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Vorwort des Herausgebers

Die Fahrzeugtechnik ist kontinuierlich Verdnderungen unterworfen. Klimawan-
del, die Verknappung einiger fiir Fahrzeugbau und -betrieb benétigter Rohstoffe,
globaler Wettbewerb, gesellschaftlicher Wandel und das rapide Wachstum grof3er
Stadte erfordern neue Mobilitétslosungen, die vielfach eine Neudefinition des
Fahrzeugs erforderlich machen. Die Forderungen nach Steigerung der En-
ergieeffizienz, Emissionsreduktion, erhohter Fahr- und Arbeitssicherheit, Be-
nutzerfreundlichkeit und angemessenen Kosten sowie die Moglichkeiten der
Digitalisierung und Vernetzung finden ihre Antworten nicht aus der singulédren
Verbesserung einzelner technischer Elemente, sondern bendtigen Systemverstiand-
nis und eine doméneniibergreifende Optimierung der Losungen.

Hierzu will die Karlsruher Schriftenreihe fiir Fahrzeugsystemtechnik einen Beitrag
leisten. Fiir die Fahrzeuggattungen Pkw, Nfz, Mobile Arbeitsmaschinen und Bah-
nfahrzeuge werden Forschungsarbeiten vorgestellt, die Fahrzeugsystemtechnik auf
vier Ebenen beleuchten: das Fahrzeug als komplexes, digitalisiertes, mechatro-
nisches System, die Mensch-Fahrzeug-Interaktion, das Fahrzeug in Verkehr und
Infrastruktur sowie das Fahrzeug in Gesellschaft und Umwelt.

Mit der stiarkeren Marktdurchdringung der Elektrofahrzeuge und dem damit ver-
bundenen Riickgang der verbrennungsmotorisch angetriebenen Fahrzeuge, wech-
selt im offentlichen Bewusstsein der Blick von der Feinstaubemission der Ver-
brennungsmotoren zu derjenigen des Reifen-Fahrbahn-Kontakts. Bislang gibt
es nur ein sehr unvollstindiges Wissen dariiber, was die Bildung von Feinstaub
begiinstigt oder sie verringert. Dies liegt u. a. auch an dem Mangel geeigneter
Messverfahren.



Vorwort des Herausgebers

Hier setzt die Arbeit von Herrn Schléfle an, in der er insbesondere den Einfluss
der Betriebsbedingungen auf die Feinstaubemission experimentell detailliert un-
tersucht. Dariiber hinaus variiert er die Art des Reifens (Sommer-, Ganzjahres-
und Winterreifen) und der Fahrbahn (Beton und Asphalt). Er schafft mit der
Erweiterung eines Innentrommelpriifstands um eine Partikelabsaugung und Par-
tikelmesstechnik eine neuartige Messmoglichkeit, die es erlaubt, Partikelemissio-
nen im Bereich von 0.3 pm bis 10 pm hinsichtlich Anzahl, Masse und Grofien-
verteilung in Echtzeit auf realen Fahrbahnbeldgen zu bestimmen, ohne von Par-
tikeln aus der Umgebung beeinflusst zu werden. Dabei kdnnen Antriebs-, Brems-
und Seitenkrifte, Radlast, Rollgeschwindigkeit und Umgebungstemperatur real-
itdtsnah variiert werden. Auch der Einfluss der Fahrbahngriffigkeit wird erfasst.
Die quantitativ ausgewerteten Ergebnisse schaffen eine bislang nicht vorhandene
Wissensbasis fiir die Entwicklung emissionsarmer Fahrzeuge, Fahrweisen, Reifen
und Fahrbahnen.

Frank Gauterin
Karlsruhe, im November 2025
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Abstract

The hazard to human health posed by particulate matter (PM) has been docu-
mented in countless publications. A significant proportion of PM comes from
road traffic. For a long time, it was assumed that particles from internal com-
bustion engines were mainly responsible. However, especially with the advent of
electrification, it has become increasingly clear that abrasion processes also make
a significant contribution to PM emissions. These include particles from friction
brakes and tire-road contact. Their importance has been increasing as a result of
the steady decline in exhaust emissions and will continue to do so as electrification
progresses. For this reason, the upcoming Euro 7 emission standards will for the
first time include limits for both emitters—on PM emission for friction brakes
and on total mass loss for tire wear. Currently, there is neither a database nor a
suitable measurement method to regulate tire or tire—road PM.

