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Preface 

The idea behind this thesis is to provide an overview of the wide research 

area that is non-exhaust PM10 emissions and road dust, as well as the 

relation to asphalt surfacings and their properties. This work has been 

limited to mainly Swedish or Nordic conditions. Another idea with this 

thesis is to start thinking in holistic terms regarding urban environment 

and the need of looking at several aspects at once, rather than separately, 

which is done by the cooperation between myself and my fellow PhD 

student Tiago Vieira who works with road surface and tyre interaction with 

focus on noise emissions and rolling resistance. 

 

This thesis is constructed in such way that the reader first gets an 

introduction to the problems related to PM10 pollution, followed by some 

useful definitions in the area. The reader then gets an introduction to the 

road surface and tyre interaction, specifically how a tyre is constructed, 

how studded tyres interact with the pavement surface, followed by a 

description of properties of the asphalt surfacing relevant to particle 

emissions mainly related to abrasion wear and road surface macro texture. 

This is followed up with some methods used for determination of these 

properties and their effect on e.g. non-exhaust PM10 emissions. This is 

further followed up by giving a description on an election of equipment’s 

allowing for measurement of PM and road dust. Also introduced is how 

abrasion wear, and in continuation non-exhaust PM emissions can be 

modelled. Since build-up of road dust and the following emissions to the 

air is problematic two chapters are dedicated to road operations having an 

impact on these processes together with some options used to reduce the 

influence. The last chapter prior to the concluding remarks and future 

research required and planned is about the combined issue of particle 

emissions and road noise emissions. Finally, as stated, the final chapter 

deals with the concluding remarks of this thesis, namely identified 

knowledge gaps as well as which direction the continuation of this thesis 

work will take. Appended to this thesis is also two conference papers. The 



Preface 

ii 
 

first which presents a deepened description of one of the models described 

in the thesis, together with the implications for the emission model. The 

second paper is instead a trial performed regarding how the road surface 

macro texture influence the ability to retain a maximum theoretical road 

dust load when exposed to rolling tyres. 

 

 

 

Linköping, February 2018 

Joacim Lundberg 

 

 



 

iii 
 

Acknowledgement 

There are many persons I would like to thank for making this thesis 

possible. The first to thank would be my family for their support. This also 

applies to my friends. My supervisors Sigurdur, Mats, Sara and Göran also 

have my appreciations for their supervision, which have steadily increased 

my knowledge and understanding in this subject, as well as all surrounding 

aspects which are part of becoming a researcher. Also greatly appreciated 

is my fellow PhD student Tiago Vieira, who have helped me with both 

understanding the basics in road noise and rolling resistance, but also 

helped my understanding greatly in general. A very special appreciation is 

also given to my co-workers at VTI, both specifically at the environmental 

unit, as well as the other units, for the great support, the great company 

and great fun I have while working at VTI. 

 

Special thanks also go to the reference group in this project consisting of 

Jan Skoog, Peter Smeds, Robert Karlsson, Julia Bermlid, Martin Juneholm 

and Lars Dahlbom, all from the Swedish Transport Administration.  

 

Special thanks also goes to Katharina Lindroos at KTH for all help with the 

administration. 

 

This thesis work was carried out between September 2015 and February 

2018 at VTI in collaboration with the Division of Building Materials at 

KTH. The work was financed by the Swedish Transport Administration and 

VTI, for which I’m grateful. 

 

 

 

Linköping, February 2018 

Joacim Lundberg 

 

  



Acknowledgement 

iv 
 

 



 

v 
 

Abstract 

Non-exhaust PM10 is an issue in the urban environment linked to several 

health issues. The emissions of non-exhaust PM10 is relatable to pavement 

properties determining the emission due to abrasion wear of studded tyres, 

as well due to wear of the tyres and brakes. Another important factor is 

resuspension of road dust stored on the surface. This is depending on 

several traffic and metrological conditions, such as amount of traffic, tyre 

types, traffic type, precipitation, road surface moisture etc.  Given this, the 

purpose of the thesis was to give an overview limited to Sweden and the 

Nordic countries regarding non-exhaust PM10 emissions and road dust. 

 

The tyre is a complex composite construction consisting of many different 

materials and is optimized depending on the needs. Winter tyres (studded 

and non-studded) are optimized for colder conditions than summer tyres, 

impacting on material selection and properties. In countries such as 

Sweden, the usage of winter tyres is mandatory during the winter, and a 

large proportion of the light traffic (50-99%) use studded winter tyres 

depending on the region. This gives a high impact on the surface courses 

of the roads in form of abrasion wear, which produces both primary 

emissions due to direct emission of particles, but also secondary emissions 

from road dust through resuspension. This abrasion wear is the direct 

cause of stricter regulations of studded tyres in Sweden, Finland and 

Norway, and is also the cause of the heavy use of Stone Mastic Asphalts in 

Sweden. Another aspect of the surface course is the macro texture. Not 

much research is available but there is a link between PM10 emissions and 

the texture depth, as well as a link between the road dust storage 

capabilities and the macro texture. One of the studies performed and 

appended to this thesis found that the macro texture could likely be used 

as a base to predict the theoretical maximum dust load. 

 

A large variety of measurement devices exists for ambient measurement of 

particle concentrations, both regarding number and mass concentration. 

These measurement devices are based on different principles, such as e.g. 
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gravimetric properties of particles. These devices can be used as stationary 

measurement station but can also be used for mobile measurements by 

utilising them in a system mounted on a vehicle or a trailer. For road dust 

sampling, no uniform measurement method exists. Methods using dry 

methods, such as vacuuming, exists which samples the suspendable 

fraction of the road dust. There also exists a wet sampling method used to 

sample the total road dust load available. 

 

To be able to optimize e.g. maintenance or operation procedures such as 

dust binding, modelling of particle emissions is required. One such model 

is the Non-Exhaust Road Traffic Induced Particle emission (NORTRIP) 

model. NORTRIP is a process-based model taking several complex 

processes such as e.g. road surface moisture, into account to predict the 

non-exhaust emissions. NORTRIP uses the Swedish studded tyre abrasion 

wear model which was developed at VTI to predict the contribution of road 

abrasion wear to the particle emissions and road dust. A study, with a paper 

appended to this thesis investigated the model validity.  The studded tyre 

abrasion wear model was found to be inaccurate and was calibrated for 

further use. It was also found that the implication for NORTRIP was an 

overestimation of the contribution from pavement abrasion wear to the 

total modelled PM10. 

 

To decrease the problems of resuspension and non-exhaust particle 

emissions, known from measurements or modelling, several options is 

available. One such thing is to reduce the use of traction sanding, which is 

known to both increase the abrasion wear through the sandpaper effect but 

also by being crushed into suspendable fractions. Another option is to 

utilize dust-binding to keep the dust from suspending, and removing it by 

using different cleaning methods, such as vacuum suction. Other 

possibilities exist which are not linked to a road operation perspective. One 

such possibility is to replace the surface course with a more abrasion 

resistant type, by reducing the share of studded tyre users or other types of 

traffic related options. 
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A currently major environmental problem is the lack of holistic view. Other 

major urban environmental problems such as road traffic noise exists and 

usually no idea behind decreasing the total environmental impact is used. 

Instead the responsible rather focus on the (currently) largest issue. One 

such example is to introduce smaller aggregate sizes to reduce road traffic 

noise, which will in turn increase the abrasion wear and thus also the 

particle emission. 

 

Finally, much knowledge is available regarding particle emissions from 

road surface and tyre interaction and the impacting factors, but several 

important knowledge gaps have been identified. These gaps can be 

essential for continued understanding of processes and the impact on 

emissions. Amongst others it was identified a greater need of 

understanding the road surface and tyre interaction and the road surface 

macro textures influence on road dust and non-exhaust PM10 emissions. 

The continued work will be focused on, amongst other, the combined issue 

of road surface and tyre interaction and the impact road surface macro 

texture have on road dust and non-exhaust PM10 emissions together with 

impact on road noise emissions in a collaboration with a fellow PhD 

student. 

Keywords  

Road Dust, Abrasion Wear, Road Surface Macro Texture, Mean Profile 

Depth, Mean Texture Depth, Emissions, Abrasion Wear Model, 

NORTRIP, PM10, Air Quality, Particles 
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Sammanfattning 

Icke-avgasemissioner av PM10 är ett problem i den urbana miljön och är 

kopplad till flertalet hälsoaspekter. Dessa emissioner är relaterade till 

flertalet beläggningsegenskaper, nötningsslitage av vägbeläggningar samt 

till emissioner av broms- och däckpartiklar. An annan viktig faktor är 

suspensionen av vägdamm som finns lagrad på vägytan. Denna suspension 

beror på flertalet faktorer relaterade till trafik och metrologiska 

förhållanden, såsom mängden fordon, däcktyper, trafiktyp, nederbörd, 

ytfuktighet m.m. Givet detta var syftet med denna avhandling att ge en 

överblick av nuvarande forskning, begränsat till Sverige och Norden, kring 

icke-avgasemissioner av PM10 och vägdamm. 

 

Däcket är en komplex kompositkonstruktion bestående av flertalet 

material och optimeras beroende på behovet. Vinterdäck (dubbade och ej 

dubbade) är optimerade för kallare klimat än sommardäcken vilket 

inverkar på valet av material och egenskaper. I länder såsom Sverige är 

användandet av vinterdäck obligatorisk under vintern, och en stor andel av 

den lätta trafiken (50-99%) använder dubbade däck beroende på region. 

Detta medför an stor inverkan på vägens slitlager i form av nötningsslitage 

vilket producerar både primära emissioner från direktemissioner av 

partiklar, men även sekundära emissioner från vägdamm genom 

suspension. Nötningslitaget är den direkta orsaken till allt mer strikta lagar 

kring dubbdäck i Sverige, Finland och Norge, och är även orsaken till den 

höga användningen av stenrika beläggningar. En annan aspekt gällande 

slitlagrets yta är makrotexturen. Endast begränsad kunskap finns, men en 

koppling ses mellan PM10 emissioner och texturens djup samt en länk 

mellan vägdammsförrådet förvaringsmöjlighet och makrotexturen. En av 

studierna, bifogad denna avhandling, drog slutsatsen att makrotexturen 

troligtvis kan användas för att bestämma det teoretiskt maximala 

vägdammsförrådet. 

 

En stor mängd och variation av mätinstrument finns för mätning av 

partiklar i luften, både i form av nummer- och masskoncentrationer. Dessa 
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instrument bygger på flertalet olika principer, såsom t.ex. gravimetriska 

egenskaper hos partiklarna. Dessa mätinstrument kan användas som 

stationära mätstationer, men kan även användas för mobila mätningar 

genom att nyttja dem i fordon eller släpvagn. För provtagandet av 

vägdamm finns ingen uniform mätmetod. Det finns torra metoder 

(baserade på dammsugning och introduktion av suspension) vilka provtar 

den supenderbara fraktionen av vägdamm, men även en våt metod finns 

som istället provtar den totala vägdammsfraktionen. 

 

För att optimera t.ex. underhåll eller driftåtgärder såsom dammbindning, 

krävs modellering av partikelemissioner. En sådan modell är Non-Exhaust 

Road Traffic Induced Particle emission (NORTRIP) modellen. NORTRIP 

modellen är en processbaserad modell vilket tar hänsyn till flera komplexa 

processer såsom t.ex. vägytans fuktförhållanden vid prediktionen av icke-

avgasemissioner. NORTRIP använder den svenska 

nötningslitagemodellen, som utvecklades vid VTI, för att prediktera 

nötningsslitagets tillskott till både partiklar och vägdamm. En studie, 

bifogat denna avhandling, drog slutsatsen att nötningsslitagemodellen 

överskattade slitaget och kalibrerades därför. Detta gav implikationen att 

NORTRIP överskattar bidraget från beläggningsslitaget till den totala PM10 

emissionen. 

 

För att minska problemen med suspension av vägdamm och icke-

avgasemissioner, kända från mätningar eller modellering, finns flertalet 

möjligheter. En sådan är att minska användningen sand på gator vilket dels 

ökar vägslitaget genom sandpappereffekten, och dels som krossas ner till 

finare suspenderbara fraktioner. En annan möjlighet är att använda 

dammbindning för att förhindra suspension, samt att genomföra 

städåtgärder (såsom vacuumdammsugning) för att ta bort dammförråd. 

Det finns fler åtgärder som ej är länkade till driftåtgärder. En sådan är att 

ersätta det befintliga slitlagret med en mer nötningsresistent variant, 

alternativt att minska andelen dubbdäck eller andra trafikåtgärder. 
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Ett för närvarande stort miljöproblem är avsaknaden av ett 

helhetsperspektiv. Andra stora urbana miljöproblem såsom trafikbuller 

existerar och vanligtvis finns inte en överhängande plan kring den total 

inverkan på miljön. Istället brukar fokus ligga på det (för närvarande) 

värsta problemet. Ett sådant exempel är att använda ett slitlager med 

mindre stenstorlekar, vilket minskar bullernivåerna, men samtidigt ökar 

nötningsslitaget och därigenom partikelemissionerna. 

 

Slutligen, finns mycket kunskap kring partikelemissioner och inverkande 

faktorer, men det finns även flertalet viktiga kunskapsluckor som har 

identifierats. Dessa luckor är viktiga för en fortsatt förståelse kring de olika 

processerna och dess inverkan på emissioner.  Bland slutsatserna 

identifierades ett behov av ökad förståelse kring vägyta-däckinteraktionen 

och hur beläggningars makrotextur inverkar på vägdamm och icke-

avgasemissioner. Det fortsatta arbetet kommer att fokusera på, bland 

annat, just detta samt dess inverkan på vägtrafikbuller i samarbete med en 

annan doktorand. 

Nyckelord  

Vägdamm, Vägslitage, Dubbslitage, Textur, Emissioner, Slitagemodell, 

NORTRIP, PM10, Partiklar, Luftkvalitet 
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1. Introduction 

High concentrations of inhalable and respirable particles in urban areas is 

an increasing problem, not only in Sweden and the Nordic countries but 

also in the rest of the world. Within the European Union (EU) the limit 

values for Particulate Matter (PM) with an aerodynamic diameter smaller 

than 10 micrometres (PM10) is exceeded by nearly all countries in the entity 

of Europe (Johansson et al., 2012). Furthermore, it is mentioned that up to 

49 percent of the urban populations in Europe is exposed to concentrations 

far over the EU daily air quality limit value, and no downward trend is seen 

in the majority of the cities. Currently, the limit value for PM10 is set to 50 

µg/m3 in average over 24 hours, which is permitted to be exceeded 35 times 

per year (European Comission, 2016). There is also given an annual limit 

value, set to 40 µg/m3. For PM2.5 the annual limit value is set to 25 µg/m3.  

 

There are many sources of PM and Kampa and Castanas (2008) lines up a 

few examples of the major sources, including factories, power plants, 

construction activities, road traffic as well as natural windblown dust 

amongst others. The wind is also one transport mechanism that can affect 

air quality in distant regions regarding aerosols. A study by Furusjo et al. 

(2007) identified that resuspension, long-way transport was the 

dominating factors for the PM10 levels in urban street canyons together 

with a vehicle derived factor, in contrast to a highway location where long-

way transport was the dominating source. The authors were not able to 

determine if the resuspension originated from soil dust or road abrasion. 

Querol et al. (2004) compared PM from seven different countries in the EU 

consisting of Austria, Germany, Spain, Sweden, the Netherlands, United 

Kingdom and Switzerland. They investigated both PM10 and PM2.5 for 

kerbside sites, as well as at urban and regional levels They found that 

(based on annual mean) PM10 varied between 19-24 µg/m3, 28-42 µg/m3 

and 37-53 µg/m3 at regional background sites, urban background sites and 

kerbside sites. For Sweden, the concentrations varied between 8-16 µg/m3, 

17-23 µg/m3 and 26-51 µg/m3. For the regional background, mineral 

content accounted for 25 %, while it for the urban background and the 
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kerbside background accounted for 39-41% and 59-65%. The authors 

mention that the urban background of mineral content can be accounted 

to demolition work, construction work and road dust. At kerbside, the 

contribution of mineral content is corresponding to the road dust 

emissions from streets, which is partly due to the usage of studded tyres in 

Sweden. Another example on investigations of sources is found in Zeng et 

al. (2010) who used receptor modelling to determine sources and found 

that vehicle exhaust contributed with 13% and resuspended dust 

contributed with 26% to the total PM10 in the city of Taiyuan in China. 

1.1. Health aspects of PM emissions 

The main reason PM is a large problem is the health impact on the human 

population, and likely on the populations of domestic animals and wildlife. 

Perez et al. (2009) concluded that increased levels of PM2.5-10 as well as PM1 

is associated with increased levels of both cardiovascular and 

cerebrovascular mortality. For fine particles (PM2.5-1) they found an 

association to respiratory mortality. Similar results were achieved by 

Stafoggia et al. (2013) who showed a connection between cardiovascular 

and respiratory admission for PM2.5-10 and PM2.5 in eight different 

Mediterranean cities. In another study where air pollution was 

investigated it was concluded that the short-term exposure of air pollution 

(NO2, NOx, PM10 and PM2.5) could initiate hospital admission for asthma 

in children (Iskandar et al., 2012). There was also non-significant 

indications that infants showed a stronger association than the older 

children. Adar et al. (2014) performed another study to investigate hospital 

admission and exposure of PM2.5-10. They found suggestive evidence of 

increased admission to hospital and mortality with higher levels of short 

term PM2.5-10 concentrations, although they could not see the same effect 

for the long-term concentrations.  

 

Other studies investigate the connection between the air pollution and lung 

cancer. Raaschou-Nielsen et al. (2013) performed a large multicentre study 

to investigate the suspected connection between long exposure of ambient 
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air pollution and lung cancer incidence, in which they assessed the air 

pollution by land-used regression models for both PM10, PM2.5 and PM2.5 – 

10 (amongst others). They concluded that there is an association between 

PM air pollution exposure and the incidence of lung cancer in Europe. In 

another article, Raaschou-Nielsen et al. (2016) further investigated the 

connection between air pollution and lung cancer for eight different 

elements (Cu, Fe, K, Ni, S, Si, V and Zn) in the size fractions of PM2.5 and 

PM10. They conclude that there are indications that several PM elements 

from different size fractions have associations with the risk of lung cancer. 

For ultrafine particles (PM < 100 nm) which are not under such strict 

regulations as PM10, Lanzinger et al. (2016b) describes that ultrafine 

particles generally are not under regular monitoring as a cause of the 

limited evidence of the health effects. The authors made their investigation 

in five different central and east European cities and concluded that there 

was a non-significant statistically positive relationship between lengthy 

exposure between ultrafine particles and respiratory mortality, 

independently of particle mass exposures.  

 

There are also Swedish studies regarding the health and its’ association to 

PM. In a study regarding central Stockholm elevated urban background 

levels of PM2.5-10, Meister et al. (2012) concluded that there was an 

increased daily mortality. In another study, Gustafsson et al. (2006) 

mentions that it is generally considered that the particle content in the air 

is associated with health risks, even though other factors such as genetic 

set and the overall health status is relevant for the particles’ ability to 

trigger illness. Furthermore, epidemiological studies show a convincing 

connection between the content of PM10 in the surrounding air and the 

occurrence of respiratory and cardiovascular diseases in the population as 

well as in the populations’ mortality. Estimations of the reduced life 

expectancy and premature deaths per year performed by Forsberg et al. 

(2005) estimated up to 10 months of reduced life expectancy and as many 

as 5 300 premature deaths due to the long-time exposure of PM10. 
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Research have shown that a large part of the particle mass concentration 

measured in urban environments consists of wear particles from 

pavements tyres and breaks (WHO, 2005, Gustafsson et al., 2011d). For 

the Nordic countries (except for Denmark) who allow the usage of studded 

tyres and have a high share of studded tyres during the winter, pavement 

wear is of special interest. A toxicologic cell study performed by Gustafsson 

et al. (2005) indicates that particles from studded tyres have a similar 

inflammation potential as PM10 from a city street environment as well as 

from diesel exhaust particles, while PM10 from a subway environment had 

lower potential. Denier van der Gon et al. (2013) came to a consensus 

statement that more toxicological and epidemiological evidence regarding 

wear emissions are needed to tackle the problematics as wells as to help 

the policy makers, since the health risks associated with wear emissions 

were agreed to be non-neglectable. Amato et al. (2014) performed another 

review article regarding the problematics and difficulties of non-exhaust 

PM and concluded that, after reviewing available data and articles, there is 

indications that non-exhaust PM can be as hazardous as exhaust (tail-pipe) 

PM. 

