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In regions where studded tyres and traction material are used during winter, e.g. the Nordic
countries, northernpart ofUSA,Canada, and Japan,mechanically generatedparticles fromtraffic
are themain reason for high particlemass concentrations in busy street and road environments.
In many Nordic municipalities the European environmental quality standard for inhalable
particles (PM10) is exceededdue to theseparticles. In this study,particles fromthewearof studded
and studless friction tyres on two pavements and traction sanding were generated using a road
simulator. Theparticleswere characterizedusingparticle sizers, Particle InducedX-RayEmission
Analysis and electron microscopy. Cell studies were conducted on particles sampled from the
tests with studded tyres and compared with street environment, diesel exhaust and subway
PM10, respectively.Theresults showthat in the roadsimulator,where resuspension isminimized,
studded tyres produce tens of times more particles than friction tyres. Chemical analysis of the
sampled particles shows that the generated wear particles consist almost entirely of minerals
fromthepavementstonematerial, butalso thatSulfur isenriched for thesubmicronparticlesand
that Zink is enriched for friction tyres for all particles sizes. The chemical data can be used for
source identification and apportionment in urban aerosol studies. Amode of ultra-fine particles
was also present and is hypothesised to originate in the tyres. Further, traction material
properties affect PM10 emission. The inflammatory potential of the particles from wear of
pavements seems to depend on type of pavement and can be at least as potent as diesel exhaust
particles. The results imply that there is a need and a good potential to reduce particle emission
from pavement wear and winter time road and street operation by adjusting both studded tyre
use as well as pavement and traction material properties.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Numerous studies have shown that the concentration of
inhalable particles (PM10) in ambient air is associated with

mortality and different kinds of respiratory health problems in
the population (Katsouyanni et al., 2001; Peters et al., 2001;
Brunekreef andHolgate, 2002; Pekkanen et al., 2002; Pope et al.,
2002; Hoek et al., 2002; Kappos et al., 2004). Particle size seems

S C I E N C E O F T H E T O T A L E N V I R O N M E N T 3 9 3 ( 2 0 0 8 ) 2 2 6 – 2 4 0

⁎ Corresponding author. Tel.: +46 13204326; fax: +46 13141436.
E-mail address: mats.gustafsson@vti.se (M. Gustafsson).

0048-9697/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2007.12.030

ava i l ab l e a t www.sc i enced i rec t . com

www.e l sev i e r. com/ loca te / sc i to tenv

mailto:mats.gustafsson@vti.se
http://dx.doi.org/10.1016/j.scitotenv.2007.12.030


to be important since smaller fractions tend to have stronger
relationships to health effects (Schlesinger et al., 2006).
However, meta-analysis of epidemiological studies differing
between the coarser particlemode PM10–2.5 and the finer PM2.5,
shows that there seem to be health effects from both fractions
(Brunekreef and Forsberg, 2005). The coarser mode seems
more related to acute airway symptoms while the finer
mode seemsmore related to cardiovascular disease. However,
not only the numbers of PM are of importance for health
effects, but also the qualitative properties of the particles
determine the ability to induce inflammation (Øvrevik et al.,
2004) This includes the size, shape, chemical composition,
physical properties, material absorbed or adsorbed to the
particles that may depend on several factors of which the
season is one as different toxicological properties have been
noted between spring andwinter PM (Salonen et al., 2004). The
mechanisms and properties that make particles more or less
toxic are poorly understood though. To find optimal measures
against high particle concentrations in public areas, it is
important to study source specific particle characteristics as
well as to determinewhat properties of the parentmaterial are
important for the release of inhalable wear particles.