This work makes a significant contribution to a better understanding of tire—road
particulate matter. For this purpose, an existing tire internal drum test bench was
modified and extended to enable the measurement of tire—-road PM in real time.
A method was developed to take into account the texture of the road surface,
allowing reproducible measurements on real road surfaces. This enabled the
investigation of vehicle, road and environmental influences on emissions. The
relationships between the vehicle influences and the emission are described by
mathematical functions. The influence of the road surface and the environment is
shown by means of comparisons. Driving style, characterized by longitudinal and
lateral dynamics, are shown to be the most important influence of the vehicle or
the driver. In addition, significant differences in emissions were found, which can
be attributed to the tire type (summer, winter, all-season) and the skid resistance of
the road surface. Finally, based on the correlations found between load condition



Abstract

and emissions, a model was developed that uses real driving data to predict PM
emissions for any route profile on public roads.

vi



Kurzfassung

Der Einfluss der Fahrzeugbetriebsbedingungen auf die Reifen-Fahrbahn-
Feinstaubemissionen

Die von Feinstaub ausgehende Gefahr fiir die menschliche Gesundheit ist durch
unzihlige Veroffentlichungen belegt. Ein wesentlicher Bestandteil des Feinstaubs
stammt aus dem StraBenverkehr. Lange Zeit ging man davon aus, dass dafiir
malgeblich die aus Verbrennungsmotoren stammenden Partikel verantwortlich
seien. Doch insbesondere durch die Elektrifizierung zeigt sich immer deutlicher,
dass auch Abriebprozesse einen wesentlichen Beitrag zum Feinstaubausstof leis-
ten. Dazu zihlen unter anderem Partikel aus Reibbremsen und dem Reifen-
Fahrbahn-Kontakt. Deren Bedeutung ist durch stetig sinkende Verbrennungsemis-
sionen bereits gestiegen, was sich im Laufe der Elektifizierung weiter verstirken
wird. Daher wird die geplante Euro 7 Emissionsnorm erstmals Grenzwerte fiir
beide Emittenten enthalten — im Falle von Reibbremsen beziiglich der Partikele-
mission, im Falle des Reifens beziiglich des Massenverlusts durch Verschlei3. Zur
Regulierung von Reifen- bzw. Reifen-Fahrbahn-Feinstaub fehlt aktuell sowohl die
Datenbasis als auch eine geeignete Methode zur Messung.

Diese Arbeit leistet einen wesentlichen Beitrag zum besseren Verstdndnis von
Reifen-Fahrbahn-Feinstaub. Dazu wurde ein bestehender Reifen-Innentrommel-
priifstand durch Umbauten und Erweiterungen in die Lage versetzt, Feinstaub
aus dem Reifen-Fahrbahn-Kontakt in Echtzeit zu messen. Es wurde eine Me-
thode erarbeitet, die die Beriicksichtigung der Fahrbahntextur erlaubt und so
reproduzierbare Messungen auf realen Fahrbahnoberflichen erméglicht. Somit
konnten fahrzeug-, fahrbahn- und umgebungsseitige Einfliisse auf die Emission
untersucht werden. Der Zusammenhang zwischen den Fahrzeugeinfliissen und
der Emission wird durch mathematische Funktionen beschrieben. Der Einfluss
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Kurzfassung

der Fahrbahn und der Umgebung wird anhand vergleichender Gegeniiberstel-
lungen aufgezeigt. Dabei zeigt sich, dass die Fahrweise, charakterisiert durch
Lings- und Querdynamik, den grofiten vom Fahrzeug bzw. dem Fahrer ausgehen-
den Einfluss darstellt. Dariiber hinaus wurden signifikante Emissionsunterschiede
festgestellt, die auf den Reifentyp (Sommer, Winter, Allwetter) und die Griffigkeit
der Fahrbahn zuriickzufiihren sind. Auf Basis der ermittelten Zusammenhinge
zwischen Belastungszustand und Emission wurde schlielich ein Modell entwick-
elt, das unter Verwendung realer Fahrdaten Vorhersagen zur Feinstaubemission
fiir beliebige Streckenprofile auf 6ffentlichen Stralen trifft.
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1 Introduction