1.2. Socio-economic impact of PM emissions  

The health problems from PM emissions results in higher socio-economics 

cost in the form of loss of life, reduced life expectancy, increased cost for 

healthcare and reduced productivity. There are different estimations to 

what the socio-economic cost is due to the premature deaths caused by the 

particle levels. According to WHO Regional Office for Europe OECD (2015) 

the ambient particulate matter pollution (APMP) caused 565 271 and 

498 538 premature deaths in 2005 and 2010 respectively, with an 

estimated socio-economic cost of 1 007 223 and 1 156 118 million US$ for 

2005 and 2010 respectively for the whole European region. Of these 

numbers, Sweden had 1 003 and 1 040 premature deaths due to APMP in 

2005 and 2010 respectively, with an estimated socio-economic cost of 3 

219 and 3 641 million US$ for 2005 and 2010 respectively. Swedish 

estimations of the socio-economic cost (as loss in welfare) of the health 
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effects of high annual mean levels of PM to about 26 billion SEK in 2005 

(Sjöberg et al., 2009). In a later study,  Gustafsson et al. (2014b) estimated 

the socio-economic cost (still as loss in welfare) to 35 billion SEK in 2010 

for PM (from road dust, domestic heating and other sources). Another 

investigation of the total external cost of mortality for the total PM 

emissions estimated a cost of 16.3 – 47.1 million €, of which 0 – 1.4 million 

€ was from non-exhaust road traffic sources in the Stockholm (Sweden) 

area (Nerhagen et al., 2009). 

1.3. Non-exhaust PM emissions 

Non-exhaust PM problem is highly seasonal, with the highest levels 

measured during dry winters and spring, when the roads start to dry up 

and particles previously bound to wet surfaces, snow and ice are suspended 

(e.g. Gustafsson et al., 2011d, Gustafsson et al., 2015). The generation of 

PM10 from the tyre – pavement interaction depends on a wide number of 

things. Among these are the traffic amounts and speed, the mineral 

aggregate quality, largest stone size used, type of tyres (studded, non-

studded), type of pavement (AC, SMA) and the meteorology. 

1.4. Purpose 

The purpose of this thesis based on the background description given 

earlier in this chapter is to summarize current research efforts of non-

exhaust PM10 in Sweden, limited to the road dust contributions from the 

road surface and tyre interaction. Furthermore, this thesis aims to, based 

on the literature review, identify knowledge gaps. Also described is the 

direction and focus of the continued studies. 

 

This report also describes some models used for this purpose (fully or 

partly) as well as methods to measure road dust loads. Well established 

measurement methods or analysis methods will not be described in full 

detail. 



1. Introduction 

6 
 

 



 

7 
 

2. Road Dust and Particle Transport Processes 

One important aspect regarding road dust and particle emissions is the 

transport process. Depending on size and surrounding conditions the 

particle will behave differently and be to greater or lesser extent affected 

by different transport processes. This chapter first provides some 

definitions for aerosol, particles and road dust followed by a brief 

description of some particle physics in air most relevant for coarse 

particles. Last a brief introduction to some transport processes of road dust 

and particle emissions will be given. 

2.1. Definition of aerosols, particulate matter and road 

dust 

Particles are usually defined based on their diameter. This can be 

problematic since most particles are non-spherical. To mitigate this 

problem equivalent sizes are used. 

 

One way to determine equivalent particle sizes is to use microscopes, e.g. 

SEM (Scanning Electron Microscope) or TEM (Transmission Electron 

Microscope) in which the particles are size determined based on their two-

dimensional projected image (Hinds, 1999). One problem with this is that 

the size will be determined only from the geometrical aspects of the particle 

and not its physical (or electrical) properties.  

 

Another way to determine an equivalent size is to use the aerodynamic 

diameter. Hinds (1999) defines the aerodynamic diameter as the diameter 

of a specific particle which have the same settling velocity as a particle of a 

standardized shape, in this case spherical, with a density of 1000 kg/m3. 

An illustrative example is given in Figure 1. In relation, other types of 

equivalent diameters exist even though the aerodynamic is the more 

commonly used. 
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Figure 1. An example of a particle of given geometric shape (left) and its equivalent 
aerodynamic diameter (right) with corresponding particle diameters, densities, 
shape factor and terminal settling velocities. Source: Hinds (1999). 

 

Another useful diameter is the one based around electrical mobility, which 

is used in several measurement instrument types. Hinds (1999) mentions 

that this electrical mobility is given by quote between the terminal 

electrostatic velocity and the field strength at the particle. This is in turn 

dependant on the electron charge and the number of these charges, the 

dynamic viscosity, a drag coefficient and the particle diameter. 

 

One problem regarding the area of aerosols and particulate matter is the 

lack of strict classifications, although there exist rough definitions for 

common usage. Hinds (1999) tells that an aerosol is defined as solid or 

liquid particles suspended in air. This term includes both the particles and 

the gas they are suspended in (commonly air). The time of suspension 

varies with the particles, where the aerosol can be stable for a few seconds 

or lasting for a year or more in other cases. The size range of particles in an 

aerosol is in the range of 0.001 – 100 µm. Some other divisions are also 

presented by the author: 

 

• Fine particle / coarse particle: particles smaller / larger than 2 µm 

in diameter. 

• Dust: a solid particle aerosol. This particle is formed by mechanical 

disintegration of a material, e.g. by crushing or grinding of a 
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material (such as traction sand). The size of these dust particles 

varies from sub-micrometre up to visible sizes. 

 

Another slightly different definition is given by Kampa and Castanas 

(2008), where different categories is defined: 

 

• Fine particles / coarse particles: particles smaller/ larger than 1 µm 

in diameter. 

• Ultrafine particles: particles smaller than 0.1 µm in diameter, 

which is also used by others (e.g. Gustafsson et al., 2011c, Kumar 

et al., 2014, Lanzinger et al., 2016a). 

 

The most common definition seems to be the one different governmental 

sources use, since it is this definition the legal documents usually refer to. 

According to both the United States Environmental Protection Agency 

(2016) as well as the European Comission (2016) the following definitions 

are used: 

 

• Coarse particles: PM2.5-10 

• Fine particles: PM2.5 

 

These different definitions are important to keep in mind, since different 

terminology and definitions may lead to confusion depending on what is 

discussed. PM is usually also the total amount of particles and that includes 

both exhaust as well as non-exhaust particles, although in this report the 

focus is on the non-exhaust particles.  

 

For road dust the following definitions from Gustafsson et al. (2016) are 

given in Table 1 as an example of definitions which can be used. 
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Table 1. Different definitions regarding road dust. Partly from Gustafsson et al. (2016). 

Terminology Definition 

Dust / Road dust Particles of sufficient small sizes for suspension from 

the road surface 

Dust load Total amount of dust available on a given surface 

Dusting The process leading to suspension / resuspension of 

dust 

Dust emission The flow of dust from the dust storage to the air 

Dusting potential The amount of dust available for dusting 

Dusting tendency How easily accessible the dust in the dust storage is for 

dusting 

2.2. Basic particle physics for transport in air 

There exist several phenomena causing transport of particle suspended in 

a gas (the air in this case) which cause particles to deposit on surfaces (and 

thus be removed from the air). Hinds (1999) mentions several transport 

processes, of which the first five are considered the basic transport 

processes: 

 

• Gravitational settling 

• Impaction 

• Interception 

• Diffusion 

• Electrostatic attraction 

• Thermophoresis / Photophoresis 

• Radiation Pressure 

• Diffusiophoretic force 

• Stefan flow 

 

Of these, the first two process of gravitational settling and (inertial) 

impaction is of most importance for the coarse (heavier) particles, such as 

PM2.5-10, and thus these will be further explained. 
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The gravitational settling is the process of particles settling through the air 

due to the impact of the gravimetrical force (Hinds, 1999). The terminal 

settling velocity is reached when the drag force is equal to the gravitational 

force and is proportional to the particles square diameter. This terminal 

settling velocity for irregular particles depend on several aspects, such as 

the laminar flow (determined by Reynolds number), particle density and 

diameter, the gravitational acceleration, the coefficient of dynamic 

viscosity, a dynamic shape factor governing different particle shapes and 

the Cunningham’s slip correction factor. The last factor accounts for the 

assumption that the relative velocity of the gas at the surface of the particle 

is zero (Stokes’s Law), which is not true when the size of particles 

approaches the mean free path of gases. This error is, according to Hinds 

(1999), significant for particle diameters smaller than 1 µm.  

 

Impaction is the second major transport process for coarse particles in 

which the particle flowing along a gas streamline is unable to adjust to the 

change of trajectory due to its inertia (Figure 2). This process, given the 

example of a fibre, depends on several aspects such as the particle density 

and diameter, the Cunningham’s slip correction factor, the undisturbed air 

velocity, the dynamic viscosity of the gas and the fibre diameter (Hinds, 

1999). This calculation gives Stokes number. When Stokes number 

increases (the ratio of particle stopping distance to fibre dimeter) the 

efficiency of single fibre impaction increase. 
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Figure 2. Illustration of a particle compacting on a, in this case, single fiber. Source: Hinds 
(1999). 

 

Impaction on single fibres is one of the five aspects used to determine filter 

efficiency. The total efficiency is made up by the first four transport 

processes listed earlier together with an interaction term (Hinds, 1999). It 

is important to have some knowledge regarding this when setting up for 

measurement with the intention of filter collection, since this will impact 

on which particle sizes the filter will effectively sample. 

 

One special aspect related to the impaction is the cut-off size of particles, 

which is important for some measurement devices, such as the cascade 

impactor. The cut-off size (also known as cut off diameter or d50) is the size 

at which 50% of the particles passing through is collected, where larger 

particles have less probability to pass through (Hinds, 1999). This is used, 

given the geometrical design and flow rates of the impactor, possibilities to 

design which size fractions are collected at different stages of an impactor, 

which can be used for further analyses and determination of mass size 

distributions. 

Another important aspect to consider regarding particle measurements, 

for any type of concentration or if the goal is to collect particles on filter, is 

the isokinetic flow. Isokinetic sampling is used to gain a representative 

sample of the aerosol entering an inlet of a sampling tube Hinds (1999), as 

illustrated by Figure 3.  
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Figure 3. Isokinetic sampling. Source: Hinds (1999). 
 

There exist three possible types of anisokinetic sampling: misalignment, 

super- and subisokinetic sampling, as illustrated by Figure 4. In case (a), 

misalignment of the probe with a certain angle (θ) from the gas streamlines 

will give a measurement biased towards smaller particle fractions, due to 

the larger particles having higher inertia and not being able to follow the 

drastic change of the streamline. In case (b), probes aligned to the 

streamlines with a higher gas velocity inside the probe (U) than the outside 

free-stream velocity (U0) will have problems of biasness to smaller particle 

fractions. This is due to larger particles having a higher inertia and thus 

cannot follow the streamline, while smaller particles will continue to follow 

the streamline. For the last case (c), probes aligned to the gas streamlines 

with a higher gas velocity inside the probe than the free free-stream 

velocity outside of the probe will have a biasness to larger particle fractions. 

This is, again, due to the inertia of the larger particles.  

 

Isokinetic sampling only asserts that the same concentration occurs inside 

the sampling inlet as outside it. Losses in sampling tubes due to transport 

of the aerosol (e.g. gravimetrical deposition, deposition due to diffusion 

etc.) will still have to be accounted for through calculations, using formulas 

presented in e.g. Hinds (1999). 
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Figure 4. Three cases of anisokinetic sampling where: (a) represent misalignment, (b) 
represent superisokinetic sampling, i.e. U > U0, (c) represent subisokinetic 
sampling, i.e. U < U0. Source: Hinds (1999). 

 

Finally, it should be mentioned that the particles chemical properties will 

also have in impact on the transportation processes. Such processes are 

condensation, evaporation and solubility of particles, causing growth or 

decrease of particle sizes and thus also affecting which transport process 

will be the most dominating. 

  



2. Road Dust and Particle Transport Processes 

15 
 

2.3. Particle system transport processes 

Transport of particles in air depends on many different aspects, both 

regarding particle properties, but also the gas properties of the aerosol 

(which in this case is air). But particles are not only transported in air, but 

also in other mediums. Figure 5 gives a simplified illustration of the 

complex processes and their interaction affecting particle and road dust 

transport.  

 

Depending on the geographical location, the background content of PM 

may vary. Some examples are coastal cities which have extra salt particles 

from the ocean, such as Gothenburg, or cities located around forests which 

will have in influx of particles from forests. Another example is particle 

contribution from surrounding farmland. This makes up the regional 

background, which also will be present in the urban environment. Another 

aspect is long transport of particles due to wind, such as e.g. wind from 

heavy industrial complex in other countries. In the urban areas, there are 

several contributions, such as local industry, wood burning etc. Local 

contributions in the urban areas consists mainly with emissions from 

traffic, both from exhaust but also from non-exhaust due to wear of brakes, 

tyres and pavements. In countries with studded tyres, the contribution 

from abrasion wear of pavement is especially high. All these makes up 

primary emissions, i.e. emissions directly emitted to the air.  

 

These emissions are affected by several surrounding processes. The 

metrology is one such aspect with a large impact on the emissions. Wind 

can transport particles away, mix them up locally or transport particles to 

a location depending on wind direction, strength and the geometric of the 

area. Urban vegetation will have an effect on the deposition and dispersion 

of particles (Janhäll, 2015). During dry conditions dry deposition of 

particles takes place on different surfaces (e.g. road, building and 

vegetation surfaces etc.). During precipitation of rain or snow particles will 

be transported to the ground, due to particles depositing on rain droplets 

or snowflakes. The ground, not moist or wet will bind the particles. 
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Depending on the amount of water or snow, some particles will be 

transported away with the surface run-off water or melt water, some will 

be transported by splash or spray from tyres interacting with the wet 

pavement surface, and some will be transported away from ploughing with 

the snow. Other aspects such as radiation and winds will impact on the 

drying up process of the pavement surface. Evaporation will transport 

particles, and when the surface has dried up the road dust stored and built 

up by the moisture will (fully or partly) be available to be suspended the 

wind or by the tyres interacting with the pavement surface and road dust. 

Other aspects are the use of dust binding and cleaning of the road surface 

which will impact on the processes by artificially bind particles or remove 

them from the system, which is further described later. 
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Figure 5. Illustration of some of the transport processes available in the urban environment. 
Top figure illustrates particle transports linked to precipitation (rain and snow). The 
middle figure illustrates the transport processes due to heat radiation. The bottom 
figure illustrates transport processes linked to turbulence. 
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3. Road Surface and Tyre Interaction 

Road surface and tyre interaction is a very wide and extensive scientific 

field. The contact between the road surface and the tyres is important in 

several areas of road and vehicle research, e.g. fuel consumption and 

exhaust emissions (e.g. the rolling resistance of the surface) and traffic 

safety aspects (e.g. friction). It is at the same time important from several 

environmental aspects such as road traffic noise (e.g. Brown, 2015, Vaitkus 

et al., 2017), but also in form of the non-exhaust PM emissions from the 

traffic, which is one of the major sources contributing to air quality, 

especially in areas where studded tyres are used. The latter subject will be 

the focus in this chapter. Before describing road dust and PM aspects, some 

initial description regarding tyres and pavements are required. 

3.1. General tyre construction and materials 

When discussing tyres, it should be clear that it is the pneumatic tyres that 

are referred to in this report. The tyre have four main functions (Gent and 

Walter, 2005): 

 

• Providing a vehicle to road interface. 

• Supporting the vehicle load. 

• Providing road surface friction. 

• Absorbing road irregularities. 

 

The tyre exists in three main tyres: Diagonal (bias) tyres, belted bias and 

radial tyres and the latter  type is used for personal vehicles and is available 

in some variations (Gent and Walter, 2005). These tyres have radial body 

plies. These plies are laid at 90° from the centreline nominally. This type 

of tyre has several advantages due to the easier deflection under loading 

conditions: (i) better high-speed performance, (ii) less heat, (iii) lower 

rolling resistance and (iv) higher tread stiffness giving better handling and 
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less wear. This type of construction has a higher cost regarding materials 

and manufacturing to the complex construction. 

 

The tyre in general consists of several different material components such 

as rubber compounds (e.g. polymers, fillers, softeners etc.) and 

reinforcement materials (e.g. nylon, steel cord, bead wire etc.) and more as 

presented in Figure 6 (Gent and Walter, 2005): 

 

 

Figure 6. The radial tyres different components. Source: Gent and Walter (2005). 

 

Another area of interest is that the tyre must be engineered to meet the 

criteria, since the common tyre for personal vehicles consists of around 60 

different materials and changing one property in the tyre usually changes 

or affects other tyre properties (Gent and Walter, 2005). 

 

There exist three different types of tyres: summer tyres, winter friction 

tyres and studded winter tyres (later described). Winter friction tyres can 

be subdivided into two types based on how they are optimized: continental 

or Nordic, where the former is optimized towards wet road surfaces and 
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the latter towards icy and slushy road surfaces. This is done not only 

through materials but also through the design of the tyre. 

 

From a PM emission point of view, tyres is one of the aspects contributing 

to the total non-exhaust PM, both by tyre wear itself (Thorpe and Harrison, 

2008) as well as how different tyre types affect the resuspension rates of 

road dust. The latter is mentioned in e.g. Kupiainen and Pirjola (2011) 

where an investigation using mobile measurement vehicle Sniffer 

(described in chapter 5.3.1 Sniffer) showed that studded tyres and light 

vehicle studded tyres in comparison to non-studded winter tyres (van 

tyres). Especially at speeds of 50 km/h or higher this difference was clear. 

Factors influencing this was both speed, the number of studs per tyre 

together with the weight of the studs. 

  

An earlier investigation by Hussein et al. (2008b) using another 

measurement van (described in chapter 5.3.3 EMMA) also investigated the 

impact of tyres on emitted PM from the road surface and tyre interaction. 

They compared a studded tyre to a non-studded (winter friction) tyre as 

well as a summer tyre and found that studded tyres increased emission by 

2 – 6,4 times compared to the friction tyres. The friction tyre in turn caused 

an increase of particle emissions by 4.4 – 17 times compared to summer 

tyres. The authors conclude that abrasion wear of pavements is the main 

cause to the higher emissions from studded tyres, while suspension is the 

main contributor for the winter friction tyres. The authors point out that 

more studies are required using light vehicle tyres rather than van tyres. 

 

As indicated by the results, care is required since the measurement takes 

place behind the wheel, the results will be influenced by eventual braking 

events (direct brake wear emissions), emissions from tyre wear and 

emissions from pavement wear. 
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3.1.1. Studded tyres 

Studded tyres have another component than the regular winter tyres; the 

studs. During the development and introduction of studded tyres during 

the late 1950s (Angerinos et al., 1999) or 1960-1970 the studs were 

manufactured in steel (Zubeck et al., 2004, Doré and Zubeck, 2009). The 

development since then have gone towards introducing lighter studs. The 

main reason for this development is due to the weight having a negative 

effect on the abrasion wear of pavements. One example of study on this is 

done by  Gustafson (1992). He found in a trial in the circular Road 

Simulator (RS) at VTI where lighter studs used (light weight metal studs 

with jacket of aluminium, and plastic studs in comparison to traditional 

steel studs) gave a significant reduction of the abrasion wear, see Figure 7. 

