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Abstract Resuspension of road dust contributes to air
quality issues with resulting health impacts. Limited
studies imply that porous pavements can initially miti-
gate PM;, emissions by acting as a dust trap, but the
abrasion wear generates road dust and thus accelerates
the clogging processes. In addition, knowledge regard-
ing the impact of pavement types on road dust load
dynamics is limited. Road traffic noise can be mitigated
using porous pavements, but the use of studded tyres
increases the abrasion wear of the pavement as well as
increasing the noise emission. Due to this durability
problem, porous pavements are rarely used in the Nor-
dic countries where, instead, dense pavements which are
abrasion resistant are more common. Linkdping munic-
ipality, in Sweden, constructed a porous pavement to
mitigate road traffic noise. This led to the opportunity to
investigate the temporal variation of the dust load dy-
namics and inherent size distributions over the winter
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and spring in comparison to those of an adjacent dense
pavement. Results, when using the wet dust sampler
(WDS) method, showed similar dust load dynamics
for the dense and porous pavements. The results were
also compared to previous studies using the same meth-
od on different dense pavements in Stockholm, Sweden.
All locations showed a seasonal variation with higher
dust loads during winter and early spring and declining
loads towards summer. The size distributions were more
complex for the wheel tracks at the porous pavement,
having primarily properties of a mixture model com-
pared to the simple size distributions for the dense
pavement. On the other hand, the dust load and size
distribution were more similar between the porous and
dense pavements regarding loads and shapes, indicating
a less pronounced but similar behaviour between the
surfaces outside of the wheel tracks.

Keywords Road dust - Organic fraction - Particle size
distribution - Temporal variation - Stone mastic asphalt—
SMA - Double-layered porous asphalt concrete—
DLPAC - Low noise pavement

1 Introduction

Particle air pollution has been on the agenda since the
1950s, with an ever-increasing focus on the health im-
pacts on humans (WHO 2005; WHO 2016) and the
resulting socioeconomic impact (e.g. WHO Regional
Office for Europe OECD 2015). Health impacts include,
but are not limited to, cardiovascular and cerebrovascular
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mortality, respiratory diseases and daily mortality (e.g.
Brunekreef and Forsberg 2005; Forsberg et al. 2005;
WHO 2005; Meister et al. 2012; Stafoggia et al. 2013).

Generally, anthropogenic sources are the most im-
portant in urban environments, where larger popula-
tions are exposed. Particle sources include industries,
construction sites (e.g. Kampa and Castanas 2008),
residential heating (e.g. biomass burning) (e.g.
Sigsgaard et al. 2015) and traffic sources, which in turn
can be further divided into exhaust emissions (e.g.
Burtscher 2005) and direct non-exhaust emissions
from road, tyre and brake abrasion wear (Gustafsson
et al. 2008; Thorpe and Harrison 2008; Gustafsson
et al. 2009; Harrison et al. 2012; Grigoratos and
Martini 2015), as well as suspension/resuspension of
road dust (China and James 2012; Amato et al. 2014a;
Amato et al. 2016; Padoan et al. 2018; Stojiljkovic
et al. 2019). Exhaust particles are regulated with in-
creasing restrictions, while non-exhaust sources are
unregulated, despite having greater health impact than
previously thought (WHO 2013; van der Gon et al.
2013; Amato et al. 2014b).

For northern countries, direct and resuspended non-
exhaust sources dominate the PM;, (particulate mass
with and aerodynamic diameter < 10 um) composition
(WHO 2005; Gustafsson et al. 2011). With current
development in technology and regulations, exhaust
sources decrease, thus increasing the relative abundance
of non-exhaust particles (e.g. Timmers and Achten
2016). Especially countries using studded tyres have
problems with anthropogenic mineral dust due to in-
creased pavement wear (Denby et al. 2013; Norman
et al. 2016; Lundberg et al. 2019b) increasing direct
particle generation and dust load (Gustafsson et al.
2008; Hussein et al. 2008; Kupiainen and Pirjola
2011). This also applies to traction sanding since the
sand, especially in combination with studded tyres,
both accelerates the abrasion wear of pavements and
in itself is crushed into finer dust (Kupiainen 2007;
Kupiainen and Pirjola 2011; Kupiainen et al. 2016).
The increased abrasion wear from studded tyres has
led to an increased use of abrasion wear resistant
pavements, such as the stone mastic asphalt (SMA).
This dust load is stored on road surfaces and contrib-
utes to particle concentrations in air due to suspension
from traffic and wind. The dust contains particles
directly contributing to PM,, as well as larger parti-
cles, which have the potential to be further crushed/
fragmented and contribute to PM;, emissions.
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There are several transport mechanisms impacting on
dust load dynamics, and in extension PM;, concentra-
tions, including mass transport to the surface (e.g.
through deposition), accumulation of dust on the surface
(e.g. wetness binding dust to the surface) and transport
away from the surface (e.g. wind shear suspending
particles). These processes depend on the road surface
texture but are also influenced by the surface wetness,
and meteorological conditions, including wind, dew and
precipitation. Also, wintery road surface conditions like
ice and snow cover strongly affect the generation and
transport of road dust. The tyres’ interaction with the
road surface also impacts on the transport of particles.
Wet conditions suppress suspension of particles. Dust
instead accumulates in the macrotexture of the surface.
Given sufficient amounts, flowing water can transport
dust to or away from the surface, depending on road
construction properties such as crossfall. Splash and
spray from road surface and tyre interaction can trans-
port dust to or from the surface, with both mechanisms
affected by the macrotexture of the surface (PIARC
1987). For icy and snowy conditions, dust can also be
removed/introduced by removal, or melting, of snow.
During dry conditions, dust is primarily suspended due
to tyre interaction and wind shear from both natural
wind and moving traffic. Direct emissions of non-
exhaust particles are also higher during dry conditions.
The highest suspension forces are applied to the wheel
tracks through both direct tyre interaction with the sur-
face and turbulent air flow around the vehicle. Tyres
rolling over a surface will entrap and compress air in the
cavities of the road surface macrotexture. When the air
is released, suspension occurs due to wind shear. This
mechanism, called “air-pumping” has already been
studied regarding the noise that is generated when the
air is released (e.g. Eisenblaetter et al. 2010). Due to the
high suspension forces, the road dust load is seldom
high in wheel tracks, and the actual suspension from
individual vehicles is low. Between wheel tracks sus-
pension forces are lower, and suspension occurs only
due to the turbulent air flow from the moving vehicle,
thus reducing the transport effect. Towards the edge,
wind shear due to turbulent air flow from vehicles still
occurs, diminishing with distance from the traffic, mak-
ing the suspension even less effective. Surfaces outside
the wheel track have normally higher dust loads due to
lower suspension forces, but if a vehicle happens to
drive out of wheel tracks, the momentary suspension
from these surfaces will be high. The tyre will also
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directly transport particles during dry and wet condi-
tions where particles get stuck to the tyre tread. These
vehicles induced dust transport processes depend on
both traffic characteristics (speed and composition), me-
teorological conditions (especially precipitation and sur-
face moisture), road design (such as cross fall and
macrotexture) and road conditions such as cracks and
rutting.