1.1 Motivation

Air pollution is considered to be the greatest environmental threat to human health
by both the World Health Organization (WHO) and the European Environment
Agency (EEA) [35, 149]. A major component of air pollution is particulate matter
(PM). Long-term exposure in particular, but also short-term exposure, can lead to
serious respiratory problems [128]. As a result of ever stricter emission standards,
PM emissions have already decreased significantly in the last 30 years [130]. For
road traffic, however, this reduction is mainly due to cleaner combustion processes
and increasingly sophisticated filtration systems [92].

In contrast, there has been no decrease in non-exhaust emissions (NEE) over the
same period [117]. NEE include particles from braking and tire—road contact,
which are mainly caused by abrasion processes, but also particles deposited on
the road that are resuspended by vehicles driving over them [8]. In order to reduce
their contribution to total PM emissions, the European Union has for the first time
included NEE in the new EURO 7 emission standards to be applied from 2026
[34]. Although the limit value for tires contained therein will only address overall
tire wear and not PM emissions, it can be assumed that this regulation is only the
prelude to ever more stringent limits that will also address PM emissions in the
long term.

Such a limit value is all the more likely as numerous studies point to the risk of
increasing PM emissions from tire—road contact due to electrification [92, 125].
Both the increased mass and torque of battery electric vehicles (BEVs) and the
use of regenerative braking systems (reduction of PM from friction brakes) will
contribute to an increasing interest in tire—road PM emissions [92]. Until now,



1 Introduction

however, there has been a lack of both a reliable database and a reproducible
method for determining a limit value. In this context, the question arises as to
how exactly the vehicle, the tire, and the road surface as well as environmental
conditions influence tire—road PM emissions. In addition to the level of emissions,
this question also relates to the particle size distribution (PSD), as the hazard
potential of particles also depends on their size [128].

This question can be divided into sub-questions, which will be answered in the
context of this thesis:

e Which are the main parameters to influence the emission of tire—road
particulate matter?

* Can a mathematical relationship be derived between the individual param-
eters and the emission?

* Does the PM size distribution change in addition to the total emission when
the influencing parameters are changed?

e If so, what is the influence of each parameter?

Finally, the answers to these questions will be used to derive recommendations
for mitigating tire—road PM emissions.

1.2 State of the Art

1.2.1 Particulate Matter in General

Particulate matter refers to particles in the air that do not settle to the ground
immediately, but remain in the atmosphere for a certain period of time [128]. The
duration in the air and the settling velocity depend on the density and size of the
particle [51]. Particles can be solid or liquid, or a combination of both [134].
Individual particles are usually invisible to the naked eye because of their size.
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Only their totality becomes visible under certain weather conditions as haze or
smog [128, 134].

Sources and Generation

Both natural and anthropogenic sources contribute to PM pollution [128]. Natural
sources include volcanoes, forest and bush fires, and erosion of soil. However,
pollen, spores, bacteria and viruses also make a natural contribution to total pol-
lution [91, 128]. The most important anthropogenic sources of PM are industrial
processes, power plants, waste incineration and heating plants as well as agricul-
ture and traffic [130].

PM can be divided into primary and secondary particulate matter depending on
its origin. Particles that originate directly from the source and are emitted as
solids, such as tire and road wear particles (TRWP), are referred to as primary
PM [128]. However, particles can also be formed from gaseous precursors such
as sulfur dioxide, nitrogen dioxide, ammonia, and hydrocarbons. PM formed in
this way is referred to as secondary PM [58, 134].

The highest concentrations of PM are usually found in urban areas, where emis-
sions from residential heating and traffic are added to the background concen-
tration. However, significant proportions of the background concentration may
originate from outside the urban area. The actual PM is only formed during
transport from the gaseous precursors [128]. Nevertheless, high levels of PM
are particularly problematic in urban areas because of the high number of people
affected.