 

Figure 7. The results from testing different stud types in the RS. The pavement type was a 
Swedish HABT16 porphyry (Hard Dense Asphalt Concrete, maximum aggregate 
size 16 mm of type porphyry). Observe that the y-axis is expressed as the abraded 
area of the cross section, cm2. Also observe that steel studs (blue line) was 
conventional at the time the trials were made. The plastic studs (orange line) had a 
body of plastic, but the pins were in metal. Tyres used was Gislaved Nord Frost and 
Good Year Ultra Grip 300. Both cases had about 110 studs per tyre. Graph based 
on Gustafson (1992, table 6, p. 50). 
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According to Zubeck et al. (2004) two different types of studs are available 

in Anchorage (Alaska, U.S.A): conventional and light weight studs. The 

conventional stud has a steel jacket with tungsten carbide pins, usually 

with one flange (see Figure 8). The mass of these studs varies for different 

vehicle types but is commonly 1.9 grams for personal vehicles. The 

lightweight studs usually have a mass of 1.1 grams for personal vehicles and 

consists of a polymer jacket (or light metal composite) with tungsten 

carbide pins. These studs have one or two flanges (see Figure 8).  

 

Figure 8. The different types of stud construction. Left is multi-flange construction and right is 
single flange construction. Source: Simon Company Group, 2003 [as cited in 
(Zubeck et al., 2004)]. 

 

In Sweden, regulations exist describing the number of studs per tyre, the 

weight of the studs, the mean and maximum protrusion and the static dub 

force (TSFS, 2009:90, TSFS, 2009:19). The regulations states that for light 

vehicles: 

 

• The number of studs should not differ more than 25% from the 

tyre with most studs mounted on the vehicle. 

• A combination of studded and non-studded tyres may not be 

mounted on a vehicle. 

• Studs may be mounted in tyres determined by tyre manufacture. 

• Tyres used after 1 October 1998 must fulfil the requirements 

below: 
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 Pipe studs are not allowed.1 

 Studs may not have a mass larger than 1.1 g. 

 From 2013, the number of studs can be maximum 50 per 

meter of rolling circumference. 

 The mean protrusion over the tyres surrounding tread 

may not exceed 1.2 mm for newly studded tyres or for tyres 

where new studs have been mounted. 

 The maximum protrusion may not exceed 2.0 mm for 

tyres in use. 

 The minimum protrusion should not be less than 0.9 mm 

for tyres in use. 

 The static stud force (measured at a protrusion of 1.2 mm 

at 20°C ± 4°C) may not be more than 120 N for newly 

studded tyres. 

 

Similar legislations are available in both Norway and Finland. This 

legislation also state under which time periods the different tyre types are 

allowed, while also regulating during which conditions outside of the 

normal period winter tyres (studded tyres) are allowed. 

 

The interaction between the road surface and the studded tyres is 

described by Gültlinger et al. (2014). The authors described the mechanical 

process according to Figure 9 and consists of six different phases: 

 

1. The impact of the stud and pavement, meaning the first moment 

of this interaction contact. 

2. Intrusion of the stud into the tyre (and the pavement depending 

on type) 

3. Adhesion between the rubber and stud to the surface. If the tyre is 

running with slip, uniform deflection is present. 

                                                             
1 Pipe studs was an older technology used in studded tyres, which have since 

been banned. 
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4. Transition between adhesion (3) and sliding (5), which depending 

on the friction between the different studs and rubber materials 

and the track, sliding will occur for one of the two, while the other 

will continue to adhere to the surface until the limit of adhesion is 

reached. 

5. At sufficient slip values both rubber and stud slides. 

6. Snap out. This phase can be considered as the opposite of phase 2 

(the process of when the stud lose contact with the surface) 

 

 

Figure 9. The contact between the studs on a rolling tyre and a surface. Source: Gültlinger et 
al. (2014). 

 

All these phases affect the abrasion damage according to the author by 

means of impact damage (e.g. energy from impact damaging the 

pavement), scratching damage (due to relative movement under vertical 

load) and compressive damage (the vertical load exceeding the 

compressive strength of the material underneath the stud).  

 

According to the author, the impact damage is influenced by both driving 

speed, tyre slip, stud protrusion as well as the shape of the loaded tyre. The 

scratching damage instead is considered to be a minor part of the road 

wear, with the relative movement dependable on the slip condition of the 

complete tyre. This is due to the horizontal force being very low due to low 

friction between hard metal (i.e. studs) and stone. The compressive 

damage is assumed by the authors to be due to local stress peaks. 
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3.2. Tyre usage in Sweden, Norway and Finland 

The Swedish Transport Administration (STA) has measured the number of 

vehicles with studded tyres in different cities. From these measurements 

they estimated the usage of different types of tyres used during the winter 

(January - March): summer tyres, non-studded tyres and studded tyres, 

see Figure 10. STA also present the tyre type usage divided into different 

Swedish regions, see Figure 11. The different regions are shown in Figure 

12. 

 

Figure 10. Estimations of the national mean share of different types of tyres used during the 
Swedish winter (January – March) during the years 2010 - 2016. Based on data 
from Trafikverket (2016). 
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Figure 11. Estimated share of tyre type during the Swedish winter (January – March) for each 
region during the years 2010 – 2016. Drawn from data in Trafikverket (2016). 

0

10

20

30

40

50

60

70

80

90

100

South West East Stockholm Middle North

Sh
ar

e 
o

f 
ty

re
 t

yp
e 

[%
]

The different regions of Sweden

Tyre types during winter in the different 
Swedish traffic regions

2010 - Studded tyres 2011 - Studded tyres 2012 - Studded tyres

2013 - Studded tyres 2014 - Studded tyres 2015 - Studded tyres

2016 - Studded tyres 2010 - Non-studded tyres 2011 - Non-studded tyres

2012 - Non-studded tyres 2013 - Non-studded tyres 2014 - Non-studded tyres

2015 - Non-studded tyres 2016 - Non-studded tyres 2010 - Summer tyres

2011 - Summer tyres 2012 - Summer tyres 2013 - Summer tyres

2014 - Summer tyres 2015 - Summer tyres 2016 - Summer tyres



3. Road Surface and Tyre Interaction 

28 
 

 

Figure 12. The Swedish Traffic Administrations traffic regions. Adapted and modified from: 
Trafikverket (2015). 

 

These figures show, on a national level, a relative stable usage of studded 

tyres and non-studded tyres for the last 5 years, with a clear majority using 

studded tyres, with exception of region south. It is also clear that while 

going from southern Sweden to northern Sweden the proportion of 

studded tyre usage increases. It should also be pointed out that due to 

larger population in the regions of South, West, East and Stockholm, as 

well as the coastal area of the regions Mid and North, most of the traffic is 

situated there. For Norway, the range of studded tyre usage is between 12-

79% for the different regions (Statens Vegvesen, 2015) and in Finland, 

depending on the region, the numbers are about 76-99% (Unhola, 2016). 
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3.3. Surface course properties related to road dust and 

PM10 generation 

The other part affecting the road surface and tyre interaction and the 

emissions of PM is the surface course. With this is meant the inherent 

material properties as well as the mixes used, not the texture of such 

surfaces, which is described in chapter 3.4 Road surface texture. Unless 

otherwise stated, surface course or similar wordings implies bituminous 

mixes. 

 

Surface courses has several characterising properties which should be 

considered including durability, safety and economical aspects. Heather 

(1998) gives some example on characteristics which could be considered 

when determining which surfacing to use, such as being durable to resist 

wear and deformations, to be economical to place and maintain and be able 

to provide sufficient friction among others. These characteristics of the 

surface course is dependent on several variables not limited to the material 

itself: 

 

• The binder:  

 type (cement/bitumen),  

 modifications of the binder (e.g. Polymer Modified 

Bitumen, PMB),  

 properties of the binder (e.g. penetration, the time-

temperature dependency of properties etc.) and  

 the amount of binder used in the mix. 

• The mineral aggregate:  

 properties of the aggregate (e.g. resistance against 

abrasion wear),  

 mix of aggregates (e.g. different shares of high quality 

aggregates in an aggregate mix),  

 largest stone size used, and  

 the sieving curve used (the different fraction of sizes used). 
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• The mix type: the use of e.g. Dense Asphalt Concrete (DAC), Stone 

Mastic Asphalt (SMA), Porous Asphalt (PA), Concrete 

(cementitious) Pavement (CP), singe/double layered chip seal, 

Ultra-Thin Asphalt Layer etc. 

• The geographical location and metrological conditions 

• As mentioned earlier, the other parts of the road construction 

• The traffic:  

 the Annual Average Daily Traffic (AADT),  

 the share of heavy traffic,  

 the share of studded tyre usage,  

 the concentration of traffic to tracks (less transverse 

movement). 

 

In Sweden, for the state-owned road network (e.g. highways, major roads) 

most common surface courses is given in Table 2. As can be seen, most 

wear courses consist of either single or double layer surface dressing, 

followed by DAC and SMA. It can also be noted the minor contribution of 

porous and Cement concrete pavements.  

 

The SMA was originally developed in Germany during the late 1960s 

(Loveday and Bellin, 1998) to reduce the wear due to studded tyres, while 

the PA was originally designed to drain away water from the road surface 

and by doing so increase the overall road safety by avoiding hydroplaning 

as well as the splash and spray effect which causes bad visibility (Dawson 

et al., 2009). It was later discovered that PA also has the positive effect of 

reducing road traffic noise and is today to some extent used as a noise 

reducing measure. In Sweden one good example where a PA is used as a 

noise reduction measurement is on the highway E4 outside of Huskvarna. 

This pavement type is currently seeing extra efforts for development to 

increase the technical life span, while not decreasing the acoustical 

beneficial effects (Jacobson and Viman, 2015). The chip seals are a 

surfacing type used for maintenance actions. It is done by first spreading 

bitumen emulsion on an adjusted surface, upon which aggregates are then 

spread. Chip seals are usually placed on 1 - 6 year old pavements. This 
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surfacing is used on low to medium traffic roads (Johansson et al., 2014). 

Double layer chip seals are not in use anymore in Sweden due to being 

more complicated to place and due to being more costly than single layered 

chip seal. Ultra-Thin Asphalt Layer is another surface type used for 

maintenance actions. This type is done by placing a thick layer of bitumen 

emulsion on an existent adjusted surface (i.e. by milling and thus reducing 

tracks from rutting) upon which a thin layer of open graded hot mixed 

asphalt is spread and compacted. This type of pavement is used mainly on 

high traffic roads (Johansson et al., 2014).  

Table 2. Common surface courses on state-level road network in Sweden calculated from 
information of total road length with the corresponding surface type, given by Fredrik 
Lindström, Swedish Transport Administration2. The different categories are the 
summarised type of all different subtypes in the category. The remaining share is 
different types of repair and maintenance pavements. 

 

Surface Course Share of Road Network [%] 

Dense Asphalt Concrete 16.5 

Stone Mastic Asphalt 14.8 

Porous Asphalt 0.1 

Concrete Pavement 0.2 

Single/Double Layer Chip Seal 24.6 

Ultra-Thin Asphalt Layer 5.3 

Total: 61.5 

 

Investigations made by Jacobson and Wågberg (1997) showed that 

abrasion wear of pavements is dependent on several factors: 

 

• The amount of studded tyre traffic 

• The speed of the traffic 

• Dry/wet conditions 

                                                             
2 The portions of surfacing types are based on numbers on total road length with 

each type given by Fredrik Lindström, responsible for the data system containing 

this information at the Swedish Transport Administration. The correspondence 

was done 2016-02-03 by e-mail. 
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• The maximum mineral aggregate size 

• The mineral aggregate resistance to abrasion 

• The amount of large mineral aggregates 

• Construction type (SMA or DAC) 

• And later also the Prall abrasion value (Jacobson and Wågberg, 

2007) 

 

Similar is mentioned by Doré and Zubeck (2009) who gathered an 

overview on how different factors affect the abrasion wear of hot mixed 

asphalts (HMA). They also mention other factors such as e.g. use and 

duration of traction sanding, density of intersections, the crown slope etc. 

Other investigations has been performed where steel slag aggregates (SSA) 

have been used in HMA with the conclusions that SSA gives an increased 

resistance against abrasion (Wen et al., 2016). Furthermore, the authors 

also concluded that the resistance against thermal cracking and rutting 

increased. Also, for the mixture with 60% SSA, the amount of bitumen 

required decreased from 6,1% to 4,8% in comparison with mixtures 

without SSA. The authors mention that the usage of SSA seems to be 

particularly useful for the north-western U.S.A. Similar investigations in 

Sweden have shown that the usage of SSA seems positive. One 

investigation performed by Viman (2015) showed that different types of 

slags showed positive results regarding different aggregate properties, such 

as the Nordic abrasion value. 

 

As mentioned, there are some components of pavement that affects the 

wear of an asphalt surfacing more than others. There have been some 

investigations regarding how different pavement composition impact on 

the actual PM emission. One investigation performed by Gustafsson et al. 

(2008) in VTIs’ RS showed that an granite asphalt (AC) gave 3-4 times 

higher PM10 equilibrium concentrations than a quartzite while using 

studded tyres (see Figure 13). 

 



3. Road Surface and Tyre Interaction 

33 
 

 

Figure 13. The PM10 concentration due to wear from studded tyres (S) and friction tyre (F) for 
two different pavements in VTIs’ RS. ABT = AC, G = Granite, ABS = SMA, Q = 
Quartzite. Source:  Gustafsson et al. (2008). 

 

Other investigations performed in the RS by Gustafsson et al. (2011c) 

aimed at investigating how aggregate properties and aggregate size 

affected the production and properties of inhalable particles at studded 

tyre wear. They concluded that the mineral aggregate does substantially 

affect the production of PM10 for the three aggregates tested. They also 

concluded that speed, tyre type and the studded tyre fraction affects the 

size distribution of the particle mass, as well as the generation of ultrafine 

particles. Another conclusion was that increased speed resulted in more 

emissions and increased share of studded tyres increased the emissions. 

For a total of 17 different pavements tested it was concluded that the Nordic 

abrasion value is an important measure to assess the dusting tendency of 

the pavement. At 50 km/h about 70% of the variation was explained by the 

Nordic abrasion value. It is also pointed out that the Los Angeles value 

explains about 61% of the variation in the same data and that, when using 

the RS, more than just the pavement properties affects the PM10 emissions. 

Examples on other factors impacting on the emissions was the state of the 
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studs in the studded tyres used as well as the metrological conditions (in 

this case relative humidity).  

 

Examples on how the pavement types as well as mineral aggregate type 

impact on PM10 mass concentrations and number concentrations is further 

illustrated in Figure 14 and Figure 15. In Figure 16 an illustration is given 

on how the share of studded tyre can impact on the PM10 mass 

concentrations. 

 

 

Figure 14. A comparison between the PM10 emission in the RS tests for several different types 
of SMA (ABS 16, 11 and 8) and several types of aggregates in order of legend 
appearance: syenite, diabase, quartzite, porphyry granite, mylonite, steel slag, steel 
slag, quartzite and rhyolite. Source: Viman and Gustafsson (2015). 

 



3. Road Surface and Tyre Interaction 

35 
 

 

Figure 15. Mass size distribution for three different pavements (SMA16, 11 and 8) with three 
different types of mineral aggregate (Quartzite, Porphyries and Mylonite) at three 
different speeds. Source: Gustafsson et al. (2011b). 
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Figure 16. Impact on PM10 concentration depending on share of studded tyres in the RS. 
Source: Gustafsson et al. (2011b). 

 

Gustafsson and Johansson (2012) wrote a more extensive report regarding 

the most important results from research projects financed by the Swedish 

Transport Administration. The authors concluded that: 

 

• Pavement properties do affect PM10 emissions. 

• For the common asphalt pavements, Largest aggregate size and 

the resistance against studded tyre abrasion (Nordic abrasion 

value) seems to be important indicators. 

• Indications show that the construction type (SMA or DAC) does 

not have the same importance as properties described in point 2 

for the particle emissions. 

• Rubber-mixed pavements seem to have positive effects based on 

the limited investigations. 

• Porous Pavements have not showed a reduction in emissions in 

Swedish investigations. The authors point out, though, that 

literature from the Netherlands and Germany indicate a reduced 
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emission, that could be explained by drainage transport of road 

dust into the PA, thus becoming unavailable for suspension. 

 

From a particle emission point of view the effect of PA is, as mentioned, 

uncertain. While it is clear that particles deposit on (and in) the pavement 

and clogs it (Dawson et al., 2009), it is uncertain how much particles that 

can be resuspended. One investigation by Nordberg (2007) who performed 

mobile measurements while investigating how Skanska’s “Silent Asphalt” 

(SA)3 affected the emissions of PM10 could not conclude that SA is a low 

emitting pavement. It was instead in line with other pavements. The 

authors mention that measurements on roads with a lower Nordic abrasion 

value (6) compared to those with higher values (9) gave less emissions, as 

well as that the mineral aggregate quality have an effect. They also mention 

that pavements with lower values of Nordic abrasion value were located on 

roads with higher traffic load while the higher values were more common 

outside of urban areas.  

 

There have been trials using steel slag to reduce the abrasion wear from 

pavements as previously mentioned. One investigation where the impact 

of using steel slag as aggregate in two pavements (SMA8 and SMA11) on 

PM10 emissions was performed using the RS (Viman and Gustafsson, 

2015). It was concluded that for both the ABS8 and ABS11 (both with slag), 

the emissions were relatively low and was comparable with the lowest 

emitting ABS11 (with regular aggregates) tested in the RS. It was also 

concluded that the ABS8 had lower concentrations than the earlier ABS11 

regarding the number size distribution and dominated by particles peaking 

at around 20 nm, in comparison with the number peak at 40 nm for the 

ABS11. 

 

Another type of pavement material common in large parts of the rest of the 

world, especially the United States, is concrete. In Sweden, as mentioned 

                                                             
3 Silent Asphalt (in Swedish Tyst Asfalt) is Skanska’s own construction of a 

Double Layered Porous Asphalt (DLPA). 
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before, concrete roads barely exist (see Table 2) in comparison with 

bitumen-based pavements. In an investigation performed by Johansson et 

al. (2009), concrete pavement gave substantially reduced particle 

emissions in comparison with the asphalt pavement when using studded 

tyres. The reduction was 31%, 24% and 29% for the concrete pavement at 

speeds of 70 km/h, 90 km/h and 100 km/h respectively. For the winter 

tyre with no studs, a clear reduction of PM10 emissions could be seen, for 

the asphalt pavement with a factor of 10 and for the concrete pavement a 

factor of 4-6 in comparison with the studded tyre. Gustafsson et al. (2013a) 

performed another investigation on how a regular concrete pavement 

differs from an SMA16 in terms of PM10 emissions in the RS. The authors 

concluded that the concrete pavement gave higher direct emissions of 

PM10. It was found that the cement in the concrete pavement contributes 

to the PM10 concentrations by an abundance of Ca and was deemed the 

most important factor for the increased PM10 emissions. This despite the 

lower total abrasion wear than the asphalt pavement. It was also noted that 

the concrete pavement emitted less, and slightly smaller sized, ultrafine 

particles than the asphalt pavement towards the end of the measurements. 

3.4. Road surface texture 

Three types of textures exist: microtexture, macrotexture and megatexture 

(PIARC, 1987). Different textures are connected to different irregularities 

or have influence on them, as described in Table 3. For a horizontal range 

with wavelengths larger than 500 mm is denoted as evenness rather than 

texture (Moffatt and Urbain, 2016). 
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Table 3. The classification of different irregularities on the road pavement surface. Table adopted from PIARC (1987) and Moffatt and Urbain (2016). 

 

Area Horizontal Range [mm] Irregularities connected with: Irregularities influence: 

Microtexture 0 – 0.5 

• surface texture of the aggregates 
depending on shape, angularity 

• texture of bituminous and cement 
mortar 

• surface texture of paving 

• skid resistance on dry, moist and wet 
pavement (for all speeds) 

• high frequency tyre/pavement rumbling noise 

Macrotexture 0.5 – 50 

• mix design such as size, shape, 
spacing and arrangement of 
aggregates 

• surface treatment such as grading, 
aggregate exposure, shipping 

• deficiencies such as cracks and 
wide joints, loss of clippings 

• surface or internal drainage of the 
material 

• splash and spray 

• skid resistance on wet pavement for medium 
to high speed 

• rolling resistance 

• optical properties of pavements 

• high and low frequency road/pavement 
rumbling noise 

Megatexture 50 – 500 

• type of materials such as concrete 
paving blocks 

• regularity of laying and 
compaction methods 

• deficiencies such as e.g. rutting, 
frost damage, potholes, loss of 
surface material 

• local treatments such as repairs 

• control and stability of vehicle 

• storage of water and reduced grip 

• vehicle and tyre deterioration 

• comfort e.g. high frequency mechanical 
vibrations in the steering and transmission 
gear 

• vibration of constructions along the road 
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Road surface texture can be either random or periodic; porous, open or 

closed; isotropic or anisotropic regarding spatial variation, surface cavities 

and texture characteristic patterns (Moffatt and Urbain, 2016). 