Little is known about how pavement types and
conditions affect the temporal variation of road dust
load dynamics. Most of the studies available have
been performed in the Nordic countries, focusing on
dense pavement, primarily different types of SMA.
The most extensive study is presented in Gustafsson
et al. (2019b) where the mineral dust loads, expressed
as DL;go in Stockholm, Sweden, were studied for
6 years. The study showed a clear seasonal pattern for
all investigated streets with lower dust loads in, rather
than between, wheel tracks. During summer and early
autumn, dust loads are low. During late autumn and
winter, dominated by wet, snowy and icy road surface
conditions, dust load accumulates. Furthermore, mineral
dust generation is accelerated by both the use of studded
tyres, which increases the abrasion wear of pavements,
and by the use of traction sanding. Throughout spring,
when conditions change from wet to dry, dust loads
decrease due to the increased suspension, causing high
PM,, concentrations, with a clear impact on air quality.
During spring, studded tyres are also exchanged for
summer tyres, decreasing the generation of mineral dust.
Dust loads decrease further during summer, and the
cycle is then repeated. The study also showed that
replacing an old SMA with a new, more abrasion
wear-resistant SMA with a rougher initial macrotexture,
the dust load was increased during the first winter.
While the dust load increased, air quality (PM;,) was,
however, initially improved, although likely affected by
the changes in the traffic situation (Elmgren 2018).

There are more environmental aspects than air qual-
ity that can influence pavement choice. Road traffic also
generates noise from the road surface and tyre interac-
tion (e.g. Sandberg and Ejsmont 2002; Vieira 2018).
Noise, as air pollution, can cause health problems in-
cluding cardiovascular diseases, annoyance, sleep dis-
ruption and cognitive impairment in children (e.g. WHO
2011). For roads with traffic speeds above about 40—
50 km/h, the noise from the road surface and tyre
interaction dominates (Sandberg and Ejsmont 2002;
Vieira 2018). To reduce noise generation from tyre

interaction with the road surface, dense pavements can
be replaced by porous pavements, such as double-
layered porous asphalt concrete (DLPAC). The inter-
connected air voids in the DLPAC reduce some of the
noise generation mechanisms (Sandberg and Ejsmont
2002; Vieira 2018), and these voids may also affect
abrasion wear and resuspension of dust and thus the
particle concentrations in the air. The lower durability
of the porous pavements compared to SMAs causes
DLPACs to be uncommon in the Nordic countries
where the usage of studded tyres increases abrasion
wear and ravelling, i.e. loss of aggregates due to failure
in the binding holding aggregates together. Abrasion
wear and road dust also increase air void clogging rates,
thus decreasing the acoustical lifespan, i.e. the time until
significant noise reductions are no longer obtained.
Since DLPACs are more complicated to construct and
maintain and have lower durability against abrasion
wear and ravelling, making studded tyres cause lower
life span and increased cost, it is mainly attractive when
noise reduction from road traffic is essential. The most
successful example in Sweden gave an initial noise
reduction of 7-8 dB(A) with an acoustical lifespan of
about 7 years, compared to the expected 3 years
(Sandberg et al. 2018; Vieira et al. 2019). DLPACs have
not been investigated regarding dust loads and only
briefly examined regarding potential impact on air qual-
ity (Gustafsson and Johansson 2012; Norman and
Johansson 2017; Elmgren and Norman 2019; Vieira
et al. 2019; Lundberg et al. 2019¢c). The air quality
studies available present initial positive results with
lower particle emissions compared to a dense reference
pavement, with a diminishing effect after 3 years of
service (Norman and Johansson 2017; Elmgren and
Norman 2019). This suggests that the DLPAC act as a
particle trap. Had the particle emissions been primarily
due to abrasion, the effect would be more constant rather
than diminishing over time. However, it is still unknown
how the porous pavements’ internal structure impact on
both dust load and, in extension, on air quality as seen
for dense pavements.

Due to problems with road traffic noise, Linkdping
municipality decided to replace an old SMA with a
DLPAC on a part of the street Industrigatan within
Link6ping City in order to mitigate the tyre/road traffic
noise. This change of asphalt was used to compare the
development of dust load and the particle air concentra-
tions close to the DLPAC (not presented in this paper)
while the adjacent remaining SMA pavement was used
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as areference. Part of these investigations is presented in
this paper with the aim to investigate the following:

* How a porous pavement impact on the temporal
variation of road dust load compared to a dense
pavement.

* How a porous pavement impact on the temporal
variation and shape of road dust load size distribu-
tion compared to a dense pavement.

