust source, all compared to the exhaust. For studies where 
comparisons were possible, direct contributions of brakes to PM10 was 
found to be on average 5%, which was also found for exhaust (2 studies). 
For PM2.5 only one study was available, where brakes contributed 9% and 
exhaust 55%. For the coarse span, no comparison was made against 
exhaust, but 4 estimates showed an average contribution of 13%. For direct 
tyre wear instead, where comparisons were made, 4 estimates gave an 
average contribution of 6% to PM10 compared to the 22% exhaust 
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contributed with. As to PM2.5, only two estimates were found, which gave a 
mean contribution of 1.6%, while exhaust contributed 32%. The one 
estimate found for PMcoarse showed that direct tyre wear had a mean 
contribution of 3.4%. Moreover, a generic non-exhaust source category 
was found, which contributed on average 6% to PM10 compared to the 
exhaust contribution of 11%. For PM2.5 the contributions were instead 6% 
and 19%, respectively.  
 

 

Figure 2. The source contribution of road dust and exhaust in the size fractions PM10, PM2.5 
and PMcoarse. The PM10 is based on 77 estimates, the PM2.5 on 84 estimates and the 
PMcoarse on 15 and 5 estimates for road dust and exhaust, respectively. The bars 
present the average values and the error bars present the minimum and maximum 
values. Data source: Padoan and Amato (2018). 

 
Padoan and Amato (2018) also investigated both spatial variation and 
climate variation. The spatial variation is summarised in Table 1. They 
conclude that, based on a limited number of observations, the gradient was 
shown to increase going from rural to traffic locations regarding its 
contribution to PM10 for all non-exhaust sources, where the largest 
increase was found going from suburban to urban locations. They conclude 
that this increase implies the need for measures locally at municipal levels. 
For the climate variation, the data available showed that the ratio of road 
dust to exhaust was, on average, 0.60 and 0.66 in oceanic and continental 
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sites, increasing to 0.85 and over 1.00 in Mediterranean areas and in 
tropical monsoon areas. The highest ratios were found in China where the 
ratio was found to be 1.8. 

Table 1. The spatial variation of PM10, PM2.5 and PMcoarse of road dust and exhaust 
contributions for each size class. Data source: Padoan and Amato (2018). 

PM10 

Locations Road dust [%] 
average (min - max) 

Exhaust [%] 
average (min - max) 

Number 
of estimates 

Rural 8 (6 - 9) 15 (7 - 23) 4 
Suburban 7i 18 3 
Urban 23 (1 - 59) 22 (1 - 64) 128 
Roadside 25 (12 - 53)ii 20 (6 - 36) 19 
Freeway 11 13 1 
Tunnel 19 12 2 
Industrial 16 (12 - 19) 22 (9 - 47) 7 
    

PM2.5 

Locations Road dust [%] 
average (min - max) 

Exhaust [%] 
average (min - max) 

Number 
of estimates 

Rural 4 (1 - 9) 12 (8 - 20) 4 
Suburban 3 11 3 
Urban 11 (0 - 32) 24 (3 - 58) 128 
Roadside 20 (10 - 31) 30 (12 - 62) 19 
Tunnel 43 21 1 
Industrial 12 (6 - 24) 28 (2 - 65) 7 
    

PMcoarse 

Locations Road dust [%] 
average (min - max) 

Exhaust [%] 
average (min - max) 

Number 
of estimates 

Urban 44 (17 - 47) 10 (8 - 14) 128 
Roadside or tunnel 31 13 1 
    
i Kupiainen et al. (2016) reported 43% in Finland. 
ii In Sweden  (Furusjo et al., 2007b, Denby et al., 2013b) and Denmark (Wahlin et al., 
2006), this span reached 57% - 76% 

 
It can also briefly be mentioned the ongoing electrification of the vehicle 

fleet. The Timmers and Achten (2016) and Timmers and Achten (2018) 

literature reviews found that while electric vehicles reduce exhaust 
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emissions they still produce non-exhaust PM emissions. They also show 

that, in general, the electric vehicles have an increased weight and together 

with the suggestions of higher emission inventories with higher vehicle 

mass, and the suggestions of a linear relationship between non-exhaust 

particulates from, for example, tyre wear and resuspension with the vehicle 

weight. From the studies investigated, despite some differences due to 

methodologies, the general results indicate that electric vehicles by 

themselves do not reduce non-exhaust emissions significantly.  

As seen in this introductory chapter, there are still no regulations 

aiming at reducing non-exhaust emissions, while exhaust emissions are 

targeted by ever-increasing harsher restrictions. Timmers and Achten 

(2018) mention that the exhaust emissions show strong reductions, 

making non-exhaust PM emissions the dominating contributor from road 

traffic. They also mention, based on the literature, that at the end of the 

decade, up to 90% of the total traffic emissions can be accounted for by 

non-exhaust emissions. 
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2. Aims, Objectives, Methodology and 
Limitations 

This chapter describes the objections of this thesis, together with the 
methodology and limitations. Also described is a brief outline of the thesis. 

2.1. Aims and objectives 

This thesis aims to, in a broader perspective, investigate the complex 
system that is the road surface and tyre interaction regarding abrasion 
wear of the road surface wear course, its impact on generation of non-
exhaust particles as well as the storage and transport of road dust, i.e. the 
road dust load dynamics. The thesis also aim to put these aspects into the 
context of other, equally complex, functional parameters which are 
affecting the road surface and tyre interaction, such as tyre properties, the 
road surface characterisation and wear course properties, or are affected 
by this interaction such as the friction, the road traffic noise and the rolling 
resistance of tyres. 

More specifically, the following objects were investigated to gain 
more knowledge regarding the complex interaction between road surface 
and tyre interaction and its impact on abrasion wear and the road dust load 
dynamics by: 
 

� Investigating how studded tyre abrasion wear modelling 
influences road dust emission modelling. 

� Investigate methods able to sample the road dust load during both 
dry and wet conditions, together with their functions and its 
potential impacts on dust loss. 

� Investigating how different road surface courses influence the dust 
loads, whilst also investigating the temporal and spatial variation 
of these surfaces. 
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As described above, this thesis also has the fundamental task of acting as a 
start towards a more holistic approach to understanding the functional 
performance of not only road dust dynamics, but also to place it in a context 
for other important aspects required when dealing with road surface and 
tyre interaction. This has been done in cooperation with Tiago Vieira, who 
presents the results regarding road surface characterisation, tyre 
properties, noise emissions and rolling resistance in his thesis “Tyre/road 
interaction: a holistic approach to the functional requirements of road 
surfaces regarding noise and rolling resistance” (Vieira, 2020). 

2.2. Methodology 

This thesis is mainly made up of empirical observations, as well as using 
empirical or partly empirical models which are complemented with the 
literature to discuss and explain the results. In cases where data were 
unavailable, engineering judgement, sometimes combined with visual 
inspections, or complementary investigative work (e.g. drill core analyses 
using laboratory methods), were carried out.  

2.3. Limitations 

This thesis limits itself to primarily study the interaction between the road 
surface and tyres regarding the impact on the abrasion of asphalt surface 
courses, the road dust loading and the size distributions of the road dust 
loadings due to primarily light vehicle traffic. The studies are limited to 
paved roads and are thus not considering unpaved roads such as gravel 
roads. Only bituminous road surface courses are considering, thus cement 
concrete road surface courses, neither in-situ cast or prefabricated, has 
been considered in any depth. Meteorology has not been considered at any 
deeper level other than possibly visual observations of surface moisture. 
Furthermore, long distance transport or meteorological systems have not 
been regarded in detail for the measurements presented. The primary 
focus has been on particles and road dust on the ground and while airborne 
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road dust was measured during the project, no detailed analyses are 
presented. 
 Most of the work was carried out with the intention of conjointly 
investigate non-exhaust particle generation from road surface course 
abrasion wear and road dust suspension/resuspension together with road 
traffic noise and rolling resistance. The discussion regarding this conjoint 
system and functional properties for the holistic system will be partly based 
on unpublished results as well as the literature review presented in the 
thesis.  

2.4. Thesis outline and content 

This thesis consists of nine different chapters and an appendix. The first 
chapter give the reader an introduction to the problematics of particulate 
matter, the more recent trends together with its sources, focusing on non-
exhaust sources and road dust emissions. The second chapter describes the 
aims and objectives of this thesis together with the methodology and the 
limitations. Also described is the thesis outline. The third chapter 
introduce the reader to the complex system that is road surface and tyre 
interaction, by first defining this system and describing different important 
aspects related to functional properties, regarding the road surface 
characterisation, the tyre properties, the surface wear course properties 
affecting abrasion wear together with road dust load dynamics, road traffic 
noise, rolling resistance and friction. Chapter four gives a description of 
different preventive or mitigative measures used to reduce particles 
generated from abrasion wear of pavements, the suspension of road dust 
or to reduce the road dust load. Chapter five describe the different methods 
used in the appended papers in more detail. The sixth chapter summarise 
the appended papers together with their main findings. Chapter seven 
discuss the results from the papers, together with aspects found when 
studying the literature to put the results in a broader perspective. 
Furthermore, abrasion wear of pavements and generation of abrasion wear 
particles and road dust are also put into a larger perspective regarding a 
holistic approach to knowledge of the other functional aspects described in 
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the thesis affecting the environment and traffic safety: road traffic noise, 
rolling resistance and friction. The eight chapter state the conclusions 
drawn from the results and discussion in the thesis. Chapter nine suggest 
some of the identified research needs to further broaden the knowledge 
regarding particles from abrasion wear particles, the road surface course 
impact on road dust load dynamics and the holistic approach to the 
functional properties. The annex contains the five appended papers. 
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3. Road Surface and Tyre Interaction 

Non-exhaust emissions such as the suspension of road dust and generation 
of abrasion wear of pavements are a product of the complex interaction 
between the road surface and tyres. This chapter will describe both aspects 
of importance for generation of pavement wear particles as well as road 
dust suspension from the surface. It will also consider other functional and 
environmental properties of importance for a holistic approach, since 
prioritising one aspect will influence other aspects, causing either positive 
or negative effects which must be considered. It is desirable to achieve low 
environmental impact both regarding abrasion wear particles and noise, 
while also obtaining less energy consumption through low rolling 
resistance while at the same time not compromising safety by keeping or 
increasing friction. A schematic overview of different parameters and 
mechanism regarding friction, rolling resistance, abrasion wear of tyres 
and road surfaces and suspension of dust is given in Figure 3. 
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Figure 3. Schematic on how the road surface and tyre interaction, the road surface wear 
course and the road surface characteristics affect or are affected by different 
processes. Line colours are used to highlight crossing lines and has no other 
meaning. 
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3.1. The tyre and road surface contact system 

The contact system made up from a rolling tyre and a road surface is 
complex. According to Czichos and Habig (2010), a contact system 
contains three parts: (i) two surfaces contacting each other, a body and 
counter-body, (ii) an interface medium, and (iii) an environmental 
medium. In this thesis (i) corresponds to the road surface (the body) and 
the tyre surface (the counter-body), (ii) corresponds to 
particles/dust/traction sanding or water/snow/ice layers on the road 
surface acting as a contact medium which hinders full contact between the 
tyre and the road surfaces, and (iii) is these bodies being surrounded by air 
with a given humidity and temperature. These are aspects that require 
consideration for tyres interacting with the surface and the different 
mechanisms which affect friction, abrasion wear of tyre (treads) and roads, 
rolling resistance and noise generation. 

A complex behaviour is involved in the contact patch between the 
road surface and the tyre due to the viscoelastic properties of both the tyre 
and the road surface. A simplified version illustrating this contact patch, 
together with the non-constant and asymmetrical pressure distribution in 
the contact area, is given in Figure 4 for a rolling tyre with a given normal 
load FN, the tyres angular velocity ω and the vehicles linear velocity v, 
during dry conditions. The pressure in the contact area are denoted fc, 
which is distributed along the patch length, Lc, with a resulting force Fc 
located at a distance of Δc from the symmetry axis of the tyre. Moore (1975) 
describes that this pressure is higher for the leading edge of the tyre, and 
that close to no slip occurs in the leading part, while slip occurs at the rear 
of the contact patch.  
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3.2.2. Surface texture 

There are several ways to estimate the surface texture. Here a few common 
methods are presented for consideration off the macrotexture 
wavelengths, i.e. between 0.5 mm and 50 mm. 

3.2.2.1. Surface texture characteristics and temporal variation 

The road surface texture can be characterised as positive, i.e. where the 
roughness of the surface is more dominated by peaks from a central plane 
(or centreline), or negative, where the roughness is more dominated by 
valleys from a central plane (or centreline), as demonstrated in Figure 6. A 
way to describe this negative or positive textures is by using Skewness 
which measures the asymmetry of a distribution, where a negative 
skewness implies a negative texture and a positive skew implies a positive 
texture (International Organisation for Standardization, 2002). The 
roughness affects how the tyre deforms into the texture, where a negative 
texture cause less tyre deformations, as suggested by e.g. Vieira et al. 
(2019c). 
 Furthermore, the seasonal variation of the surface texture is 
important. According to measurements performed by Lundberg (2012), 
the surface texture is at its highest roughness directly after the studded tyre 
season in Sweden and at its lowest roughness directly prior to the studded 
tyre season. The reason is that the studded tyres roughens the road surface 
while the use of non-studded tyres polishes the surface, thus decreasing the 
roughness by removing asperities (Jacobson and Hjort, 2008). 
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and a rubber puck is used to carefully spread them into a circular shape, 
thus filling the surface voids. The spreading stops when the rubber disc 
contacts the road surfaces aggregate tips. The diameter of the patch is then 
measured at four equally spaced intervals and the MTD is calculated. To be 
noted is that this method is operator dependent, and wind and wetness are 
to be avoided since they will affect the measurement. 

3.2.2.5. Surface texture, road dust storage and emissions 

There are a limited number of studies which consider the surface 
roughness, or surface texture, regarding storage and suspension of road 
dust. Blomqvist et al. (2011) found that an increasing macrotexture, 
expressed as MTD (see Section 3.2.2.4), gave a linearly decreasing road 
dust emission potential (in this case the PM10 mean peak) and an 
increasing macrotexture. The study was performed with five road surface 
courses exposed to abrasion wear in a road simulator (see Section 5.1), 
where the dust suspension was introduced in a similar manner as 
Etyemezian et al. (2007) where a rotational disc introduced wind shear in 
an enclosed chamber with the suspended material (2 grams mineral filler) 
measured using a TSI DustTrak with five repetitions.  
 China and James (2012) also investigated the MTD influence on 
PM10 emissions of paved roads. They applied a characterised and constant 
soil load with a known fraction PM10 at twelve sites for three types of roads 
with variating traffic levels and speed limits, both in visible tyre tracks (6 
replicates) and where visible tracks were not seen (3 replicates). Using a 
similar method as Etyemezian et al. (2007) and Blomqvist et al. (2011), 
China and James (2012) measured PM10 at different rotational speeds, i.e. 
at different wind shears. Three cases were investigated, (i) with the present 
dust load, (ii) after cleaning using the AP-42 method described by EPA 
(1993), and (iii) after application of the known soil loading. They found a 
significant correlation between MTD and emissions of PM10, with 
seemingly declining emissions at higher applied shear. The cause was 
discussed that the increased wind shear possibly caused larger particles in 
the applied soil to break apart and thus giving higher measured emitted 
PM10 than initially present in the soil. Furthermore, two sites having the 
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highest MTD values showed associations between the relative frequency of 
flat, narrow, medium and deep-narrow features in the texture and the 
emitted mass of PM10. They discussed the finding that deeper and narrower 
surface features hindered the applied wind shear to reach erodible 
particles1 and thus contributed to lower PM10 emissions, while the opposite 
was suggested for the flatter features.  
 Blomqvist et al. (2013) also investigated how the surface texture, 
both as MTD and as MPD (measured using the Road Surface Tester 
described in Section 5.5.1) affected the storage capability of the total 
mineral dust load, sampled using the Wet Dust Sampler with the mineral 
dust load expressed as DL180 (see Sections 5.7.1 and 5.7.2). The 
investigations were performed on eight occasions, spread between October 
2011 and January 2013 in Stockholm, Sweden, for four different road 
locations. The results showed that a large variation was found between 
locations, thus showing that geographic variation of the macrotexture 
could give a variation of possible dust loading.  
 Blomqvist et al. (2014) continued tests regarding MPD surface 
texture along the Hornsgatan street in Stockholm, Sweden, using the same 
road surface testing vehicle where a DustTrak with a PM10 inlet measured 
the particle concentration in the wake of the vehicle while simultaneously 
measuring the road surface profile and also determining the MTD using 
the sand patch method. Both WDS samplings were performed on 14 
occasions during the period October 2011 to October 2014. A correlation 
between the measured PM10 emissions and the MPD was found, despite 
the probable impact of wind conditions at the site during measurement. As 
previously seen, there was still a large variation, both in temporal and 
spatial dimensions regarding both dust load and PM10 emissions, 
seemingly depending on the road surface texture.  

Both Amato et al. (2013) and later Padoan et al. (2018) 
investigated the impact of road surface texture on suspendible road dust 
load (maximum 10 μm) mass, using the maximum aggregate size of the 

 
1 Not to be confused with erosion wear which in the field of tribology are wear 
due to impacting particles (Stachowiak and Batchelor, 2014). 
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road surfacing as a proxy for the texture. These investigations also 
considered the distance from the braking zone and the traffic intensity. 
Amato et al. (2013) also found that both the aggregate size of the road 
surface and the traffic intensity affected the emission potential for each 
vehicle, while also establishing a negative power law relation between the 
suspendible road dust loading of sizes < 10 μm and the aggregate mean 
size. They claim that this relation is due to finer particles having a higher 
wear rate, in turn dependent on either the friction of tyres against the 
larger surface available or to a lower hardness of the aggregates. Padoan et 
al. (2018) further developed the method creating a model to predict 
suspendible dust load using the MTD, the distance to braking zone and the 
traffic intensity. They found an inverse relationship between the three 
model parameters and the suspendible dust load. 
 Lundberg et al. (2017) investigated the connection between the 
maximum theoretical dust loading and the macrotexture expressed as 
MPD as well as the inversed version called MPDn in a road simulator study 
for low speeds of 10 km/h using 14 different road surfaces worn in by 
studded tyres which where manually filled with mineral filler and then 
exposed to rolling winter tyres. The results implied that common 
macrotexture data, the MPD, annually collected for the Swedish state-
owned road network, could possibly be used for estimation of maximum 
possible road dust load storage. However, more research is required since 
it is unrealistic for in-situ conditions that the macrotexture is already filled 
with dust. They also discussed how other parameters would likely have an 
impact, requiring more research, including both impact of cementation 
(i.e. the process of particles getting cemented or bound to the road surface 
and not being available for suspension), compaction and meteorological 
conditions on the road dust load dynamics. Furthermore, also mentioned 
was the complex change of the macrotexture due to the interaction with the 
tyres, especially studded tyres during winter, and then polishing 
mechanisms during summer. 
 Gustafsson et al. (2019) also showed results where the dust load 
dynamics for six winter seasons in Stockholm, Sweden, was investigated. 
They showed that the dust load varies both temporally and spatially, where 
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spatial variation was found between both the investigated street on both 
larger and more detailed levels. It was suggested that the texture 
(expressed as MTD), which was observed to be different between the two 
wheeltracks and between the wheeltracks, affected the storage capabilities 
of the dust, although it was also affected by both the traffic characteristics 
and the meteorological effects, especially surface moisture affected road 
dust accumulation in the macrotexture and suspension of road dust. 