Furthermore, texture values can on a spectrum basis be identical while the 

vertical direction of the texture can differ. Texture can also be described as 

either positive or negative based on the skewness (Figure 17), where 

positive texture often is found for surface dressings while negative surface 

is found for e.g. porous asphalt. Negative surfacings is also found for SMAs 

and DACs (Lundberg, 2012). 

 

 

Figure 17. Upper figure shows an example of positive texture while the bottom figure shows 
an example of negative texture. 

 

For road dust, so far, the most common texture discussed have been the 

macrotexture, which will be the continued focus. Currently, two different 

method is considered the most common regarding measurement of 

macrotexture (Moffatt and Urbain, 2016): by the profilometer method or 

by volumetric patch method. 

 

The volumetric patch method is used to measure the Mean Texture Depth 

(MTD) and is done by spreading out a known volume of characterized glass 

(or sand) spheres on a clean road surface into a circular patch, after which 
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the diameter of this patch is measured four times and the MTD is 

calculated as (CEN, 2010b): 

𝑀𝑇𝐷 =
4𝑉

𝜋𝑑2
 

where: 

MTD = Mean Texture Depth [mm] 

V = Sample volume [mm3] 

D = average diameter of the patch area [mm] 

 

The volumetric patch method gives a good accuracy and repeatability of 

the MTD, given trained personnel performing the measurement, while also 

being simple with low cost equipment (Moffatt and Urbain, 2016). The 

method does require traffic free roads and a stationary operation rendering 

the method unpractical when used for measurement at large scale. 

 

The profilometer is, in comparison with the volumetric patch method, an 

automated method where a sensor is used to scan the road surface to 

measure the profile (Moffatt and Urbain, 2016). Most common of these 

sensors is the laser sensors which measure distance by triangulation and 

the reflected laser is focused on an optical detector (Figure 18). From these 

measurements can the Mean Profile Depth (MPD) be calculated. 
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Figure 18. Schematic drawing of the laser profilometer method. Adapted from: Moffatt and 
Urbain (2016). 

 

In comparison to the volumetric patch method, the laser can be either 

stationary or mounted on a vehicle (Moffatt and Urbain, 2016) of which 

the latter method allow for measurement without closing the road which is 

required for a stationary laser. 

3.4.1. Road surface texture and its impact on road dust and PM 

emissions. 

There is not much research available regarding how the texture influences 

the road dust storage, and in turn, the emissions of PM10 from the road 

surface and tyre interaction.  

 

Blomqvist et al. (2011) performed a small investigation where the road 

surface macro texture (as MTD) was measured for five different surface 

courses, which had previously been subject for abrasion wear by studded 

tyres in the VTI circular Road Simulator. After manually applying 2 g of 

mineral filler material with 20% in the PM10 fraction, the suspension was 
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achieved in the same manner as in Etyemezian et al. (2007) who 

introduced suspension by applying wind shear by a rotating disc at a fixed 

height over the surface with a PI-SWERL (Portable In Situ Wind Erosion 

Lab). This is done in an enclosed chamber and the emission is measured in 

an exhaust port. The emission in the study of Blomqvist et al. (2011) used 

a TSI DustTrak to measure the PM10 emission, and each measurement was 

repeated five times. They concluded that there is a strong negative linear 

correlation between the dust emission potential (measured as mean peak 

PM10) and increasing macro texture. 

 

In a larger controlled study, China and James (2012) investigated how the 

macro texture influenced the PM10 emissions from paved roads. By 

applying a known and constant soil loading with a known PM10 fraction at 

12 different test sites representing different macro textures measured as 

MTD for three different types of roads (local, collector and minor arterial 

roads) with distinct difference in speed limits and traffic loading. By using 

a mini version of the PI-SWERL and a TSI DustTrak, the PM10 emission 

was measured. This was done for three cases, (i) using in situ dust loading, 

(ii) after cleaning using the AP-42 method and (iii) after application of a 

controlled soil on the cleaned surface. Also, the measurements were done 

by increasing the Mini-PI-SWERL rpm from 0 to maximum of 5000 rpm 

in steps of 1000 rpm. Measurement was done both where visible tyre tracks 

was not present (3 replications) and where visible tyre tracks was present 

(6 replications), with measurements both on wheel tracks and in-between. 

The results showed that a significant correlation between MTD and the PM 

emissions. At higher rpm, it seemed like the emissions declined.  Another 

aspect was seen during the investigations. The two sites with highest MTD 

gave indications of an association between emitted PM10 mass and the 

relative frequency of deep-narrow and close to flat, narrow-medium width 

features in the texture. The deep-narrow features likely contributed to a 

lower PM10 emission due to the applied shear not being able to reach the 

erodible particles, while the flatter, low-medium width likely contributed 

to increased PM10 emissions due to being more exposed to the applied 

shear. 
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Blomqvist et al. (2013) investigated how the actual dust load is affected by 

the road surface macro texture. By sampling dust using a Wet Dust 

Sampler (WDS) at four test sites at eight different times (from October 

2011 to January 2013) in Stockholm, Sweden, and comparing it to the road 

surface texture, measured at each side both as MTD by using the sand-

patch method as well as measuring the MPD using a RST vehicle from VTI. 

The results tell of a large variation between as well as in the different 

locations, pointing to a large possible variation of road dust, due to 

geographic variation of the texture. 

 

Blomqvist et al. (2014) performed another investigation in which the MPD 

was measured along Hornsgatan in Stockholm, Sweden, using the RST 

vehicle from VTI. The RST was also fitted with a TSI DustTrak, measuring 

the PM10 in the wake behind the vehicle. The MTD at each location was also 

determined using the sand patch method. Also, using the WDS, sampling 

of the road dust was performed at 14 occasions from October 2011 to 

October 2014. The results from the study tells of a good correlation 

between the MPD and the measured PM10 emission, despite the likely 

impact from local winds on the measurement. It was also seen (as in 

Blomqvist et al., 2013) a large variation both in room and over time and 

that both the dust load as well as the PM10 emissions seems to be related to 

the road surface texture.  

 

Amato et al. (2013) performed an investigation in which they assessed the 

impact of the maximum aggregate size of pavements on the suspendable 

road dust mass (of maximum size 10 µm) accumulated on the road surface. 

They also investigated the impact of traffic intensity and the distance from 

breaking zone. They used a dry vacuum sampling device  in combination 

of performing a photographic analysis to determine the pavement 

aggregate mean size, similar to the work done by China and James (2012). 

Due to lacking information regarding the MTD, an uncorrected mode was 

used for the analysis.  Amato et al. (2013) concluded from their survey that 

the pavement aggregate size (and traffic intensity) have an impact on the 

road dust emission potential from each single vehicle. They also concluded 
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that a negative power law relationship exists between road dust loadings 

(suspendable or mobile) and the pavement aggregates mean size. The 

authors claim that this is due to a higher wear rate of finer particles, which 

in turn is linked to either lower hardness of the mineral aggregates. 

Another possible explanation would be the link to friction of tyres of the 

higher surface available. 

 

In another work, Padoan et al. (2017) continued the work of Amato et al. 

(2013) in which a model was developed to predict the suspendable dust 

load based on road surface macro texture (as MTD), traffic intensity and 

distance to breaking zone. The macro texture was characterised using the 

method presented by China and James (2012) in which a combination of 

photographic analysis in combination with MTD measurements was used. 

It was concluded that an inverse relationship existed between the mobile 

dust load and the three parameters investigated. 

 

Another link between the road dust load and the texture is described in 

Lundberg et al. (2017), where the potential maximum dust load retained 

was calculated using texture calculations for a low speed of 10 km/h. This 

study implies that the common macro texture data collected each year in 

extended amounts on Swedish roads can be used for road dust loading 

calculations (using MPD or MPDn, the inverse MPD), although more 

research is required since the assumption of from start having a filled 

macrotexture is unreasonable. Also, more complex issues where abrasion 

wear changes the macro texture requires more investigation. Other issues 

are the metrological conditions and the cementation and compaction 

processes. This paper is appended to this thesis in which the reader can get 

more details. 

 

These studies show a link between the road surface macro texture, the dust 

load and the dust emissions. The studies in which the emission potential 

was investigated all seems to conclude negative relationships between the 

PM10 emissions and the road surface macro texture (MTD). Studies instead 

dealing with dust load and macro texture seems to be in disagreement. On 
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one side, the total dust load seems to increase with increasing macro 

texture (MPD and MTD), while the suspendable fraction instead decreases 

with increasing macro texture. This might be due to larger particles having 

more space to be stored in hidden from direct contact of tyres while being 

too heavy to be transported due to wind shear applied, i.e. heavier particles 

are not transported away in such manner as the suspendable fractions. 

Other aspects might be as China and James noted that the features of the 

macro texture likely have an impact on the emission potential. Also 

featured in the studies is the potential large variation both between 

different surfaces, but also within the same surface. 
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4. Determination of Wear Course Properties 

There are several factors contributing to the wear of a pavement and in 

extension the generation of PM10. This creates the need to be able to test 

the different properties in a controlled laboratory environment, which is 

cheaper and more controllable than experimenting in full scale. As 

mentioned earlier, both the mineral aggregates and the mix type will affect 

the abrasion wear. Therefore, there is a few different laboratory methods 

available to test certain properties for both mineral aggregates as well as 

the mix type. 

4.1. Mineral aggregate properties 

Pavements contain a large part of mineral aggregates. This affects the 

asphalt mixtures resistance against abrasion. Mineral aggregates have 

many different properties, and there are many ways to measure them. The 

methods that follow is the one used in Sweden, and in some (if not all) the 

countries in the EU. 

4.1.1. Nordic abrasion method 

The Nordic abrasion method (also called Nordic ball mill method) is used 

to determine the resistance of mineral aggregates to wear by the abrasion 

from studded tyres. According to FAS Metod 259-02 (2002) an given 

amount of the clean sieved fraction (the sample should be so large that at 

least 5 kg of the 11,2-16,0 mm fraction can be obtained) is milled down 

during one hour by 7 kg steel balls (about 500 steel balls with a diameter 

of 15 mm) in a mill filled with two 2 litres of water. After milling, the 

amount of the sample that passes through a 2 mm sieve is determined. The 

Nordic abrasion value is then given according to: 

𝐾𝑘 = 100 ∙
(𝑚𝑖 −𝑚2)

𝑚𝑖

 

Where: 

Kk = Nordic abrasion value 

mi = weighed analysis sample in gram with one decimal 
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m2 = the part of the analysis sample that after milling is larger than 

2,0 mm meaning the sum of remaining material on the sieves of 2 

mm, 8 mm and 14,0 mm determined in gram with one decimal. 

 

During their work with establishing the VTI studded wear prognosis model 

(described later), Jacobson and Wågberg (1997) summarized and 

performed trials where they could establish a correlation between the 

Nordic abrasion value and the road wear by placing slabs with different 

aggregates with different abrasion values in roads and measure the wear 

due to traffic, see Figure 19. 

 
Figure 19. Degree of explanation, R2, and regression equation between Nordic abrasion value 

(y-axis) and road abrasion wear (x-axis). The correlation is between wear measured 
in the field on test slabs and the results from the Nordic ball mill test. In the white 
bubbles (from left to right) it says: porphyry, quartzite, fine-grained granite, medium-
grained granite, and gneiss. Source: Jacobson and Wågberg (2007). 

4.1.2. Micro-DeVal 

Another method for determination of the resistance of abrasion wear is the 

micro-Deval method. According to the standard, the  principle is that a 

sample of at least 2 kg mineral aggregates is placed in a micro-Deval drum, 

where 5 kg of steel balls as well as 2,5 litres water is added (CEN, 2011). 

After 12 000 rotations at the speed 95-105 rotations per minute, the 
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sample is collected. The mass retained on a 1.6 mm sieve is recorded. The 

micro-Deval coefficient for wet condition is than calculated as: 

𝑀𝐷𝐸 =
500 − 𝑚

5
 

Where: 

m  = the oversize fraction retained on the 1.6 mm sieve expressed in 

grams. 

4.1.3. Los Angeles Index 

The Los Angeles (LA) method is a method used to determine the resistance 

against fragmentation for an aggregate sample (CEN, 2010a). The 

principle behind the method is that steel balls are positioned in a drum and 

then the aggregate sample is added. After 500 rotations at the speed of 31-

33 rotations per minute the sample is collected, and the steel balls 

removed. The sample is then washed and sieved in a 1.6 mm sieve and is 

done until a constant dry mass is retained. The LA index is than calculated 

as: 

𝐿𝐴 =
5000 − 𝑚

50
 

Where: 

m  = the sample mass retained from the sieving. 

4.1.4. Impact value 

The method is used to determine the strength with regards to impact strain 

for a clean sieved fraction of mineral aggregate (FAS Metod 210-01, 2001). 

The fractions can be 5,6 – 8 mm, 8 – 11,2 mm or 11,2 – 16 mm. This method 

can be applied to both crushed and un-crushed material. The impact value 

is the part of a sample, in weight. % that after treatment in a standardised 

fall hammer apparatus passes the sieve corresponding to the smallest grain 

size of the sample. This impact value is not a material constant due to its 

dependence with chosen sample fraction, grain shape and the kind of 

crusher used to produce the sample (among other). For instance: the 

fraction 11,2 - 16 mm usually gives a higher impact value than fraction 8 - 

11,2 mm, while fraction 5,6 – 8 mm can give both lower or higher values 
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than the 8 – 11,2 mm fraction. Furthermore, rounded particles tend to give 

lower impact value than angular grains and laboratory crushed samples 

often gets lower impact value than a sample taken from production. 

4.2. Surface mix type properties 

Despite being able to test single materials inherent properties, there is also 

perhaps a greater interest in testing the composite material directly since 

the different composites together can give a result which differs from the 

individual material. One such aspect in this case is how the abrasion wear 

of pavements work where a studded tyre interacts with the surface mix and 

not only the aggregates used.  Several methods exist, on a laboratory scale, 

to estimate and evaluate the abrasion wear. Among these methods is the 

Prall method (method A), the Pavement Wearing Ratio (PWR) method 

(method B) of which both today are European standards (CEN, 2016). 

Another method of interest is the Tröger method which originally was 

developed for abrasion wear of road marking materials but was later 

modified to test abrasion of studded tyres.  

4.2.1. Prall abrasion method 

One of the methods available to test the resistance of abrasion against 

studded tyres is the Prall method, or method A in the European standard 

(CEN, 2016). According to the method, a circular cylindrical body of with 

a diameter of 100 mm and a thickness of 30 mm is tempered to +5°C. After 

the tempering, the test body is exposed to abrasion during 15 minutes by 

the usage of 40 steel spheres. The volumetric loss of the wear material in 

millilitres is decided and is reported as the abrasion value. The Prall 

abrasion value is given according to:  

𝐴𝑏𝑟𝐴 =
𝑀1 −𝑀2

𝛾
 

Where: 

AbrA = Prall abrasion value [cm3] 

M1 = the water stored, surface dry test body’s weight in air before 

testing [g] 
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M2 = the water stored, surface dry test body’s weight in air after testing 

[g] 

γ = bulk density of test body [g/cm3] 

 

According to the standard, the reproducibility, R, is 27%, while the 

repeatability, r, is 15%. This method is the one that Sweden uses as a 

method for testing the resistance against abrasion of a surface mix type. 

 

The Prall method shows potential to be developed further regarding wear 

particle characterisation, since the loose material is washed away in a water 

flow which can be collected. One of the more obvious possible problems 

with development of this method is that the particles are transported in 

water which can impact on the particles in different ways and might behave 

differently as when suspended into air. Another issue is that the current 

PM measurement devices are mainly based around particles suspended 

into air. 

4.2.2. Pavement wearing ratio 

The PWR method was originally developed in Finland and correlates to the 

abrasion in the field, but is nowadays known as method B in the European 

standard (CEN, 2016). The principle is that a circular cylindrical body of 

with a diameter of 100 mm and a thickness of at least 45 mm is glued to 

steel plates and tempered to +5°C. The standard states that the test body is 

worn wet by the usage of three studded tyres (located 120° apart) rotating 

on the vertical surface of the body for two hours. Finally, the volumetric 

loss of the wear material in millilitres is decided and is reported as the 

abrasion value. The PWR abrasion value is according to the standard given 

by: 

𝐴𝑏𝑟𝐵 = (𝑀1 −𝑀2) − (𝑀3 +𝑀4) 

Where: 

AbrB = the abrasion value [ml] 

M1 = mass of the test body and the steel plate in air before the test [g] 

M2 = mass of the test body and the steel plate in water before the test 

[g] 
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M3 = mass of the test body and the steel plate in air after the test [g] 

M4 = mass of the test body and the steel plate in water after the test 

[g] 

 

According to the standard, the reproducibility, R, is 20% with a standard 

deviation of 5%, while the repeatability, r, is 15% with a standard deviation 

of 7%. 

4.2.3. Tröger 

One method to test asphalt sample with regards to abrasion before the Prall 

method replaced it (at least at VTI, Sweden) was the Tröger method. This 

method is today used to determine the wear properties of road marking 

materials (Statens vegvesen, 2014) but according to Snilsberg (2008) the 

method have been used for the determination of asphalts resistance 

against wear due to studded tyres.  

 

The Tröger method can in short be described as a machine that simulates 

the impact and scratching of studs on surface courses or marking materials 

(Lerfald, 2007). The test is performed on a wet sample, with a diameter of 

100 mm and a height of 30 mm. The sample is tempered to 0°C in a water 

bath for at least two hours before testing (Statens vegvesen, 2014).  This 

method main problem is said to be the low correlation between the 

abrasion wear (from sample slabs in actual roads) and the Tröger testing. 

The correlation, r, is at its best equal to 0.99, but otherwise its between 0.51 

and 0.84 (Jacobson, 1992). One possible explanation for this contradictory 

information might be a large possible variation between the Tröger 

apparatuses, since the latter correlation was determined only for the single 

Swedish Tröger machine at VTI.  

 

This low correlation is amongst the factors that led to further development 

of the Prall method, rather than continuing with both methods, although 
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according to Leif Viman4 (personal correspondence, 2016-01-21) there are 

possible improvements that probably can increase the correlation. The first 

consideration is the needles steel quality, which was not regulated as 

heavily as within other areas. The second consideration is that the Tröger 

apparatus is run on compressed air, and usage of a hydraulic system, if 

possible, would likely allow a greater precision of power of the needles and 

in turn would likely reduce variations. Even if the correlation is unaffected 

by this, there is still potential in developing the method further for particle 

generation investigations since the particles are emitted and transported 

in air, rather than in water. Thus, allowing for use of current ambient 

measurement methods, rather than develop something from the Prall 

method which requires to account for the water.  

4.3. Large scale testing 

The Swedish National Road and Transport Research Institute (VTI) have a 

unique circular road simulator (RS). This machine was under construction 

as early as the 10th of October 1941 and was finished the 1th of June 1943 

and the first actual testing started in September the same year (Kullberg, 

1944). In its original use, the main purpose was to test different types of 

surfacing (both bituminous and cementitious surfacing, as well as stone) 

and how tyres affect the pavement (e.g. abrasion wear). These kind of 

investigations are still performed, but since the early 2000 the RS is also 

used for investigations of particle emissions from the pavement and tyre 

interaction (e.g. Gustafsson et al., 2005).  

 

The RS (see Figure 20) a circular track consisting of 28 pavement slabs of 

0.5 meter width, resulting in a mean circumference of 16.5 meters. The 

machine has six central axles, of which four is currently in use. Upon these 

axles the tyres are mounted, and the load is then set by lowering the axles 

                                                             
4 Leif Viman have worked at VTI since 1973 and works currently as a senior 

research engineer at VTIs asphalt laboratory and have extensive knowledge of the 

different methods used there. 
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until sufficient axle loading is achieved, commonly 450 kg/axle. Each axle 

has an electrical engine which, using the tyres, accelerates the machine. 