2 Methods
2.1 Site Description

The investigated SMA and DLPAC pavements are
located at Industrigatan in the city of Linkoping, Swe-
den, with their location and the sampling locations as
shown in Fig. 1. All measurements were performed in
the northbound driving lane as this direction had only
one lane, giving exactly the same amount of traffic
passing both sites. In the southbound direction, the
number of lanes changed between the sites. The sites
are rather similar, though the SMA site has a more
open street canyon with woodland on the west side
and uncultivated grassland on the east side and a noise
barrier in direct connection to the road. The DLPAC
site has a more closed street canyon, where the west
side has woodland in direct connection to the road as at
the SMA site, while the east side has a stretch cultivat-
ed grass lawn and woodland in direct connection with
the road.

2.2 Pavement Information

The DLPAC was constructed during early August 2018.
To investigate the pavement construction, drill cores
were collected for both the SMA and the DLPAC. Six
drill cores were collected for the DLPAC at two loca-
tions in the northbound lane, with one core taken in the
left wheel track, between wheel tracks and in the right
wheel track, respectively. The cores were collected early
in November 2018, about 2 months after construction,
before any impact of studded tyres or deformation could
occur. For the SMA, three drill cores were collected
during January 2019 close to the edge in the southbound
lane. Engineering judgement and visual inspection gave
an estimated pavement age of 610 years for the SMA.

@ Springer

Due to unrepresentative grain size distribution and the
visual inspection at the site, one SMA drill core was
disregarded. Both the design values and the drill core
analyses are presented in Table 1. Due to the lack of
design information for the SMA, the Swedish Transport
Administration’s limited values for SMA (Swedish
Transport Administration 2011) were used as proxy
values for typical design. As seen in Table 1, the
DLPAC deviated from the design values, especially
for the bottom layer, while the SMA was close to the
proxy limit values, showing the importance of using
drill cores and not only trusting theoretical information.
A tomography scan of one of the DLPAC drill cores is
given in Fig. 2, showing the difference in air voids
between the layers.

2.3 Traffic Situation

Industrigatan has an annual average daily traffic
(AADT) of 14,700 vehicles, with the proportion of
heavy traffic being 7%. The speed limit is 70 km/h.
The lateral distribution of vehicles was measured using
a traffic camera system from Viscando AB. The mea-
surement location was at the DLPAC (see Fig. 1). The
camera has a time resolution less than 1 s and registers
all passing vehicles’ speed, lateral position and vehicle
class (either light or heavy). The lateral position is based
on the system’s estimate of each vehicle’s centre of
gravity. The lateral distribution of vehicles is presented
in Fig. 3. The position was recalculated from the vehi-
cles’ centre of gravity to the lateral position of the two
tyres. The calculation was performed using the three
vehicle groups described in McGarvey (2016), where
light vehicles had an approximate axle width of 1.5 m,
and the two heavy goods vehicle classes had approxi-
mate axle widths of 1.8 and 2.1 m, respectively, and was
here set to the mean value 1.95 m. The lateral distribu-
tion was not known during the road dust samplings
using the Wet Dust Sampler (WDS, further described
below). Instead, visual inspection determined the sam-
pling location of right and left wheel tracks. The WDS
sampling locations were shifted compared to the actual
position of the traffic (Fig. 3) due to less pronounced
wheel tracks during the first winter season, since the
surface course had not sustained much abrasion wear.
The proportion of light vehicles using studded tyres
was measured on nine occasions, since heavy vehicles do
not use studded tyres in Sweden. For each measurement,
the first 200 light vehicles were counted, and the use of
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Fig. 1 Map showing part of southern Sweden, the location of
Link6ping and the location of Industrigatan. DLPAC, double-
layered porous asphalt concrete; SMA, stone mastic asphalt;

studded tyres was determined by two operators by listen-
ing, since studded tyres generate a distinct sound. If one
operator was uncertain and the other operator marked the
vehicle as having studded tyres, it was more likely that

Table 1 Pavement information for the DLPAC and SMA pave-
ments. The design values are presented together with drill core
analysis values. All spans represent the minimum and maximum
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WDS, wet dust sampler sampling locations. All markings are
approximate. Map is modified from © OpenStreetMap contribu-
tors, CC-BY-SA

the vehicle had studded tyres than not. For one occasion,
an estimate of potential mislabelling was performed by
determining the number of times either operator became
uncertain. The proportion of studded tyres determined by

values. The letter n denotes number of drill cores used for the
analysis. Note that for DLPAC, the same drill cores were used,
with the top and bottom layer separated prior to the analyses

Pavement Layer Maximum aggregate  Void content (%) Layer thickness (mm)  Binder content (%) Pavement n
type size (mm) age
Design  Drillcore  Design  Drillcore ~ Design  Drill core  Design  Drill core
value analysis value analysis" value analysis"™ value analysis'
DLPAC  Top 11 11 23.1 18.6-23.4 25 20-30 6.6 6.0-6.3 1-2 months 6
Bottom 16 16 23.1 6.1-10.8 55 35-60 6.4 6.4-6.8 1-2 months 6
SMA - 16 16 2.0-35" <35 - - 58-6.0" 6.1-63 6-10 years’ 2

Based on the Swedish Transport Administration limit values as proxy since Industrigatan is a municipal road and not part of the state
network. Source: Swedish Transport Administration (2011). " Determined by CEN (2018). " Measured using the drill cores. " Determined

by CEN (2012). ¥ Estimated
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Fig. 2 Digital X-ray computer tomography scan of one of the
DLPAC drill cores. a The top layer of the DLPAC. b The bottom
layer of the DLPAC. ¢ An old dense pavement. Note the intercon-
nected voids in the top layer (a), and the lack thereof in the bottom
layer (b). The black areas are the air voids, while grey and white
areas are asphalt mastic (binder and filler) or mineral aggregates

listening was compared to measurements done at a large
parking space outside the IKANO building in the com-
mercial district of Tornby, Link6ping. The proportions of
studded tyres are presented in Fig. 4, showing similar
results.