3.3. Tyre properties 

Tyres are complex composite constructions made up from about 60 
different materials, including both rubber compounds and reinforcement 
materials. Gent and Walter (2005) list five basic groups of materials that 
make up the rubber compound: (i) polymers, which can consist of either 
natural or synthetic rubber and make up the major element, (ii) fillers, 
used for reinforcement, commonly consisting of black carbon, although 
other materials can be used, e.g. to gain other attributes, (iii) softeners, 
used as processing aids, (iv) antidegradents, to gain resistance against 
deterioration from oxygen, ozone and heat, and finally (v), curatives, used 
to obtain the curing/vulcanisation of rubber. The reinforcement materials 
instead function as the main load carrying elements of tyres, i.e. the bead 
wire (which is a bronze coated steel wire used to anchor the inflated tyre to 
the rim along both sides at various configurations) and the tyre cord.  

The tyre has several other parts than just the rubber compound. 
The tyre also commonly has an innerliner designed to reduce the 
permeability of air through the tyre (Gent and Walter, 2005). It also 
consists of body plies which provides strength and impact resistance. The 
sidewall rubber provides protection from abrasion, impact and flex fatigue 
to the body plies. Steel belts are used to restrict the body ply cords 
expansion as well as to stabilise the thread area and provide impact 
resistance. The shoulder inserts are used to preserve the smooth belt 
contour and acts as isolation between the body plies and the belt edges. The 
tyre tread is what directly contact the road surface and has varying grip 
values, traction values, braking values, cornering values, wear values 
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among other functional properties, which depends on the rubber 
compounds described earlier. The subtread, when used, are located 
underneath the tyre tread and are used to lower hysteresis and to improve 
the rolling resistance performance and to fine-tune ride quality. The 
undertread instead increase adhesion between the tyre tread/the subtread 
and the stabiliser plies during the assembly. An overview of the tyre 
construction and these different components are given in Figure 9. 

Gent and Walter (2005) also describe that the tyre tread design, 
and not only the material compound, can have major effects on 
performance, where e.g. an increased thread thickness and a decrease of 
bead filler hardness could increase rolling resistance while simultaneously 
reduce the coarse road noise. 

 

 

Figure 9. The radial tyre’s different components. Source: Gent and Walter (2005). 
 
Tyre rubber is viscoelastic, making the mechanical properties, such as the 
elastic modulus, dependent on both the temperature and frequency. Fillers 
used in the rubber compound, commonly carbon black (as described 
earlier), give an increased resistance against abrasion, compared to 
unfilled compounds, while also making the material more inelastic (Gent 
and Walter, 2005). The authors describe how the rubber material 
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undergoes softening, i.e. the relation between stress and strain, which are 
affected by the strain history, where increasing the pre-strain levels 
increases the softening (called the Mullins effect). Also described is 
another effect, the Payne effect, which occurs at strain levels between 0.1% 
and 10%, where the filled rubber compound is exposed to cyclic shear or 
tensile strength of frequencies between 0.1 Hz and 100 Hz causing a 
decrease in the dynamic modulus, typically to 1/3 or less of initial values.  
 These complex viscoelastic behaviours make it hard to obtain an 
all-around tyre that excels at all parameters and properties at the same 
time, why the tyre requires to be optimised for different conditions, both 
related to climates (wetness, ice, cold, warmth), road surfaces (rough, 
smooth, evenness) and usages (high-speed, high-load) to obtain acceptable 
performance (low noise, low tyre wear, low rolling resistance, sufficient 
friction). 

3.3.1. Tyre wear and tyre ageing 

Tyres become worn, both because of mechanical degradation, i.e. the cause 
of loss of material, and chemical processes, both which affect how the tyre 
properties change. These include both ozone, oxidation and thermal 
degradation. A substantially degraded rubber compound becomes sticky, 
and due to the adhesive forces acting on it in the patch area of the tyre and 
road surface, may cause the material to be torn away (Gent and Walter, 
2005). As to temperature, these authors describe that it is desired to use 
rubber compounds that minimise the heat since, when the temperature 
increases, strength, durability and abrasion resistance all decrease.  
 Gent and Walter (2005) also discuss deterioration mechanisms 
due to ozone attack and oxidation, also known as ageing effects. The ozone 
attack occurs as a reaction between unsaturated elastomers found in tyre 
rubber composites. The depth which it affects depends on the tensile 
strength, where no tensile strength in the tyre surface will only impact on 
depths to about 20 μm, thus leaving the inner rubber unaffected, while a 
tensile strain of about 10% in the rubber would instead cause cracking in 
the rubber surface, propagating inwards. Given an ozone concentration of 
about five parts per million in regular outdoor air, cracks as deep as one 
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millimetre could occur after two weeks. Given that the sidewalls are where 
tensile stresses are common, these areas are also where ozone 
deterioration can be a serious problem, both during use and storage.  
 Gent and Walter (2005) also discuss oxidation, which is a slower 
process than that of the ozone attack but instead can penetrate deeper into 
the material. Oxidation of rubber causes an increased hardness and 
renders the material more brittle and increases the likelihood of cracking 
under pressure. The hardness is caused by the oxygen reaction with 
hydrocarbon elastomers forming new crosslinks with the interaction of 
neighbouring molecules.  

3.3.2. Tyre type features 

Several tyre types exist which are optimised for different temperatures and 
conditions, since the complex viscoelastic properties of the rubber are 
dependent on temperature. Summer tyres are optimised for the warmer 
climate during summer, usually made of harder rubber mixtures. Winter 
tyres instead are optimised for lower temperatures corresponding to 
winter conditions. The winter tyres can be optimised for more continental 
European conditions with more consideration for wet road surfaces or for 
Nordic conditions where more snowy, icy and slushy conditions are 
considered. Winter tyres can also be studded, where metal pins are fixated 
into the rubber compound to increase friction on icy road surfaces. In the 
Nordic countries (with the exception of Denmark), studded tyres are 
commonly used. Statistics for Sweden are given in Figure 10, where both 
national averages and regional averages for 2010 - 2019 are presented, 
where the Swedish Transport Administration regions used are shown in 
Figure 11. For Norway the proportions of studded tyres used, combining 
both light and heavy traffic, were, as a comparison, between 12% and 79% 
for the different regions of Norway in 2015 (Statens Vegvesen, 2015), and 
for 2019 the proportions instead was between 24% and 84% for light 
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vehicles and 5% and 51% for heavy vehicles, depending on the region1. In 
Finland the proportion of studded tyres used was between 76% and 99% 
depending on the region in Finland during 2016 (Unhola, 2016). Studded 
tyres are not only used in the Nordic countries but also in e.g. the Baltic 
states (Laurinavicius et al., 2009, Laurinavičius et al., 2010), Russia, 
Canada and some states (e.g. Alaska) in the U.S.A. (Zubeck et al., 2004). 

 
1 Based on data achieved from personal correspondence with Brynhild Snilsberg, 
Ph.D., Senior Principal Engineer at the Norwegian Public Roads Administration, 
2020-03-04. 
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Figure 10. Tyre usage during winter (January – March) in Sweden (a) at the national level 
and (b) at the Swedish Transport Administration regional level. Data source: 
Swedish Transport Administration (2019). 
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Figure 11. The Swedish Transport Administration’s traffic regions. Source: Lundberg (2018). 
 
How a studded tyre interacts with the surface is presented in Figure 12 and 
is described by Gültlinger et al. (2014). When the tyre rolls over the surface 
the stud will impact into the pavement (1) and intrude into the tyre1 (2). 
Next, adhesion between the stud and rubber to the surface occurs (if slip 
occurs the deflection is uniform) (3). A transition phase moving from the 
adhesion to sliding occurs, affected by friction of the rubber material and 

 
1 Sometimes the stud can also intrude into the pavement, given softer surface 
courses such as GAR (GAp graded Rubber) pavements. 
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the studs and the road surface where sliding will occur for either the studs 
or the rubber, while the adhesion continues for the non-slipping material 
until the adhesion limit is reached (4). When sufficient slip values are 
reached, both the rubber material and the studs will slip simultaneously 
(5). Finally, the stud snaps out, i.e. when the stud loses contact with the 
road surface (6), which can be considered the opposite of step (2). 
Gültlinger et al. (2014) discuss briefly that the impact damage of the studs 
depends on both the driving speed, the stud protrusion, the shape of the 
loaded tyre and the tyre slip. Also discussed are that the scratching damage 
can be considered a minor part of the total damage considering where the 
slip conditions of the full tyre affect the relative movement due to the low 
horizontal force from the low friction between the surface course 
aggregates and the metal studs.  
 

 

Figure 12. The interaction between the studs of a rolling tyre and the road surface. The 
angular velocity of the tyres, the linear velocity of the vehicle and the relative velocity 
between the surface and the stud is given by ω, vveh and vrel respectively. Source: 
Gültlinger et al. (2014). 

3.4. Surface wear course properties 

3.4.1. General functions of the surface wear course 

There are many different requirements regarding the function of a wear 
course, i.e. the topmost layer of the road construction. The wear course is 
commonly defined as a mixture of aggregates, a binder and a filler material, 
possibly with some additives included. The binder can either be 
bituminous or cementitious. It must function and have a sufficient 
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resistance against different degradation processes including chipping, 
plastic deformation from heavy loads (Lytton et al., 1993, Ahmed and 
Erlingsson, 2014), different types of longitudinal and lateral cracking, 
including fatigue cracking, freezing and thawing damage, and abrasion 
wear from studded tyres (Lundberg, 2017, Lundberg et al., 2019b), 
amongst others. These degradation processes depend on the inherent 
individual material properties, such as the binder type and properties, the 
aggregate types and properties as well as the construction type, whether a 
dense or open graded construction, the grain size distribution, and binder 
content. Since the bituminous surface course gains complex viscoelastic 
properties and is heavily temperature dependent, the degradation 
processes are more or less variable during a given year. This is especially 
seen in countries where there are distinct cold and warm seasons, such as 
for example Sweden. Also affecting the surface course is what occurs inside 
the road construction, such as e.g. the permanent deformation in the 
unbound layers during a spring thaw and rainy periods (Cerni et al., 2012, 
Rahman and Erlingsson, 2014, Erlingsson et al., 2017).  

For cementitious surface courses instead it should be noted that 
the heavily temperature dependant viscoelastic behaviour found for 
bituminous masses are not present and thus gives a stiffer surface course 
making it resistance against deformation processes (Löfsjögård, 2003). An 
investigation of four high traffic concrete roads in Sweden found low 
abrasion wear from studded tyres, although initially higher during the first 
one or two years due to removal of cement paste, exposure and polishing 
of aggregates (Löfsjögård and Karlsson, 2004). The initial abrasion wear 
over also occur for bituminous surface courses where removal of excess 
mastic (i.e. filler and bitumen) and aggregates are polished (Lundberg et 
al., 2019b). Löfsjögård and Karlsson (2004) found that the initial abrasion 
wear was dependant on the surface treatment, where surfaces with 
aggregates already exposed showed lower initial abrasion wear. As for 
bituminous surface courses, cementitious surface courses abrasion wear 
will be dependent on the surface wetness, the aggregate content, 
properties, and quality. These properties are further described for 
bituminous surface courses in Section 3.4.2. 
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Some statistics regarding the Swedish state road network are given 
in Table 2 for 2015 and 2019, which include some of the more common 
pavements, such as the more abrasion resistant SMA, as well as some, for 
Sweden, more uncommon pavements such as Porous Asphalt Concrete 
(PAC) and Cement Concrete Pavement (CCP). A common maintenance 
surfacing to increase the lifespans of roads, the chip seal, is also presented. 
The SMA was originally developed in Germany to reduce the wear due to 
studded tyres in the late 1960s (Loveday and Bellin, 1998). The PAC was 
developed to improve overall road safety by avoiding hydroplaning by 
draining water from the road surface, while also reducing the effect of 
splash and spray which affect visibility (Dawson et al., 2009). PAC also 
reduces noise from the road surface and tyre interaction and is thus today 
also used to mitigate road traffic noise (Sandberg et al., 2018, Lundberg et 
al., 2019c, Vieira et al., 2019a). In Sweden, PAC are under development to 
increase its technical life span (Jacobson and Viman, 2015), which is lower 
compared to SMA due to chipping, abrasion wear of studded tyres, 
deformation and clogging, while not affecting its acoustical lifespan, which 
is affected by clogging. Chip seal is a wear coarse used for low and medium 
traffic roads and can also be used as a maintenance action, where bitumen 
emulsion is dispersed onto an adjusted road surface (i.e. by milling and 
thus reducing tracks from rutting), after which mineral aggregates are 
spread (Johansson et al., 2014). An Ultra-Thin Asphalt Layer is another 
surface course used for maintenance, mainly on high traffic roads, in which 
a bitumen emulsion is dispersed on an adjusted road surface upon which a 
thin, open grader, aggregate layer is spread and compacted (Johansson et 
al., 2014). 
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Table 2. Common surface courses on the state-level road network in Sweden. The different 
categories are the sum of all subtypes per category. Data source: PMSv3 through 
Fredrik Lindström, Swedish Transport Administration1. 

 

Surface Course Proportion of State Road Network [%] 
2015i 2019ii 

Dense Asphalt Concrete 16.48 16.28 
Stone Mastic Asphalt 14.79 16.67 
Porous Asphalt Concrete 0.08 0.05 
Cementitious Concrete Pavement 0.15 0.14 
Chip Seal (Single + Double layered) 24.62 24.97 
Ultra-Thin Asphalt Layer 5.35 6.29 
i Total length of road network was 93 410 km 
ii Total length of road network was 94 442 km 

3.4.2. Properties affecting total wear and generation of wear 
particles  

The most important damage process of bituminous surface courses and 
cementitious surface courses for generation of particles and road dust is 
the abrasion wear from tyres, especially when accelerated by studded tyres, 
which several studies have shown, both in the field with stationary 
measurement, using mobile measurements, using road simulator studies 
and using models (Kupiainen, 2007, Gustafsson et al., 2008b, Hussein et 
al., 2008, Snilsberg, 2008, Pirjola et al., 2009, Pirjola et al., 2010, Denby 
et al., 2013b, Kupiainen et al., 2016, Norman et al., 2016, Gustafsson, 
2018).  

The studded tyre abrasion wear takes place during periods when 
studded tyres are used, which occurs during the winter period where 
stiffness of both the unbound layers of the road construction and the road 
surfacing (for bituminous surface courses) is higher due to the lower 
temperatures. Another factor is comprised of the potential contact 

 
1 The proportions of surfacing types are based on total road length with each 
surface course type from the Swedish Pavement Management System version 3 
extracted by Fredrik Lindström, responsible for the data system containing this 
information at the Swedish Transport Administration. The correspondence was 
dated 2016-02-03 for the 2015 data and 2020-02-19 for the 2019 data. Both 
correspondences were carried out by e-mail. 
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mediums such as traction sanding. Studies have shown that both denser, 
more stone rich types, such as the SMA compared to the DAC, gain a higher 
resistance against abrasion wear due to the largest nominal aggregate size, 
the grain size distribution, the proportion aggregates of higher fractions, 
as well as the aggregates’ inherent properties, including the mineral type, 
its resistance against abrasion wear, and its resistance against 
fragmentation. It should also be taken into account that the abrasion wear 
is affected by the traffic conditions as well, where the studded tyre 
proportion of both light and heavy vehicles1, the speed of the vehicles, and 
tyre properties all have an effect (Jacobson, 1994, Jacobson and Wågberg, 
1997, Jacobson and Hornwall, 2000, Jacobson and Wågberg, 2007, 
Lundberg et al., 2019b). Additionally, the properties of the studded tyre, 
i.e. the stud weight, the number of studs, the stud protrusion and the 
impact force affect the total wear (Gustafson, 1992, Zubeck et al., 2004, 
Doré and Zubeck, 2009). Also mentioned is the road design including 
crown slope, affecting runoff and water retainment, as well as intersect 
density which affects acceleration and braking events. Water has also been 
shown to have an impact on the total abrasion wear, where a wet road 
surface gave an increased abrasion wear given otherwise constant 
parameters (Jacobson and Wågberg, 1997). 

Alternative pavement material usage of, for example, steel slag has 
also been used to decrease abrasion wear of pavements in the U.S.A. with 
positive results, not only for abrasion wear but also resistance against other 
rutting and thermal cracking, while also lowering the required amount of 
binder (Wen et al., 2016). Similar Swedish studies also suggest positive 
results regarding abrasion wear (Viman, 2015). To be noted is that wear 
particles will thus contain large amounts of steel slag which could in some 
situation possibly affect the health outcome of exposed people. 

Studies, including those carried out in road simulators (as the one 
described in Section 5.1), have shown how surface course type affects the 
emissions of particles. Gustafsson et al. (2008a) showed that using a DAC 
with a granite gave three to four times higher PM10 emission compared to 

 
1 In Sweden, specifically, heavy vehicles do not use studded tyres. 
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a DAC with quartzite while using studded tyres, implying that the 
aggregate mineral affects generation of wear particles from the road. It was 
also seen that using a SMA construction instead resulted in substantially 
lower emissions.  