The RS allows for testing speeds ranging up to 70 km/h with stepless 

acceleration. When using a speed of at least 30 km/h, an eccentric 

movement can be engaged, allowing for some transverse movement of the 

tyres over the slabs instead of having a constant driving track. The RS 

allows for both wet and dry testing of pavements as well as usage of traction 

materials, although due to being manufactured of iron, certain 

investigations cannot be performed, such as e.g. de-icings effect on wear 

using road salt due to its corrosive nature. The RS is in a climate chamber, 

allowing for a controlled climate during testing. This enclosed chamber is 

also what allows for PM10 emission investigations, by placing the inlets of 

different PM measurement systems inside the room, since the ventilation 

during tested can be controlled and limited. 

 

 

Figure 20. VTIs circular road simulator (RS), in this case without wheels mounted on the axles 
and with slabs of concrete mounted on the track. 

 

There have been studies regarding the correlation between the wear 

produced in the RS and the wear produced at an actual road. According to 

Jacobson and Wågberg (1997) investigations there is a good correlation (r 

= 0.82 – 0.97) between pavement slabs tested in the RS and pavement 



4. Determination of Wear Course Properties 

55 
 

plates tested in field for different years and different amounts of laps in the 

RS. 

 

For the particle emission testing of pavements only one pavement type is 

used. The typical test program consists of first removing the residual 

material from the pavement manufacturing stage, since an excess amount 

of bitumen in form of a thin membrane is present together with other 

residual material. This is removed by running studded tyres on the surface 

at 70 km/h for 25 000 – 50 000 laps, which removes the excessive 

material, corresponding to the extra abrasion wear for the first year of 

pavements in service. For particle tests it is of special interest to remove 

possible left-over dust available for resuspension which impact on the 

measurements. This removal process together with the common testing 

procedure is done by: 

 

1. Cleaning and washing the entire hall. 

2. Drying and cooling the hall to about -5°C to 0°C. 

3. Test at a speed of 30 km/h for 1.5h, without eccentric movement. 

4. Acceleration to 50 km/h for 1.5 hours, with eccentric movement. 

5. Acceleration to 70 km/h for 2 hours, with eccentric movement. 

6. Shut down and ventilation of the hall. 

 

During the tests both the pavement surface temperature, the tyre surface 

temperature as well as the air temperature is logged. Commonly used 

instruments used for particle measurement are TEOM, DustTraks, APS, 

SMPS and if available impactors. Also possible is to use a High-Volume 

Sampler to collect particles of sufficient amount on filters for further lab 

analysis. 
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5. Road Dust and PM Measurement Methods 

Many things are to be considered when measuring non-exhaust PM10 

emissions. Several methods exist focusing on different aspects when 

measuring. When using stationary measurements in combination with 

different kinds of modelling, such as e.g. the receptor modelling, the 

different sources can be quantified. By using background monitoring, the 

local addition can be determined. Another type of measurement is mobile 

measurements, where the measurement is focused on the suspension of 

particles from the road surface and tyre interaction. These two types of 

measurements can share common measurement instrumentation but both 

with their own kind of problems to consider. The last method described 

here is the sampling of road dust from the road surface texture, where no 

current uniform standard is used in general agreement. 

5.1. Ambient measurement equipment for particle 

measurements 

There are a wide number of different methods and instruments to measure 

ambient PM, both in terms of mass concentrations and number 

concentrations. Instruments can, amongst others, be based on inertial, 

gravitational, centrifugal, thermal collection as well as on different optical 

and electrical techniques. It can also be based on condensation and 

diffusion of particles (Willeke and Baron, 1993). Methods can consist of 

collecting particles on filter or other substrates for more detailed analysis 

of the single particles (e.g. size, toxicity, reactivity, element analysis etc.). 

It is also common that instruments can operate based on several principles, 

such as the combination of e.g. electrical and inertial measurements or the 

combination of electrical and optical measurements in a system. Below, a 

selection of equipment used for PM10 measurements is given based on 

which instruments is mentioned in studies this thesis refers to in text.  
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5.1.1. Gravimetrical Methods 

One of the basic measurement principles is based around gravimetrical 

properties, such as measurement of the mass, due to the particles inertia 

etc. 

5.1.1.1. TEOM 

The Tapered Element Oscillating Microbalance (TEOM) allows for a 

continuously measurement of PM10. According to Allen et al. (1997) the 

TEOM measures mass accumulations by collecting particles on a filter 

from an air flow. The filter is fixated on the tip of a tapered, hollowed, 

oscillating glass rod, and is heated to 50 degrees centigrade. The authors 

state that the reason for this heating is to remove most the particle-bound 

water, as well to allow measurements of PM10 without the semi-volatile 

material component. This method is nowadays an approved method within 

the EU to monitor the levels of PM10 (e.g. Gustafsson et al., 2006, 

Gustafsson et al., 2010). The filters can after measurement be sent away 

for further analysis, such as particle composition analyses. 

5.1.2. Optical methods 

Another basic principle for measurement of particles is based around the 

optical properties, usually involving light scattering. 

5.1.2.1. DustTrak 

The TSI DustTrak (DT) is a measurement device which measures mass 

concentration by applying the optical technique of light-scattering (TSI, 

2012). This device takes in air through the sample inlet and the aerosol is 

(by the help of filtered sheet air) drawn into a sensor chamber in which a 

laser diode produces light which are scattered by the particles. At 90° of 

both the aerosol intake and the laser is a photodetector located absorbing 

light which is translated into a voltage. This voltage is proportional to light 

scattered by the particles, which in turn is proportional to the particle mass 

concentration. The standard inlet nozzle allow measurement of PM10, but 
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an addition of impactor plate can be used to measure PM2.5 or PM1. This 

method also allows for a high time resolution (down to 1 second). 

5.1.2.2. APS 

The Aerodynamic Particle Sizer (APS) is an instrument that measures the 

size distribution of airborne particles in the interval of 0.5-20. The APS 

allows fast, high resolution for the aerodynamic sizing of aerosols (Baron, 

1986). The author describes the method by using Figure 21, where an 

aerosol is accelerated through the nozzle and then passes through the laser, 

which acts as a velocimeter. The aerosol is flowing into the inlet, of which 

a part is filtered and then reintroduced into the system, while the rest of 

the flow is used for the measurement. These aerosols are as previously said 

accelerated through the nozzle and through the centre of the two laser 

beams. By doing this, the author describes that the velocity of the particles 

in the nozzle lags behind the air velocity, and that this difference in velocity 

is related to the aerodynamic diameter of the particles. 
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Figure 21. The APS inlet system for APS 3300 (without proper scaling). Adapted from Baron 
(1986).  

 

5.1.2.3. PSA 

The PSA (Particle Size Analyser) is another optical measurement device 

used for determination of particle sizes. It operates on the principle of a 

flow of particles passes through a laser beam, causing light scattering 

(Grimm and Eatough, 2009). The author mentions that the particle pulse 

height is proportional to the particle size according to Mie theory. 

  
 

 

5 l/min  

Total flow 

1 l/min 

Aerosol 

4 l/min 

Filtered sheath air 

Laser beams 
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5.1.2.4. SMSP 

SMPS stands for Scanning Mobility Particle Sizer which consists of a DMA 

(Differential Mobility Analyzer) and a CPC (Condensation Particle 

Counter). The system measures particles of sizes 7-300 nm or 16-750 nm 

(depending on the impactor used). After passing through an impactor 

separating particles larger than 10 µm, the aerosol passes through an DMA. 

The DMA first charge neutralise the particles and is then led into a 

chamber in which a centre rod is located. The centre rod is charged, having 

a voltage of 20 – 10 000 V (Hinds, 1999). At the bottom a gap is located, 

which due to the construction only allows for particles with mobilities in a 

narrow gap to pass through. Adjusting the charge of the rod will impact on 

the mobility different particles will have, and thus the size of exiting 

particles can be regulated.  

 

After passing through the DMA, the now monodisperse aerosol passes 

through an CPC. The CPC operates on the principle of counting single 

particles using optical methods such as a laser. To be able to count particles 

correctly, the CPC first introduce an saturated environment of either water 

or alcohol (Hinds, 1999). This saturated aerosol is then led through a 

cooling process to introduce supersaturation conditions allowing for 

growth of particles and since the particles are all exposed in the same 

manner, all particles will grow to the same size. Also, since all particles 

have been exposed to this process and become droplets, the number 

concentration of the particles entering, and the droplet being measured is 

the same. 

5.1.3. Electrical methods 

Another principle measurement instruments can operate on is electrical 

principles, such as the charge of the particle.  

5.1.3.1. ELPI 

The Electrical Low-Pressure Impactor (ELPI) is a system consisting of 

three main parts: a unipolar diode charger, an impactor and a 

multichannel electrometer (Marjamäki et al., 2000). This method uses the 
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charger to charge particles to a known level after which the particles are 

introduced into the impactor, which still functions as described in 5.2.1 

Cascade and virtual impactors. Each of the different stages used in the 

impactor is also insulated from each other. By using the multichannel 

electrometer, the charge of the collected particles is measured 

simultaneously for each stage and the corresponding current is converted 

to number concentrations using a response function of the charger. This 

method gives a number concentration per cut-off size used in the different 

impactor stages. 

5.2. Methods for particle collection 

In contrast to the methods described earlier, there are also methods in 

which the particles are collected for further analysis. These methods can 

also be used in combination with other methods to separate specific sizes 

and or to gather the particles for further analysis depending on the system. 

5.2.1. Cascade and virtual impactors 

The cascade impactor (together with other impactors) operates on the 

principle of impaction and cut off sizes, earlier described. The impactor is 

designed in several stages (a stage is illustrated in Figure 22) and each 

stage have a smaller nozzle (given a constant gas flow through the 

impactor), which increases the flow speed and decreases the cut off size, 

i.e. the lowest size of particle which will be collected at that stage. Each 

stage is fitted with an impaction plate, upon which particles of the cut off 

size is collected. This plate is usually greased, since ungreased slabs can 

have particles bounce off the slabs and passing through to other stages 

unintentionally and thus decreasing the collection efficiency. At the end, 

an end filter can be placed to collect the rest of the particles which cleared 

its way through the impactor. This measurement method gives both 

information regarding the size distribution (the cut off sizes used), but also 

information regarding the mass distribution (by weighting the impactor 

plates prior and after measurements), allowing the user to determine the 

mass size distribution. 
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Figure 22. Illustration of an impactor. Source: Hinds (1999). 

 

Since the impaction plates are removable, this allows for further 

investigation of the particle properties, such as e.g. chemical analyses, 

toxicological analyses, gravimetrical analyses etc.  

 

Long-time sampling will decrease the efficiency since a conical pile of 

particles can build up on top of the impaction plate. After sampling for a 

time, this pile will have such build up that particles might be hindered on 

its path by this pile (e.g. smaller particles impacting or intercepting the pile 

instead at the correct impaction stage) due to the changed flow geometry 

and thus the cut off size. Another possibility of loss or biased 

measurements is when this particles from this pile start to fall of down to 

other impaction stages.  

 

Another type of impactor is the virtual impactor. As with the cascade 

impactor it operates on the principle of inertia (Hinds, 1999). The aerosol 

is first flowing through an acceleration nozzle. There, particles with such 

inertia (or cut-off size) which would have impacted on a plate in the 

cascade impactor will instead be flowing into a collection probe. Larger 

particles than this cut-off size will instead be collected on a filter in the 

direction of the air flow, while smaller particles will be radially transported 

by a minor flow and be collected on a separate filter. The problem with 
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losses for this method is largest close to the cut-off size, in contrast to the 

cascade impactor, with greater loss of liquid particles than solid, since the 

latter bounce off. 

5.2.2. Filter collection 

Filter collection is one aspect which is usually combined with some 

ambient measurements to allow for further analysis of collected particles 

in laboratory environments. Such analysis can include PIXE (Particle 

Induced X-ray Emission) analysis to distinguish between different 

elements in PM10 described by Johansson and Johansson (1976), who 

found it to be especially useful for aerosol samples. Elemental analysis can 

also be performed using XRF (X-Ray Fluorescence), which (in comparison 

to absolute methods such as gravimetric analyses) is a relative method 

(Beckhoff et al., 2006). Other analyses include using SEM (Scanning 

Electron Microscope), allowing for investigation of materials with regards 

to aspects such as micro cracks, surfaces where reactions can happen, 

composition of the sample etc. and a deeper explanation can be found in 

Hinds (1999). Both chemical analyses can be performed, such as 

determining volatile organic compounds, different ion compositions etc. as 

well as toxicological analyses.  

5.2.3. Cyclone 

Another type of collector based on inertia is the cyclone. As the name 

implies, the aerosol is led into the cyclone, forcing the gas to rotate in a 

circular manner. The heavier particles will thus due to its inertia impact on 

the sides of the cyclone and be collected, while lighter particles will follow 

the gas streamline to the exhaust point. Stern et al. (1984) states that the 

cyclone exists in two basic forms, axial and tangential inlet cyclone. Both 

cases have an inlet of aerosol at the top, with an exhaust in the top centre, 

meaning the aerosol is forced in circular motion alongside the cyclones 

curvature downward before being forced upwards into the centre. The 

authors also state that the radius of motion, particle velocity and mass all 

impact on the force acting on the particle. 
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5.3. Mobile measurement methods 

Mobile measurement systems of PM emissions have been developed to 

perform more detailed studies of the contribution to (non-exhaust) PM 

concentrations from traffic, both in terms of direct emissions and in terms 

of suspension, although these are hard or perhaps (currently) impossible 

to separate. This can be done either by measuring behind the tyre of the 

vehicle itself or by measuring in the wake of the vehicle. A description of 

different vehicles used for this kind of measurement is given below. 

5.3.1. Sniffer 

The Sniffer is a mobile measurement vehicle developed in Finland (Pirjola 

et al., 2004). The vehicle allows for measurement during driving under real 

conditions such as e.g. tunnels and roads. It can also be used for static 

measurements.  The vehicles boot area (a Volkswagen LT35) is thermally 

isolated and is also equipped with rubber for vibration dampening. Two 

different inlet heights are available (see Figure 23) and are constructed to 

minimize particle losses and to gain laminar flow. Isokinetic sampling is 

achieved for the main inlet at the relative speed of 30 km/h (vehicle speed 

relative to air speed). The chasing inlet is designed to be able to catch the 

exhaust gas better since the exhaust pipe can be located at different 

positions depending on the vehicle design. Several qualitative tests were 

performed during the development to determine the optimal design of the 

inlet for different conditions and sources.  

 

The Sniffer is also instrumented with a weather station, measuring wind 

direction and relative wind speed, using an ultrasonic wind sensor, while 

also equipped with relative humidity and temperature probes. Also, a video 

camera records the traffic situation, and a GPS is used to store speed and 

route.  For emission and gas measurements, the Sniffer is equipped with 

an ELPI (from Dekati Ltd.) which measures the particle size distribution 

in real time using an electrical filter stage. The size span is 7 nm – 10 µm 

as aerodynamic diameter using 12 channels. The principle of measurement 

is that the particles are charged and then by inertial impaction is size 
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determined. An SMPS is also utilised (of type Hauke) which consists of a 

DMA and a CPC 3025 (the principle of measurement is described earlier in 

this report). The authors point out that one possible important loss of 

particles in the tube for ultrafine particles is diffusion, and calculation 

showed a certain loss of finer particles, accounted for during the analysis. 

The Sniffer also can be used to measure CO, NO and NOx, by being 

equipped with two gas monitors (CO, Environment S.A. model CO12M and 

NOx, Horiba, model APNA 360). Pirjola et al. (2004)concluded that after 

using the Sniffer: 

 

1. The mobile measurement van Sniffer performed well in the winter 

campaign, having a high spatial and temporal resolution during 

real traffic conditions. 

2. An extra inlet system for variable number of instrumented would 

be useful. 

3. Due to turbulent ground wind, the wind sensor should be raised to 

8 meters height to gain better indications of the wind direction. 

4. In some cases, ELPI overestimated the number concentration. 

Despite this, the fine particle concentrations measured compared 

rather well. 

5. When combined with a stationary site, the dispersion of traffic 

pollution in the atmosphere can be rapidly measured using the 

Sniffer, while having confidence of the source and dispersion 

conditions. This could perhaps be applied to models, especially for 

comparison between observation and modelled results. 
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Figure 23. A figure over the Sniffers measurements and the measurement setup. Source: 
Pirjola et al. (2004) 

 

Further use of the Sniffer is presented by Pirjola et al. (2009), where a 

development of the Sniffer is described, and quality assessed for 

measurement of non-exhaust PM emissions from the road surface, done 

behind the left rear tyre. By using a conical inlet which transfers the 

particles using a vertical tube. A branch off for the sampling air was 

constructed, to be able to use a TEOM and an ELPI for road dust 

measurements, in extension to the previous ELPI used for measurement of 

background particles from the chasing inlet filter. The authors concluded 

from their evaluation that: 

 

1. Sniffer is useful for the study of emissions levels from the road dust 

from street surfaces. A bimodal structure for the plume was found, 

where one particle mode rises to higher altitudes and the other 

keeps at lower altitudes. It cannot be separated between wear 

particles or re-suspended dust. 

2. PM10 and PM2.5 was found to be positively correlated during the 

spring measurements. 
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3. PM levels was found to be increasing with increasing speed. 

4. Characteristic emission levels for different streets using the 

Sniffer. 

5. Between April and June, a clear downward trend was found for all 

streets for the particle concentrations. 

6. Important information on the road dust emissions dynamic was 

provided with the sue of detailed book-keeping of street cleaning, 

dust binding measures and winter maintenance, which leads to 

approach usable by authorities to monitor as well as study the 

efficiency of dust reduction measures. 

7. Similar compositions and loads were found when comparing the 

Sniffer collected road dust with stationary monitoring stations 

during the spring for mineral content, although significantly more 

salt particles was found. 

5.3.2. TRAKER 

TRAKER (Testing Re-entrained Aerosol Kinetic Emissions from Roads) is 

a mobile measurement system which is vehicular based to investigate road 

dust emissions developed at the Desert Research Institute in the Las Vegas 

area in Nevada, U.S.A. (Kuhns et al., 2001, Etyemezian et al., 2003b, 

Kuhns et al., 2003, Etyemezian et al., 2003a). It consist of a Chevy cargo 

van upon which three inlets are mounted, one behind each from tyre and 

one beneath the vehicle body at the front bumper to measure the 

background level emissions (Etyemezian et al., 2003b). By taking the 

difference between the background and the tyre measurements, thus 

accounting for the contribution of exhaust and dust from the possible 

surrounding traffic. A schematic overview of how the TRAKER equipment 

is positioned and the inlets in relation to the vehicle body is given in Figure 

24. The use of sampling plenums allows for distribution of the air to allow 

for use of multiple measurement devices, in this case up to five can be used. 

Two of the plenums, had two DustTrak’s (from TSI, model 8520, equipped 

with one 10 and 2.5 µm each) attached, and one of the plenums had a PSA 

(Particle Size Analyser, from GRIMM, model 1.108) attached. The PSA is 

an optical method based on light scattering of each particle to determine 
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the size. It uses 15 size bins and have a time resolution of 6 seconds in which 

it provides particle counts. The range of the optical diameter of the particle 

is 0.3-20 µm.  During conditions when the operating range of the 

instruments are exceeded due to too high road dust loads, a dilution system 

can be installed on the vans roof. The authors note that especially unpaved 

roads, the upper limits for the DustTrak is reached and even exceeded with 

the dilution system enabled. Using a GPS receiver, the acceleration, speed 

as well as the position is collected, at a time resolution of 1 second. 

 

 

Figure 24. Schematic over TRAKER equipment and inlet positioning. Figure source: 
Etyemezian et al. (2003b). 

 

Etyemezian et al. (2003b) describe three baseline criterions to consider a 

data point valid: 

 

1. A minimum speed of 5 m/s (1.5 m/s for unpaved roads) is required 

for the TRAKER. This is to not enable unstable flow conditions due 

to e.g. crosswinds. 