Implications

Once the particles are inhaled, several harmful effects can occur [135]. PM is
therefore considered to be the greatest environmental risk to human health [23,
80, 88]. A particular problem with PM exposure is that there is no concentration
threshold below which adverse effects are not expected [148]. In addition, not only
long-term exposure is harmful, but even short-term elevated concentrations can
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cause complaints [128, 148]. Evaluations by the German Federal Environmental
Agency (Umweltbundesamt) have shown that elevated PM concentrations for
only a few hours or days lead to an increase in hospital admissions for respiratory
problems [128]. Reduced lung function, irritation of the respiratory system as
well as associated coughing and asthma are observed [134].

The hazard potential of inhaled particles primarily depends on how deeply they
penetrate the respiratory system and how long they remain there. The size of
the particles is critical, as the depth of penetration increases with decreasing
particle size. Coarse particles are more likely to be deposited in the upper
airways, while the smaller ones can penetrate into the alveolar tissue [128]. The
smallest ones enter the bloodstream where they can cause inflammatory reactions,
cardiac arrhythmias and enhance the probability of thrombosis [80]. Once in the
bloodstream, the particles spread throughout the body. Studies on the neurological
effects of PM indicate that long-term exposure can impair memory performance
and facilitate the development of dementia [152]. The hazard potential is not
only due to the particles themselves, but also due to the harmful effects of heavy
metals or carcinogenic polycyclic aromatic hydrocarbons which accumulate on
their surface. This allows other pollutants to enter the body on the particles. Due
to their large surface-to-volume ratio, fine particles are particularly contaminated
and therefore pose an even higher health risk [128].

Legal Regulations

To reduce emissions and protect citizens from the dangers of PM and other pol-
lutants in the air, many countries began limiting pollutant emissions in the late
1990s. The EU laid the foundation for air pollution control in its member coun-
tries with Directive 99/30/EC, which entered into force on January 1, 2005. In
addition to PM limit values, it also set limit values for sulphur dioxide, nitrogen
dioxide and oxides of nitrogen, and lead in ambient air. However, these limit
values do not refer to emissions but to the permissible immission, i.e., the particle
concentration in the ambient air [121]. Germany implemented the requirements
contained in the "Verordnung tiber Immissionswerte fiir Schadstoffe in der Luft"
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into national law [128] in 2002 [17]. The limit values for PM only concerned the
PM size fraction (see section 2.6). Since then, a mean value of 50 pg PM;o/m?
may not be exceeded on more than 35 days per calendar year and an annual
mean value of 40 pg PMo/ m?> must be complied with [121]. In addition, since
January 1, 2015, there has been an upper limit for the finer fraction PM, s, ac-
cording to which an annual mean value of 25 11g PM, 5 /m? must not be exceeded
[123]. Since the directives entered into force, immission levels in Germany have
been declining continuously, resulting in mean values of about 13 ug PM;q/m?
and about 8 g PM, 5 /m? in 2023. None of the almost 400 monitoring stations
of the German Federal Environmental Agency [131] exceeded the limit value of
35 days.

The decline in immissions is partly due to a sharp drop in emissions from the trans-
portation sector [124]. This reduction was mainly due to a decrease in exhaust
emissions achieved through increasingly stringent emission standards [92, 124].
Over the same period, the so-called non-exhaust emissions have stagnated or even
increased [92]. These include particles from friction brakes and the tire—road con-
tact, which are largely due to abrasion, but also particles from the environment
that had already been deposited on the road and were resuspended by following
vehicles [8]. Both developments have contributed to a steady increase in the rel-
ative share of NEE in total PM emissions from the transportation sector. Already
in 2016, PM from abrasion processes (not from internal combustion engines) con-
tributed more than 73 % to PM;, and about 60 % to PM, 5 emissions from all road
transport in the UK [2, 40]. Taking into account the resuspension of previously
deposited particles, even higher proportions of 90 % for PM; and 85 % for PM 5
were found [125]. Regardless of the exact values, it is undisputed that NEE have
replaced exhaust emissions as the dominant source of PM in road traffic. As
electrification progresses and older vehicles are decommissioned or taken out of
service, this trend will continue in the future [40, 125, 137].