Other investigations in the road simulator by Gustafsson et al. 
(2011a) also investigated the aggregate properties and the aggregate size 
impact on particle generation when using studded tyres. They found, as in 
the previous study, that the mineral type does affect the generation of PM10 
for the three aggregate types tested. Additionally, they found that both the 
speed, the type of tyre used, and the proportion of studded tyres affected 
not only generation of ultrafine particles but also the mass concentration 
and the size distribution of the generated particles. More specifically, 
increased speeds gave an increase in generation of particles. By increasing 
the proportion of studded tyres, the particle generation also increased, 
likely due to the accelerated abrasion wear. By testing a total of 17 different 
surface courses, the aggregate resistance against studded tyres (expressed 
as the Nordic abrasion value1) was found to explain about 70% of the 
variation at 50 km/h. Another property, the resistance against 
fragmentation (known as the Los Angeles value2) explained up to 61% of 
the variation using the same data. This also indicated that 30% - 49% of 
the variation must be explained by other aspects than just these two 
aggregate properties. It was suggested that both meteorological conditions 
in terms of humidity as well as the state of the studded tyres could have an 
impact.  

When reporting a summary of all research funded by the Swedish 
Transport Administration regarding PM10 emissions and road surface 
courses, Gustafsson and Johansson (2012) concluded that: (i) surface 
course properties do indeed affect PM10 emissions; (ii) that for common 

 
1 The Nordic ball mill method is a standardised method to determine the resistance 
against studded tyre abrasion wear for an aggregate sample according to CEN 
(2014). 
2 The Los Angeles method is a standardised method to determine the resistance 
against fragmentation for an aggregate sample according to CEN (2010a). 
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bituminous surface courses, both the aggregates’ resistance against 
abrasion wear from studded tyres and the largest aggregate size are  
important indicators; (iii) that the construction type of SMA or DAC 
apparently had less importance compared to the aggregates’ properties; 
(iv) that rubber surface courses seemed to have a positive (reducing) effect 
on the PM10 emissions based on the limited investigations available; and 
(v) that porous pavements didn’t show reduced emissions in Sweden, 
although cases in the Netherlands and in Germany implied reduced 
emissions, possibly due to making dust not available for transport by 
draining it away.  

Later studies in Stockholm, Sweden (Norman and Johansson, 
2017, Elmgren and Norman, 2019) showed lower PM10 emissions during 
the first years compared to a reference SMA pavement. After three years, 
however, the reduction was gone and the double layered porous asphalt 
concrete (DLPAC) had emissions similar to those of the reference SMA. So 
far, initial results from a measurement campaign in Linköping, Sweden, 
suggest similar results for the first winter and spring in service (Lundberg 
et al., 2019c), although more data are available and require deeper 
analyses. Regarding dust loads, samplings at the same site in Linköping, 
Sweden reported comparable dust loads for the SMA as for the dense SMA 
pavements in Stockholm, while also reporting similar dust loads for the 
DLPAC as the SMA in Linköping, Sweden (Lundberg et al., 2020). They 
also reported that the size distributions of the DLPAC seemed to have 
mixed model properties, i.e. made up by several distributions, compared 
to the SMA which showed unimodal forms. Dawson et al. (2009) state that 
for porous asphalts, it is clear that particles do deposit on and inside the 
pavement, but it remains unclear how much of these particles that can be 
suspended. Johansson et al. (2007) and Nordberg et al. (2007) performed 
mobile measurements regarding how a silent asphalt (a DLPAC) affected 
emissions of PM10 and found that it was in line with measurements on 
other pavements. When comparing the measurements where a lower 
Nordic abrasion value was available compared to roads with higher 
abrasion values (higher is worse), lower emissions were found for lower 
Nordic abrasion values. However, Nordberg et al. (2007) mentioned that 
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the lower Nordic abrasion values were found on more high traffic roads, 
and the lower values were more common outside of urban areas. 

Steel slag has also been investigated in a road simulator where a 
SMA8 and SMA11 (numbers denote maximum aggregate size in mm) were 
investigated regarding PM10 emissions by Viman and Gustafsson (2015). 
The results showed relatively low emissions for the slag surfaces compared 
to the lowest emitting SMA11 with regular mineral aggregates. 

There are some Swedish studies regarding cementitious concrete 
pavements and their emissions of PM10. As mentioned, these pavements 
are very unusual in Sweden but are much more common elsewhere, e.g. 
Germany and the U.S.A. By using mobile measurements, Johansson et al. 
(2009) found substantially lower PM10 for a concrete pavement in 
comparison to asphalt concrete pavement when using studded tyres. The 
reductions in PM10 (31%, 24% and 29%) were seen for all investigated 
speeds (70 km/h, 90 km/h and 110 km/h). When instead using non-
studded winter tyre, clear reductions of PM10 were seen for both surface 
course types compared to the studded tyres, with a factor 10 for the asphalt 
concrete and with a factor of 4 – 6 for the cementitious concrete. However, 
it was also seen that the cementitious concrete surface course increased 
PM10 (22%, 67% and 91%) for all investigated speeds (70 km/h, 90 km/h 
and 110 km/h) compared to the asphalt concrete. Another road simulator 
study by Gustafsson et al. (2013) compared a cementitious concrete with a 
SMA16 regarding PM10 emissions. The results showed higher direct 
emissions of PM10 for the cement concrete, despite the lower total abrasion 
wear. Additionally, cement concrete contributed significantly with calcium 
(Ca) compared to the SMA16, showing that the cement does contribute to 
the PM10 emissions. Also observed, towards the end of the test cycle, were 
both lower particle sizes as well as lower numbers of ultrafine particles 
emitted from the cement concrete compared to the SMA16. 

Snilsberg (2008) investigated how studded tyre abrasion wear of 
pavements affected PM10 and to total amount of suspendible particles in a 
road simulator (described in Section 5.1) study and concluded that the 
mineral aggregate used in the asphalt concrete had significant influence on 
the generated airborne dust, both regarding the amount of dust generated, 
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the particle size distribution, the specific surface, the shape distribution 
and the particle composition. She also showed that using simpler 
laboratory techniques such as Tröger or Prall1 (both used to estimate the 
studded tyre abrasion wear of surface courses, either laboratory made or 
drill cores from field) can be used to produce similar dust as the one 
produced in the road simulator. It was also shown that investigating the 
aggregate material in itself using e.g. the Los Angeles method and the 
Nordic ball mill method (CEN, 2014) was of interest, however, dust 
generated using Tröger and Prall was more similar to field produced dust 
since these consider the full surface course and not only the aggregates. 
The Tröger method has also been briefly shown to have an potential to 
compare different surface course recipes before performing large-scale 
trials (Lundberg, 2017). 

3.5. Noise 

Noise from the road surface and tyre interaction is another environmental 
problem which must be considered, since this noise source is the 
predominant one when considering traffic from speeds of around 15 - 25 
km/h considering light vehicles and 30 - 35 km/h considering heavy 
vehicles, for vehicles manufactured no earlier than 1996 and during 
cruising conditions (Sandberg and Ejsmont, 2002). Berge and Haukland 
(2019) came to similar conclusions where noise from the road surface and 
tyre interaction dominated at 20 km/h considering electric vehicles. 

Noise is well known, like particulate matter, to impact on human 
health. Health effects include a higher risk of ischaemic heart diseases, 
sleep disturbance, high blood pressure and cognitive impairment in 
children, amongst others (WHO, 2011). Bluhm and Eriksson (2011) 
reported that the sound pressure level (SPL) was higher than 55 dB(A) for 
40% of the population of the EU and about 20% for SLP above 65 dB(A) 
during the daytime. These levels correspond to somewhere between a quiet 

 
1 Prall is a standardised method to estimate the studded tyre abrasion wear of a 
surface course body according to CEN (2016).  
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and normal conversation at a one meter distance and a normal 
conversation and a car passing 10 meters away at about 60 km/h, 
respectively (Sandberg and Ejsmont, 2002). It has also been shown that 
property prices decrease with increased noise exposure in dB(A) 
(Andersson et al., 2009), and Sandberg (2001), estimated a total decrease 
of $330 per year in Sweden. Swärdh and Genell (2020) estimated the 
marginal cost of road traffic and concluded that the costs were dependent 
on vehicle type and number of exposed, i.e. the marginal cost for a truck in 
a high density agglomerate during the daytime was SEK 1.88 but only SEK 
0.052 in a low density agglomerate. A socio-economic assessment from the 
European Comission (2011) showed that noise from traffic, both rail and 
roads, came to €40 billion per year of which 90% was found related to 
passenger cars and goods vehicles. 
 The noise from the road surface and tyre interaction is dependent 
on several different mechanisms. An overview of the different categories 
and their basic mechanisms is given in Figure 13. The different mechanics 
are complex in their interaction with each other and will each affect 
different frequencies. Impact-related mechanisms are connected to low 
frequencies while air-related mechanisms are related to high frequencies. 
The road surface texture affects the overall noise based on the amplitude 
which is also dependent on the cross-over frequency. Below the cross-over 
frequency, increasing texture amplitude increases noise for wavelengths 
between 10 mm and 50 mm, whereas over the cross-over frequency, noise 
will instead decrease with the texture amplitude in the texture range of 0.5 
mm to 10 mm. These cross-over frequencies are dependent on the vehicle 
type, though, as demonstrated by Wayson (1998), where the heavy vehicle 
frequency is at about 500 Hz and the light vehicles one is at about 1000 Hz 
due to the larger tyre threads of the heavy vehicle tyres. Different tyre types 
also impact on noise, as demonstrated by Vieira et al. (2019b), where 
studded winter tyres were found to generate most noise on in-service road 
surfaces, while also seeing that the maximum aggregate size of the 
investigated pavement didn’t seem to have a clear effect on noise levels. 
There are other ways than changing tyres to decrease noise, either by 
optimising the texture through, for example, grinding of the road surface, 
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creating a more negative macrotexture (Vieira et al., 2019c) affecting 
vibrational noise generation mechanisms or by using porous road surfaces 
(Lundberg et al., 2019c, Vieira et al., 2019a) which affects the aerodynamic 
and vibrational noise generation mechanisms. These two techniques will 
also affect road dust storage capabilities and the suspension mechanisms 
of the dust and thus both the effects on noise and dust should be discussed 
when abating one of them. 

 

Figure 13. Schematic overview of different noise generation mechanisms from the road 
surface and tyre interaction, where red bars are vibrational mechanisms, orange 
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bars are aerodynamic mechanisms, and green bars are amplification mechanisms. 
Source: Vieira (2020) 

3.6. Rolling resistance 

Rolling resistance, according to Gent and Walter (2005), is the conversion 
of mechanical energy to heat for a rolling tyre traveling over a given 
pavement length. Rolling resistance is the result from the tyre’s interaction 
with the road surface, with tyre deflection, deformation and hysteric losses 
resulting from the rolling movement of the tyre. Given flexible wear 
courses, energy is dissipated when the wear course deflects under the load 
from the tyre. Also affecting is the unevenness of the surface, since the 
dynamic load of the tyre changes, thus changing the contact area and 
thereby affecting the dissipation mechanics connected with it (Sandberg et 
al., 2011).  Additionally, the micro- and macrotexture of the surface also 
cause dissipation of energy since they will locally introduce stress and 
shear forces in the tyre thread. An example of how texture optimisation 
through grinding of the road surface, thus creating a more negative 
macrotexture, reduced rolling resistance by up to 15% is given by Vieira et 
al. (2019c). It is well to remember that rolling resistance is just one of four 
mechanisms (the other being wheel inertia, bearing resistance and 
suspension resistance) affecting the vehicle’s rolling resistance, which in 
turn is just one of three resistance categories (the others being 
aerodynamic resistance and propulsion resistance) that make up the total 
driving resistance for a moving vehicle. An overview of these is given in 
Figure 14. Rolling resistance is linked to fuel consumption (Andersen et al., 
2015, Carlson, 2017), meaning that a decrease in rolling resistance will 
decrease the energy consumption, which for vehicles with internal 
combustion engines also gives a reduction in exhaust emissions. 
 Since the rolling resistance is affected by tyre deformation, it could 
be speculated that, theoretically, road dust could affect the rolling 
resistance by filling up the micro and macrotexture or the road surface. 
However, this has not been investigated and are only speculations.  
  



3. Road Surface and Tyre Interaction 

46 
 

 

Figure 14. The different driving resistance (energy dissipation) mechanisms and their 
sources. The colours mark the three different main categories. Observe that rolling 
resistance from road surface and tyre interaction is only one of four resistances 
affecting the total vehicle rolling resistance. Source: Vieira (2020). 

3.7. Friction 

Another important functional property of the road surface is the friction. 
Friction, also known as skid resistance, is required to ensure sufficient 
traction between the rolling tyre and the road surface to avoid accidents 
that could possibly be fatal. The friction is affected by both micro- and 
macrotexture, where the microtexture affects adhesion and macrotexture 
affects drainage of water (PIARC, 1987).  

Friction must be taken into account when optimising the road 
surface for other functional and or environmental properties, such as for 



3.Road Surface and Tyre Interaction 

47 
 

road surface texture optimisation using grinding as demonstrated by e.g. 
Vieira et al. (2019c), who observed an unaffected or possibly even increase 
of wet skid resistance after grinding compared to prior to grinding. They 
discuss that despite the lower drainage of the macrotexture, the increased 
roughness of the microtexture balanced the friction to remain unchanged. 
They also noted that the speed had a substantial effect on the frictional 
properties which was not surprising due to the decrease of drainage 
capabilities through the decrease of macrotexture.  

Since friction is affected by both micro- and macrotexture, it could 
be speculated that, theoretically, road dust could affect the friction by 
filling up the micro- and macrotexture and thus possibly affect the water 
drainage capabilities of the macrotexture and thus decrease the water 
required to decrease the friction. However, this has not been investigated 
and are only speculations. 
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4. Measures to reduce Road Dust and PM10 

To mitigate the generation of wear particles from the road surface and 
tyres, as well as the suspension of road dust, several aspects can be 
considered which relate to changing the traffic characteristics, the surface 
course characteristics and the winter and spring road operations regarding 
traction sanding, de-icing and dust binding. In the Nordic countries, the 
commonly wet, snowy and icy period coincides with a heavy use of studded 
tyres (not used in Denmark) which accelerates abrasion wear and the 
generation of mineral dust, which accumulates in the road surface 
macrotexture until dryer conditions occur during spring, where suspension 
mechanics dominates with resulting high concentrations of PM10. The ways 
to attempt to reduce road dust and PM10 can be classified as either 
preventive measures, for example by changing wear course to reduce wear, 
or mitigative measures, for example by appliance of dust binding to hinder 
particle suspension. 

4.1. Altering of traffic situation and tyre usage 

To mitigate particle emissions from roads there have been investigations 
in altering the traffic situation, both regarding speed limit restrictions and 
restrictions in usage of studded tyres. Regarding studded tyres, several 
cities in Sweden, including Stockholm (Stockholms Stad, 2020), 
Gothenburg (Göteborgs Stad, 2020) and Uppsala (Uppsala Kommun, 
2020), have implemented means to reduce or ban studded tyres locally 
(specific streets) to reduce the problems regarding wear particles to air, 
noise and abrasion wear. Other examples on how to reduce studded tyres 
are seen in Norway where special fees were introduced (Johansson and 
Burman, 2013) or in countries such as Germany and Japan (Hokkaido) 
where studded tyres were banned altogether (Asano et al., 2002). 

Regarding the impact of speed on particle emissions, several 
studies exist. Modelling studies have shown for Riksväg 4 in Oslo, Norway, 
that a 23% reduction of PM10 was obtained when decreasing speed limits 
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from 80 km/h to 60 km/h, on dry days (Hagen et al., 2005). Norman and 
Johansson (2006) found a correlation between the proportion of studded 
tyres and the weekly average of PM10 in Stockholm, Sweden, considering 
only daytime during dry periods. Norman et al. (2016) used the NORTRIP 
emission model for a street in central Stockholm to investigate the impact 
of a studded tyre ban introduced in 2010. They found, compared to the 
reference year of 2007, that the first year gave a decrease in PM10 
concentrations of 42%, and 50% when including meteorological effects 
compared to the observed 47% reduction. For the period 2011 - 2014 they 
observed a 62% reduction in studded tyre usage and a 25% traffic decrease, 
and this combined effect, when considering concentration increases of 3-
29% due to meteorological effects, gave a net decrease of PM10. Also shown 
was that the implementation of a speed reduction in 2005 gave an 
estimated 38% reduction of PM10, with a similar result in 2006. When also 
considering the increase in PM10 due to meteorological effects, the total net 
reduction of PM10 was comparable to observed values. In Gothenburg, 
Sweden, when the speed limit was lowered to 40 km/h from 50 km/h on a 
central street, a 5% reduction in PM10 was observed relative to the reference 
measurement (Sjöstedt and Derneryd, 2007).  

Other studies, performed in the road simulator at VTI, showed a 
clear speed dependence regarding mass concentration, with a significantly 
higher effect for studded tyres compared to winter tyres without studs 
(Gustafsson et al., 2005). Snilsberg (2008) also showed, when using the 
road simulator at VTI, that the PM10 concentration decreases with 
decreasing speed, and that the speed affected not only the amount 
generated, but also the particle size and shape distributions where an 
increased speed gave finer particle size distributions while also giving more 
irregular particles. She also concluded that the tyre type has an effect, 
where studded tyres produced more particles. Gustafsson et al. (2005) also 
observed, for the number concentration, that both studded and winter 
tyres without studs showed clear and similar speed dependency. Querol et 
al. (2018) mention that there are several aspects that could reduce non-
exhaust PM emissions including both reduction in the number of heavy 
vehicles which more effectively suspend particles compared to light 
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vehicles, and that a decreased speed could give a reduction in non-exhaust 
PM10, based on the literature studied. This has been seen with mobile 
measurement vehicles such as in Pirjola et al. (2010) and Hussein et al. 
(2008), although the latter observed a difference between spring and early 
autumn and between tyre types, indicating that both tyre type and dust 
loading will affect the suspension and the speed dependency. 

4.2. Altering of wear course and wear course properties 

There are few studies available which investigate the impact of the change 
of surface course on road dust and air quality. In 2008, the old pavement 
at H.C. Andersen Boulevard in Copenhagen, Denmark, was replaced and 
with the elemental composition of particles and high time resolution 
measurement of PM10, it was concluded that particles originating from the 
road were reduced, while also showing by using NOx measurements that 
traffic had not considerably changed (Ellermann et al., 2010). They also, 
however, concluded that it is unclear how long the effect would last.  