2. A maximum of 0.5 m/s2 is set as the threshold for 

acceleration/deacceleration. This is to reduce the influence of 

brakes and dust on the brakes during deacceleration, as well as for 

the possible transient flow regime during the acceleration. 
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3. A maximum angle of 3° is set as the threshold between the vehicle 

body and the tyres. This is to keep the inlets orientation unchanged 

during measurement in relation to the tyres. 

 

The authors also describe the loss of particles in the line between the inlet 

and the measurement devices, and the evaluation are done experimentally, 

and they found a relatively small loss which will not affect the quality of the 

measurements. They also performed tests to observe the speed response, 

as well as performed a calibration of the vehicle against upwind/downwind 

flux towers. These tests showed: 

 

1. Indications that the speed is affecting the emissions factors 

2. A calibration was performed for open desert conditions, neutral to 

somewhat unstable conditions, unpaved road and for 5-20 km/h. 

 

In Kuhns et al. (2003), a continuation of the TRAKER evaluation was done 

by investigating how participation, road sanding as well as street sweeping 

affected the emission potential, when measured by the TRAKER. The 

authors found that: 

 

1. Dry sand application for traction control increased PM10 

emissions. 2.5 hours after the application, an increase of up to 75% 

was noted, although within 8 hours, the emission levels had been 

reduced back to the levels present before application of the 

traction sand. The authors suggested that this suggest a dynamic 

loading on the roads, due to the rapid removal rate found. 

2. The mechanical and vacuum sweepers were found to efficiently 

remove material of larger seizes (e.g. sand, leaf debris), but was 

ineffective in the short-term reduction of PM10 road dust 

emissions. If anything, the results instead showed an increase of 

emissions by up to 40% directly after the cleaning. The authors 

make it clear that it could not be concluded that the cleaning 

wouldn’t have any effect on an urban scalepm10 emissions, since 

the street sweeping is able to remove larger particles which 
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perhaps could evolve into PM10 making it possible to gain a 

positive effect on the air quality over time. 

3. Repeated measurement during winter over a time period of three 

weeks showed a decrease of 50% for road dust emissions. For 

unpaved roads, the data suggested a suppression of road dust 

emissions for a week or longer for the winter rainfall events, which 

shows important implications for road dust emission models. 

 

More investigations in which the TRAKER was used is described by 

Etyemezian et al. (2003a), in which they investigated the effect of speed, 

location, traffic volume and season on PM10 emissions from road dust in 

the Treasure Valley in Idaho, U.S.A. The authors came to the following 

conclusions: 

 

1. Indications of speed, season, county of location and the setting of 

a road having an effect on the emission potentials was found, by 

using multiple regression analysis. 

2. An increased roadway speed was found to decrease the emission 

potential for paved roads. 

3. The effect traffic volume was not able to be investigated by the 

authors, partly due to the correlation between speed and traffic 

volume. When separated, speed explained more of the variance in 

emission potential, although the authors point out that this doesn’t 

necessarily mean that the traffic volume have no effect, only that it 

seems to be shaded by the impact the speed have. 

4. Some of the scatter in the regression of speed and emission 

potential might be explained by the lack in documentation of, e.g. 

access point to unpaved roads, construction works etc. 

5. Modest differences in emission factors was found between low and 

high-speed roads were found, despite the findings of much lower 

emission potentials for higher speed roads, implying that the 

emissions per kilometre at lower speeds on more dirty roads can 

be comparable to higher speeds on cleaner roads. Although the 

authors mention that high-speed roads (on a per length of road 
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basis) have a higher contribution to PM10 emissions and will thus 

have a higher effect on the total effect than the lower speed roads, 

if a reduction of emission potential is performed. 

6. It was found when comparing TRAKER to a silt loading method an 

increase of 61% and 180% for winter and summer emissions for 

the TRAKER measurements, and AP-42 gave a lower emission 

than both the silt loading method used or TRAKER was used. 

7. The residence time for paved streets was found to be, by rough 

estimations, to be only a few hours, which implies that cleaning of 

lanes will result in benefits over a short time. The authors do state 

that over a long time, dust emissions could be reduced by cleaning 

of the potential reservoirs such as road shoulders, curbs and 

gutters, where debris can be found. 

5.3.3. EMMA 

In Sweden, Stockholm University had a mobile measurement vehicle. 

Using a Volkswagen LT 35 (2002) a mobile laboratory was made based on 

the modified second version of TRAKER (Hussein et al., 2008a). The 

vehicle had three inlets mounted, two behind the front tyres (one per side) 

and one in front underneath for background measurement. The equipment 

used for aerosol sampling was three DustTrak’s (from TSI, model 8529, 

one per inlet) and one PSA (particle size analyser, from GRIMM, model 

1.109). The DTs sampled with a time resolution of 1 second, and the PSA 

sampled with a time resolution of 6 seconds, with its inlet mounted behind 

the right tyre. Speed and location was determined by using a GPS with a 

time resolution of 1 second. 

 

Some baseline criterions from the earlier described TRAKER experience 

for the data validation was used: 

 

1. A minimum speed of 18 km/h (5 m/s) to omit the effect of winds 

(moderate to high) 
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2. To remove the higher PM concentrations from heavy acceleration 

and breaking, a maximum acceleration/deacceleration was set to 

0.5 m/s2 

3. To ensure the orientation of the inlets relating to the front tyres 

not changing during measurement, a maximum angle of 3° 

between the tyres and the rest of the vehicle was set. 

 

The authors conducted some testing with this vehicle, where 

measurements were performed between February and September 2006 to 

observe differences in the re-suspension of road dust between the spring 

and early autumn, although due to conditions such as wet roads the first 

valid measurement was performed in May and is also the reason for no 

winter measurements. They divided their investigation into a street survey, 

speed dependency and the effect of the tyre. The street survey was done for 

about 300 km roads where road sections of commonly used surface courses 

was used, such as SMA and DAC. For the tyre effect, they used a studded 

tyre, a friction tyre and a summer tyre with the studded tyre being mounted 

on the left side and the friction/summer tyre mounted on the right side. 

The conclusions from the investigates showed that studded tyres increased 

emissions by 2-6.4 times when comparing to the friction tyre used, which 

in turn increased the emissions by 4.4-17 times when comparing to 

summer tyre used. The authors mention that the studded tyre mainly gave 

emissions from road abrasion wear, while the friction tyre gave mainly 

suspension of road dust. The studded tyre showed a clear relation to speed 

and surface course type for the resulting emissions. Another conclusion 

was that models such as AP-42 can probably require taking more factors 

into account, such as tyre types, vehicle speeds and pavement 

characteristics. 

 

In another paper, a comparison was performed between the EMMA and 

Sniffer mobile measurement systems (Pirjola et al., 2007). The conclusions 

from the investigations was: 

 



5. Road Dust and PM Measurement Methods 

74 
 

1. Along the road, both systems showed small-scale variations for the 

emission levels. This was likely due to the road surface conditions. 

The road surface conditions were not characterised or quantified, 

but in crossings with unpaved road to a quarry, significantly higher 

emissions were observed. The sand from the paved road was 

transferred to the paved road by the tyre of the trucks using the 

road unpaved road. Both measurement system independently of 

each other as well as of the tyres used observed this behaviour. 

2. The type of tyre used was observed to have a significant influence 

on the emission levels, and was observed by both systems, where 

summer tyres was found to give lower emissions than winter tyres. 

The difference between studded and un-studded winter tyres was 

different for the systems, where the EMMA system showed a 

higher ratio between studded/non-studded on all sections when 

compared to Sniffer. 

3. An increasing speed was found to increase the emissions for both 

systems, although at different levels. For Sniffer, an increase from 

50 km/h to 80 km/h with studded tyres gave an increase in 

emissions of 80% while EMMA showed an increase of 60%. For 

non-studded winter tyre and summer tyres the corresponding 

numbers were for Sniffer 175% and 75% and from EMMA 105% 

and 110% respectively. 

4. Higher absolute concentrations were found for Sniffer, which 

might be due to the DustTrak’s’ underestimates the road dust 

emissions of PM10 by a factor of 3-4. Other possible reasons could 

be the weight difference on the tyres, where the EMMA vehicle is 

lighter than the Sniffer. 

 

The EMMA measurement vehicle has since been decommissioned, 

although other measurement vehicles also based around the TRAKER 

exists with similar ideas and designs, such as the e.g. Finnish Opel Vectra. 
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5.3.4. SCAMPER 

Another system for mobile measurements is the SCAMPER (System of 

Continuous Aerosol Monitoring of Particulate Emissions from Roadways) 

system, which in contrast to the TRAKER, EMMA and Sniffer systems is a 

trailer-based system. Fitz (2001) developed a mobile measurement system, 

using DustTrak’s (from TSI, model 8520) to measure the PM. The 

development of the system was done by first designing and constructing a 

sampling probe to allow isokinetic sampling. The second phase consisted 

of characterising the PM distribution in the wake of vehicles. In the third 

and final phase, to perform measurements of PM emission rates for several 

driving conditions and several roads. The first phase was intended to 

develop a device for which isokinetic sampling could as close as possible be 

obtained for sampling at 0-60 mph. A schematic design can be seen in 

Figure 25. The vacuum pump is used to achieve the correct sample flow to 

the DustTrak. 

 

Figure 25. The isokinetic sampling probe with the different parts to gain isokinetic conditions. 
Source: Fitz (2001). 
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The second phase in which the vehicle wake characterisation was 

performed, as well as the optimisation of the sampling point it was 

required to measure at several points behind the vehicle during controlled 

conditions (Fitz, 2001). This led to the construction of a frame on a trailer 

to allow for the measurement in the different positions, although always 

towards the centre or towards the left side, which is shown in the schematic 

presented in Figure 26, where the positions of the DustTrak’s, batteries and 

the data sampler. The testing was done at both a site with unpaved road 

and at a second location with paved road. Different speeds as well as 

different sampling locations on the trailer was performed. 

 

Figure 26. A schematic of the position of the trailer in reference to the vehicle, with the 
configuration of the sampling equipment. Source: Fitz (2001). 

 

The last phase was to perform field measurements with the trailer (Fitz, 

2001). These was performed using a Chevrolet Suburban as towing vehicle. 

The reference sampling port was positioned in front of the hood of the 

vehicle (0.43 m). Several roads at different speeds was tested before 

determining which test route to use. The test route determined contained 

segments of both local, collector and arterial roads.  Also, separate tests 

were performed to gain data on freeways at high speed.  Two tests were 

performed per measurement and for each inlet (10 or 2.5 µm). During the 

testing, any unusual circumstances was noted. Specifically, one type of test 

was performed during light traffic conditions on a freeway to test if dust 

from other surrounding vehicles could be sampled. By driving in front of, 

next to and then behind a heavy-duty truck, this was investigated, and the 
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test was performed only with the PM10 inlet. The following conclusions was 

found from the development of the trailer and the field measurements: 

 

1. The trailer was found to be a useful method to characterise the 

emissions of PM10 from paved roads. 

2. Emission measured was in general agreement, although towards 

the low end of what previously reported. 

3. Emission rates was not showing a large difference between a 

freeway with more than 40 000 vehicles per land and day in 

comparison to local roads with a few hundred cars per day. 

4. A significant concentration differential was measured, in contrast 

to other upwind-downwind measurements performed, and 

without using models, the emission factors could be calculated. 

5. The authors state they feel the new method being more accurate 

than the downwind-upwind method and could be used relatively 

effortless to test longer sections of roadway. 

6. The sampling probe could be used, although the feedback loop to 

control the bypass flow was not successful. Instead by manually 

adjust the flow for a desired speed allowed for sampling closer to 

isokinetic conditions. 

5.4. Road dust sampling methods 

Another important aspect regarding non-exhaust PM is the connection to 

the dust storage and the dusting potential. To understand these concepts, 

measurements are performed where the dust is collected from a surface, be 

it a road surface or other types of surfaces. Especially in the case of 

sampling on roads or areas with traffic, the safety is an aspect which must 

be considered for all methods. 

5.4.1. Wet Dust Sampler 

The Wet Dust Sampler (WDS) is a device for sampling of road dust and 

other particulate matter contained on the road surface. The WDS was 

developed at VTI (Jonsson et al., 2008). The WDS aims at collecting all 
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dust on the road surface. The material collected with the WDS can then be 

assessed in the laboratory with different methods, e.g. filtration and 

turbidity analyses. The WDS I was under development as late as early 2016, 

with improvements made both towards the ergonomics, range and general 

improvements, such as easily change of sampling parameters as well as 

fitting a new on-line measurement system, measuring conductivity and 

turbidity before the sample reaches the sample bottle. These 

improvements will reduce the amount of laboratory work and result in 

more data for statistical analyses. This new version was called the WDS II 

and was further developed. Currently a WDS III with even more 

improvements of different usage aspects has been developed. This version 

is in use and has been exported to Norway and Finland.  

 

The amount stored on a surface, and somewhat in the open texture, can be 

measured with the Wet Dust Sampler. The samples are sieved with a 180 

µm sieve, considered to be the sieve closest to the approximate upper limit 

of suspendible dust, and the dust load smaller than 180 µm (DL180) is than 

the calculated amount of dust per square meter (Gustafsson et al., 2015). 

By combining DL180 with the cumulative distribution the dust load 

smaller than 10 µm (DL10) can be calculated.  

 

There is a difference between PM10 (which makes use of an aerodynamic 

diameter) though and DL10 that must be kept in mind. This difference is 

due to the fact that the laser granulometer definition of particle diameter 

differs from the PM definition, which makes these two measures not 

directly comparable(Gustafsson et al., 2015). Despite this, the basic 

assumption for both aerodynamic diameter and for the granulometer is 

that the particle is spherical, which makes these two measurements 

comparable, but not directly translatable. 

 

One thing that should be kept in mind is that the WDS method reflects the 

total dust load, which is not always the same as the suspendible dust load.  
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5.4.2. Dust vacuuming method 

Another method was developed by Amato et al. (2009) for sampling of road 

dust. The main reason to develop a new method was to reduce losses of fine 

particles from methods based on sweeping or methods based on inducing 

resuspension in laboratories. This collection method is based on thorough 

vacuuming of a specified road surface area and separating and sampling 

the PM10 fraction of the road dust onto filters in a resuspension chamber. 

The resuspension by vacuum takes place in an PVC chamber, powered by 

a generator located downwind, and the sufficiently light/small particles is 

transported by the air current (25 l/min). The airflow passes through a 

barrier (Negretti stainless steel elutriation filter) designed to allow PM10 of 

average density to pass through, which is then collected on a filter. The 

author mentions that possible losses could be due to electrostatic adhesion 

and could not be quantified but is likely to be neglectable in comparison to 

losses during the more traditional sampling methods, such as sweeping. 

 

The dust vacuuming method samples the dust suspended and sampled by 

the applied vacuum nozzle and flow, which might range from all to a small 

part of the total dust load, depending on load, texture and surface 

properties. 

5.4.3. AP-42 

AP-42 is a method from the EPA (U.S. Environmental Protection Agency) 

which in general is to determine emission factors from a wide set of air 

pollutions. Three parts are of special interest, namely Chapter 13.2.1 Paved 

Roads (EPA, 2011), Chapter 13.2.2 Unpaved Roads (EPA, 2006) as well as 

the appendix C.1: Procedures for Sampling Surface/Bulk Dust Loading 

(EPA, 1993), which describes how the sampling should be performed, both 

for unpaved roads but also for paved roads (amongst other possible 

sampling locations).  Depending on how the network of roads is, some 

differences occur in spacing between sample points, although the steps for 

sampling is the same, for both paved and unpaved roads. For paved roads, 

the following steps are used: 
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1. Assure the safety for the staff performing the sampling on the road. 

2. Mark the sampling proportion of the road by some mean which 

likely will not introduce finer particles into the area of sampling. 

3. Potential large loose material should be collected using a dustpan 

and a whisk broom.  

4. After the sweeping, vacuum the sample area. This is to be done 

using a vacuum cleaner which using a pre-weighed (and empty) 

filter bag. 

 

For unpaved roads, the main difference is the lack of vacuum collection of 

samples and how to store the samples. 

 

One evaluation by Venkatram (2000) in which a review of the model as 

well as a critical examination of its performance was performed. The 

author concluded that the AP-42 method (for paved roads) likely would not 

properly provide PM10 emissions from paved roads. The author explains 

the conclusion that the method is based on silt loading due to the model 

having little mechanical basis, which cannot be measured unambiguously. 

The author was able to develop several empirical models from the data, all 

equally plausible using different subsets of the data. Despite being able to 

explain more than 60% of the variance, the empirical models scatter has a 

significant impact to make estimates, and one example brought forward 

was that when using the latest version of the model to estimate emission 

factors was found likely to differentiate by a factor of 1-2 from the 

corresponding observation up to 60% of the time.  
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6. Modelling of Abrasion Wear and Non-Exhaust 

PM10  

As described above, the abrasion wear of road surface courses causes PM 

emissions. As with any engineering and science discipline, this gives rise to 

both wanting and having a need to predict what will happen during 

different circumstances, which leads to modelling of the phenomena. In 

the following text two models will be described, one which deals with the 

abrasion wear by predicting the rut development, and one dealing with 

non-exhaust PM10 emissions. Both models are connected since the wear 

model is used in the emission model by predicting the pavements abrasion, 

and thus its contribution to the total PM emissions. 

6.1. Swedish studded tyre abrasion wear model 

A model for prediction of studded tyre abrasion wear were developed and 

published at VTI in 1997 (Jacobson and Wågberg, 1997) and were at the 

time based on a broad database of measurement and knowledge from the 

latest ten years of research at VTI, complemented with new reaserch 

investigations. This database contained both traffic data, abrasion wear 

data as well pavement data. The model was developed by a vast testing in 

the VTI RS, while changing different parameters, e.g. largest stone size. 

Also, slabs were put out at different field conditions in the actual pavement 

surfacing layer, which showed that the data gathered from the RS trials had 

a high correlation with actual traffic and metrological conditions. The 

model have been updated and validated three times in total with the lastet 

validation performed in 2007 (Jacobson and Wågberg, 2007). To note is 

that the model is not valid for the northenmost region of Sweden, as 

implied of a single winter measurement (Jacobson and Hornwall, 2000). 

 

The model is currently consisting of two different sub-models, the Mineral 

aggregate model where the pavement properties are based on the Nordic 

abrasion value determined by the Nordic abrasion method, the largest 
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stone size and the amount of stones larger than 4 mm. The second model, 

the Prall abrasion model, uses the Prall abrasion value as determined by 

the Prall method, as the pavement property, as well as the type of pavement 

(DAC or SMA).  

 

The model requires knowledge of the pavement data (Nordic ball mill 

abrasion value, largest stone size, amount of stone larger than 4mm or the 

Prall abrasion value as well as the type of pavement), some traffic data 

(yearly mean traffic of light vehicles in the investigated lane, the allowed 

speed, the wear period as days with more than 5% share of studded tyre, 

the studded tyre share). Furthermore, it is required to know which type-

section would be most suitable to use as well as if de-icing is performed on 

the road during winter. Finally, some input regarding maximum allowed 

track depth is required. The user may also input data regarding cost, 

although it is not required to run the model. An example of graphical 

output is given in Figure 27 for the Mineral aggregate model. Similar 

graphs are produced for the Prall model. 

 

A more extensive description of the abrasion wear model is given in 

Lundberg et al. (2018), which is also appended to this thesis. Also 

described is, briefly, how the wear model is implemented in the NORTRIP 

(NOn-exhaust Road Traffic Induced Particle emission) model and how the 

magnitude of wear affects the emission modelling. 
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Figure 27. Presented results from the Mineral aggregate sub-model: (a) rut depth 
development (blue line) and allowed rut depth from user input, (b) the transverse 
rut profile over a fixed lane width. Similar graphs are produced when using the Prall 
sub-model. 
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6.2. NORTRIP emission model 

NORTRIP (NOn-exhaust Road Traffic Induced Particle emission 

modelling) is a model developed in cooperation between the Nordic 

countries of Norway, Sweden, Finland and Denmark (Johansson et al., 

2012). The authors express that the aim of the NORTRIP project was to 

develop a process-based model (the NORTRIP model) and therefore 

eliminating the need of specific, local, empirical factors, and through usage 

manage and evaluate strategies, as well as describe emissions on hourly or 

daily basis with adequate precision. The NORTRIP model uses the wear 

model described in the previous chapter by importing the parameters used 

for the studded tyre road wear (Denby et al., 2013b), which was determined 

by Jacobson and Wågberg (1997). 