2.4 Methods for Road Dust Sampling
and Characterisation

There are different ways to sample road dust, mainly
divided into wet methods like cleaning the surface with
water as compared to dry methods like using suction,
brushing or wind shear to move the particles from the
surface to the sample (Amato et al. 2009; Etyemezian
etal. 2007; Lundberg et al. 2019a). In Sweden, the road
surface is wet (or even snowy) during most of the
winter season and the dry methods would not be use-
able as the wetness of the surface, and not the amount
of dust on the road, is the main factor in determining
the amount of dust collected. Not even a wet method
can be used during times with snow cover or during
very low temperatures (as the sampling water might
freeze).

@ Springer

2.4.1 Wet Dust Sampler

Road dust was sampled using the own-developed Wet
Dust Sampler (WDS) at both sites (Jonsson et al. 2008;
Lundberg et al. 2019a). The sampling device is placed
on the sampling surface, and a small circular area is
sealed by the operator standing on the foot plate, press-
ing a cellular rubber ring into the road surface texture.
The sample is then taken by an automated procedure
during which the surface is washed with a known vol-
ume of water (about 350 g) at high pressure for a set
amount of time. Thereafter, the dust laden water is
transferred into a container using filtered compressed
air. One such procedure will be referred to as a “shot” in
the text. Settings used were water delivery stops after
5 s, sample transfer starts after 2 s and the full shot
ending at 10 s, as used in previous studies (Gustafsson
et al. 2019b; Lundberg et al. 2019a). Deionized water
was used.

2.4.2 Field Sampling

The sampling at Industrigatan was carried out using a
similar strategy as in Gustafsson et al. (2019b), where
six shots were taken in one container to form one
sample. At the SMA site, three samples were taken for
each category: left wheel track (LW), between wheel
tracks (BW), right wheel tracks (RW) and the edge (E),
giving 12 samples per test. At the DLPAC site, the
number of shots per sample varied both during and
between sampling tests since the pavement was de-
signed to drain water from the surface. The sampling
continued until a visual comparison showed that the
DLPAC container had a similar amount of water as the
SMA container. The number of shots per sample was
registered for the analysis of the data. A general descrip-
tion of the sampling strategy, the categories and the
amount and distances between shots are shown in
Fig. 5. The placement of left, right and between wheel
tracks was visually determined at the first sampling
occurrence. Traffic measurement data (Fig. 3) later
showed that the sampling positions were slightly shifted
compared to the actual position of the traffic. Both sites
were marked to ensure that all subsequent measure-
ments were taken within the same areas. Before and
after each sampling test, the delivered mass of water
from the WDS was controlled by flushing directly into a
pre-weighed container. A total of three to six delivered
water masses were recorded, with the average used in
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WDS sampling

location LW

. WDS sampling
location RW

Light vehicles

Heavy vehicles

Vehicle lateral position [m]

Fig. 3 Histogram of the lateral distribution measured between
2019-01-09 and 2019-04-16 for the northbound lane. Number of
bins was 120, i.e. each bin corresponding to 5 cm. Lateral position
0 m corresponds to the approximate left edge of the northbound
driving lane. Negative values correspond to the tyre being in the

the calculation steps described later. To avoid potential
biological growth, all containers were stored at about +

4-5 °C in darkness until processed in the laboratory,
commonly about 1 to 4 weeks. Sampling was performed
at night, and to mark the sampling occasion, the date of
the following morning was used.

2.4.3 Laboratory Processing of WDS Samples

The following steps were used, and have been used for
all earlier published data of DLg,, for each sample

second southbound lane. No vertical scale is given since the
interest is the lateral position and the WDS sampling location
rather than the exact numbers of passing vehicles. LW and RW
mark left and right wheel track, respectively

when determining all parameters (masses) required to
calculate the DLgo (mineral dust load <80 pm):

1. The containers with samples are weighed.
All samples are sieved separately through a 180-pm
sieve to remove the largest particles, primarily to
remove sand and grit since one grain can heavily
influence the resulting particle masses and calcula-
tions. The sieving also makes the DL, g, backwards
comparable to earlier WDS studies (e.g. Gustafsson
et al. 2019b). Additionally, the size is close to the

100

= '
=—a Proportion of studded tyres at Industrigatan !
+ -+ Proportions of studded tyre at Ikano :
X 80| - - Studded tyres legal :
E’ Winter tyres mandatory given winter conditions :
s ' 1
ocact 1 |
D 60 ' I
o 1 1
© [ 1
2 i i
.‘”_’ | 1
|
© 40- : !
o | |
= ' ;
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g 35 i i
& ] : :
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May 2019

Fig.4 The proportions of studded tyres in LinkOping at Industrigatan and at the IKANO parking space in Linkdping. For Industrigatan, the

lower uncertainty was 6.5%
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upper limit of 200 um used for dust loads in the
NORTRIP (non-exhaust road traffic induced
particle) emission model (Denby et al. 2013).

o If size distribution is to be determined, a
subsample of approximately 200 ml is taken
from the sieved dust-laden water. The sam-
ple is stored at +4-5 °C in darkness until
analysis, commonly 1 to 4 weeks, to avoid
biological growth. The material left con-
tinues to step 3. The mass dust-laden water
removed is accounted for later in the
calculations.

3. The sieved sample is filtered using vacuum filtering.
The pressure is set to 10 mbar. A Biichner funnel is
used in which a pre-weighed Munktell 00H filter
with a diameter of 125 mm has been placed.

e If the filter becomes saturated, the dust laden
water is transferred back to its container, and the
first filter is replaced by a second pre-weighed
filter, etc.

4. After filtration, the filter(s) are covered and dried in
a heater at 60 °C for at least 8 h (overnight).

o If particles are left in the funnel after filter
removal, part of a pre-weighed filter is used to
collect them and then placed with the other
filter(s).