Two studies in Stockholm, Sweden, investigated how a 
replacement of an old SMA with a noise reducing DLPAC for a highway 
section affected the PM10 emission (Norman and Johansson, 2017, 
Elmgren and Norman, 2019). PM10 and NOx were measured at the DLPAC 
highway section and simultaneously at an SMA highway section which 
acted as a reference. The studies concluded, when compensating for the 
difference in traffic and road slope, that the porous pavement gave an 
initial reduction of PM10 lasting for approximately 3 years. An study at the 
Industrigatan street in Linköping, Sweden, also implies that the particle 
concentrations are lower for the first winter and spring for a double layered 
porous asphalt compared to a worn SMA (Lundberg et al., 2019c), although 
requiring deeper analyses. When changing road surfacing at the 
Folkungagatan street during 2016 in central Stockholm, Sweden, from an 
old SMA to a more abrasion resistant SMA, it was noted that the road dust 
level the following year, 2017, increased, probably due to larger initial 
abrasion wear and a rougher macrotexture, while a reduction in PM10 
concentrations at the street level was also seen (Gustafsson et al., 2018). 
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The authors concluded that the pavement change did likely contribute to 
the reduction of PM10, whilst also being affected by changes in traffic 
composition and speed. Kupiainen et al. (2016) found that, for an 
investigation performed at a roadside location in Finland, dust from the 
pavement aggregates contributed 40 - 50% during spring to suspended 
dust and PM10. They also concluded that the major source from the 
pavement aggregate comes from studded tyre abrasion wear. 

4.3. Removal of dust load through surface cleaning 

Another mitigation measure to improve air quality is through cleaning of 
the road surface to remove the present dust load, thus reducing the 
material available for suspension, either by sweeping, washing, vacuum 
suction or a combination of methods.  
 A study performed in Gothenburg where street sweeping was used 
did not show any decrease in PM10 (Sjöstedt et al., 2006). Another study in 
Stockholm only saw a 6% reduction in daily PM10 values for a highway and 
no effect in the city centre (Norman and Johansson, 2006). A tunnel 
investigation in Norway also showed similar results with no clear effect, 
although possibly due to the machine removing coarser material or that 
there had been an insufficient number of cleaning occasions (Aldrin et al., 
2008). A later review of 20 investigations performed by Amato et al. (2010) 
investigated street cleaning and found that sediment removal efficiency 
increased with particle size, although sweeping in itself was concluded to 
be ineffective for reduction of particle concentrations in the short term, and 
that the brushing could instead contribute to PM10. When instead 
combining water flushing and brushing a reduction in PM10 was seen. It 
was not possible to separate if the effect was caused by the combination of 
methods or only due to water flushing. Janhäll et al. (2016) studied the 
effect of three cleaning machines and their impact on dust loads in both 
tunnel and street environments in Trondheim, Norway, using the WDS 
(described in Section 5.7.1). Different results were obtained for the two 
environments where the tunnel environment dust load generally increased 
after cleaning, although likely due to deposition of dust on the road surface 
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due to the cleaning of walls and roof using cleaning solutions, whereas the 
road environment showed decreased dust loads (DL180, i.e. the mineral 
Dust Load smaller than 180 μm, see Section 5.7.2) for two of the three 
machines. Also suggested for the tunnel environment was that the cleaning 
solution possibly dissolved cemented dust in the road surface 
macrotexture making it available for sampling. Querol et al. (2018) 
reviewed the literature and from the studies saw that sweeping has no signs 
of direct benefit on PM10, sometimes even resulting in an increase in PM10 
immediately after sweeping. They saw instead that water flushing could be 
used to reduce the mobility of dust, as with precipitation. Ideally washing 
was suggested to be used when emissions of road dust rise significantly, 
with its efficiency being dependent on road dust loadings, road surface 
material, road geometrics, frequency of washing and climatic conditions, 
as well as the relevance of other dust sources. 

4.4. Usage of dust binding and de-icing 

To ensure sufficient friction during winter conditions, where frost and ice 
are present, de-icing chemicals are commonly used for high traffic roads. 
Other impacts of de-icing solids and solutions include corrosion of metals 
such as of the reinforcement steel in concrete, damage to vegetation (e.g. 
Blomqvist, 2001) and possible ground water contamination, although 
these issues will not be further commented on here. 

There exist different types of chemicals, both solids and solutions, 
which are used for de-icing purposes, with sodium chloride (NaCl, both 
solid, moisturised and as brine) being commonly used. Road salt is used in 
all of the Nordic countries, with the amounts shown in Figure 15.  
 



4. Measures to reduce Road Dust and PM10 

54 
 

 

Figure 15. Usage of road salt for de-icing for the Nordic countries during winter. Source: 
Knudsen et al. (2014). 

 
 De-icing salts have been shown to also contribute to PM10 levels 
(e.g. Gianini et al., 2012, Ducret-Stich et al., 2013, Amato et al., 2016), and 
it has also been shown that there are several transport processes that can 
transport salt away from the ground to the surrounding areas (Blomqvist 
and Johansson, 1999, Denby et al., 2016). Blomqvist and Johansson (1999) 
investigated the airborne spreading and deposition of de-icing salt and 
found that between 20% and 63% applied on the road deposited between 
2 metres and 40 metres from the road. Within this span, 90% or more was 
deposited within 20 metres from the road.  

De-icing salts also act as a dust binder. Some other examples of 
dust binding solutions are calcium chloride (CaCl2), magnesium chloride 
(MgCl2) and calcium magnesium acetate (CMA). These chemicals are 
hygroscopic, which also makes them suitable for dust binding, especially 
during the commonly dusty spring in the Nordic countries, since they keep 
the road wet and bind particles to the surface. These examples can also act 
as de-icing solutions since they also lower the freezing temperature of 
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water. The effect of dust binding on PM10 has been studied, for example by 
Gustafsson et al. (2010) who reported a decrease in daily PM10 by 35 - 40% 
for CMA, CaCl2 and MgCl2 with the effect diminishing over 3 days, while 
also observing decreasing friction values directly after application. 
Norman and Johansson (2006) also reported a reduction in daily PM10 
levels of 35% using CMA and concluded that usage could perhaps be most 
effective at reducing the highest peak concentrations. Another example is 
given in Aldrin et al. (2008)  who found, for an tunnel environment, that 
MgCl2 reduced PM10 by 56% and PM2.5 by 17%, and that directly after 
application a 70% reduction primarily in PM2.5-10, with the effect estimated 
to last 3 - 16 days using a generalised additive model. As with de-icing 
solutions, using these dust binding solutions includes other effects 
regarding the environment, such as the negative effects on water and 
vegetation and the corrosive effect on metals (MgCL2, CaCL2), mobilisation 
of metals in soil and the use of oxygen during degradation (CMA) 
(Gustafsson et al., 2010). Querol et al. (2018) studied the literature and 
found that there are a limited number of studies regarding the use of dust 
binders and their effect on PM10, but found that tests performed in Sweden 
and Austria showed positive results, while no significant change was found 
in Germany and the United Kingdom, and that the effect, when found, was 
short-lived. They also mentioned that no impact on PM10 was found in 
Spain, likely due to the dryer climate compared to Sweden, Norway, 
Germany, Austria and the United Kingdom. Furthermore, they mentioned 
that the differences detected between the Alpine and Scandinavian regions 
suggest that local features strongly influence the effectiveness of dust 
binding, such as the type of pavement and road dustiness. 

4.5. Altering the usage of traction sanding 

A major winter road operation in the Nordic countries is the application of 
traction sanding to increase friction during slippery conditions, with the 
amounts given in Figure 16. In Sweden, a survey showed that crushed 
aggregates dominated the usage and most fractions used were over 2 mm 
(Gustafsson and Yakoub, 2007). When natural sand was used, finer 
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fractions were rarely sieved, introducing more fine materials. When 
selecting traction aggregates, the survey found that it is the friction and 
durability, followed by cost and then dust properties of the aggregates (11% 
of municipalities) that ruled decisions. The use of traction sanding has also 
been shown to accelerate the abrasion wear of pavements through the sand 
paper effect and by the traction sanding material being crushed, both 
contributing to dust generation, with the combination of studded tyres and 
traction sanding having an even larger effect on PM10 (Räisänen et al., 
2003, Kupiainen et al., 2005, Tervahattu et al., 2006, Kupiainen, 2007).  
Kupiainen et al. (2016) found that the traction sanding material 
contributed about 25% of the street dust found in suspension samples and 
in the air. 
 

 

Figure 16. Usage of traction sanding for the Nordic countries during winter. Denmark and the 
Faroe Islands had no usage of traction sanding. Source: Knudsen et al. (2014). 
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5. Sampling and Investigative Methods  

This chapter provides descriptions of the different sampling and 
investigative techniques used in the appended papers, as well as key 
conference papers used for the discussion in Chapter 7. 

5.1. The VTI road simulator 

The Swedish National Road and Transport Research Institute (VTI) has a 
circular road simulator (Figure 17), an iron construction manufactured in 
1943 (Kullberg, 1944). The road simulator track has a mean circumference 
of 16.5 metres and consists of 28 pavement slabs with a width of 0.5 metres. 
The machine has four operational axles where tyres are mounted. These 
are lowered onto the pavement surface until the desired axle load is 
obtained, commonly 450 kg to reassemble a light vehicle. The machine is 
accelerated by electrical motors utilizing the tyres and speeds up to 70 
km/h can be used. From 30 km/h an eccentric movement can be applied, 
causing the tyres to wander laterally, compared to a constant track. The 
road simulator is located in an enclosed chamber allowing controlled 
climates regarding temperature and humidity.  

The road simulator can be used to investigate different surface 
course properties (both cementitious and bituminous) and the impact of 
tyre interaction, as well as impact of wetness, non-corrosive de-icing/dust 
binder materials and traction materials regarding both abrasion wear and 
particle generation. To investigate abrasion wear due to studded tyres, 
both regarding track depth and abrasion profiles, a laser profilometer 
(described in Section 5.2) can be used. A SELCOM laser (further described 
in Section 5.5.1) mounted on one of the axles can be used to measure 
longitudinal profiles (2D) which can be used to calculate road surface 
macrotexture parameters, including MPD and MPDn (described in Section 
3.2.2.3).  
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Figure 17. VTIs circular road simulator, in this case without wheels mounted on the axles and 
with slabs of concrete mounted on the track. Photo: Joacim Lundberg.  

5.2. Measurement of abrasion wear of surface courses 
using a laser profilometer 

The abrasion wear of pavements, both profile wear and the track depth, is 
measured by using a laser profilometer over the lane width. There are other 
ways to measure the abrasion wear, e.g. by using the road surface tester 
vehicle described in Section 5.5.1. This section will only focus on the 
stationary laser profilometer shown in Figure 18. The profilometer is 
approximately two metres wide and has a measurement precision of 0.5 
mm and a sampling density of approximately 425 points/metre. To 
measure a full traffic lane width, measurements are done using overlap as 
shown in Figure 19.  
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Figure 18. The laser profilometer, in this case in the road simulator for measurements of the 
abrasion wear on one of the 28 pavement slabs. Inside the encapsulation is a laser 
and a device that moves the laser along the profilometers width during the 
measurement thus creating a laser profile. The laser profilometer is also used in 
field. Photo: Joacim Lundberg. 

 
To ensure repeatable measurements, brass sockets are utilised, which are 
cast/fixated into the surface course. The brass sockets are 25 mm high and 
during fixation, the road surface and the top of the sockets are aligned. The 
brass socket has a 15 mm indentation from the surface, which has several 
purposes. The first purpose is to ensure that the profilometer always 
measures the same line, thus allowing repeatable measurements over time 
and allowing measurements with partial overlap in order to measure the 
full lane width. The second purpose is that this bottom also acts as a 
reference level. The reference level is required due to the different 
degradation processes that cause rutting for a bituminous surface course. 
These are rutting due to abrasion wear from studded tyres, deformation 
due to heavy traffic or deformation due to compaction of sub-courses (the 
unbound layers). The compaction process, happening below the reference 
level, will not affect the results since the reference level and surface level 
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will move together. The deformation due to heavy traffic occurs primarily 
during summer due to the lower stiffness of the surface course (bituminous 
pavements only) when the temperature is higher. The profilometer 
measurements are performed during the autumn and spring and are done 
outside of the period when studded tyres are allowed and when 
temperatures are lower than in summer, thus minimising track 
deformation. The difference between autumn (the reference) and spring 
further avoids any impact of rutting due to deformation and effectively 
separates the wear profile and track depth due to studded tyre traffic. An 
example of a raw abrasion wear profile of one such measurement is given 
in Figure 20. 
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the next position and the procedure is repeated until the full width of interest has 
been measured (B - D).  

 

Figure 20. Schematic representation of a laser profilometer measurement, together with a 50-
point rolling average and how the average profile wear and maximum track depth 
are defined. 

5.3. The Swedish studded tyre abrasion wear prediction 
model 

The Swedish studded tyre abrasion wear prediction model was developed 
in 1997 by Jacobson and Wågberg (1997). The model was at the time based 
on the previous 10 years of research and empirical data gathered from field 
trials and road simulator trials for different DAC and SMA pavement tyres 
during which the abrasion wear was measured using a laser profilometer 
(described in Section 5.2). The trials were extensive where cast asphalt 
concrete slabs were tested at different speeds during both wet and dry 
conditions in the road simulator (described in Section 5.1). Asphalt slabs 
were also positioned in actual field locations and were exposed to real 
traffic and meteorological effects. The investigation also showed that the 
road simulator trials are well correlated with field trials, although at a 
higher magnitude. The model consists of three main parts: 
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1. Calculation of magnitude of abrasion wear per light vehicle with 
studded tyres, using the Mineral aggregate or Prall sub-model 
which takes into account the pavement properties. 

2. The abrasion wear is distributed over an investigated driving lane, 
the choice of which depends on the road section type, which in 
extension is described by the lane width. 

3. The third part is used to calculate costs, but they are not further 
discussed here. 

 
The model requires the road section type, the speed limit, the annual 
average daily light traffic in the investigated lane, the wear period (number 
of days with the proportion of studded tyres above 5%), the average 
proportion of studded tyres and if de-icing is applied. Regarding pavement 
information, the Mineral aggregate sub-model requires the Nordic 
abrasion value determined by EN 1097-9 (CEN, 2014), the proportion of 
aggregates larger than 4 mm and the maximum aggregate size, whereas the 
Prall sub-model requires the Prall abrasion value determined by EN 12697-
16 (CEN, 2016) and the pavement type, DAC or SMA. For graphical 
purposes, a maximum allowed track depth can be given. An illustration of 
the graphical output is given in Figure 21. A more extensive presentation 
and a calibration of this model is given in Paper A (Lundberg et al., 2019b), 
which also explores the impact on the NORTRIP emission model. 
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Figure 21. Example of results using the Mineral aggregate sub-model where (a) is the 
transverse rut profile for the lane width and (b) is the predicted rut depth 
development compared to the user defined limit value. Example is E6 Uddevalla 4, 
whose data parameters are presented in Paper A (Lundberg et al., 2019b). Similar 
graphs are produced for the Prall sub-model. 

5.4. NORTRIP emission model 

The NORTRIP (NOn-exhaust Road Traffic Induced Particle) emission 
model was developed in co-operation between Sweden, Finland, Norway 
and Denmark, aiming to describe and model the processes affecting non-
exhaust emission from road traffic and thus eliminating the effects of local 
empirical factors (Johansson et al., 2012, Denby et al., 2013a, Denby et al., 
2013b, Norman et al., 2016). The aim was also to develop the model to use 
for management and evaluation of different abatement strategies and 
policies to reduce non-exhaust emissions.  
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 The model’s schematic outline is given in Figure 22, which briefly 
displays the many processes and their complex interactions that affect the 
non-exhaust emissions. The system stores the dust load on the surface, 
which is then suspended to the air due to wind and traffic. Particles are also 
transported from or to the system directly by the tyres. Tyre usage also 
affects the outcome, as studded tyres generate more dust. This is modelled 
by implementing parts of the Swedish studded tyre abrasion wear 
prediction model, i.e. the Mineral aggregate sub-model (Denby et al., 
2013b, Lundberg et al., 2019b). Also affecting generation of dust loading is 
the use of traction sanding which has been shown to both increase abrasion 
wear of pavements by acting like sandpaper as well as by being crushed to 
finer fractions and thus increasing the dust loads (e.g. Kupiainen et al., 
2002, Kupiainen et al., 2005, Kupiainen, 2007, Kupiainen and Pirjola, 
2011). These factors, together with abrasion wear of tyres and brakes, also 
contribute to direct emissions into the air. Wet and snowy processes 
instead cause the dust loads to increase with wet/snow removal transport 
processes (e.g. splash, spray, ploughing, precipitation, surface water flow, 
appliance of de-icing or dust binding solutions) transporting particles to 
the surface where the wetness binds them and eliminates any air 
suspension mechanism. Several of the processes also cause wet transport 
away from the surface (e.g. splash, spray, ploughing, precipitation, surface 
water flow). 

A more detailed description of the NORTRIP model is given by 
Denby et al. (2013b) describing the road dust loading and suspension 
modelling, and by Denby et al. (2013a) describing surface moisture and salt 
impact modelling. Some applications and comparisons of field 
measurements against the NORTRIP model are given in, for example, 
Norman et al. (2016), Gjerstad et al. (2019), Denby et al. (2016) and 
Stojiljkovic et al. (2019). Another study in which the Swedish studded tyre 
abrasion wear prediction model (described in Section 5.3 and in Paper A) 
was investigated with a calibration factor suggested as lowering the 
abrasion wear modelled, also briefly implied that the NORTRIP emission 
model would give lower predictions of PM10 for the dataset used for the 
explorative analysis, as presented in Paper A (Lundberg et al., 2019b). 
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Figure 22. The NORTRIP model schematic outline. Source: Johansson et al. (2012). 

5.5. Road surface macrotexture 

5.5.1. Road Surface Tester and Portable Road Surface Tester 

Laser characterisation of the surface by measuring longitudinal profiles 
(2D characterisation) was done using the VTI RST (Road Surface Tester, 
Figure 23a) vehicle as well as the P-RST (Portable Road Surface Tester, 
Figure 23b) and the laser mounted in the road simulator (Figure 23c), all 
operating on the same principle of using SELCOM laser(s) with a 32 kHz 
sampling rate. Using the longitudinal profiles, several different aspects of 
the road surface can be calculated, such as the track depth as well as 
different texture parameters in the macrotexture span. The VTI RST is 
equipped with 19 lasers of which three are used for texture measurement, 
in both wheeltracks as well as in-between wheeltracks. Both the P-RST and 
the road simulator are equipped with one laser each.  
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and generates a 3D-point cloud from the given light pattern. Due to the 
nature of the sensor, the camera must remain stationary during the 
measurement, and given the target surface reflectiveness, shape and 
colour, the time will vary, although usually only up to a few seconds are 
required. The sensor has a resolution in the X/Y plane of 0.060 – 0.090 
mm, with the sensor operated at the end of the measurement range (110.0 
mm) the sensor is operated at. More details regarding the system are 
available in LMI Technologies (2018).  
 