 

A general outline of the principles the model is based upon is shown in in 

Figure 28. As can be seen, the schematic outline is quite complex. From the 

bottom, the dust stored on the surface (the mass loading) is increased by 

wear of pavements, tyres and brakes as well as salting, sanding and 

deposition on the surface. Due to the traffic, the sand will cause increased 

wear of the pavement and therefore generate more particles, called the 

sandpaper effect, e.g. Kupiainen (2007), while at the same time crushing 

the sand into finer particles. This wear of pavements, tyres and brakes not 

only contributes to the dust stored on the road surface, but also causes 

direct emissions to the air.  

 

The surface moisture conditions are another process that affects the dust 

load and the PM emissions. With a dry surface, the particles will be 

suspendible by traffic, but with a wet surface the PM will be retained on the 

surface. The usage of road salt and dust binders affects the vapour pressure 

in the air closest to the road surface, which causes the road surface to 

contain the moisture longer and therefore also stores the dust on the 

surface. If there is much water on the surface, other transport processes 

will affect the dust load. Drainage of water (where the dust is dissolved) as 

well as spray and splash from traffic and ploughing will cause water to run 
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off the surface and therefore remove dust. At the same time, due to the 

metrological conditions, more dust can be stored on the road surface, or 

emitted to the air due to precipitation, evaporation and the traffic 

turbulence. 

 

Figure 28. Schematic outline of the NORTRIP model. Source: Johansson et al. (2012). 

 

Denby et al. (2013b) applied the model to two different locations where, at 

that time, seven years of road moisture data were available. The locations 

were Hornsgatan in Stockholm and the H.C. Andersen Boulevard in 

Copenhagen. For Hornsgatan, the authors describe that the model 

implements well, and they point out that the main wear is due to the usage 

of studded tyres. Of five years’ data assessment, the model explains 76-91% 

of the variability. The authors state that with the available data, it is 

uncertain if a higher correlation could be achieved for most the years. The 

authors’ state that the variability explained for the H.C. Andersen 

Boulevard is only 44-51%, where no studded tyre wear is present. It is also 

stated that the timing of the emissions is most depending on the surface 

moisture.  
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Denby et al. (2013b) also assessed the impact of sanding and salting on 

both the emissions and on the mass loadings by applying the model. The 

correlation increased slightly when salt was included and gave the effect of 

6-16% increased mean emission concentrations. When applying sand, the 

authors conclude that there are possibilities that sand could have an effect, 

but also that it would need further investigations. As a continuation, 

another investigation where the model was applied to 7 different areas for 

18 different periods showed the importance of the surface moisture to 

determine the particles removal, retention as well as suspension from the 

road surface (Denby et al., 2013a). It was also seen that the salt sub-model 

influences the results from the modelling. The authors concluded that the 

surface retention dominated as the source for the emissions variability. 

They also conclude that the model has larger efficiency when the emissions 

are modelled for roads with long periods of moist surfaces, with significant 

studded tyre wear or when dust loadings are present. 

 

Denby et al. (2013b) describes that more measurement campaigns are 

needed in various environments to improve the parameters and reduce the 

uncertainties. Several projects in both Sweden, but also in and between the 

Nordic countries are currently ongoing to improve the model. 
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7. Road Operation Effect on Road Dust and PM10  

In Sweden and the other Nordic countries, both winter and spring have 

different requirements of road operation than summer and autumn (pre-

studded tyre season) regarding PM and road dust. During winter, the 

rainfall/snowfall in combination with freezing temperatures makes the 

challenges of keeping a safe and effective transport system clear. One of 

these aspects to gain a higher skid resistance is already described which is 

the usage of winter tyres, both un-studded and studded tyres.  During 

spring, another aspect starts when the roads dries up and how it affects the 

road dust accumulation and PM emissions which requires other 

operations. 

 

In this chapter two major winter operations will be described: the usage of 

traction aggregates to increase the skid resistance as well as the use of de-

icing chemicals to remove ice and through that increase the skid resistance. 

From a traffic point of view these methods will have a positive affect while 

keeping the limitations in mind, but these methods also have impact on the 

PM emissions and the road dust. Furthermore, the spring operation of 

dust-binding will be described in this chapter and the impact it has on 

ambient PM emissions and road dust. 

7.1. Traction sanding 

As previously mentioned, the dispersion of traction aggregates on the road 

surface is one of the major winter road operations used in Sweden, but also 

in most of the other Nordic countries, as can be seen in Table 4. 
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Table 4. Consumption of traction sand per winter season in the Nordic countries and the 
Faroe Island. Source: Knudsen et al. (2014). 

Winter 

season 

Sweden 

[tonnes] 

Norway 

[tonnes] 

Finland 

[tonnes] 

Denmark 

[tonnes] 

Iceland 

[tonnes] 

Faroe 

island 

[tonnes] 

2008/2009 611 000 444 300 581 900 0 11 300 0 

2009/2010 594 000 417 000 355 340 0 16 900 0 

2010/2011 541 700 549 000 393 300 0 9 800 0 

2011/2012 542 930 542 000 520 000 0 25 500 0 

2012/2013 602 900 587 200 483 428 0 20 300 0 

2013/2014 582 340 575 243 581 195 0 19 500 0 

 

In a survey where 92 Swedish municipalities (of a total of 290) were asked 

about their usage of traction aggregates, it was shown that the use of 

crushed aggregates is dominating over the use of natural sand, and that a 

large proportion of the fractions used is over 2 mm for the crushed material 

(Gustafsson and Yakoub, 2007). The survey found that natural sand on the 

other hand is rarely sieved from the finer fractions, which is not good from 

a road dust emission point of view. The authors also concluded that the 

most important factors regarding the traction aggregates, as rated by the 

municipalities, were: 

 

1. Friction and duration 

2. Cost 

3. The dust properties of the aggregates (11% of the municipalities) 

 

The usage of traction aggregates affects the road dust emission mainly in 

two ways. The traction material increases the wear of the surface course, 

thus increasing road dust emissions, as well as crushing the traction 

material itself and thus also creating smaller particles (Kupiainen, 2007). 

The author named the first effect “the sand paper effect” since the traffic 

(the tyres) in combination with the traction aggregates acts on the 

pavement similar to how a sand paper acts on a piece of wood. Kupiainen 

et al. (2003) concluded, in a study performed in a Finnish road testing 

machine, that the combination of studded tyres and traction aggregates 

increased the concentrations of PM10. The author also mentions that, 
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during studies of the particle chemistry, a large proportion came from the 

pavement, which could indicate an increased wear due to this sand paper 

effect. It is also mentioned that this effect is dependent on several factors, 

e.g. mineralogical and mechanical properties of the pavement and sanding 

aggregates. In another investigation by Kupiainen et al. (2005) it was 

concluded that the amounts and properties of the aggregates had the most 

important effect on the particle concentrations. In the same investigation, 

it was concluded that studded tyres increased the particle concentrations 

by roughly a factor of 1,5. Tervahattu et al. (2006) also concluded that the 

traction aggregate drastically increased PM10 concentration, although 

mainly due to the sand paper effect. The authors also mention that it is not 

suitable with fine grain size distributions as well as aggregates with low 

fragmentation resistance (LA-index) due to their impact on the dust 

emissions. Other studies also concluded that the usage of traction 

aggregates increases the PM10 generation, especially for studded tyres (e.g. 

Gustafsson et al., 2005). 

7.2. De-icing and dust binding 

Today one of the most common winter operation measures for high traffic 

roads is the usage of de-icing chemicals. Disregarding the negative effects 

of de-icing salts, such as corrosion of metals, e.g. reinforcement steel in 

concrete, and possible ground water contamination, de-icing salts (and 

other chemicals) are used primarily as a winter road operation mean to 

ensure sufficient friction and safety during the cold months when ice and 

snow are common. Today, there are different solutions in use for 

preventing/removing ice of which the more common type is sodium 

chloride (NaCl), both as dry salt, as moisturised salt and as brine. Road salt 

is used in all Nordic countries and an example of the used amounts is given 

in Table 5. Other types of de-icing chemicals are also used, including e.g. 

calcium chloride (CaCl2), magnesium chloride (MgCl2) and calcium 

magnesium acetate (CMA). All these chemicals are hygroscopic and 

therefore works well for dust binding, meaning they can be used also 

during spring operation to reduce the suspension of dust. 
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Table 5. Consumption of road salt per winter season in the Nordic countries and the Faroe 
Island. Source: Knudsen et al. (2014). 

Winter 

season 

Sweden 

[tonnes] 

Norway 

[tonnes] 

Finland 

[tonnes] 

Denmark 

[tonnes] 

Iceland 

[tonnes] 

Faroe 

island 

[tonnes] 

2008/2009 225 500 200 000 87 300 49 700 15 500 1 103 

2009/2010 238 250 201 000 62 890 100 840 14 089 1 916 

2010/2011 253 900 238 000 78 053 107 000 15 746 1 148 

2011/2012 195 900 205 000 97 400 45 600 27 600 2 262 

2012/2013 250 400 205 600 79 847 90 230 16 680 2 187 

2013/2014 157 050 188 350 80 649 33 530 10 900 1 173 

 

According to Blomqvist and Johansson (1999) the de-icing salt applied to 

the road surface have several possible ways to be transported away from 

the road surface and reach the roadside environment: by runoff, 

infiltration, splash, spray, airborne particulates and ploughing. They also 

found that of the applied salt, 20-63% was transported through air and 

deposited 2 – 40 meters from the edge line. The authors point out that the 

metrological conditions have different influence on the transport 

mechanics explaining the high variation between the different 

measurement periods. 

 

Gianini et al. (2012) analysed PM10 specification data by using positive 

matrix factorisation receptor modelling. This was done for two different 

time periods (1998-1999 and 2008-2009) for several sites in the Alp 

region. They found that de-icing road salt used there contributed for 6-7% 

and 3-10 % of the mean annual concentration of PM10 for the period of 

1998-1999 and 2008-2009 respectively. 

 

Ducret-Stich et al. (2013) identified nine different sources for PM10 by 

using positive matrix factorization with chemical trace elements as well as 

elemental and organic carbon from daily PM10 filters gathered between 

2007 and 2009. They concluded that four sources had a direct connection 

to traffic and that road salt contributed with 2% to the annual PM10 

concentrations, while also showing a clear dependency with the distance to 

the highway. 
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By using receptor modelling, Amato et al. (2016) concluded that road dust 

emissions at the Auteuil traffic monitoring site in Paris (the ring road with 

220 000 vehicles per day is located right next to it) was found to contribute 

for 60% of the total kerbside PM10, and road salting was found to be a 

minor contributor by 1% and 2% during winter time. The authors mention 

there are generally lower road dust emission potential in southern and 

central Europe which mainly are controlled by solar radiation and rain. 

 

Denby et al. (2016) used the NORTRIP model and performed a study where 

the road salt emissions were modelled. By using ten different datasets 

(from Stockholm, Oslo, Copenhagen and Helsinki in Sweden, Norway, 

Denmark and Finland respective) including information regarding salt 

application as well as observations of salt concentration in the air, the 

authors concluded that in two of the datasets (Stockholm and Oslo) good 

correlations were achieved (R2 > 0,4), and the modelled mean 

concentration was less than a factor of 2 away from the observed mean 

concentration. For four other datasets (Copenhagen and Helsinki) a poor 

correlation was achieved (0,1 < R2 < 0,3) although there was only a factor 

of two between the different mean concentrations. One dataset (Helsinki) 

achieved a good correlation (R2 = 0,6) but underestimated the mean 

concentration by a factor of 3, and the last three datasets (Stockholm, 

Copenhagen and Helsinki) performed poorly. By assessing the modelled 

salt balance, the authors conclude that the main transport process 

removing salt is drainage. The authors do imply that transportation by 

vehicle spray might be more important on high speed roads. In their 

assessment, only about 0,5 % on average of the applied salt was suspended 

in the PM10 fraction. This observation led to an estimation of an increased 

kerbside mean salt concentration wintertime by 4,1 ± 3,4 µg/m3 for each 

kg/m2 of salt applied. 

 

Other use of chemicals for road operation is the dust binding, with which 

(as the name suggests) the dust is bound to the road surface, resulting in 

reduced dust suspension by traffic. Many dust binders are the same 
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chemicals as used for de-icing. Most of them use high hygroscopicity as the 

dust binding property by which, the surface is kept wet or humid and 

therefore retaining the road dust. Gustafsson et al. (2010) tested the effect 

of four different dust binding solutions. The dust binders that were used 

were: 

 

• Calcium Magnesium Acetate (CMA, concentration of 25%) 

• Calcium Chloride (CaCl2, concentration of 10 %) 

• Magnesium Chloride (MgCl2, concentration of 25 %) 

• Sugar solution (concentration of 25 %) 

 

The authors concluded that all investigated dust binders reduced the 24h 

mean value of PM10 with about 35-40 % in comparison with the reference 

section, although they point out that the evaluation of the sugar solution is 

uncertain. Further, they report that the effect of dust binding decreases 

over 3-4 days with no clear differences between the solutions used. Also, 

the solutions are spread by air to the surrounding area, with a strong 

deposition within around 10 meters from the road edge. The dust 

accumulated on the road surface is, at all locations, higher between wheel 

tracks than in the wheel tracks. Between seven and 20 days after 

application the accumulated dust outside of the wheel tracks generally 

decreased. They also point out that there is more dust accumulated on the 

sections with dust binders than on the reference section. One effect 

mentioned by the authors is that the friction is decreased when the dust 

binder is applied, to again increase over time.  

 

Another study regarding the application of CMA (25% water solution) 

performed by Norman and Johansson (2006) saw an average reduction of 

the daily PM10 levels of 35%, and they conclude that the usage of CMA may 

be effective to reduce the highest peak concentrations. Aldrin et al. (2008) 

analysed the effect of a MgCl2 solution in a road tunnel in Norway and 

found that salting gave a large impact directly after application where the 

coarse fraction (PM10-2,5) was mainly affected. The authors estimated a 

reduction of 70% directly after the MgCl2 application in comparison to the 
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corresponding PM level present under the same, untreated, conditions. 

They also mention that there is a barely significant effect on PM2.5 by a 17% 

reduction and an impact of 56% reduction for PM10. The authors estimate 

that the effect of salting is present for about 10 days, although with a very 

wide confidence interval of 3-16 days and is most likely due to the 

experimental design. 

 

As mentioned earlier, dust binding solutions might reduce the friction on 

dry roads, which must be considered. Another consideration required is 

the transport process, since the particles may deposit in sensitive areas the 

near road environment. Gustafsson et al. (2010) mentions other 

environmental aspects in the investigation of the earlier mentioned dust 

binders. MgCl2 have negative effects on water and vegetation, while also 

having a corrosive effect on metals and concrete. CMA is mentioned to have 

a low impact on the environment, apart from the use of oxygen at 

degradation and mobilisation of metals in the soil, as well as having a low 

impact on corrosion. CaCl2 have similar environmental problems as MgCl2. 

The sugar solution has a low environmental impact, mainly the use of 

oxygen at degradation and an unpleasant smell, as well as low impact on 

corrosion. 

7.3. Cleaning of road surfaces for reduction of dust load 

One of the measures used to reduce the inhalable particles is street 

cleaning. According to Gustafsson et al. (2011a), street cleaning have long 

been discussed as a possible measure. Gustafsson (2002) did a review of 

street cleaning as a method in the Nordic countries and California, USA. 

The author concluded that it was impossible to determine if the street 

cleaning had any effect by itself when using both dust binder and street 

cleaning in both Norway and Finland.  

 

Amato et al. (2010) studied about 20 different investigations regarding 

street cleaning machines. They concluded that for sediment removal, the 

machines’ efficiency appeared to increase with increased particle sizes. For 
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ambient air particulate matter pollution, it was concluded that sweeping of 

streets in itself is an inefficient method to reduce the particle 

concentrations, at least in short term. Also, the brushing itself might 

contribute to PM10 emissions. It is also noted that in cases where dust 

sweeping was combined with water flushing, PM10 was reduced, although 

it is unclear whether this effect is due to the combination of the two 

methods or only due to the washing. The authors conclude that a large 

decrease of PM10 by street sweeping alone should not be expected. 

Sweeping was also subject for investigation in Gothenburg, and it was 

concluded that sweeping did not show any reduced amount of PM10 at the 

measurement position (Sjöstedt et al., 2006).  

 

Another recent study by Janhäll et al. (2016) investigated how three 

different cleaning machines affected the dust load on the road surface after 

cleaning, both in a tunnel and a street environment where the road was 

cleaned differently in different sections. In the tunnel environment, the 

whole tunnel was cleaned, not only the road surface, with a cleaning 

solution. In the regular street environment, no cleaning solution was used. 

The authors concluded that there are different results depending on if the 

cleaning was performed in the tunnel environment or in the regular street 

environment. For the tunnel environment dust load was generally 

increased after cleaning, while it decreased for two of the machines on the 

regular street. The authors suggest that these differences are likely to result 

from the fact that in the tunnel, all surfaces are cleaned with cleaning 

solution. This cleaning is likely to collect dust from wall- and roof sections 

and deposit it on the road surface. The authors also suggest that the 

cleaning solution might dissolve cemented particles in the road surface 

texture, which then becomes available for sampling. Two of the three 

machines did manage to reduce the amount of DL10 and DL180 in the 

regular street environment.  

 

Another investigation by Norman and Johansson (2006) where sweeper 

effect on PM10 was evaluated, only noticed a marginal reduction of the daily 

PM10 levels of about 6% when washing the verge of a highway with high-
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pressure water systems. None or marginal effects on PM10 concentrations 

were found for intense sweeping of roads in the city centre of Stockholm. 

This was also seen in the investigation performed by Aldrin et al. (2008), 

even though they mentioned that it might be due to that the equipment 

used might remove coarser material than the PM10 fraction or that the 

number of times the cleaning was carried out was too low. 
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8. Other Options to Reduce Traffic-related Non-

Exhaust PM10  

More options than road operation and maintenance will affect the PM10 

emissions. Two other relevant aspects to affect the emissions is the 

possibility to either alter the current traffic situation (e.g. local bans on 

studded tyre, reducing traffic amounts and speed) or by altering the 

pavement properties to reduce air pollution. 

8.1. Altering of traffic situation 

One of the means used to reduce the ambient PM10 levels is to reduce the 

share of, or fully ban, the studded tyre usage. For instance, in Stockholm 

(Sweden), a studded tyre ban was introduced on Hornsgatan in 2010, and 

just recently on Kungsgatan and Fleminggatan in 2015. Other examples in 

Sweden are the cities of Gothenburg (Göteborgs Stad, 2017) and Uppsala 

(Uppsala Kommun, 2017), which both have introduced local bans on 

studded tyres. Other countries such as Norway have introduced special fees 

to reduce usage of studded tyres (Johansson and Burman, 2013) and in 

many countries, e.g. Germany and Japan (on Hokkaido), studded tyres 

were banned altogether to reduce road wear and PM emissions already in 

the 1990s (Asano and et al., 2002).  

 

In Stockholm, several methods have simultaneously been combined to 

reduce the ambient PM10 levels (Gustafsson et al., 2013b, Gustafsson et al., 

2014a, Gustafsson et al., 2015, Gustafsson et al., 2016), which makes it 

hard to distinguish the studded tyre ban’s impact. One estimation has been 

done using the NORTRIP model where Norman et al. (2016) estimated the 

net change in ambient PM10 with observed levels. The authors estimated 

that for the first year when the studded tyre ban was introduced on 

Hornsgatan the ambient PM10 concentrations were decreased by 42%, and 

another 8% due to the metrological conditions relative to the reference year 

of 2007. The observed decrease relative to the reference year was -47%. 
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The authors also noticed that for the following years (2011-2014) the 

studded tyre ban reduced the share of studded tyres by 62%, while also 

reducing the overall traffic by 25%, which together was estimated to reduce 

the road wear with 72%. The authors state that these changes in traffic 

together with an observed increase of 3-29% in concentrations due to 

metrological conditions (during the same time period), gave a modelled net 

concentration reduction of about 50% on an average over the four years, 

which was also observed. Another earlier study by Norman and Johansson 

(2006) showed a high correlation between the weekly average levels of 

PM10 and the light vehicles share of studded tyres. They estimated that each 

10% reduction of studded tyre share would result in about 10 µg/m3 lower 

PM10 levels. This estimation was performed with a regression analysis only 

taking dry periods during day time into account and the authors point out 

that the exact quantitative effect is depending on the meteorological 

conditions.  