5. After drying, the filter(s) are cooled to room tem-
perature and weighed.

6. The samples are burned at 550 °C for a minimum of
6 h in pre-weighed crucibles with lids.

7. After burning, the crucibles are cooled to room
temperature and weighed on an analytical
balance.

The analytical balance has only been used when
indicated, and had a precision of 0.1 mg, while all other
weights were recorded using a balance with a precision
of 100 mg.

For each sampling occurrence, the second sample
collected in each category (left wheel track, between
wheel tracks, right wheel track and edge) were selected
to perform the size distribution analysis, as described
later.

@ Springer

2.4.4 Calculation of DL ;g

Using the masses of water and particles from the labo-
ratory steps, the DL;go is calculated. The first step
calculates the corrected water mass M, o (2):

Mw.corr = Mw‘sample_MpISO,sample ( 1 )

where M,,, samplc is the mass of the dust-laden water after
sieving (g) and M,,50, samplc 1S the mass of particles <
180 um in the sample (g). The mass of particles after
burning is used to calculate the mineral dust load. The
second step corrects the mass of particles M50, corr ():

M\, WDs *Hshots 2)

MplSO,corr = MplSO,sample'
My corr

where M,, wps is the average mass of delivered water
during WDS sampling (g) and 7,0 is the number of
shots the sample container held (-). Finally, the DLy
(g/m?) is calculated as
M 180, corr

PlLiso AWDS *Tshots (3)
where Awps is the sample surface area of the WDS
(0.002043) (m?). Since the mass of mineral particles
was used, comparisons can be made to Gustafsson
et al. (2019b). To calculate DL;go . instead, thus
including both mineral and organic material, the
mass particles after burning replace the mass before
burning.

The calculations are based on the assumption, for
dense pavements, that the particle concentration is equal
in the collected sample and the water potentially
retained on the sampling surface, see Lundberg et al.
(2019a) for more information. These calculations adjust
the dust load by considering the water, and thus parti-
cles, lost during sampling. This assumption is also used
for the porous pavement.

2.4.5 Determination of Size Distributions

The size distributions were determined by using laser
granulometry (Mastersizer 3000 from Malvern
Panalytical using laser diffraction). A laser beam was
passed through the (dispersed) sample with particles,
causing light scattering. The scattering pattern was
analysed by a commercial software calculating the par-
ticle size distribution using the Mie scattering model.
The refraction index used was based on earlier
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Fig. 5 Site description and
example on WDS sampling at a
the northern site with the DLPAC
and b the southern site with the
SMA. Arrows indicate the traffic
direction; the white circles are an
example of WDS sampling, and
the green areas mark the ditches.
The distance between the white
circles was, in general, about 1—
2 dm for all shots along the road.
The number of white circles var-
ied but is here kept the same for
clarity. LW, left wheel track; BW,
between wheel tracks; RW, right
wheel track; E, edge

measurement experiences from e.g. Gustafsson et al.
(2019b) and engineering judgement. The Mastersizer
consists of the main optical unit which transmits red
and blue light, a wet dispersion unit (Hydro EV) and a
measurement cell which measures the scattered light
intensity. Each laser granulometry measurement is car-
ried out by taking three measurements and then calcu-
lating the average. The measured size distribution is
presented as a volume density. All road dust samples
were measured using the following methodology:

1. An initial measurement is performed.

2. Dispersion of sample for 60 s at 1700 rpm.

3. Measurements of the dispersed samples are per-
formed until the measurements stabilises. The mea-
surement with least spread and the lowest weighted
residual < 1% is accepted.

Absolute size distributions are calculated by multi-
plying the DL;go ¢ With the corresponding volume
density (the volume of particles within a size bin de-
scribed as %). The DL g or Was used instead of DLg
since the size distribution analysis sample was collected

before burning and thus contained both mineral and
organic particles.

3 Results and Discussion

3.1 Variation Between Pavement Types and Temporal
Variation of Road Dust Load

The mineral dust loads in the left wheel track and
between wheel tracks is presented in Fig. 6. Similar
WDS samplings of seven different dense pavements
performed in central Stockholm, Sweden, by
Gustafsson et al. (2019b) are included in the figure
for comparison. A clear seasonal variation of min-
eral dust loads was seen in Linkdping for both
pavements, similar to the seasonal variation seen in
Stockholm. The dust load between wheel tracks was
higher in Linkdping, with the exception of Decem-
ber for the SMA. In the left wheel track instead, the
dust loads were generally lower in Linkdping, prob-
ably related to a higher speed (70 km/h) and sus-
pension than on the Stockholm streets (30—50 km/h).

@ Springer
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Fig. 6 A comparison between the DLPAC and SMA at
Industrigatan, Linkoping. The bars express the average DL;gq
and the error bars express the standard deviation. The measure-
ments from Industrigatan shown are the mean value and standard
deviation for measurements in that month. The letter n marks

Jan Feb Mar May

For the DLAPC, similar results can be seen for both
the wheel track and between wheel tracks measure-
ments. A significant difference between the cities
was the use of dust binding and frequent street
cleaning, using, amongst others, vacuum technology
in Stockholm. It is possible that the dust binding,
exposed to tyres, reduces the cleaning efficiency in
the wheel tracks, causing less efficient removal of
dust in the macrotexture and adding a possible ex-
planation as to why Linkdping had generally lower
dust loads in wheel tracks. Between wheel tracks,
the non-cleaned Linkoping street generally had
higher loads than in Stockholm, where the dust load
between wheel tracks was reduced by street cleaning
and where dust binding was used but was not ex-
posed to tyres.