 

Figure 24. The Gocator 3210 snapshot sensor. 

5.6. Traffic and proportion studded tyres measurements 

Traffic measurements were performed using a commercial system from 
Viscando. The system consists of a camera which records the number of 
vehicle passages over the road width, for each lane and both directions. 
Also recorded is the vehicle speed, whether the vehicle is classified as light 
or heavy, as well as the lateral distribution expressed as an estimated 
centre of gravity for the passing vehicle. Given assumptions regarding axle 
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widths of light and heavy vehicles, the distribution can be recalculated to 
reflect the lateral distributions of the vehicle’s’ tyres.  
 To measure the proportion of studded tyres 200 light vehicle 
passes were registered and by listening it was determined how many 
vehicles used studded tyres, which were possible due to the distinct sound 
produced when studs interact with the road surface through the impact and 
scratching mechanisms as described in Section 3.5. The measurements 
were performed by two operators and if either or both operators were 
uncertain, the vehicle was marked as a vehicle using studded tyres. Most 
cases of uncertainty were thus accounted for, the exception being both 
operators mistaking a studded tyre as un-studded tyre. 

5.7. Road dust sampling and characterisation 

5.7.1. Road dust sampling using the Wet Dust Sampler 

To sample road dust from the investigated surfaces, the Wet Dust Sampler 
(WDS, Figure 25) was utilised. It is operated on the principle of washing 
particles off a limited given and sealed surface with water at high pressure. 
This dust laden water is then transferred into a suitable container using 
high pressure air flow. The sample is then further analysed in the 
laboratory in which it is possible to determine the dust load, the proportion 
of organic and mineral content as well as more analyses given the 
investigative focus. More detailed information on this measurement 
method is available in Paper C (Lundberg et al., 2019a). 
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Figure 25. The Wet Dust Sampler during a measurement at the Industrigatan street in 
Linköping, Sweden, here operated by Tiago Vieira. 

5.7.2. Determination of dust load from the Wet Dust Sampler 

The road dust samples collected with the WDS were processed according 
to the standard procedure used at VTI to calculate the DL180 (mineral Dust 
Load < 180 μm [ μg/m2]). The procedure to determine each mass follows 
these steps: 
 

1. Each sample, including the container, is weighed1. 
2. Each sample, i.e. the dust laden water, is sieved through a 180 μm 

sieve. The sieve both removes larger particles that can heavily 
influence the resulting dust mass, but also makes WDS sampling 
backward comparable to other studies, e.g. Gustafsson et al. 
(2019), while also being close to the upper limit of dust loads used 
in the NORTRIP model, which is 200 μm (Denby et al., 2013b). 

 
1 All used scales had a precision of 100 mg unless otherwise stated. 
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� If size distribution determination is to be performed, a 
sub-sample of about 200 ml is collected. This sub-sample 
is stored at about 4-5°C to avoid potential biological 
growth until the analysis is performed. The remaining 
material in the original sample is kept and further 
processed in step 3, and the reduced mass of dust laden 
water is accounted for in the later calculations. 

3. The sample is filtered to collect the dust and remove the water. The 
filtration is done using vacuum filtering, where a pre-weighed 
Munktell 00H filter of diameter 125 mm is placed inside a Büchner 
funnel. A pressure of 10 mbar is used during filtration. 

� If the sample contains such amounts of dust that the filter 
becomes saturated, the dust laden water remaining is 
transferred to its container and the saturated filer is 
replaced by a new pre-weighed filter. This is repeated as 
necessary. 

4. The filter(s) are covered and dried at 60°C for a minimum of 8 
hours. The sample containers are dried and weighed. 

� In the possibility that particles were left in the funnel after 
the filter removal, a pre-weighed part of a filter was used 
to collect the remaining particles. This filter was also 
added to the others. 

5. The filter(s) were cooled to room temperature after being dried 
and weighed. 

6. To determine the mineral material, the filters were burned in pre-
weighed crucibles with lids at 550°C for at least six hours to 
remove the organic material. 

7. The crucibles, with contents, were cooled to room temperature and 
weighed using an analytical scale having a precision of 0.1 mg.  

 
To calculate the DL180, the masses from step 1 - 7 above were used. The first 
step of the calculation determines the corrected water mass: 
 

    (1) 
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where  is the corrected mass water [g],  is the mass of dust 

laden water after sieving [g] and  is the sample of mass mineral 

particles < 180 μm [g]. The second step then calculates the corrected 
particle mass: 
 

    (2) 

 
where  is the corrected particle mass [g],  is the average 

mass water flushed from the WDS during sampling [g], and  is the 
number of “shots” a sample contains [-]. The last step calculates the dust 
load as: 
 

      (3) 

 
where  is the mineral dust load [g/m2] and  is the WDS sampling 
surface area [m2]. When instead calculating either the organic or total dust 
load,  or , the mineral particle mass can be replaced by 

mass difference before and after burning, or by the particle mass before 
burning respectively. 
 These calculations assume, at least when sampling on dense 
pavements such as DAC and SMA, that the concentration of particles in the 
potential surface retained water after sampling is equal to the collected 
sample. Thus, the calculations consider water loss and in extension the 
particle loss during sample and adjust the dust load accordingly. 

5.7.3. Turbidity as dust load proxy 

Turbidity, or cloudiness, is an optical property of water and the reduction 
of light intensity for a light beam passing through water with suspended 
particles (organic or inorganic material such as clay, silt and sand are 
mentioned) is the measure of the water’s turbidity (Swenson and Baldwin, 
1965). 



5.Sampling and Investigative Methods 

73 
 

 For road dust samples taken with the WDS, turbidity is used as a 
quick and easily measurable proxy for the road dust load, where a higher 
turbidity indicates a higher particle content in the sample and thus a larger 
dust load. In this case a HI88713 ISO Turbidity Meter from Hanna 
Instruments was used. The measurement principle is that a light beam is 
scattered by the particles suspended in the water and sensors located at 
different angles compared to the light beam source are used to measure the 
scattered light intensity. Given the nature of optical measurements, the 
results can be affected by the particle properties, including shape, size, 
colour and light scattering and absorption properties. 
 Each road dust sample had its turbidity measured. Before 
measurement, the container was shaken to suspend the particles deposited 
on the bottom. Then X ml was transferred using a pipette to the test vessel, 
and the vessel was carefully disturbed to achieve particle suspension while 
avoiding air bubble formation. The test vessel is then placed in the 
instrument and a measurement taken. This procedure was repeated three 
times per road dust sample and the average was calculated together with 
the standard deviation. 

5.7.4. Road dust size distribution 

To determine the size distribution of road dust, laser granulometry was 
used, which utilises laser diffraction in which a laser beam is passed 
through a dispersed sample in which particles cause light scattering. The 
scattering pattern can then be analysed. In this case a Mastersizer 3000 
instrument from Malvern Panalytical was used with its own software that 
calculates the particle size distribution using Mie scattering. A refraction 
index is required, which was determined using engineering judgement and 
experience from past size distribution determinations from previous road 
dust samplings from, example given, Gustafsson et al. (2019). The 
Mastersizer has a main optical unit transmitting blue and red light, a 
measurement cell measuring the scattered light intensity and a dispersion 
unit. For each measurement, three readings are taken, and the average is 
calculated, and the measured size distributions are presented as either a 
cumulative volume or a volume density.  The samples are measured by first 
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doing an initial measurement, followed by 60 seconds of dispersion of the 
sample at 1700 rpm and finishing with repeated measurements until the 
measurement stabilizes and the measurement with the lowest weighted 
residual (below one percent) and lowest spread is accepted. To obtain the 
absolute size distribution, the relative size distribution is multiplied by the 
dust load.  
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6. Summary of the Appended Papers 

This chapter presents a summary of the papers appended to this thesis. 
Paper A describes the abrasion wear process, which is a major source of 
road dust and direct emissions. Paper B compares the potential dust load 
for different macrotextures for the two measures MPD and MPDn. In paper 
C, the sampling method most common in the Nordic countries is described, 
which was developed to allow sampling during the all-too-commonly wet, 
snowy and icy conditions. Paper D describes the dynamics of road dust in 
Stockholm, Sweden, in which the WDS described in paper C was used. 
Paper E describes measurements carried out as in Paper D, although in 
Linköping, Sweden, instead.  

6.1. Paper A – Calibration of the Swedish Studded Tyre 
Abrasion Wear Prediction Model with Implication for the 
NORTRIP Road Dust Emission Model 

Paper A (Lundberg et al., 2019b) describes the Swedish Studded Tyre 
Abrasion Wear Prediction Model in-depth. The paper initially describes 
studded tyres, and the cause of rutting during wintertime in northern 
countries allowing studded tyres. Studded tyres were introduced during 
the 1960s to improve traffic safety during winter surface conditions, but 
cause abrasion wear of pavements, generation of PM10 and noise. To deal 
with the rutting problems, regulations of studded tyres, including stud 
weight, were introduced and thus raised concern as to whether the 
abrasion wear prediction model could still be considered valid since the 
last validation in 2007. Concern was also raised, especially considering the 
implementation of the Mineral aggregate sub-model in the NORTRIP 
emission model, which is used to investigate, for example, the impact of 
policy changes and maintenance activities on non-exhaust PM10 emission 
and its effect on air quality. 
 The abrasion wear prediction model consists of three parts. The 
first part calculates the magnitude of abrasion wear per light vehicle using 
studded tyres using one of two sub-models, the Mineral aggregate or the 
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Prall sub-model. The second part distributes the abrasion wear over the 
width of the investigated driving lane. The third part calculates costs, 
although the costs are not further discussed in Paper A. 
 The model requires inclusion of input data consisting of the AADTL 
(Average Annual Daily Traffic in specified Lane), the proportion of studded 
tyres, length of wear period, speed limit, road section type and whether de-
icing is used. The Mineral aggregate sub-model requires maximum 
aggregate size, the proportion aggregates larger than 4 mm and the Nordic 
abrasion value, while the Prall sub-model requires the Prall abrasion value 
and pavement type, either DAC or SMA. 
 The development of the sub-models was carried using large scale 
laboratory testing with laboratory manufactured asphalt slabs and a road 
simulator. Field tests with asphalt slabs were also performed and the road 
simulator is well correlated with field results. The asphalt types were DAC 
and SMA with varying recipes and testing conditions. The abrasion wear, 
in the laboratory and the field, was determined using a laser profilometer, 
previously described in Section 5.2. The abrasion wear sub-models were 
developed by relating them to a reference pavement (DAC16 B85) and 
performing a linear multiple regression analysis. This relative wear is 
combined with factors describing the impact of speed, de-icing, and studs 
to calculate a material factor which then can be used. 
 The lateral distribution of abrasion wear is calculated using a 
normal distribution, where the standard deviation described how the 
lateral wander differentiates between different road type sections, where 
wider lanes cause more lateral wander and thus lower abrasion track 
depths. This lateral wander function is combined with the total light tyre 
traffic using studded tyres, the wear period, and the material factor to 
calculate the distributed abrasion wear for one tyre. The maximum 
abrasion wear for one tyre track is set as the maximum track wear, and the 
sum of the distributed abrasion wear for two overlapping tyre tracks is set 
as the average profile wear. An initial abrasion wear is also calculated, 
based on a fixed number of tyre passages. Initial abrasion wear comes from 
primarily removal of residual material from construction and the weakest 
surface parts during the first winter season in service. The maximum track 
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depth development together with the average profile wear are predicted 
based on number of years input by the user, where the first year considers 
the initial abrasion wear, and the rest of the years increase linearly. The 
model presents several outputs, both numerical and graphical, including 
the specific abrasion wear per vehicle and km, maximum track depth 
development and the abrasion wear profile. 
 Model validity was investigated using the limited new abrasion 
wear measurement data available, measured using the same laser 
profilometer used previously. These data were complemented with other 
required input data as close to the pavement’s first year in service as 
possible. In cases where only newer data were available, engineering 
judgement was used to make reasonable assumptions. A sensitivity 
analysis was performed on which to base discussion of these assumptions. 
The measured abrasion wear rate was compared to the modelled abrasion 
wear rate, both regarding maximum track depth and average profile wear. 
 Results showed that the maximum track depth and the average 
profile depth abrasion wear rate were overestimated, regardless of the sub-
model used. It was suggested that implementing calibration factors of 56% 
and 51% for the Mineral aggregate and the Prall sub-models, respectively, 
would improve the predictions and their correspondence with field data. 
The few common datapoints also showed that the Prall sub-model 
predicted higher abrasion wear rates compared to the Mineral aggregate 
sub-model. The sensitivity analysis showed that some parameters, 
including the proportion of studded tyres, the AADTL, the wear period and 
the Nordic and Prall abrasion values, respectively, could have a large 
impact on the results. 
 An investigation of implementing reduction factors of 40%, 50% 
and 60% in NORTRIP suggested a reduction of both the calculated 
emission factors and the modelled PM10 concentrations with similar 
proportions. 

The main findings in Paper A were: 
 

� The current version of the Swedish studded tyre abrasion wear 
prediction model was overestimating the abrasion wear, both in 
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terms of maximum track wear and average profile wear. The 
overestimation was found both for the Mineral aggregate and for 
the Prall sub-models. 

� Two calibration factors were suggested, 56% for the Mineral 
aggregate sub-model and 51% for the Prall sub-model, to improve 
abrasion wear predictions. 

� The suggested calibration factors would also decrease both 
modelled emission factors and modelled PM10 concentrations in 
the NORTRIP emission model. 

6.2. Paper B – Texture influence on road dust load 

Paper B (Lundberg et al., 2017) describes an investigation in a full-scale 
laboratory environment regarding two road surface macrotexture 
descriptors and their potential to explain the maximum dust load. The 
paper initially describes the background of sources of PM10 including the 
dust load suspension coming from dust stored in the road surface 
macrotexture, while mentioning that macrotexture is already known to 
affect both noise, rolling resistance and friction. The paper then goes 
through the literature found that considers the macrotexture and 
suspension of dust into the air, as well as studies considering the dust load 
and the macrotexture. Found in the literature was that there seems to be a 
negative dependency between increasing macrotexture expressed as MTD 
and PM10 (described in Section 3.2.2.4), while also the texture features can 
have an impact, such as nearly flat narrow-to-medium and deep-narrow 
features. Another study found a negative power law function between the 
mean aggregate size and the road dust loading, for suspendible dust in the 
PM10 size fraction. Other studies found a positive correlation between MPD 
(described in Section 3.2.2.3) and dust load sampled with the WDS 
(described in Section 5.7.1 and Paper C), as well as that the macrotexture 
has a larger impact on the dust load than the maximum aggregate size. The 
paper aimed to investigate the connection between road surfaces 
macrotexture and the maximum retention of dust in this texture after tyre 
passages at a low speed. 

The study was conducted using the VTI road simulator (described 
in Section 5.1). For this study, four summer tyres were used together with 
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14 different SMA surface courses (in total 28 asphalt slabs) with maximum 
aggregate sizes varying between 6 mm, 8 mm and 11 mm. A granite (of type 
“Skärlunda”) filler used in surface course mixtures originating from 
Sweden was used as dust load, with a known size distribution determined 
using laser granulometry (described in Section 5.7.4). The dust was 
manually weighed and applied until the texture was filled giving a flat 
surface. A speed of 10 km/h was used to avoid too effective cleaning which 
occurs at higher speeds. A total of 300 laps corresponding to 1200 tyre 
passages were used with the axle loading set to 450 kg. Texture 
measurements were performed using a laser with a 32 kHz sampling rate 
(described in Section 5.5.1) and the MPD and MPDn macrotexture 
measures were calculated according to the standard (described in Section 
3.2.2.3). The laser measurements were performed after the tyre passages 
with the retained dust present in the texture and after a thorough cleaning 
in the clean texture. Dust sampling were performed using the WDS 
(described in Section 5.7.1 and in Paper C). Five “shots” were collected in a 
common container on each slab, forming one sample. For three slabs, an 
additional “shot” was taken in a separate container. These dust samples 
were evaluated using turbidity (described in Section 5.7.3) as a proxy for 
the dust load. For each WDS sample, three readings of turbidity were 
taken, and the was average calculated. 
 The results from the texture measurements gave a positive 
correlation between the cleaned texture and the texture with the residual 
dust within after the tyre passages for both MPD and MPDn, with an R2 of 
0.77 and 0.99, respectively. These results corresponded well with earlier 
studies where the dust load increased with increasing macrotexture. The 
MPDn value considers the valleys instead of the peaks as in MPD for the 
laser profile which could explain the higher correlation. The results 
reinforced the necessity to consider the road surface texture characteristics 
when discussing dust loadings.  
 When instead considering turbidity, a positive correlation was 
found for the difference between the clean texture and the texture with 
retained dust for both MPD and MPDn with an R2 of 0.63 and 0.71 
respectively. Furthermore, the turbidity was shown to, reasonably, 
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correlate with the applied dust pre tyre passages and the difference 
between the clean texture and the texture with retained dust. This was seen 
for both MPD and MPDn with an R2 of 0.48 and 0.45 respectively. An 
explanation given to these unclear trends were that the texture geometrical 
shapes were not considered due to the calculation procedures for MPD and 
MPDn, which use the highest peak and the deepest valley in each segment 
respectively, thus not considering their storage abilities. Also mentioned 
was how these geometrical shapes could affect the possibility of dust 
suspension due to traffic due to a tyre would likely not reach the bottom of 
the texture or that the wind shear would not be able to suspend the stored 
particles, which were also suggested by the literature. 
 The largest aggregate size was also compared to the clean texture 
and to the texture with dust retained in it for both MPD and MPDn. For all 
four cases, the 11 mm aggregate size had a higher texture, followed by the 
8 mm and the 6 mm sizes, with a smaller difference between the latter two. 
When comparing the largest aggregate size instead against turbidity, 
similar results were seen as for the macrotexture results, meaning a higher 
aggregate size resulted in a higher turbidity, which is a proxy for particle 
concentrations. 
 The results seemingly disagreed between some of the literature 
references in which the suspendible dust load in the PM10 size span 
decreased with increasing mean aggregate size. An important difference 
was that the WDS is used to sample the full dust load and not only the 
suspendible dust. Since other studies discussed how a deeper texture 
could, due to its geometrical features, protect the dust from suspension 
forces, the results are in fact not contradictive. Some of the studies in which 
the WDS was used also observed increasing dust loads with increasing 
macrotexture expressed as MTD. 
 The paper, after describing the conclusions below, ends by 
discussing future work. It was discussed the potential of developing the use 
of macrotexture data to more accurately describe dust load storage 
capabilities, and the suspicion that there are better ways than MPD and 
MPDn to describe other aspects such as the suspension potential of dust 
due to the geometrical features of the texture. The variation of road surface 
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macrotexture which has an annual cycle of roughening during studded tyre 
usage and polishing, i.e. smoothening, during the use of non-studded tyres. 
During the study a few tyre passages were used and thus likely not affecting 
the macrotexture as could be expected, also considering the summer tyres 
used. The use of a low speed also affected the results, since a higher speed 
would increase the suspension due to the higher wind shear forces. Studies 
were suggested to focus on the speed impact on dust retention in the 
macrotexture. Furthermore, it was suggested to investigate, given a 
constant speed, the number of tyre passages required to achieve a steady 
state of dust loading in the laboratory conditions used. Investigation of the 
impact of tyre type on the dust removal, i.e. from studded winter tyres, 
non-studded winter tyres and summer tyres was also suggested. While it 
was suggested to study the texture development due to the different tyre 
types, it was also suggested to investigate tyre parameters impact, such as 
e.g. the tyre inflation pressure. It was pointed out that the reality affecting 
the dust storage and its transport processes are more complex and affected 
by both meteorological conditions, traffic characterisation, dust 
properties, cementation of dust in the macrotexture, the surface course 
properties and so on, all which require further investigations on their effect 
on dust loading and emissions. Finally, it was also suggested how the 
macrotexture affects abatement strategies/activities such as street 
cleaning and washing. 