Since the early eighties it has become increasingly evident
that wear particles from road pavements and tyres strongly
contribute to episodes with very high concentrations of in-
halable particles in outdoor air (Amemiya et al., 1984; Fukuzaki
et al., 1986;Hosiokangaset al., 2004; Swietlicki et al., 2004). These
episodesnormally occur duringdryperiods inwinter andspring.
During the winter season in Sweden, about 70% of light duty
vehicles use studded tyres, ranging from about 40% in the
southernmost parts to over 90% in the north. Even though
pavements have been improved since the 1980s and studs
nowadaysaremainlymadeof lightweight alloys insteadof steel,
about 100000 tons of pavement is worn each winter season in
Sweden (Jacobson, 1999). Although most of the particle mass of
thewear particles is fromparticles that are far larger than 10 μm,
aminor airborne inhalable fraction is generated and contributes
to the air pollution in the road environment and might also
contribute to long range transport. Also, winter sanding in
urbanareascontributes todust formation, both throughvehicles
grinding the sand, but also through increased pavementwear by
sand. In Finlanda similar road simulator as in the present study,
has been used to study wear particle production from tyres,
pavements and winter traction material (Kupiainen et al., 2003,
2005; Räisänen et al., 2003, 2005; Tervahattu et al., 2006). Their
most important results show that studded tyres produce more
PM10 than non-studded tyres, that stone material properties for
both pavement and traction sand are important for particle
production and that traction sand act as a sand paper on the
pavement regardless of which tyre type is used.

During dry periods in winter and early spring, abraded
pavement and sand are ejected into the air by vehicle tur-
bulence and cause particle concentrations to vastly exceed the
environmental quality standard set for inhalable particles
(Johansson et al., 2007). This standard is valid for PM10 and
stipulates that the daily mean concentration must not exceed
50 μg m−3 more than 35 days a year and the yearly meanmust
not exceed 40 μg m−3 (EU, 1999).

The road dust problem is an issue not only in countries
using studded tyres and traction sanding. Even though the

problem is not as obvious, pavements as well as tyres are
worn by traffic globally and produce potentially hazardous
inhalable particles. In many countries, including EU-countries
and the USA, non-exhaust particles are considered an im-
portant research field due to the lack of knowledge and the
complex formation and emission processes. Also, as particle
contribution from vehicle exhaust is abated, the relative
contribution from non-exhaust particles is increasing (Luhana
et al., 2004).

The aim of this study was to characterize wear parti-
cles and to study their possible health effects. Using a road
simulator in a laboratory hall, it was possible to exclusively
measure and characterize the generated airborne wear
particles from two common Swedish pavements worn with
studded tyres and to study the inflammatory potential of the
particles in human macrophages and epithelial cells. Also
wear particles produced using Nordic friction tyres as well as
two types of traction sand were studied. This paper presents
themain results from the particle characterization and the cell
studies.

2. Methods

2.1. Particle generation and characterization

2.1.1. Generation of wear particles
A road simulator (Fig. 1) (Swedish National Road and Trans-
port Research Institute, Linköping) was used to generate wear
particles from studded and friction tyres running on two
different pavements. Particle sampling in the simulator hall
(10×8×5 m3) makes it possible to sample wear particles with
very low contamination from surrounding sources and no
influence from tail-pipe emissions. Apart from the lack of
other particle sources than pavement and tyres, the simulator
also has the advantage of providing the possibility to mini-
mize the contribution from resuspension of dust not directly
related to the pavement and tyres studied, which can be an
important contribution and problem during field campaigns.
Thorough cleaning of the entire simulator hall before each test
minimizes resuspension from old dust originating in previous
tests. The intense movement of the tyres over the pavement
does not allow for deposition on the track, also contributing to
minimized resuspension of newly produced dust.

The simulator consists of four wheels running a circu-
lar track with a diameter of 5.3 m. A DC motor is driving
each wheel and the speed can be varied up to 70 km h−1. At
50 km h−1 a radial movement of the wheels is started to force
the tyres to wear evenly on the pavement. The simulator track
can be equipped with any type of pavement and any type of
tyre can be mounted on the axles. No forced ventilation of the
simulator hall was used, but pressure gradients might have
caused minor self-ventilation.

It should be kept in mind though, that the laboratory con-
ditions at the simulator are not directly comparable to reality in
terms of absolute concentrations. The tight turn, 100% studded
tyres, dry conditions, constant speedwithout accelerations and
decelerations and small air volume all add to the non-realistic
conditions. The tight turn of the wheels causes pavements to
wear approximately 3–4 times faster thanon roads, even though
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