In addition, electrification and the associated regenerative braking will reduce the
importance of PM emissions from the braking system [10, 40, 92, 136]. Scenar-
ios dealing with the resulting mitigation in emissions indicate potential savings of
26 % [10], 50 % [138] and 66 % [52] to even 100 % [125]. The result depends
largely on the extent to which braking operations can be managed with the help
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of the regenerative braking system [10]. However, given that electric vehicles
still need to have a friction brake for safety reasons (e.g., for emergency braking
or braking down to standstill) [49, 92], it is currently unrealistic to completely
eliminate the brake as a source of PM. This is one of the reasons why the Euro 7
emission standards will regulate brake emissions in addition to exhaust emis-
sions for the first time. For both BEVs and internal combustion engine vehicles
(ICEVs), there will be a limit value for PM emissions per kilometer (on a standard
cycle) [122].

Accordingly, brake emissions will be reduced regardless of the future level of
electrification. Both the regulation of brake emissions and the decline due to
regenerative braking in electric vehicles will contribute to this reduction and thus
lead to a further increase in the relative share of PM emissions from the tire—road
contact. If the resuspension of deposited particles is not taken into account, the
tire—road contact is expected to become the dominant source of PM in road traf-
fic. Some studies conclude that not only the relative fraction but also the absolute
amount emitted from tire—road contact will increase [10, 92, 125]. This is due to
both the typically higher unladen mass of battery electric vehicles and the higher
torque that can be demanded even when stationary (starting torque) [40, 125].
Increasing PM emissions from tire—road contact are problematic in that there is
no regulation and it is unlikely that there will be one in the near future. Although
the Euro 7 emission standards will include tire-road contact, the current draft is
limited to the total mass loss due to tire wear [34]. A limit for PM emissions
from tire—road contact is not included. Such a regulation is almost impossible to
implement at this stage, as there is neither a reliable database for setting a limit,
nor a standardized measurement method that could be used to determine this data
on a global basis.

1.2.2 Measuring Tire—Road Particulate Matter

Previous approaches to measure tire—road PM emissions can be divided into three
categories [125].
For ambient [16, 24] or tunnel [75, 79] measurements, PM is collected by air
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filtration at two locations in traffic over a longer period of time. The traffic
continues to flow unaffected by this. In ambient measurements, collection takes
place in the immediate vicinity of a road and the difference between the measured
value and the background concentration at the second location (as far away as
possible from the emission) is calculated. For tunnel measurements, PM is
measured at both ends of the tunnel. If there are separate, unconnected tubes for
the two directions of travel, i.e., if the tubes are only used in one direction and are
ventilated in the direction of travel, the background concentration can be measured
at the entrance of a tube. The concentration at the tube exit is correspondingly
higher, since it includes the emissions of the entire distance between the entrance
and exit [79]. Emission factors (EFs) for single vehicles can be calculated by first
inferring the particle concentration of the filtered air from the collected amount
of PM and subsequently concluding the required emission to reach this particle
concentration. The total emission can be divided by the number of vehicles
passed. The EFs are calculated by chemical analysis and the resulting division
into a combustion and an abrasion fraction [125]. Precise statements about the
influence of individual driving conditions, vehicle characteristics or tire types are
not possible with this method.

In mobile measurements [22, 74, 81, 82, 115], a vehicle or a trailer is equipped
with measurement systems. The vehicle is driven in different load conditions
while the emitted particles are measured in or behind the wheel arch. The
background concentration is measured at an additional location in the front of the
vehicle, which minimizes, but does not completely eliminate fluctuations in the
background concentration. Changing wind directions and flow conditions affect
the reproducibility. Another challenge is the influence of changing road surfaces.
For high reproducibility, the road surface would have to be known at every point
along the route and be constant between multiple measurements. Furthermore,
because only a portion of the air flow through the wheel arch is analyzed, rather
than the entire flow, no reliable statements can be made about the total emission or
the resulting EF. The limited space available in the wheelhouse makes it difficult,
if not impossible, to extract the full volume flow required.