The main findings in Paper B were: 
 
� A higher potential dust load was implied by an increased aggregate 

size. 
� The texture descriptors presented are likely to have a higher 

correlation than the maximum aggregate size and thus potentially 
describing the dust load more accurately. 

� The newly introduced MPDn was found to better describe the 
retained dust in the texture than MPD. 

� MPD is probably insufficient to explain the potential maximum 
dust load in the macrotexture. 

� Turbidity followed similar trends as the retained dust in the 
macrotexture when compared to the applied dust. 
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6.3. Paper C – Wet Dust Sampler - a Sampling Method for 
Road Dust Quantification and Analyses 

Paper C (Lundberg et al., 2019a) describes the Wet Dust Sampler method 
used for road dust quantification in depth together with some basic 
investigations regarding water losses and a theoretical particle mass 
balance. After initially describing the impact on health due to air quality 
(PM10) in urban areas and the importance of investigating non-exhaust 
sources including road dust loading, the paper describes different ways to 
investigate either suspension of dust from road surfaces or sampling of the 
dust due to the lack of common standards and definitions of road dust. The 
dust load and emissions were also described to be dependent on the road 
surface macrotexture and the meteorological conditions. Both mobile and 
stationary approaches have different advantages and disadvantages. The 
most important disadvantage was the requirement of dry surfaces for 
sampling and the most important advantage was sampling not introducing 
artefacts of other sampling mediums, e.g. water. Due to the climate 
common in Sweden, with wet, snowy and icy surfaces during late autumn, 
winter and early spring, which also coincides with major dust generation 
processes from abrasion wear of studded tyres and traction sanding, a wet 
method called the WDS was developed. The method is also used in Finland 
and Norway and can be considered the first step toward a standardised 
method. 

The WDS consists of several major parts and a control box with 
software controlling the different parts and sampling settings. The WDS 
sampling is done by placing the WDS on the surface of being studied. The 
operator stands on a foot plate, causing a circular rubber to seal a limited 
surface area. This area is then washed under high pressure and the sample 
is transferred using filtered compressed air to a container for further 
laboratory determinations. One such process is called a “shot”. The settings 
used can be varied based on needs, and by varying water quality, different 
subsequent analyses can be performed in the laboratory, including organic 
analyses, ion analyses, determination of dust load, organic content, 
particle size distributions, and morphological properties of dust. 
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The system performance depends on several aspects, including 
surface macrotexture, the dust properties and the cementation of dust. The 
paper investigates several different water losses for four different surfaces 
of different macrotextures, characterised by the MTD (described in Section 
3.2.2.4) and illustrated using a 3D-camera (described in Section 5.5.2). The 
water losses were then used to set up a water mass balance. The impact on 
dust sampling in both field (12 street locations in Stockholm, Sweden) and 
laboratory conditions were also investigated using turbidity as a proxy 
(described previously in Section 5.7.3). For the laboratory investigation, 
the macrotexture was described by the MPD recalculated as ETD, with the 
measurement method (described previously in Section 3.2.2.3). The dust 
measurements are used in combination with the water mass balance to set 
up a dust mass balance, which is compared to field studies. 

The performance regarding delivered water and loss of water 
showed that the surface retention of water was the biggest reason for water 
loss, followed by leakage between sample container and the WDS. In total, 
between 89.4% and 96.6% were collected compared to delivered water for 
all surfaces. The road surface macrotexture was not seen to have an impact 
on the water losses, at least for the three asphalt surfaces used. When also 
considering the smooth floor, a significant difference was seen to impact 
on the water loss, i.e. when going from the smooth texture to the texture 
span of 1.00 mm - 1.95 mm expressed as MTD corresponding to the three 
different asphalt surfaces. It was argued that the macrotexture could still 
be explaining some of the water losses regarding how well the circular 
cellular rubber can seal against different rough textures and the average 
height over the texture the sample outlet is placed, which should vary with 
the roughness of the macrotexture. 

The water mass balance was set up and used to calculate an error 
term explaining unknown losses not accounted for with the investigations 
that were carried out. The error value was between 2.1% to 2.5% for the 
asphalt slabs used for the investigation. For the floor (the smooth texture) 
it was 0.9%. The water balance also showed, with repeated sampling in the 
same point with no movement of the WDS, that the total water amount 
increased by 26.8 g, despite assumptions of a constant amount of delivered 
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water. This extra water is either collected or is lost through leakage, or a 
combination. The test performed for the different surfaces showed that, on 
average, that samples after the first shot collect an extra 9.6 g water. The 
rest of the excess water from the water balance was found likely to originate 
from other leakages.  

The dust studies showed that particle sampling efficiency, for dry 
homogenic filler dust material in laboratory conditions was effective, with 
about 90% material collected in the first shot. The second shot instead had 
about 10% of the turbidity of the first shot. For field conditions in contrast, 
a similar pattern of decreasing turbidity with the number of shots on the 
same surface was seen, although at a varying level with the different street 
locations investigated. Most second shots instead had 6% - 20% of the 
turbidity of the first shot. The difference could be due to the different types 
of dust and processes, since the field locations are heterogeneous dust from 
road abrasion wear, tyre wear, brake wear and deposited material from 
nearby or long-range sources and are exposed for wetting and drying 
processes and the traffic. The colour of the dust could also have an 
influence since field-collected dust usually has a darker colour which can 
affect the turbidity measurements. The results could also be affected by the 
difference in cementation of particles in the road surface macrotexture 
compared to the dry dust used in the laboratory environment. This 
difference gives some idea as to how meteorology and traffic impacts dust 
loading and the ability to be sampled. Investigations of dust getting stuck 
in the system found negligible levels of losses compared to the other losses 
investigated, although more investigation is required. The variability of 
dust concentration through one sampling process, i.e. during one shot, was 
seen to vary in a similar way as for tests done on an asphalt surface exposed 
to weather but no realistic traffic when compared to an asphalt street 
exposed to weather and low volume traffic, although at different levels. For 
all samples, the concentration, expressed as turbidity, was higher at the 
start compared to the end with a clear downward trend during the full 
sampling time. The last second of the sampling cycle had on average a 
turbidity of 74% of that at the beginning of sampling. 
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Combining the water mass balance and the dust studies allowed 
the assessment of a theoretical dust mass balance, given assumptions of 
constant volumes of water, error terms, water density, and availability as 
well as a full mixing of the dust. The calculations showed that the 
concentration of the second sample should have 3.3% of the first sample, 
compared to the 6% - 20% shown by the field tests. The difference between 
the mass balance and the field studies could be explained by either faulty 
assumptions, due to unaccounted losses, or a combination of both faulty 
assumptions and unaccounted losses.  

The paper, after the conclusions described below, ends by 
suggesting further studies to develop the WDS method and to understand 
losses in depth by investigating, for example, the impact of different 
sampling settings on the dust collection and how different mass 
concentrations of dust in the water impact the size distribution before and 
after sampling. 

The main findings in Paper C were: 
 

� The WDS performs well with generally low losses of water and 
dust. 

� For the macrotexture range used, for the asphalt slabs, the surface 
retained water is seemingly independent of the surface. 

� Water mass balance showed that repeated sampling at the same 
point results in increased water collection and increased leakage. 

� Losses of dust inside the WDS was found to be small and likely 
negligible compared to other sources. 

� Retention of dust on surface retained water and due to the 
variation of dust concentration, expressed as turbidity, within a 
sample implied small dust losses of minor importance. 

� In some situations, the WDS does not collect all available dust in 
one shot, thus requiring an adjustment of the measurement 
sequence. 

� The particle mass balance showed that the second sample taken in 
the same spot should have a concentration of 3.3 % compared to 
the first sample. This is lower than in field samples implying that 
there are more aspects to consider in the particle mass balance. 
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6.4. Paper D – Road Dust Load Dynamics and Influencing 
Factors for Six Winter Seasons in Stockholm, Sweden 

Paper D (Gustafsson et al., 2019) describes six winter seasons’ 
measurements performed in Stockholm where the WDS was used to 
sample road dust. The road dust samples were used together with air 
quality monitoring, meteorological measurements and different 
abatement strategies against PM10 using street sweeping/cleaning and dust 
binding to investigate the impact of road dust on PM10 concentrations. 
 The paper starts by describing the increasingly important source 
non-exhaust particles are to air pollution, and how the sources vary both 
spatially and temporally. It also describes how studded tyres and the use of 
traction sanding and de-icing contribute to the generation and 
accumulation of road dust, and that road dust is an important contributor 
to local air quality. The road dust accumulation and transport processes 
are then described, and its connection to the road surface macrotexture. 
Also described are factors affecting the source strength, such as the 
meteorology and the traffic volume, composition and speed and road 
surface moisture.  
 The city of Stockholm is situated close to the Swedish east coast, 
between the lake Mälaren and the Baltic sea and has a humid continental 
climate with distinct seasons. Dust loads were sampled close to the air 
quality monitors in the central parts of the city. Four of the investigated 
streets have four lanes (Hornsgatan, Sveavägen, Folkungagatan and 
Odengatan) while one street has two lanes (Flemingatan) and one street 
has two lanes in one direction (Norrlandsgatan). All streets had different 
traffic characteristics and had SMA surface wear courses, while also having 
varying street canyon widths with similar canyon heigths, about four to five 
story buildings. The Hornsgatan, Folkungagatan, Sveavägen and 
Norrlandsgatan streets were investigated for the full six seasons. The road 
surface macrotexture expressed as MTD (described in Section 3.2.2.4) was 
measured on the Hornsgatan, Folkungagatan, Sveavägen and 
Norrlandsgatan streets at a single occasion during spring in 2012. The 
Folkungagatan street was repaved 2016 with a more abrasion resistant 
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SMA, and only visual observations of the texture was available. 
Macrotexture data was not available for the other streets. 

The WDS (described in Section 5.7.1) was used to sample the road 
dust, both by collective loads with six “shots” in a common container, or by 
collecting single “shots” in smaller containers to determine the lateral 
variation of road dust. Three six shot samples were collected after each 
other in left wheeltrack and between wheeltracks, which sometimes also 
was combined with lateral profiles of single “shot”. These were done across 
a full lane, eventual parking area and/or bicycle lanes until the curb was 
reached. The dust loads were determined as in Section 5.7.2, and one of 
three collected samples were selected to determine the size distribution as 
described in Section 5.7.4. Using the cumulative size distribution, the DL10 
(mineral Dust Load smaller than 10 μm) was calculated from the DL180, 
since the DL10 could possibly be compared PM10. Samplings were done six 
to eight times per winter season, mostly from October to May. Both left 
wheeltrack and between wheeltracks were sampled and transects were 
taken occasionally. 
 The results showed that DL180 variated both temporally and 
spatially, with generally higher dust loads during mid-winter to early 
spring with lowest loads during early autumn and late spring. The highest 
dust loads were generally found between wheeltracks than in wheeltracks, 
although some streets showed similar amounts in both of these categories. 
This pattern was repeated for all six seasons. Folkungagatan instead 
showed tendencies for higher dust loads in the wheeltracks. After the 
repaving, visuals, the dust loads increased while a rougher macrotexture 
was noted by the visual observation. Hornsgatan and Sveavägen sites 
showed tendencies for an increasing trend of dust loads since 2014, where 
the Sveavägen showed increasing amounts in both wheeltrack and between 
wheeltracks, while Hornsgatan increases between wheeltracks. 
 Variations also occurred on each road surface. An investigation 
where WDS transects were taken 20 cm apart (since the WDS cleans the 
surface the same sampling spot could not be reused) and two hours apart 
from each other at Fleminggatan showed lower dust loads along the two 
wheeltracks and higher dust loads between wheeltracks. Going towards the 



6. Summary of the Appended Papers 

88 
 

curb, steep gradients was found for both the bicycle lane and the parking 
area. The differences along the street could, however, be due to temporal 
effects and small-scale variations between transects. 
 Typical size distributions for dust during the dust high season 
showed generally similar shapes when comparing the streets. The 
proportion of material smaller than 10 μm varied between 2% and 30%, 
with an average of 14%. The DL10 was found to have generally similar 
seasonal pattern as DL180. 
 Despite being influenced by other factors, it was found that a 
rougher macrotexture was related to higher dust loads, which was seen for 
both wheeltracks and between wheeltracks. With the exception of 
Folkungagatan, the macrotexture was in wheeltracks than between 
wheeltracks. The visually observed rough texture after repaving of 
Folkungagatan was reflected in the dust loads. Since the macrotexture was 
measured only once, variation could be higher, and measurements on 
other roads with higher speed limit but similar pavement showed a 
variation in macrotexture by up to 10%. Except for Folkungagatan, no 
pavements were replaced during the six years and thus the macrotexture 
were considered representative. 
 The results were discussed given the literature review. The 
observed annual cycle was caused by both increasing dust sources and 
increasing dust retention during the autumn and winter resulting in 
increasing dust loads, with the opposite occurring during the spring 
resulting in decreasing dust loads. The difference found between the 
wheeltracks and between wheeltracks were caused by the suspension of 
passing vehicles, which was especially observe at Fleminggatan, which has 
a narrow single lane with track bound traffic due to a being between a no-
cross line and a bicycle lane. The other street allowed shifting between 
lanes which affected the dust distribution cross the street. Least differences 
were found at Norrlandsgatan, which is a short link before a red light stop 
where the traffic often switch lanes and hold lower speeds. 
 In the literature, inverse relation between MTD and suspendible 
dust loads was found for dry methods, where rougher textures had higher 
capabilities for dust retention and storage. After repaving, the PM10 



6.Summary of the Appended Papers 

89 
 

concentrations clearly decreased at Folkungagatan, while the dust loads 
increased, despite an increased traffic, however with a 7 km/h decrease in 
traffic speed. With the new pavement, Folkungagatan should have weaker 
dust sources, together with a rougher texture affecting suspension and a 
likely lower suspension due to the decreased traffic speed. In this case it 
was hypothesised that of the total dust load, a high proportion was fixated, 
and a low proportion was suspendible. 
 The WDS samples the total dust load, meaning both suspendible 
and the fixed dust load. Given a specific site with a pavement, surface 
macrotexture and traffic conditions, the fixed dust load likely has small 
variations, as seen in the literature. The literature also showed, when 
increasing the total dust load with a rougher texture, it could be assumed 
that a higher proportion of dust on the surface become fixed with an 
increasing macrotexture depth. The maximum suspension depth is 
governed by traffic characteristics, since the suspendible dust is affected by 
turbulence and direct action of vehicles and tyres. The fixed dust is instead 
affected by deposition and compaction, where the upper level depends on 
the suspension depth. Since turbulent forces decrease quickly from the 
surface, the assumption of the proportion of fixed dust is reasonable but 
speculative. 
 Variations across a street showed that wheels are effective dust 
suspenders already at low speeds of 30 km/h to 50 km/h. Due to the 
wheeltracks generally having smaller dust loads, it was argued that mainly 
direct wear of pavements and tyres make up most of the emissions from 
this type of surface. When its humid, the dust accumulates instead and is 
suspended when the surface dries up. Between wheeltracks instead, vehicle 
turbulence causing suspension dominates the road dust emissions, and the 
dust left on the surface depends on traffic intensity and speed.  
 Dust loads in Beijing, China, has been determined with a similar 
method using a Chinese copy of the VTI WDS, although with different 
technical specification and dimensions. The DL180 varied between 28 g/m2 
and 117 g/m2, making it within the range found in Stockholm. No further 
information was found regarding traffic or pavement, making further 
comparisons not possible. 
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 The most commonly used dust load unit is the silt load based on 
the AP-42 emission model, where the silt load is defined as particles 
smaller than 75 μm. By using the size distributions, the DL180 was 
recalculated to the fraction closes to the silt load, i.e. smaller than 76 μm 
for the season 2015 - 2016. The results gave a silt load of 2.5 g/m2 to 250 
g/m2, which is compared to the recommended default silt load for public 
roads of 0.1 g/m2 to 3 g/m2 found in AP-42, which also suggest silt loads of 
up to 400 g/m2 for industrial sites. The AP-42 method uses a dry brushing 
and vacuuming method making it perhaps less efficient at collecting dust 
compared to the WDS which use high pressure washing. AP-42 was also 
developed for U.S. streets which are different from the Swedish streets, 
where dust sources during winter and spring are likelier stronger in 
Sweden. Another dry method extensively used in southern and mid Europe 
is a dry vacuum cleaning method which sample mobile dust given the 
suspension force applied. The method is also affected by the road surface 
humidity. In Sweden, humid, wet, snowy, or icy road surfaces are common 
which is the main reason the WDS operates using water, since the 
usefulness of dry methods would be limited in many situations. However, 
since the dust is dissolved in water with the WDS, some particles could get 
dissolved which otherwise would contribute to PM10 which can also affect 
the size distribution. The studies using the dry sampler found PM10 
fractions of the dust loads to vary between 2 mg/m2 and 22 mg/m2, making 
the dustiest street comparable to the cleanest street in Stockholm when 
comparing to the DL10. Since streets in the Nordics are likely dustier due to 
the use of studded tyres and/or traction sanding, the comparison should 
be done with caution. DL10 determined from a size distribution in water is 
likely not directly comparable with the PM10 cut-off. The difference is 
likely, at least partly, due to the difference in sampling methods, sampling 
either suspendible or the total dust load. A comparison of the two the 
methods on the same street were suggested to be beneficial to understand 
the differences. 
 The paper ends with a discussion that several factors affect the 
dust load contribution to PM10 concentrations within central Stockholm. 
The main sources which contribute to PM10 are suspension of road dust 
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and direct emissions of abrasion wear. The strength of these sources 
increases during late autumn due to an increased frequency of studded tyre 
usage, as well as increased occurrences of traction sanding and de-icing. 
Simultaneously, the frequency of humid and wet road surfaces increases 
and binds the dust to the surface. The increase in PM10 from local 
contributions starts during autumn but is dampened by the mentioned 
humid or wet conditions, causing the dust to accumulate on the surface 
instead. During spring, the frequency of humid and wet road surfaces 
decreases, causing suspension of road dust due to traffic to increase 
causing high PM10 peaks. As the dust load depletes and the dust sources 
decrease, the contribution to PM10 decrease. 