 

For Rv4 in Oslo, Norway, calculations with the PMF2 model showed that 

there was a significant reduction in PM10 concentration of 23% during dry 

days, after a speed reduction from 80 km/h to 60 km/h (Hagen et al., 

2005). When using the NORTRIP model, Norman et al. (2016) concluded 

that both the speed and the reduction of studded tyre share came out as the 

dominating impacts of the ambient PM10 concentrations regarding the 

traffic related parameters. According to the authors, the speed reduction 

(implemented in 2005) gave an estimated reduction in ambient 

concentrations of PM10 of 38%, while the metrological conditions gave 

increased ambient levels, resulting in a net decrease of ambient 

concentrations of 30%. For 2006, similar estimations regarding the traffic 

was made, but the metrological conditions gave a net decrease of ambient 

particle levels of 42%. The authors state that these modelled estimations 

were on the same level as the observed concentrations. 

 

Studies regarding the speed’s impact on ambient PM10 concentrations 

have been performed in VTIs RS by Gustafsson et al. (2005). The authors 

came to the conclusion that the speed does indeed impact on the ambient 
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concentrations, see Figure 29. As can be seen, the mass concentration show 

a significant stronger imact from the speed in comparison with the 

unstudded winter tyres, while at the same time showing quite similar imact 

from speed regarding the number concentrations, at least up to 50 km/h, 

after which the friction tyre gave a higher number concentration. 

 

 

Figure 29. The relation between speed [km/h] and the mean concentration of particles of size 
0,523-10 µm [µm/m3] (upper figure) and 16-723 nm [#/m3] (lower figure) for studded 
tyres and non-studded (friction) tyres on an SMA with quartzite. The blue lines are 
studded tyres and the red lines are non-studded tyres. The investigation was made 
in the VTI RS. Source: Gustafsson et al. (2005) 
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An investigation carried out in Gothenburg where the speed limit was 

lowered from 50 km/h to 40 km/h on Friggagatan showed a reduction of 

PM10 with about 5 % relative the reference measurement location in Haga 

(Sjöstedt and Derneryd, 2007). The authors conclude that a general speed 

reduction in Gothenburg may reduce the yearly mean value with about 1 

µg/m3.  

8.2. Altering of pavement properties 

Another aspect which affects the production of non-exhaust PM10 is 

altering of the pavement. Compared to what was described earlier in this 

report, the results presented in this chapter are from investigations where 

a street with real traffic and metrological conditions got new surface 

course. 

 

One such investigation was done in Denmark, where the street of H.C. 

Andersen Boulevard in Copenhagen got a new pavement in 2008 

(Ellermann et al., 2010). The authors concluded from the measurements 

performed with high time resolution, together with the element 

composition of the particles that the contribution from the road was 

reduced. The authors also concluded from NOx measurements that the 

traffic had not substantially changed from previous years. The authors 

point out that it is unclear how long the effect will remain, but that the 

pavement does have a significant impact on PM10. Other locations in 

Sweden have also noted changes in measured concentrations levels 

(Norrköping and Stockholm), although no public available data is 

available.  
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9. Environmental Issues Related to Road Surface 

and Tyre Interaction 

So far it can be seen that many factors affect PM-emissions, and that some 

means to address the issue exists, e.g. replacing the pavement with a more 

abrasion resistant pavement. One issue with only judging one 

environmental issue at a time, such as the PM emissions, is that the effect 

on other aspects of the full and complex system may be overlooked.  

 

Several aspects would be required to be considered when introducing such 

means as described earlier. Going back to the example of replacing the 

pavement, two immediate environmental issues may arise: (i) changes in 

rolling resistance, which in turn will affect fuel consumption (Carlson, 

2017) and (ii) changes in noise emissions. Especially these two examples, 

together with both friction properties and PM emissions from road traffic, 

are affected by the road and traffic with their respective properties.  

 

To limit these complex phenomena, this chapter will handle the combined 

issue of road noise and PM emissions. This is done by first giving a brief 

introduction to the basics of road noise, followed by a brief description of 

the combined issues of non-exhaust PM and road noise emissions.  

9.1. Road traffic noise basics 

Traffic noise is today one of the largest environmental problems present in 

Sweden, as well as in Europe and the rest of the world. The common 

definition is that a noise is an unwanted sound (Sandberg and Ejsmont, 

2002). Another definition for the environmental noise is given by the 

European Parliament and Council (2002) as: “unwanted or harmful 

outdoor sound created by human activities, including noise emitted by 

means of transport, road traffic, rail traffic, air traffic…”. Bluhm and 

Eriksson (2011) mention that when only considering traffic noise 

disturbances, about half of the EU populations lives in areas without 
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proper acoustical comfort. The authors mention that 40% of the population 

in the EU is exposed to an equivalent sound pressure level (SPL) higher 

than 55 dB(A)5 during daytime, while 20% is exposed to SPL higher than 

65 dB(A)6. The authors mention that for the Swedish population about two 

million people are exposed to average noise levels higher than 55 dB(A), 

which is the national outdoor guideline value. According to Eriksson et al. 

(2013) about 1,7 million of the Swedish population are exposed to the 

previous mentioned guideline when only considering road traffic noise. 

 

One of the main issues with noise, as it is with PM, is the health impact. 

WHO (2011) implied that environmental noise should be considered a 

public health issue after performing analyses of large-scale epidemiological 

studies linking adverse health effects with environmental noise. It was also 

reported implications of a positive correlation between an increased risk of 

ischaemic heart diseases and traffic noise, while also mentioned other 

health issues linked to traffic noise, e.g. sleep disturbance, high blood 

pressure and cognitive impairment in children. 

 

The exposure of road traffic noise gives an impact on the economic value 

of the surroundings. According to Andersson et al. (2009), who modelled 

the relation between traffic noise levels and property prices, based on data 

from the municipality of Lerum, Sweden. The results indicated that an 

increase of road noise by 1 dB gave a 1,7% decrease of property values. 

Another estimation of decreasing property values was done by Sandberg 

(2001), with an estimation of $330 million decrease per year in Sweden. 

An assessment of the socio-economic costs given in European Comission 

(2011) states that traffic, rail and road noise was estimated to €40 billion 

per year and that 90% were related to goods vehicles and passenger cars. 

                                                             
5 55 dB(A) corresponds to a SPL somewhere between a quiet conversation 

overheard one meter away, 50 dB(A) and a normal conversation overheard one 

meter away 60 dB(A) according to Sandberg and Ejsmont (2002). 

6 65 dB(A) corresponds to a SPL somewhere between a normal conversation 

overheard one meter away, 60 dB(A) and a car driving 60 km/h passing ten meters 

away, 70 dB(A) according to Sandberg and Ejsmont (2002). 
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There are several mechanisms and phenomena regarding noise generation 

due to the road surface – tyre interaction. According to Sandberg and 

Ejsmont (2002) there are 16 different mechanism of which seven could be 

divided into amplification mechanisms and 9 into generation mechanisms, 

which can be seen in Figure 30.  

 

The noise generated by the road surface – tyre interaction is a complex 

area. Sandberg and Ejsmont (2002) describe that the different 

mechanisms affect the resulting noise levels by affecting different 

frequencies, where air displacement mechanisms are related to the high 

frequencies while the low frequencies are related to impact mechanisms. It 

is also described that the road surface texture amplitude affects the overall 

resulting noise. In general, when below the cross-over frequency, an 

increasing texture amplitude, for texture in the range of 10-50 mm, results 

in increased noise. While over the cross-over frequency, for the texture 

range of 0,5-10 mm, noise will decrease with the texture amplitude. The 

cross-over frequency differs between light vehicles and heavy vehicles and 

is according to Wayson (1998) about 1000 Hz for light vehicles and 500 Hz 

for heavy vehicles, due to the heavy vehicles tyres larger tyre threads. 

 

One common measurement method in Sweden, and other EU countries, 

regarding measurement of the road surface-tyre interactions impact on 

noise is the Close Proximity Method (CPX). According to  ISO (2017) the 

measurement is performed with a encapsulated trailer with a reference tyre 

mounted. The encapsulation of the trailer prevents unwanted noise such 

as the impact of other vehicles nearby, since the noise from the reference 

tyre is measured by two mandatory microphones. The measurement takes 

place at one (or more) of the nominal speeds of 50 km/h 80 km/h or 110 

km/h. During the test, the speed is measured, and the noise is recorded for 

20 m segments, which are later normalized to the wanted nominal speed, 

which gives the resulting Close Proximity Sound Index (CPXI). 
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Figure 30. A schematic over the different mechanisms controlling noise generation due to the 
road surface – tyre interaction. The red bars are the different vibrational 
mechanisms, the purple bars are the different aerodynamical mechanisms and the 
orange bars are the different amplification mechanisms. Figure produced by and 
used with permission from Tiago Vieira7, who adapted it from Sandberg and 
Ejsmont (2002). 

                                                             
7 Tiago Vieira is a PhD student/Research assistant at VTI in a collaboration 

between VTI and KTH. 
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9.2. The combined issue of road noise and road dust/PM10 

emissions 

As mentioned earlier, one special area regarding the environmental issues 

with the interaction between tyre and road surface is minimizing emissions 

of both particles and noise produced in the contact. Today, measures are 

taken usually regarding one of the emissions without accounting for 

eventual effects regarding the other. An example of this situation is when 

there are large problems with particle emissions. One measure for trying 

to reduce these emissions is to repave the road with an SMA with coarse, 

abrasion resistant mineral aggregates to reduce the wear and particle 

generation due to studded tyres. This will probably have a noticeable effect 

on the particle levels but will at the same time increase the noise pollution, 

also affecting the health and well-being of nearby residents. This is 

dependent on which demands is set in the area but is still a clear example 

of conflicting goals. Another example of a solution to reduce the particle 

levels is the ban of studded tyres, which will reduce particle levels, but will 

also give lower noise levels due to a higher share of less noisy tyres as well 

as reduced traffic. Today, there is little or no coordination between 

measures against particles and noise.  

 

There is currently some ongoing research regarding double layered porous 

asphalts (DLPA, see Figure 31 for a schematic example) in Sweden for 

estimations of how to build a pavement which gives a good noise reduction 

as well as a long technical lifespan. Examples are the test roads located at 

E4 Huskvarna and at E4 Rotebro. There are also trials with using steel slag 

as aggregate in the porous pavement to increase the technical lifespan on 

the Huskvarna test sites consisting of single layer porous asphalt, SLPA 

(Jacobson and Viman, 2015). From a noise perspective, the porous 

pavements have a good noise reducing effect. The DLPA at Huskvarna was 

built in the summer of 2010 and showed already the first year a noise 

reduction of 7-8 dB(A), in comparison with a typical SMA16 and measured 

by the CPX method. DLPA usually have a relatively short lifespan in 
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Sweden, due to the usage of studded tyres amongst other effects, although 

the steel slag seems so far to have a positive effect on the technical lifespan.  

 

Figure 31. Schematic figure over the different phases of a double layered porous pavement. 
Black is the bitumen/mastic phase, grey is the aggregate phase and white is the 
void/air phase. 

 

From a particle point of view though, it is unclear how these kinds of 

pavements will affect the road dust emission. In a DLPA, fine particles will 

settle into the porous systems and start clogging it up, which reduces the 

noise reducing effect. In 2007, an investigation was performed in which 

the authors investigated how the ambient PM10 emissions were affected by 

Skanska’s “Silent Asphalt” (SA, Skanska’s type of DLPA) by doing 

stationary, mobile and experimental measurements. The latter using the 

VTI  RS (Nordberg, 2007). It was concluded that no differences could be 

seen regarding the emissions in the stationary measurements, although the 

authors mention that it appears that it is not the structure of the SA, but 

rather the aggregate size and the mineral aggregate quality with highest 

importance regarding PM10 production. They also open for the possibility 

that it is only the direct emission that is measured in the field, as well as in 

the RS, rather than the porous pavements effects on suspension. Regarding 

the measurements done in the RS, the comparison was made with the 

pavement type used on Hornsgatan in central Stockholm (an SMA16) and 

a pavement type used in Norway (SMA11). These comparisons showed that 

the SA had lower emissions than the other two pavements, probably due to 

having more resistance aggregates (porphyry) rather than due to the 

porosity. They also observed that the SA pavement resulted in a higher 
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wear and more broken stud pins on studded tyres than for the SMA 

pavements, indicating that the coarse texture of the SA might increase tyre 

wear. Further, the authors conclude that the particle emission from the SA 

pavement shows a similar speed dependency as for other asphalt 

pavements. They also observed that the SA pavement resulted in increased 

production of ultrafine particles.  

 

For the mobile measurements, Nordberg (2007) concluded that there were 

large differences between the different measurements performed and the 

measured emissions, and that the difference between studded tyres and 

summer tyres was a factor of 4-17. Also noted was that the SA shows 

emission levels in line with other pavements. The authors point out that 

they would like to see further investigations at VTI where not only the 

different structure differs, but also to investigate how the SA affect the 

surrounding area in terms of pollution transportation, since the SA heavily 

reduce the “Splash and Spray” transports as well as binds the material in 

the pavement, rather than ending up in the side areas. Another 

investigation where a mobile system was used to measure the direct 

emissions for three dense quiet pavements (DAC11) as well as three rubber 

modified (“silent”) pavements (RAC11 and RAC16) in Stockholm 

(Johansson, 2011). The authors concluded that the emissions of PM10 were 

not affected using a rubber mixed pavement in comparison to the reference 

pavements of SMA11, SMA16 and TLC16 (thin layer combination asphalt 

surfacing, in Sweden TSK). They also concluded that the variation in the 

results is larger due to other factors than the type of pavement construction 

and the largest aggregate size. From noise perspective, measurements 

performed with the CPX-method showed a reduction of noise emissions 

for the three Skanska pavement types of SA3, SA6 and A9 (numbers denote 

maximum initial noise reduction in dBA), although the effect was reduced 

substantially over a time period of three years (Nilsson, 2009). 

 

As mentioned here, there are clear indications and knowledge regarding 

the PAs noise reducing effect, even though, at least here in the Nordic 

countries which allows studded tyres, the technical life span seems 
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limiting. Regarding the PM emissions, it seems like there are indications 

that the direct emissions might not be affected, or if there is any effect, that 

it is negative due to suspected increased tyre wear. The investigation 

described above on the other hand suggest more investigations where all 

differences are ruled out with the expectation of the porous structure, if not 

only to investigate how the suspension is affected. It would be interesting 

to perform measurements where both noise and emissions are measured, 

both by stationary means but also by mobile means and laboratory means. 

 

Other pavement deigns are also of interest. In a paper by Vaitkus et al. 

(2017) an effort is made to optimize the noise reduction from AC and SMA 

mixes in the Lithuanian climate, which was specified as having severe 

winter conditions for the road infrastructure. The authors selected several 

different types of pavements (both local and foreign) and mixed them with 

local materials used for high volume roads. The authors conclude that both 

porosity as well as the road surface texture and roughness should be given 

equal importance when optimizing the pavement. The large-scale 

experiments performed focusing on surface texture optimization showed 

benefits to use smaller size aggregates of cubic form, with special gradation 

and optimal binder content, which together caused a reduction of tyre 

vibrations due to the texture (smoother, negative texture) and due to 

decreased air pumping as well as increased noise absorption due to 

increased porosity. From a particle emission point of view, several 

investigations have so far shown that increasing stone size decreases the 

PM10 emissions (e.g. Gustafsson et al., 2011c, Evensen, 2009). 

 

Four poroelastic pavements have been evaluated in the PERSUADE 

(PoroElastic Road SUrface: an innovation to Avoid Damages to the 

Environment) project, in which both an PM10 emissions study as well as 

with CPX measurements on test tracks (Goubert and Sandberg, 2016). 

From a particle emission point of view (with a mixed ring of different 

poroelastic pavements), trials done in the VTI RS showed that during 

studded tyre abrasion, a substantial reduction (10-20 times lower) was 

seen in comparison to a SMA 16 granite pavement for PM10 emissions 
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which probably is due to a large reduction of the mineral aggregate content, 

together with more yielding aggregates in the rubber mass from the stud 

action. The number concentration showed that ultrafine particles are 

produced, although at a substantial lower rate (about 90 times lower) and 

number compared to the SMA16 granite pavement. From a road noise 

emission point of view, the two pavements (comparing to a Swedish SMA 

16 reference pavement) with smallest mineral aggregate size and largest 

proportion of rubber aggregates gave initial nose reductions of 11-12 dB, 

while the other pavements with larger aggregate sizes and less rubber 

aggregate gave an 8-10 dB reduction over the first month, using the SPB 

(Statistical Pass By) measurement method. The results were also generally 

backed by CPX measurements. 
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10. Conclusions, Research Needs and Continued 

Work 

This thesis aims to give a general summary regarding the research of non-

exhaust PM10 emissions, with the limitation to road dust contributions 

from the road surface and tyre interaction. There is much knowledge 

available regarding non-exhaust PM10 emissions and road dust. It is also 

clear that there is much information lacking regarding the link between 

pavement characteristics, road dust and PM10 emissions. One step to close 

this gap has been done by the two studies appended to this thesis, Paper A 

and B  

 

In the first study, paper A, investigation of the Swedish studded tyre 

abrasion wear modelled showed that it overestimated the prediction of the 

pavement rutting. This in turn indicated that the NORTRIP model 

overestimates the contribution from the abrasion wear, meaning that other 

parts of the NORTRIP model is not sufficient enough to predict the 

emissions. This might also be due to not yet having implemented certain 

processes such as the road surface texture influence on the potential road 

dust load. 

 

The other study, paper B, dealing with just road surface macro texture 

showed that there is a theoretical possibility to calculate the maximum dust 

load available. This is though not fully realistic since the dust used was 

artificial and likely not comparable to the road dust which is a composition 

of several sources, i.e. not only one mineral source. Despite this, a first step 

towards greater understanding on the surface influence has been taken, 

and several ideas was presented in the paper on studies to further 

investigate this influence. 

 

Based on this thesis, together with the appended papers, the following 

major knowledge gaps was identified: 
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• How the texture influence dust load and how the geometrical 

shape of the texture affect the potential road dust emissions due to 

wind and or tyre interaction. 

• How the dust itself impacts on the transport mechanics taking 

place on top of and inside the road surface macro texture. 

• How do the different road dust measurement compare, and in 

extension, how can they be used together to gain a better overall 

knowledge of the full spectrum of road dust loading and emission 

potential. 

• The NORTRIP model seems to be a good model, although in need 

of (and is currently also under) continued development. Possible 

aspects which could be considered for implementation in the 

model is more regarding the road surface properties, e.g. the 

texture impact on road dust loading and mobility. 

• More knowledge on how, where and when is required to optimise 

road operation from a road dust and non-exhaust PM10 point of 

view. The use of e.g. the NORTRIP model can be a step in such 

directions. 

• More knowledge is required regarding how noise reducing 

pavements (such as PA:s) affect road dust emissions. Especially 

the particle transportation and accumulation inside PA:s 

(clogging) is of special interest when also considering the impact 

such knowledge would have on the acoustic lifespan and possible 

development of effective cleaning methods. 

 

Based on these identifications, the continued work will be focused on how 

the tyre interaction with the road surface impacts on road dust loadings 

and emissions, while also looking at the road noise emission influences 

with my co-worker Tiago Vieira to gain a more holistic view of the 

environmental problems from road traffic. This will hopefully be used to 

develop the NORTRIP model further and thus increase the overall 

knowledge regarding processes impact on non-exhaust PM emissions. 

Also, if possible, another possibility to investigate clogging of PA using the 
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RS would be another possible continuation while at the same time increase 

the possibilities to gain more holistic knowledge regarding non-exhaust 

PM emissions and road noise emissions. 
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