The temporal variation of DL, g, in Linkoping for the
SMA and DLPAC is presented in Fig. 7. The mineral
dust levels were, in general, higher during winter com-
pared to late spring for all categories. The lateral distri-
bution of dust showed, in general, highest dust loads at
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e

Jul Aug
number of observations. LW, left wheel track; BW, between wheel
tracks. In February, two measurements took place at DLPAC and
SMA at Industrigatan. Available measurement data from Stock-
holm (Gustafsson et al. 2019b) has been is added to the Figure for
comparison

the edge, lower dust loads between wheel tracks and
lowest dust loads in the two wheel tracks for the SMA.

The dust load on the DLPAC showed, in general, a
similar behaviour as for the SMA for the different cat-
egories (i.e. in wheel track or between wheel tracks),
although with no clear difference, with the exception of
the edge where the dust load was lower for the DLPAC.
The left wheel track 2019-02-08 was different and
showed similarity to the measurements for between
wheel tracks and the edge, making it plausible that these
samples were taken outside of the wheel track. The
design of the DLPAC, with high void content, altered
how the tyre interacted with the surface compared to
dense pavements. The high void content decreased the
surface available for the tyre to interact with and could
thus possibly have decreased the abrasion wear of the
pavements. The problems with ravelling will still be
present. The interconnected voids also affected the stor-
age capabilities. Instead of only storing the dust on top
of the surface in the road surface macrotexture (e.g.
Lundberg et al. 2017), as for dense pavements such as
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Fig. 7 The variation of DLg, for the categories left wheel track
(a), between wheel tracks (b), right wheel track (¢) and the edge
(d) for the DLPAC and the SMA. The error bars express the

the SMA, the dust can be transported into the voids
which will act as a particle trap. This process was also
suggested by the few air quality studies (PM,,) avail-
able. The interconnected voids will also transport air
into the pavement, likely making dust suspension less
effective than on dense pavements, since the “air-
pumping” effect will decrease, as well as affecting other
aerodynamic processes. Wet transport processes, both
runoff, splash and spray were also reduced since the
water, with dust, was drained into the pavement rather
than stored on the surface. Over time, both the dry and
wet processes will cause clogging, i.e. reducing the
interconnected voids and thus reduce the efficiency of
the particle trap, and the DLPAC will thereafter ap-
proach the behaviour of dense pavements. When the
DLPAC is clogged, particles are no longer transported
into the pavement and are instead available again for
suspension.

There is always a slight difference between sites in a
real situation, even if, as in this case, the sites are similar
and placed directly after one another on the same street.
Still, the SMA site had a minor curvature (left curve in
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standard deviation. The letter n marks number of observations.
Note the different scale on the y-axis in d

northbound lane) with a somewhat wider lane compared
to the DLPAC. Previous studies have established that
the lateral wander of traffic increases with increasing
lane width (e.g. Erlingsson et al. 2012; McGarvey 2016;
Lundberg et al. 2019b). The channelling of the traffic in
a curve, as on the DLPAC site, will always be slightly
different from the straight road, and thus it is possible
that the right wheel track might be slightly less pro-
nounced, as compared to the left wheel track, as can
be seen in Fig. 3.

The construction of the DLPAC also impacts the
results. The top layer reasonably conformed with the
intended design based on the drill core analysis,
while the bottom layer had a lower air void content
than the intended design (Table 1). Since the top
layer was only 20-30 mm deep, a bottom layer
fulfilling the design could be speculated to transport
dust away more efficiently, making the dust less
accessible. This implies that the reported dust loads
can be considered maximum values, given the cir-
cumstances. Samplings were carried out only during
the first year in service. Due to clogging over time,
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Fig. 8 A comparison of the organic fraction of the dust load from
the DLPAC and SMA at Industrigatan, Linkdping. The bars
express the average organic fraction and the error bars express
the standard deviation. The measurements from Industrigatan
show the mean value and standard deviation for measurements
in that month. The letter » marks number of observations. LW, left

it is speculated that the dust load available for sus-
pension into air can increase over time before
reaching a steady state. However, this long-term
variation of the clogging effect on the dust load, a
possible steady state, and in continuation air quality,
is unknown, thus requiring more in-depth research.

Finally, the investigated SMA was several years
older than the DLPAC which may have affected the
dust loads observed. On dense pavements, it is known
that the abrasion wear from studded tyres is highest
during the first year due to the wear of excessive
bitumen, aggregates and filler mineral dust residuals
from the construction of the pavement (Lundberg
et al. 2019b). Thus, the DLPAC is likely to produce
more abrasion wear dust during this first season than
it will in coming seasons, while simultaneously also
having less surface the tyre can interact with which
could counteract the increased abrasion wear. For the
edge at the SMA specifically, it is possible that the
dust load was affected by dust accumulated over
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wheel track; BW, between wheel tracks. In February, two mea-
surements took place at DLPAC and SMA at Industrigatan. Avail-
able measurement data from Stockholm (Gustafsson et al. 2014,
Gustafsson et al. 2015; Gustafsson et al. 2016; Gustafsson et al.
2017; Gustafsson et al. 2018; GustafSson et al. 2019a) has been
added to the figure for comparison

several winter seasons since the road was not regular-
ly cleaned.

3.2 Variation Between Pavement Types and Temporal
Variation of the Organic Fraction

The organic fraction of the road dust in the left wheel
track and between wheel tracks is presented in Fig. 8
and is compared to similar WDS samplings on dense
pavements reported by Gustafsson et al. (2019b) in
Stockholm, Sweden. The dust load contained primarily
minerals in both Link6ping and Stockholm. The organic
fraction of the road dust increased during the autumn
due to defoliation and then decreased again during win-
ter, where fewer sources were available. During spring,
the organic fraction increased due to pollen and vegeta-
tion and then decreased until summer, with the expected
reduction in pollen. Another aspect was the use of
studded tyres during winter, relatively increasing min-
eral dust from abrasion wear affecting the fractions.
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Fig.9 The variation of the organic fraction of the dust load for the
categories left wheel track (a), between wheel tracks (b), right
wheel track (¢) and the edge (d) for the DLPAC and the SMA. The

Another organic source was the abrasion wear of bitu-
men during primarily winter, and the year around wear
of tyres which depends on the road surface macrotexture
and the rubber properties. Bitumen is classified as or-
ganic matter due to the method used to separate mineral
and organic content. The organic fraction was generally
higher for Linképing compared to Stockholm for both
categories and did not seem to follow the same pattern
over time. The differences were likely primarily due to
the difference in availability of organic material and the
frequent street cleaning in Stockholm, but also differ-
ences in the traffic patterns.