The main findings in Paper D were: 
 

� The mineral dust load (DL180) showed a seasonal dependency, with 
increasing loads during autumn, peak loads during winter and 
spring followed by declining levels until summer. 

� The mineral dust load has a large variation, both spatially and 
temporally. 

� Mineral dust loads are typically lower in the wheeltracks and 
higher outside of them. 

� The mineral dust load smaller than 10 μm (DL10) was on average 
14% (2% - 30%) of the DL180. 

� The temporal variation of DL10 followed the temporal variation of 
DL180. 

� Higher macrotexture of the road surface gave higher dust loads. 

� Replacing an old pavement with a new increased the dust loads 
while reducing PM10 concentrations, thus implying an increase in 
dust loads together with a decrease in suspendible dust loads due 
to a higher macrotexture.  

� Comparing DL180 with silt loads specified by Ap-42 showed that 
dust loads in Stockholm were comparable to industrial silt loads 
specified in Ap-42, likely due to the WDS having a more efficient 
sampling and the difference in dust sources and road conditions 
between Sweden and the U.S.A. 
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� The dust load is an important contributor to PM10 concentrations, 
impacted by several factors, with the primary factor being road 
surface humidity. The highest concentrations of PM10 were seen 
during high dust loads and dry road conditions during late winter 
and spring. 

6.5. Paper E – Temporal Variation of Road Dust Load and 
its Size Distribution - a Comparative Study of a Porous 
and a Dense Pavement 

Paper E (Lundberg et al., 2020) describes measurements using the WDS 
to sample the dust load at a dense and a porous pavement at Industrigatan 
in Linköping, together with an analysis of the size distribution of the 
sampled road dust. The dust load results were also compared to the results 
presented in Paper D. 

The paper starts by describing the impact of particle air pollution 
on human health together with some for the anthropogenic sources.  Also 
described was that northern countries where studded tyres and traction 
sanding are used contribute to road dust and air pollution. Different 
transport mechanisms of road dust were den described, both wet and dry, 
as well as the process causing accumulation or decrease of the road dust 
load. The paper also describes how the knowledge is lacking regarding the 
temporal variation of the dust load, and that the most extensive study was 
presented in Paper D. Also described in briefly the problems with road 
traffic noise, and that noise from the road surface and tyre interaction can 
be mitigated using porous pavements, which reduce the air pumping 
mechanisms generating noise, and therefore could affect suspension of 
road dust and particle concentrations in air. The few studies available 
showed that a DLAPC reduced the particle emissions compared to a dense 
reference pavement with diminishing effects after three years in service. 
When Linköping municipality determined to construct a DLPAC, the road 
dust load development was followed using the adjacent old SMA as a 
reference. 



6.Summary of the Appended Papers 

93 
 

 The paper then describe the two measurement sites, together with 
the pavements (a DLPAC and an SMA) and the traffic characteristics, 
including the lateral distribution of the heavy and light traffic using a 
commercial traffic camera system (described in section 5.6) and 
determination of the fraction studded tyres of the light traffic (as described 
in section 5.6). The DLPAC was found to not be constructed according to 
the design, with a denser bottom layer than intended. The usage of the 
WDS sampler (described in section 5.7.1) was described, together with the 
determination of the mineral dust load expressed as DL180 (described in 
section 5.7.2 and how the size distributions were determined (described in 
section 5.7.4). For both sites, samples were taken in the left wheeltrack, 
between wheeltracks, in the right wheeltrack and at the edge. 
Measurements were performed at six occasions between December 2018 
and May 2019. 
 The results showed, where comparisons were possible to the 
findings in Paper D, that the seasonal variation of the dust in Linköping 
was similar to those in Stockholm. The dust loads were found to be higher 
between wheeltracks in Linköping compared to Stockholm, while the dust 
loads were lower in the left wheeltrack in Linköping compared to 
Stockholm. These differences were discussed to possibly be due to the use 
of dust binding and vacuum cleaning of the road surfaces in Stockholm. 
The dust binding, when exposed to the tyres interaction, possibly made the 
dust harder to be transported from the macrotexture and thus reduced the 
cleaning efficiency, causing higher dust loads in Stockholm than in 
Linköping where no dust binding and cleaning are used. Between 
wheeltracks instead, cleaning was more efficient at removing dust due to 
the lack of tyres interacting with the surface in Stockholm, explaining why 
Linköping had higher dust loads. It was mentioned that traffic 
characterisation, meteorology, road design and pavement material could 
explain the differences as well. 
 The results of the DL180 in Linköping was also presented, where 
the dust loads generally were higher during winter and spring for all 
categories, with generally higher dust loads at the edge, with lower between 
wheeltracks and the lowest loads in the wheeltracks as the SMA. Similar 
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dust loads were seen for the DLPAC, except for the edge where the dust 
loads were lower than those at the SMA.  It was discussed that the DLPAC 
due to its higher air voids content alters the tyre interaction with the 
surface and possibly decrease the abrasion wear of that pavement, while 
not affecting ravelling. Discussed was also how the interconnected air voids 
should affect the storage capabilities of the road dust and act as a particle 
trap, since it affects some aerodynamic processes otherwise causing 
suspension such as the air pumping. It was also discussed that wet 
transportation modes are also affected since the DLAPC drains water away, 
and that the DLPAC clog over time and should approach the behaviour of 
dense pavements. Some explanations for the differences seen was also 
discussed, such as minor differences in road design, traffic lateral wander, 
the denser bottom layer of the DLAPC and the impact of the age differences 
of the two pavements. 
 Also discussed was the organic fractions. As for the mineral dust 
loads, comparisons were made when possible to Stockholm. All samples 
consisted of primarily mineral material in both Stockholm and Linköping. 
In Stockholm, the organic fraction increased during autumn, decreased 
during winter, again increased during spring and then decreased towards 
the summer. This was explained by both the natural variation of available 
organic material such as leaf and pollen, as well as increased mineral 
sources such as abrasion wear of pavements and traction sanding. 
Discussed was also the abrasion wear of bitumen and tyres. Linköping 
showed generally higher organic fractions which was explained to be due 
to more available organic material in Linköping, due to the extensive street 
cleaning in Stockholm and due to differences in traffic characteristics. The 
results of the organic fractions in Linköping showed that all samples, 
regardless of category and pavement contained mostly mineral material. 
The given reasons for the temporal variation was the same as for the 
comparison between Linköping and Stockholm.  
 Then the results of the absolute size distributions were discussed. 
The SMA had peak values between 10 μm and 100 μm with unimodal 
shapes with a clear tail of finer particles. Some cases had a visible hump for 
coarser particles. A difference was seen between the two wheeltracks, 
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which was discussed to possible be due to the difference in light and heavy 
traffic passages. The samples during spring suggested that coarser fraction 
was higher suggesting that finer particles possibly are more easily removed 
from the road surface macrotexture.  

The DLPAC had peak sizes between 10 μm and 100 μm as well, 
with shapes with properties of a mixture model, compared to the SMA. The 
wheeltracks showed clearer shapes with properties of a mixture model than 
between wheeltracks and at the edge. It was discussed that this could be 
due to the interconnected air voids, the impact of tyres interaction with the 
surface or a combination of both. It was suggested that the DLPAC perhaps 
were more efficient to trap particles in the air voids than in the 
macrotexture for dense pavements such as the SMA. The DLPAC perhaps 
limits generation and suspension of dust of certain particles due to the 
change in tyres interaction with that type of surface. As for the SMA, the 
differences between the two wheeltracks as the DLPAC was discussed to be 
due to differences in tyre passages from light and heavy traffic. Still for the 
DLPAC, the wheeltracks showed clearest shapes with properties of a 
mixture model. Between wheeltracks showed shapes between the 
wheeltracks and the edge, which was discussed to be due to the lack of 
direct interaction by tyres while being affected by a higher turbulent flow 
beneath the vehicles, which seemed to be less effective to transport coarser 
particles. The edge is even less affected by the turbulent flows from vehicles 
which diminish with the distance from the traffic, making it even less 
efficient at transporting coarser particles from the surface. When instead 
observing relative size distributions, the DLPAC still show more shapes 
with properties of a mixture model than the SMA.  Similar was discussed 
as for the absolute size distributions regarding transport efficiency. When 
comparing the averages of all size distribution in each category for each 
pavement, clear differences was found between the wheeltracks compared 
to between wheeltracks and the edge, explained by the difference in 
transport processes. The difference seen between the DLPAC and SMA 
wheeltracks was discussed to be due to the change in tyre interaction and 
the interconnected air voids affecting dust storage and transport. Less 
differences were seen between the DLPAC and SMA for between 
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wheeltracks and the edge, although a hump was clearly visible for the 
DLPAC at coarser fractions while the SMA had higher peaks. 
 The limitations of the study were also discussed. The WDS 
sampling assumptions of representative samples were shown to not be 
necessarily true in Paper C, and that the presented dust loads then could 
be considered to be towards the lower side. Since the same assumptions 
were used in Paper D, the comparison between Stockholm and Linköping 
should not have been affected. Another aspect discussed regarding the 
WDS was its ability to sample on the DLPAC, which likely would not be 
possible given a correctly constructed bottom layer. It was also discussed 
that a correct bottom layer could perhaps decrease the dust loads due to a 
likely more efficient transport of water and particles from the top layer to 
the bottom layer, and that single layer porous pavements perhaps would 
perform as the presented results. Regarding the WDS, it was also discussed 
that the sampling method likely flush some of the material downwards into 
the pavement and the effect on the size distribution of the collected dust is 
unknown. Finally, it was discussed the impact removing particles over 180 
μm, since that impact on the size distributions, but since all samples were 
treaded the same way, they were still comparable. 
 The paper finishes, after the conclusions described below, by 
suggesting several further studies related to both how WDS sampling 
possibilities are on other porous pavements as well as how porous 
pavements together with traffic characterization affect dust loads, size 
distributions and the transport mechanisms of rad dust. 

The main findings in Paper E were: 
 

� Clear seasonal variation of the dust loads, where the SMA was 
comparable to similar measurements in Stockholm. 

� Differences between DLPAC and SMA showed generally similar 
levels and similar seasonal variation. 

� The lateral distribution of dust showed lowest dust loads in the 
wheeltracks, higher between wheeltracks and highest at the edge. 

� Mineral material dominated all samples. 
� The DLPAC size distributions showed distinct shapes with 

properties of a mixture model compared to the shapes of SMA. 
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� The difference between the DLPAC and SMA was most clear in 
wheeltracks and less clear between wheeltracks and at the edge. 

� The impact of the road surface and tyre interaction showed a 
removal of particles between 10 μm and 100 μm for the DLPAC 
compared to the SMA. 

� The denser bottom layer of the DLPAC made the pavement more 
similar to a single layered porous pavement, implying that WDS 
samplings are possible on thinner layer porous pavements. 

� The impact of porous pavement on size distributions from WDS 
samples are unknown. 

� The difference in procured and ordered asphalt surface course 
imply the importance of follow up on delivery quality and their 
specifications of functional properties in the procurement. 
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7. Discussion 

There are several factors to consider concerning road surface and tyre 
interaction including functional properties of road courses to ensure a 
reasonable function and life span with low maintenance, functional 
properties regarding the road surface related to both friction (traffic 
safety), noise and particle generation (both hazardous for human health), 
and road dust storage which contributes to air quality when suspended.  
 This thesis focused mainly on road dust and abrasion wear particle 
generation, both which are accelerated by the usage of studded tyres. 
Studded tyres will affect the road surface properties, such as rutting and 
chipping, as well as altering of the road surface texture, all of which 
influence the storage capabilities of road dust. The literature review also 
showed that the storage capabilities, together with the dust and traffic 
characteristics, will affect the suspension mechanisms, thus affecting local 
air quality. 

7.1. Abrasion wear modelling and particle generation 

The Swedish studded tyre abrasion wear prediction model which was 
investigated in Paper A (Lundberg et al., 2019b) showed that abrasion wear 
was seemingly overestimated by around 50%, given the assumptions and 
limitations of studying mainly a limited variation of road sections (only 
high speed and relatively high traffic roads) and the lack of more detailed 
traffic data. Nevertheless, since the last validation in 2007, it could be 
speculated that the properties of the studded tyres have changed, 
reasonably due to legislation changes. For generation of abrasion wear 
particles and road dust it is reasonable to believe that such a drastic 
decrease would give less particle generation, which was also implied when 
using the NORTRIP model. However, the situation is more complicated 
than saying that the dust generation decreased by a similar amount, since 
the model of abrasion wear of pavements does not take into account the 
size fractions lost but is only concerned with the total material loss or 
chipping, the loss of individual aggregates. The interaction between a 
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rough surface and a tyre is complex and dependent on many things. It is 
reasonable to believe that while the macrotexture asperities will affect 
storage capabilities, as shown in Paper B, the microtexture asperities 
(which are at the individual aggregate level) will influence particle 
generation. When a studded tyre interacts with the surface, it will, as 
described earlier, cause both impact and scratching which introduce 
stresses on the aggregates and the bituminous (or cementitious) mastic 
(i.e. the binder and the filler materials). These stresses cause microcracking 
which in turn, over the course of repeated loading, will finally cause 
particles of varying sizes to break off and be either thrown into the air by 
the direct interaction with the tyres, get stuck to the tyre to be released on 
top of a surface or into the air at a later stage, or get stuck to the pavement 
in an intermediate material such as surface water (or slush, snow or ice) 
binding it into the macrotexture until conditions allow it to be suspended 
or otherwise removed by wet processes.  

Not only the studs are affecting, but also the rubber interaction 
with the surface, since the vast surface of the tyres, be they studded or not 
studded, is a rubber material. Compared to the studded tyres that cause 
roughening of the surface, the rubber interaction with the surface instead 
causes polishing, which is another type of surface wear. The small 
asperities, weakened by loads, are broken off by the rubber while not giving 
the same impact force as the studs or a continuous scratching of a hard 
material, which causes less stress while still breaking off varying particle 
sizes and thus contribute to dust generation. This is likely a process that is 
overshadowed in northern countries with high proportions of studded 
tyres in wintertime due to the sheer amounts of dust that studded tyres 
produce, as shown in both mobile and laboratory investigations seen in the 
literature review (Sections 3.4.2 and 4.1). It should also be discussed that 
water seems to have an impact on the total abrasion wear of road surfaces. 
This could be due to the compression and decompression of water, a highly 
difficult liquid to compress and thus can transfer vast stresses, in small 
asperities of the road surface, both at micro- and macrotexture 
wavelengths which locally increase the effective stresses that aggregates 
and the mastic have to resist, which is greater than during the dry 
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conditions. Repeated loading of a rolling tyre applies a cyclic pressure 
causing fatigue damage over time, resulting in particle generation. This 
possible process has likely been hidden by the fact that these same wet or 
moist conditions bind particles inside the road surface texture and reduce 
the emissions to air, making this process hard to observe regarding 
particles.  

Another aspect, while discussing both wet and dry conditions 
when investigating the literature review, is the sandpaper effect seen for 
abrasion wear of road surfaces during dry conditions (Section 4.5). This 
same reasoning, where the rolling intermediate material, in this case the 
traction sanding, which accelerates the abrasion wear by scratching the 
surface could be applied at a smaller scale. Perhaps the sandpaper effect 
also occurs for microparticles and thus further increases abrasion wear of 
small particle sizes?1 None of these processes regarding abrasion wear are 
captured in detail by the empirical models, nor are the surface aspects 
implemented in the NORTRIP model which implemented the empirical 
model from the Swedish studded tyre abrasion wear prediction model, and 
neither model is capable of directly capturing these complex interactions. 
To develop the studded tyre abrasion wear model, it would be of interest to 
perform a larger calibration for more road section types, but even better 
would be to develop it into a mechanistic-empirical or preferable a fully 
mechanistic model and then implement it into NORTRIP. This requires 
extensive research and development. 

7.2. The Wet Dust Sampler 

Paper C (Lundberg et al., 2019a) investigated some fundamental 
functionalities of the WDS method, which has been used extensively in 
Sweden, and nowadays is also used in Norway and Finland. The device 
seems to function quite well, given the fact it was tested using three asphalt 

 
1 This idea has already been suggested by Bruce Denby (Norwegian 
Meteorological Institute), the developer of the NORTRIP model, on several 
occasions, but not investigated by tests. 
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concrete slabs, having three different road surface macrotextures, worn in 
the road simulator earlier described. The major loss found was the surface 
retained water, which in comparison with the amount of flushed and 
collected water can be considered minor. The water loss, however, was not 
tested in proper field conditions where the macrotexture range can be 
considerably higher than was tested, and thus it can be suspected that a 
significant effect of the texture could occur. It is plausible, though, that the 
MTD is a good starting point to investigate the macrotexture since it is a 
descriptor of the texture volume, although other methods do exist which 
may be of similar interest, e.g. the method known as texture drainage area. 
Regarding dust performance, where a proxy method of turbidity was used, 
the results indicate that most of the dust is collected, although with 
variations between dry laboratory conditions and during field conditions. 
The field conditions are affected by both the traffic volume, speed, vehicle 
classes and their tyre usage, together with meteorological effects, especially 
surface moisture. The dust in the field can be cemented or compacted into 
the surface, making it harder to reach, and the inherent properties such as 
the shapes or colour can affect the proxy measurements which are based 
around light scattering. It should also be considered that the WDS is 
intended to sample the full dust load, including particles which do not 
directly contribute to what is regulated, i.e. the PM10. This has both 
strengths and weaknesses, since the WDS then also considers potential 
future dust which through fragmentation and crushing could end up in 
spans that will directly affect fractions inhaled by humans and animals. 
Furthermore, larger dust particles are still an environmental problem 
which can transport heavy metals and other unwanted materials, for 
example microplastics, into both water sources and elsewhere in the close 
environment around the traffic, which can then be collected by the WDS. 
However, it is not possible to separate the directly suspendible particles; 
separate methods are required to be used or developed or some 
relationship has to be developed linking total road dust load with 
suspendible dust, which in turn requires knowledge and consideration of 
the surface texture.  
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Another aspect found in the study was that the assumption that 
the concentration of particles in the collected dust laden water is the same 
as the water retained on the surface. The two investigations performed, one 
on an asphalt surface with no realistic traffic but having meteorological 
effects and one of a street with low volume traffic with meteorological 
effects both showed similar trends regarding higher particle 
concentrations at the start of sampling compared to the end of sampling 
for a given “shot” sequence. This suggests that the water retained on the 
surface did not have the same concentration as the collected sample, but 
instead a lower concentration. At the same time, it also means that most 
material was collected, which was the idea for the method to begin with. 