On test benches, one [1, 37, 61, 74, 98] or several [46, 47, 73] tires are tested
under defined load conditions on a drum or circular surface. Test benches provide
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the advantage of high reproducibility regarding the environmental conditions. In
addition, they offer the possibility of stationary driving conditions, which allows
reliable statements to be made about emissions at the respective load condition.
Some test benches allow only a limited number of parameter variations (e.g.,
driving speed), while others allow the nearly realistic variation of all movements
and forces occurring in real-world driving. While the use of real road surfaces
is problematic on external drum test benches due to centrifugal forces, internal
drum test benches have no limitations in this regard. In addition, the test bench
environment offers the advantage of extracting all the air flowing around the tire—
road contact. This allows conclusions to be drawn about overall emissions. Due
to the well-designed enclosure and the use of real road surfaces, internal drum test
benches are particularly suitable for reproducibly measuring PM emissions from
tire—road contact. PM measurements on an internal drum test bench have already
been described in [37, 48, 110, 111, 112, 113, 114].

Both the different measurement methods and other differences, such as different
road surfaces and environmental conditions, lead to a large number of differing
statements about the individual influencing parameters. The following section
provides an overview of the available results from literature.

1.2.3 Influences on Tire—Road Particulate Matter

Numerous references agree that tire forces parallel to the road surface are the or
at least one of the major influencing parameters on the emission of tire—road PM
[37, 42, 50]. In agreement with this, Feif3el et al. attribute the formation and
emission of particles to the presence of slip [36]. Accordingly, it is undisputed
that high forces or the resulting slippage in tire—road contact lead to a significant
increase in PM emissions [11, 12]. As test results at a sufficiently high number
of operation conditions and support points are missing, most authors limit them-
selves to qualitative statements. The few statements regarding the quantitative
relationship between force or slip ratio and PM emission vary widely. In the test
bench experiments of Park et al. [98], a slip angle of 4° led to a 2 to 3 times
higher PM emission than free rolling. Kwak et al. [74] even give factors of 30 to
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40 for heavy deceleration in their test bench experiments. However, since their
study focused on the number of particles, it is unclear whether these values also
apply to the particle mass. Nevertheless, the results of Foitzik et al. are in the
same order of magnitude [37]. The authors note that driving and braking forces
of the same magnitude resulted in different emissions on their sandpaper-covered
internal drum. It was shown that the relationship between force and emission
in the particle size range from 5.6 nm to 560 nm is best described by a second-
order function for driving force and a fourth-order function for braking force. A
quadratic or exponential relationship with the emission was found for the slip
angle. This result is confirmed by Tonegawa et al. [126], who performed driving
tests and plotted the emission over the lateral acceleration. The fact that the level
of emission does not only depend on the force but also its direction is also evident
from the driving tests of Feiflel et al. [36]. The authors state that lateral force
generally has a greater influence on emissions than longitudinal force. In view
of these statements, it seems reasonable to differentiate the emissions according
to the force direction. On the other hand, a sufficiently large number of support
points must be examined to determine the mathematical correlation.

The influence of vehicle mass and the associated wheel load on PM emissions is
of particular interest in light of the increasing electrification of the vehicle fleet.
Since BEVs are typically several hundred kilograms heavier than comparable
ICEVs due to the weight of the battery, this could result in significant additional
emissions from tire-road contact [125]. Numerous publications have shown that
a higher wheel load leads to higher emissions [1, 20, 61, 93]. They report positive
linear correlations between wheel load and PM emissions for their test bench
measurements [1, 61]. However, both results are from tests in which no longitu-
dinal or lateral force was applied. This is problematic in that the heavier BEVs
tend to have powerful drives which provide equal or even increased longitudinal
dynamics compared to ICEVs. This raises the question of how the combination of
higher wheel load and higher driving forces (to maintain longitudinal dynamics)
affects tire—road PM emissions.

Much less information is available on the effect of tire inflation pressure on tire—
road PM emissions. Many publications list it as an influencing parameter, but
usually only with the statement that an optimal tire inflation pressure can reduce
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the PM emission [40, 83]. Furthermore, some references state that higher tire
inflation pressure has a positive effect on tire wear [77, 119, 144]. However, it
remains to be clarified whether this correlation also applies to the emission of
PM. Doubts about that are justified as PM emissions from tire—road contact do
not only include tire material but also fragments from the road surface. Hence,
it is quite possible that higher inflation pressure reduces PM emissions from the
tire, but increases those from the road surface due to the higher contact pressure.
Therefore, the exact effect of tire inflation pressure on PM emissions is still un-
clear.