The temporal variation of the organic fraction in the
DL,go for Linkdping is presented in Fig. 9. Mineral dust
dominated all samples from both pavements for all
categories. Generally, the same cycle as for mineral dust
applied. The DLPAC had, in general, a higher organic
fraction. Some exceptions were seen in the wheel tracks,
and at the edge. Regarding sources, both sites are next to
forest areas or grassy areas giving a close local source
during autumn and spring, with the DLPAC having
slightly more forest vegetation. Abrasion wear of tyres

18-12-14 19-02-08 19-03-01 19-03-26 19-04-10 19-05-07

error bars express the standard deviation. The letter » marks the
number of observations

and bitumen was another possible source. However, it is
unknown how much this abrasion wear differentiates
between the two pavement types. Since the DLPAC is
new, initially, the abrasion wear will increase and thus
have a higher contribution of bitumen, although the
level is unknown.

3.3 Temporal Variation of the Total Road Dust Load
Size Distributions

All size distributions of road dust collected from the
SMA had the mode value at particle sizes between 10
and 50 um (Fig. 10). All measurements showed simple
shapes, with a clear tail for finer particle fractions. In
some cases, mainly during spring, a hump was visible
for coarser particle sizes, implying that the shape
consisted of a mixture model influence of at least two
size distributions. For both left and right wheel tracks,
the highest dust load occurred in winter and diminished
during spring, but this was mainly related to the total
amount of road dust on the road and not to differences in
the size distributions. A larger impact from heavy traffic
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Fig. 10 The absolute size distribution from samples at the SMA for the categories left wheel track (a), between wheel tracks (b), right wheel
track (c) and the edge (d). The dashed line shows the 180-pm sieve limit

in the right wheel track might explain more humps
around 100 pm sizes in the right wheel track compared
to the left one. The different levels for all categories can
be explained by the variation in dust load and transport
processes previously discussed. During late spring, the
dust seemingly contained more coarse fractions, implied
by the shapes. Finer particles were more easily
suspended from the road surface macrotexture than
coarser fractions.

All size distributions of road dust collected from the
DLPAC had mode values between 10 and 100 pum
(Fig. 11). The distributions showed primarily shapes
with properties of a mixture model, compared to the
shapes of the SMA, with the primary mode around 10—
20 pm and the secondary mode around 70—-100 pm. The
DLPAC also showed slightly larger tails for finer parti-
cle fractions than did the SMA. The mode of the particle
size seemed to be relatively stable during winter and
spring, with some variations. The sample taken in 2019-
02-08 in the right wheel track deviated from the other
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distributions, showing similarity to the SMA distribu-
tion. This sample was possibly taken slightly outside the
wheel track closer to the edge and at a denser part of the
DLPAC. Both left and right wheel tracks showed clearer
shapes with the properties of a mixture model than
showed between wheel tracks and at the edge. This
implies that either the tyres’ interaction with the surface
or the pavements high interconnected voids or a combi-
nation of both influenced the transport of the finest
particles and particles between 10 and 100 pm. The
DLPAC was possibly more efficient at trapping these
types of particles in the air voids compared to the surface
macrotexture for dense pavements such as the SMA.
Also, the change of the surface with which the tyres
interact can possibly limit the generation and suspension
of certain particles. As for the SMA, the differences
between wheel tracks at the DLPAC could possibly be
explained by the difference of tyre passages from the
light and heavy vehicles. The right wheel track showed
the clearest shapes with properties of a mixture model.
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Fig. 11 The absolute size distribution from samples at the DLPAC for the categories left wheel track (a), between wheel tracks (b), right
wheel track (c¢) and the edge (d). The dashed line shows the 180-pm sieve limit

Measurements between wheel tracks showed shapes
that are in between the shapes of the wheel tracks and
the edge. The main difference was the lack of direct
interaction with the tyres. The higher turbulent wind
flow beneath the vehicle seems to have been less effi-
cient at removing coarser particles. The edge was also
affected by turbulence, although diminishing with dis-
tance from the traffic and thus reducing the efficiency
and further reducing the transport of coarser particles.
The relative size distributions of the road dust are
presented in Fig. 12 for the SMA and in Fig. 13 for the
DLPAC. This allows a better comparison between the
size distributions at different times and at different
locations. The DLPAC size distributions had more
shapes of a mixture model than their SMA counter-
parts. Right and left wheel tracks were most similar
with flatter modes compared to measurements be-
tween wheel tracks and the edge for the DLPAC. A
similar pattern was visible for the SMA, although not

as clearly as the DLPAC. As for the absolute size
distributions, it seems that the direct interaction with
tyres was more efficient at removing particles be-
tween 10 and 80 pum at the SMA and between 10
and 100 um at the DLPAC compared to the transport
processes affecting between wheel track and edge, i.e.
the lack of direct interaction of tyres. It should also be
noted that some of the differences between the pave-
ments could generate different size distributions dur-
ing abrasion wear. It could also be speculated that the
age difference affects the size distribution generated
during abrasion wear, although likely only having a
minor impact compared to that of the tyre interaction
and interconnected air voids.