Finally, it should also be discussed how the wet method affect the 
sampled road dust. The strength of the method is that sampling of road 
dust, given that the safety of the operator can be ensured since samplings 
are carried out in the street, is that sampling is possible during both dry 
and wet conditions, making it more versatile and flexible and more 
effective to sample the full dust load since it uses high pressure washing. 
At the same time, this introduces another medium, the water, which 
instead could affect the dust which might not happen when sampling dry, 
e.g. by causing particles to agglomerate or perhaps even disintegrate due 
to being soluble. Thus, it is unknown how the size distribution of a given 
dust sample is affected, or whether it is affected, after WDS sampling. 
Moreover, it is not possible to directly consider the suspendible fraction 
when using the WDS, which in itself can be a problem if the direct impact 
on suspendible dust sizes are the only interest. However, as stated above, 
the WDS can be used to consider other fractions that could impact on other 
environmental problems that can be involved in transport of material to 
the close environment around the road affecting vegetation or water. 

Either way, the WDS has been an effective and useful tool to 
investigate the dust loading in the Nordic climates and has so far deepened 
the understanding of road dust dynamics and knowledge, as will be 
discussed in the next section. 
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7.3. Spatial and temporal variation of road dust 

Paper D (Gustafsson et al., 2019) and Paper E explored the spatial and 
temporal variation of road dust loads (expressed as the mineral dust load 
DL180) for primarily dense, abrasion resistant pavements, the SMA 
pavements, but also for a double layered porous asphalt concrete.   

The measurements in Stockholm, Sweden (Paper D) showed the 
difference between seasons and sometimes investigated streets for all 
investigated seasons, although with large variations which could be 
expected since the dust loads are affected by both the traffic 
characterisation (volume, tyre types, vehicle class i.e. weight, speed), road 
operation (use of traction sanding, use of de-icing, use of dust binding, use 
of street cleaning), deposition of material (from local and non-local 
sources) and the meteorological conditions (which also affect the 
deposition of material), including specifically processes causing wetting 
and high surface moisture which eliminates suspension mechanisms. It 
was seen that dust load was increased during winter and early spring with 
declining loads during late spring until summer, and then increasing loads 
again during autumn, especially after studded tyres were again allowed. 
When the dust load starts increasing during the autumn, meteorological 
conditions causing accumulation such as high road surface wetness are 
related to local variations, such as the contribution of organic material 
from defoliation of trees. The studded tyre usage increases which is usually 
around the time of the first proper frost which varies from year to year. 
During spring, the levels will be affected by when the studded tyres are 
replaced by summer tyres as well as the local influx of organic material 
from vegetation. Another factor is long range transport, which is outside 
the scope of this thesis but should be acknowledged. 
 The study also showed a tendency to a higher dust load with a 
rougher texture, despite other factors which affect the dust load including 
traffic characteristics, meteorology, and different transport mechanisms in 
and between wheeltracks. It was noted, with the exception of one street, 
that the macrotexture was lower within wheeltracks than between 
wheeltracks. It is not surprising that textures are rougher during winters 
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within the wheeltracks than between wheeltracks during the period after 
studded tyres start to be used and for a while after they are replaced since 
studded tyre abrasion causes a roughening of the surface. It is also not 
surprising to find a smoother texture in wheeltracks during summers due 
to the polishing occurring. It should also be pointed out, however, that 
these results in Stockholm are limited by the fact that the texture was only 
measured very sparingly while it is known that the texture change is 
affected during winter by roughening processes from studded tyre abrasion 
wear and polishing during summer. 
 An interesting part of the study in Paper D was the replacement of 
an old, worn road surface course with a new one. The replacement was 
done during summer, which is common for replacements of the surface 
wear course due to the more optimal temperatures for working conditions 
to gain a better pavement. It was seen that during the winter season after 
the replacement that the road dust load increased compared to the 
previous year, while the new surface also gained a, judging from visual 
observation only, a rougher macrotexture. This change could have been 
influenced also by the residual binder and mastic (i.e. the combined binder 
and filler phase), since these are present after the construction and are 
commonly removed during the first winter season due to the studded tyres. 
Also removed are smaller rocks with weaker bindings. These aspects do 
also increase the dust generated, and bitumen, the binder, which is quite 
sticky, could possibly increase cementation of dust in the macrotexture. It 
is not possible, however, to draw any larger conclusions regarding these 
aspects since the macrotexture was never measured and the content of the 
road dust was never studied more in depth. Also lacking is knowledge 
regarding the dust characterisation generated from abrasion of new road 
surface courses compared to a worn surface course for field conditions, 
although the literature review (see Section 3.4.2) suggests that there are 
similarities between dust generated from abrasion wear of road surfaces 
sampled in the field and in large scale and small scale laboratory settings. 

The investigated methods in Paper D and in the literature review 
(see Section 3.2.2.5) consist of either MTD, MPD, or a combination of 
them, or photographic analyses of aggregates. All these ways to 
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characterise the surface macrotexture roughness are useful, especially 
MTD since this takes the volume of the texture directly into account. MPD 
instead only considers the top of the asperities and thus does not consider 
the bottom part of the texture. As seen in Paper B, MPDn instead consider 
the bottom part of the texture compared to MPD. MPDn is not commonly 
used, though is simple to calculate when already calculating the MPD. 
Another aspect of both MPD and MPDn is that they consider primarily the 
2D system, and not the 3D system, even though they can be converted to 
3D calculations. The photographic analyses, considering the largest 
aggregate sizes and sometimes other aspects, such as narrowness or depth 
of ridges and valleys in the texture, are helpful. However, when compared 
to the other methods they are non-standardised and require extensive 
image analyses and measurements before being able to use them, thus 
making it easier and quicker to use already established measurement 
methods. Nevertheless, it is not necessarily that the best measure of road 
surface texture has been discovered regarding road dust storage 
capabilities and road dust suspension mechanisms. The root mean square, 
the amplitude density function and bearing ratio presented as examples of 
how to characterise the road surface are interesting options, especially 
since they can be directly calculated by standardised measurements of road 
surface testing vehicles.  

Paper E instead performed a similar investigation in Linköping, 
Sweden, as was performed in Stockholm, Sweden, in Paper D using the 
WDS described in Paper C. The key difference between the studies was that 
the measurements in Linköping were only performed from December to 
May, i.e. for only one winter season, but in contrast in Stockholm for one 
older SMA and a new double layered porous asphalt surface (DLPAC). The 
results showed that the DLPAC seemed to have a similar behaviour both 
temporally and spatially as the SMA, with the exception that the edge of 
the SMA showed considerable higher mineral dust loads (DL180). The 
function of the DLPAC is that it is supposed to have a high interconnected 
air voids content which is to drain water, and also causes a noise reduction 
since some aerodynamic processes, such as air pumping are removed or 
reduced. Similarly, the suspension of of particles is affected since the air, 
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otherwise compressed and decompressed while dragging particles into the 
air, is instead pressed into the voids. Therefore, it is interesting to consider 
that the DLPAC was found to have a much denser lower layer than 
intended, likely influencing the water and thus particle transport 
possibilities. When studying the literature (see Section 3.4.2), the dust load 
seems to be less suspendible over the porous pavements, at least for the 
first few years until a similar suspension is seen as the dense pavements. It 
is plausible to consider the effect of clogging, which is the process in which 
particles are transported into the DLPAC, get stuck somewhere along the 
way, hinders more particles from progressing and thus over time clogs. 
This is likely what causes the increase of emitted particles from the surface 
over time, since when the DLPAC clogs, it hinders the previous free air 
movement into the voids, which, given sufficient clogging, starts acting 
more as a dense pavement where instead the narrowness and depths start 
affecting suspension upwards into the air above the surface. 

 Also seen, when comparing the SMA in Linköping, Sweden, to the 
averages of all investigated SMAs in Stockholm, Sweden, is that the 
temporal variation over the seasons seems to be similar, although at 
different levels. This difference could be due, at least partly, to the use of 
dust binding and street cleaning through vacuum technology in Stockholm 
while there is no such cleaning on the Industrigatan street in Linköping. 
The results from Paper E suggested that the dust binding made dust in the 
wheeltracks less available for the cleaning due to the interaction with the 
tyres, while the dust binding did not reduce the cleaning efficiency between 
wheeltracks in Stockholm, since the results showed lower dust loads in 
wheeltracks and higher dust loads between wheeltracks in Linköping 
compared to Stockholm. 

Also investigated in Paper E was the size distributions of the road 
dust loads on the DLPAC and the SMA. The results showed that the DLPAC 
had more shapes with the properties of a mixture model, i.e. the shape 
seemed to be made up by several distributions joined together, compared 
to the SMA. This was especially seen for the two wheeltracks, which are 
affected by both the tyres interaction with the surface and the 
interconnected air void system as described above for the DL180. It seems 
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that the change in interaction and the impact on aerodynamic processes 
affect the transport and storage of certain particle sizes between 80 μm and 
100 μm at the DLPAC. The literature review (Section 3.4.2 and 4.2), 
together with Paper E and unpublished measurements of PM10 
concentrations at the sites investigated in Paper E suggest that the DLPAC 
can be of interest for air quality through the decrease observed in certain 
particle fractions, in PM10 concentrations and in PM10 emissions. 

7.4. The combined issues of abrasion wear particles, road 
traffic noise, rolling resistance and friction from the road 
surface and tyre interaction 

There is currently no effort on tackling the joint problems originating from 
the road surface and tyre interaction regarding wear particles, noise and 
rolling resistance. This is because knowledge of the combined effects from 
different road surfaces and the tyre and road surface interaction processes 
is still lacking. The literature review (see Chapter 3) suggests that there are 
some aspects that could improve at least two effects simultaneously. One 
such aspect is the use of porous road surface courses. The literature review 
tells of quite large reductions in noise from the road surface and tyre 
interaction, while the dust load seems similar to those of SMA and the PM10 
concentrations seem to be reduced at least for the first few years. However, 
more research is required to understand the mechanisms and processes 
affecting road dust transport and emissions into the air, both 
fundamentally and the temporal impact on the results. 

Surface optimisation through grinding is another aspect which 
seems to have positive effects for both road noise and rolling resistance, 
while not having a negative effect on friction. It could, however, be 
discussed how this impacts generation of dust and abrasion of road 
surfaces. The grinding will, by itself, generate dust, and even if cleaned, will 
damage the surface, introducing microcracking and lowering the 
resistance against abrasion wear and thus possibly even increasing 
abrasion wear and particle generation in short term. However, the grinding 
which reduces the macrotexture will perhaps also reduce the possible dust 
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loading through the change of storage capabilities. According to one road 
simulator study performed within the ViaFutura project (funded by 
MISTRA, project number FOR2011/007) at VTI, although unpublished, the 
PM10 concentrations increased while the particle number concentration 
decreased after grinding of the asphalt concrete compared to before 
grinding. However, this has not been further studied and other aspects 
such as the texture impact are not investigated and requires more research. 

It seems that the texture, specifically negative textures, which 
cause less tyre deformation and thus cause a reduction in some noise 
generation mechanisms and less energy dissipation, thus lowering rolling 
resistance, is the key to combining the areas of noise and rolling resistance. 
It is also of interest for road dust load dynamics since many of the 
mechanisms found for deformation likely affect the wear processes of the 
road surface and thus the generation of dust. The impact of texture will also 
affect the dust loading which also, depending on the texture character, 
could impact the suspension of road dust. There is knowledge regarding 
mechanisms from both noise and rolling resistance research that is of 
interest and should be considered regarding both road dust generation and 
storage as well as suspension, including tyre deformation mechanisms and 
air turbulence mechanisms. 

Another aspect with friction is that given enough dust loads, the 
water drainage capabilities of the macrotexture could, at least theoretically, 
decrease and thus have the potential of causing a decrease of skid 
resistance, given sufficient low macrotexture and sufficient large dust 
loads, as is a risk when e.g. grinding the road surface. Also, since dust 
particles are sufficient small, dust could also possibly affect the interaction 
between the tyre and the micro texture, thus also, speculatively, affect the 
friction here. 
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8. Conclusions 

From what is presented and discussed in this thesis the following 
conclusions are drawn: 
 

� The Swedish studded tyre abrasion wear prediction model does 
fulfil an important purpose regarding the quantification of road 
wear, and its implementation in NORTRIP contributes to 
considering a dominating non-exhaust source during winter in the 
Nordic countries. However, the abrasion wear model does 
overestimate the wear by approximately 50%. The NORTRIP 
model results are also affected by a 50% decrease in abrasion wear. 
To explain the difference, other parameters must be considered in 
the NORTRIP model. 

� The WDS is a road dust sampling method which works well 
regarding water performance and seems to work well regarding 
dust performance. The WDS sampling method has contributed 
much to the knowledge of dust load dynamics in the wet and cold 
climates of the Nordic countries. 

� The dust loads seem to follow similar seasonal variations for 
different geographical regions, although with magnitudes affected 
by local traffic characterisation and local factors including sources 
of organic materials.  

� The dust load for a double layered porous pavement seems to be 
similar to the dust load for a dense SMA surface, with similar 
temporal variation. 

� There are other ways to characterise the road surface texture which 
are of interest both regarding generation of particles through 
polishing and abrasion wear, as well as for determining storage 
capabilities and impact on suspension of road dust, including, but 
not limited to, both MPD and MPDn. 

� Several noise generation aspects could possibly also affect dust 
generation and suspension mechanisms, including radial 
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vibrations of tyres, and adhesion mechanisms as well as the air 
turbulence and air pumping mechanisms. Especially air pumping 
mechanisms affect the suspension of road dust. 

 
Finally, this thesis, together with the thesis put forward by Vieira (2020), 
are taking the first important steps towards a holistic approach regarding 
functional requirements for the road surface courses, considering the most 
important aspects of the road surface and tyre interaction. This work has 
just started and requires massive research and development efforts, 
hopefully using the knowledge and suggestions put forward in this and in 
Vieira’s thesis. 
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9. Research needs 

Based on what is presented in this thesis, there are several identified 
research needs.  
 

� The studded tyre abrasion wear prediction model should be 
further calibrated and reimplemented in the NORTRIP model, 
which in turn must be further developed to explain the emissions 
not caused by studded tyre abrasion wear. Preferably, the studded 
tyre abrasion prediction model should be replaced with a 
mechanistic or process-based model, or at least a mechanistic-
empirical model over the current pure empirical model. This 
should include both current parameters, but should also be 
developed for more surface types, to cover also the northern parts 
of Sweden, i.e. considering the vastly different winter climates, 
allowing for user defined road sections, i.e. user defined lateral 
wander of traffic. Preferably it should also be able to consider 
cement concrete pavements. Moreover, it should consider more 
material properties, e.g. the grain size distribution instead of a 
generic construction type. Also, it should consider heavy traffic 
using studded tyres, since some locations have shown examples on 
having heavy traffic using studded tyres. Preferably, the model 
should also be developed to be used for other countries, starting 
with Norway and Finland which has similar traffic and surface 
courses as Sweden.  

� The road surface texture must be further investigated to identify 
road dust load dynamics, transport dynamics, cementation and 
compaction processes and emissions to air. Both micro- and 
macrotexture should be considered, macrotexture primarily for its 
storage capabilities, microtexture primarily for the generation of 
particles through abrasion wear using studded tyres as well for 
particle generation through polishing using winter tyres with no 
studs and summer tyres. Both 2D and 3D characterisation should 
be considered, including methods such as the Bearing Ratio curve, 
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the Amplitude Density Function, MPD, MPDn, MTD and the usage 
of 3D-cameras. 

� The Wet Dust Sampler method should be further investigated to 
characterise its impact on road dust size distributions, potential 
limitations from the assumptions of the methods. Also, 
comparisons should be performed against other methods to 
determine the difference between the total dust load and the 
suspendible dust load to develop and relation between these two 
with respect to road surface properties, meteorological conditions 
and road dust dynamics. 

� The interaction between tyres, with the tyres’ inherent properties 
such as modulus, age and hardness, and the road surface 
characteristics should be further investigated regarding both the 
total abrasion wear of pavements, but also for the impact on 
abrasion wear particles of relevance for road dust loads and air 
quality. 

� There should be more investigations regarding mechanisms well 
known to affect road noise which likely also affect road dust 
generation and suspension. 

� Porous pavements impact on air quality should be further 
investigated since the dust loads are suggested to be similar 
compared to dense pavements, while the literature review (see 
Section 4.2) suggests initially lower particle emissions. This should 
be conjointly investigated with regards to noise generation where 
porous pavements are used as a mitigation against noise from the 
road surface and tyre interaction. 

� The theoretical impact of road dust loads on rolling resistance due 
to dust filling the micro- and macrotexture and thus affecting the 
tyre deformation should be investigated. 

� The theoretical impact of road dust loads on friction due to dust 
filling the micro- and macrotextures and thus possibly affecting 
the water drainage capabilities should be investigated. 

� There is a large requirement for combined studies regarding tyre 
properties, tyre types, road surface course properties, road surface 
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characterisation, rolling resistance, road dust load dynamics, noise 
and particle emissions and friction to fully understand the complex 
interactions to finally gain the holistic knowledge required to, 
preferably, optimise all parameters, and to at least minimise 
conflicts of interests between these different functional properties 
of road surface courses. 
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