The relationship with driving speed is also not clear. Many authors state that PM
emissions increase with increasing speed [12, 20, 46, 72]. However, the state-
ments are often not sufficiently illuminated or discussed. For example, it is not
always clarified how large the increase in emissions was relative to the increase in
speed. Therefore, it is not clear whether a positive correlation with the emission or
the emission factor (emission per distance traveled) is meant. Only if the increase
in emissions is greater than the increase in driving speed is there indeed a positive
relationship with both emission and emission factor. If the increases in speed and
emission are similar, it can be concluded that the emission factor is independent
of driving speed. The test bench experiments by Foitzik et al. showed that this
statement is true for nanoparticles. The authors did not compare the particle
concentrations (per time), but the emission factors (per distance) derived from
them [37]. Feif3el et al. and Tonegawa et al. came to the same conclusion with
their test bench measurements and driving tests [36, 126]. The authors explicitly
state that although there was an increase in the emission factor (per distance), this
was due to the fact that the air resistance of the vehicle increases with increasing
speed [36]. Thus, the cause of the higher emission factor was the higher driving
power required to overcome the air resistance, not the increased driving speed
itself. Furthermore, it is important to compare the total emissions from tires and
road surface, as neglecting one of the two components would lead to significant
differences.

In addition to the driver and the vehicle, the tires, the road, and the environmental
conditions have an influence on the emission of tire—road PM [42]. However, most
the literature on the influence of tires refer to the difference between friction tires
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and studded tires, which cause substantially higher emissions [46, 54, 72, 73].
This is due to the metal studs which wear the road much more than conven-
tional tires. However, it can also be assumed that the resulting tire—road dust is
a completely different mixture of that caused by friction tires. The only study
including a comparison between summer and winter tires concludes that winter
tires cause two to ten times more emissions than summer tires [145]. This result is
plausible considering that the wear of winter tires is also significantly higher [83].
However, the exact ratio presumably depends on the chosen tires and numerous
environmental and road conditions.

In terms of environmental parameters, temperature is probably the most important
factor. However, there is little information about its exact influence. Yan et al.
state that in their experiments on a miniature tire abrasion test bench, there was a
continuous decrease in PM emissions with increasing ambient temperature [151].
Chang et al. reached the opposite conclusion in their outer drum experiments.
The authors show both an increase in total emissions with higher ambient tem-
perature and a higher proportion of coarse particles [21]. That shows that great
attention must be paid to the measured particle size range, especially with the
influence of temperature. This is due to the fact that the material properties of
the tire rubber change as the temperature changes. On the one hand, this can
lead to the formation of larger particles, as observed by Chang et al. On the
other hand, an additional formation mechanism can take place, which produces
mainly extremely fine particles (nanoparticles) by evaporation if the material is
overheated [19]. Therefore, statements can only be made for a particular range of
the entire particle size spectrum.

In addition to temperature, air humidity significantly influences PM emissions
from tire—road contact [50, 71]. Higher humidity leads to lower emissions [6, 20].
On the one hand, humid or wet conditions generally lead to less tire wear than dry
conditions [21]. On the other hand, the water has a binding effect on the particles.
This means that deposited particles are not resuspended, and newly formed parti-
cles are bound to the tires or the road surface [71]. However, the exact manner in
which humidity affects the formation of new particles is still unclear [92].

On the road side, the material used plays a critical role. The studies by Wilkinson
et al. showed that different asphalt and concrete road surfaces have an influence
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on PM emissions which is dependent of the tire type. However, the higher (mass-
based) emissions were recorded on concrete for both summer and winter tires
[145]. This is also the conclusion of Alexandrova et al. [3] and Allen et al. [4]
in their ambient measurements. The authors indicate a 40 % to 100 % higher
emission for concrete than for asphalt surfaces. As their results are based on
ambient measurements, it is not possible to make a statement about the tire types
included. In addition to the pavement material, the surface texture could have a
significant effect. However, no results could be found on that in the literature.