Finally, Fig. 14 shows the average size distribu-
tions for the DLPAC and SMA for each category,
with clear differences in both wheel tracks. This dif-
ference was due to the change of tyre interaction with
the surface and the interconnected voids of the
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Fig. 12 The relative size distribution from samples at the SMA for the categories left wheel track (a), between wheel tracks (b), right wheel
track (c) and the edge (d). The dashed line shows the 180-um sieve limit

DLPAC affecting dust transport and storage. Mea-
surements between wheel tracks and at the edge
showed less differences, although there was a hump
at coarse fractions for the DLPAC, whilst the SMA
had a higher mode.

3.4 Potential Impact of Method Choice on Results
and Analysis

The validity of the assumption of representative sam-
ples from WDS sampling can be discussed, since
Lundberg et al. (2019a) suggest a variable concen-
tration over the sampling time compared to the as-
sumption of a constant concentration. More particles
are possibly collected during the beginning compared
to the end of a shot. The calculated dust load could be
greater than reported, since water retained on the
surface has a lower concentration of particles, at least
for dense pavements. This caused the presented re-
sults to be considered as a lower level of dust load.
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Since the assumptions are used for other studies
using WDS sampling, this reasoning should hold true
for older data, allowing comparisons. The effect is
likely small, however, since the average loss of water
on a dense pavement is 7-10% of the flushed mass.

Given that porous pavements’ primary function is
to drain water away from the surface to achieve suf-
ficient friction during wet conditions, it is remarkable
that WDS sampling was possible. The likeliest expla-
nation is that the DLPAC bottom layer, which does
not conform with the design, thus having lower void
content, limited the water drainage speed. This allows
sampling of at least some of the water flushed from
the WDS. In a DLPAC with a correct bottom layer
with higher air void content according to design, dust
load available for suspension would be lower due to
more effective transport from the top to the bottom
layer. Over time, the bottom layer clogs and likely
gives the current densification. It is possible that
single-layer porous asphalt concrete (SLPAC) could
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Fig. 13 The relative size distribution from samples at the DLPAC for the categories left wheel track (a), between wheel tracks (b), right
wheel track (c¢) and the edge (d). The dashed line shows the 180-pm sieve limit

perform the same as the results presented in this study.
Another aspect of WDS sampling on a porous pave-
ment is that the flushed water likely transports parti-
cles deeper inside the voids. It is unknown how the
size distribution of this flushed dust compares to size
distributions of the collected dust. Finer particles are
more easily transported with water, while larger and
heavier particles are more affected by inertia, causing
them to get caught more easily in the complex pattern
of interconnected voids. Therefore, some loss of larg-
er fractions was likely.

Sieving of dust at 180-um diameter sizes to re-
move the larger particles impacts on the size distri-
butions. The size distribution analysis method has an
upper size limit of 2 mm. Given no sieving, the
distributions’ shapes would have changed, showing
less fine material and more coarse materials. Since
all samples were treated the same way before deter-
mining the size distribution, the results are still
comparable.

4 Conclusions

This paper presents the results of the temporal variation
of the road dust load, the organic fraction and the
absolute and relative size distributions for a porous
pavement (the DLPAC) and a dense pavement (the
SMA). The measurements cover both winter and spring,
two seasons with different meteorological conditions
and traffic characteristics (including the use of studded
tyres). The results of the lateral distribution of dust for
the left wheel track, between wheel tracks, for the right
wheel track and at the edge are presented.

The dust load had a clear seasonal variation, where
the SMA was comparable to other similar measure-
ments in Stockholm, Sweden, and the dust load was
for all samples dominated by minerogenic material.
Comparisons between the DLPAC and SMA showed
generally similar levels and similar seasonal variation.
Some differences were observed between the wheel
tracks of the DLPAC. The lateral distribution of dust

@ Springer
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Fig. 14 The average relative size distribution from samples at the SMA and DLPAC for the categories left wheel track (a), between wheel
tracks (b), right wheel track (c¢) and the edge (d). The dashed line shows the 180-um sieve limit

load corresponded with previous sampling from other
sites, with lowest loads in the wheel tracks, higher
between wheel tracks and highest at the edge.

The DLPAC DL, g size distributions showed distinct
shapes with properties of a mixture model compared to
the shapes of the SMA DL, distributions. The differ-
ences between the pavements were most clear in the
wheel tracks, and less clear between wheel tracks and at
the edge. The impact on the road surface tyre interaction
seemed to affect particles sizes between 10 and 100 um
compared to the SMA.

The construction of the DLPAC had a denser bottom
layer than the intended design, acting closer to a single-
layered porous asphalt. The difference between the
pavements can thus be considered a minimum. Since
WDS sampling was possible for the DLPAC with dens-
er bottom layer, it indicates that WDS sampling could be
possible for thinner single-layer porous pavements, al-
though with unknown effects on the dust size distribu-
tions. These differences between the procured and

@ Springer

ordered asphalt, and the constructed asphalt surface
course on the road also indicated the importance for
road owners to check the delivery quality of the wear
course, as well as their specifications of functional prop-
erties in their procurements.

Despite the limitations previously discussed, the
results obtained give valuable insight into how the
pavement type can affect road dust load and its in-
herent sizes, whilst giving an increased understand-
ing of the road surface tyre interaction mechanisms
impacting on dust load dynamics, thus contributing
to the currently limited knowledge. The new knowl-
edge improves the understanding of the impact of a
pavement type commonly used for noise mitigation,
on the dust load and its implications for air quality.

4.1 Suggestions for Future Studies

Based on the experiences from the measurement cam-
paign, the following future studies are suggested:
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* Further investigate WDS sampling possibilities on
more well-constructed porous pavements.

e Further investigate impact of porous pavements on
the size distribution compared to dense pavements.

« Further investigate impact of vehicle class on both
dust loads and size distribution.

* Further investigate transport mechanisms of dust
inside the porous pavement.

* Investigate variation of dust load and size distribu-
tions for several winter seasons to check potential
impact on clogging and transport dynamics of the
dust for a porous pavement.
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