All influences described so far were related to the magnitude of the emitted parti-
cle mass or number. However, from a medical point of view (see section 1.2.1), it
is important to know the size of the emitted particles and how their size changes
due to various influences. Since the particle size, as well as the height of the
emission, is dependent of numerous factors, it is not possible to provide a gen-
erally valid size distribution. Many authors report a bimodal distribution for the
number of particles, i.e., two peaks within the PM fraction [1, 65, 82]. However,
the exact location of the peaks differs from study to study due to different tires,
environmental conditions, and test methods. Nevertheless, there is agreement
between the studies on the change in particles under load. Accordingly, higher
load leads to an increase in particle size in the micrometer range. The higher
load can either be caused by tire forces parallel to the road surface [61, 98, 115]
or by additional wheel load [61]. In the case of tire forces parallel to the road
surface, i.e., acceleration, deceleration, or cornering, some authors observed a
strong increase of ultrafine particles [74, 98]. Apart from that, only one state-
ment on the influence of temperature on the size distribution could be found in
the literature. According to Chang et al., a lower temperature leads to a higher
number of fine particles, while high temperature leads to larger particles and thus
to higher total abrasion [21]. The authors of the same study [21] investigated how
humidity affects the size distribution of tire wear particles between 10 pm and
400 pm. Through their experiments, they concluded that fewer coarse particles
are generated when the relative air humidity is increased, while the road surface
is still dry, resulting in a decrease in the mean particle size. Consistent with this
trend, they also observed that on wet road surfaces predominantly small particles
were generated. No information is yet available on the influence of the other
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parameters discussed above.

In addition to the individual influences on the level of emissions, it is particularly
interesting for regulatory purposes to know what emissions a vehicle produces
per distance traveled. This value is usually called the emission factor (EF) and is
expressed in mg /vkm (milligrams per vehicle kilometer) [8]. This clearly defines
that it is the EF of an entire vehicle, whereas the unit mg/km is sometimes used in
the literature to refer to the EF of a single tire. Naturally, such a value is subject to
large fluctuations, as it is significantly influenced by the factors described above,
especially driving style, vehicle, road surface, and last but not least, the measure-
ment method. Accordingly, a wide range of EFs can be found. Table 1.1 provides
an overview of the range of commonly quoted emission factors for passenger car

vehicles.
Table 1.1: Compilation of emission factors from the literature.

Measurement Method EF in mg/vkm Reference
Indoor laboratory 2.0-5.0 Williams & Cadle (1978) [146]
Outdoor sampling 5.0-7.2 Rauterberg-Wulff (1998) [105]
Indoor laboratory 9.0-11.0 Kupiainen et al. (2005) [73]
Outdoor sampling 2.2 Sjodin et al. (2010) [116]
Outdoor sampling 2.4-7.0 Panko et al. (2013) [96]

Regardless of the measurement method, all reference values shown were obtained
over an extended period of time. As there is no information on the exact load con-
ditions, the differences cannot be attributed to specific factors. Overall, however,
no trends depending on the measurement method or the year of investigation can
be observed. It is therefore assumed that the values given for passenger cars are
still valid.
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1.3 Objective and Structure of this Work

This overview underlines the variety of influencing parameters on the emission
of tire—road PM. However, only for few parameters under certain conditions is
the relationship to the emission, i.e., the mathematical correlation between the
influencing parameter and the emission known. This quantification is to be in-
vestigated in the context of this work for the parameters of the vehicle or the
driving style. These include tire forces parallel to the road surface caused by
acceleration, deceleration, up-hill driving, and cornering, as well as wheel load,
tire inflation pressure and driving speed. In addition, different tire and road types,
as well as the influence of ambient temperature have been investigated to provide
a comprehensive picture of PM emissions in a wide range of driving situations.
The existing tire internal drum test bench at the Institute of Vehicle System Tech-
nology (FAST) at the Karlsruhe Institute of Technology (KIT) was used for the
experiments. For this purpose, it had to be extended with PM measurement
technology. In addition, precautions had to be taken to enable reproducible and
unambiguous measurement of tire—road PM on the test bench. The knowledge
required for this, the exact procedure for setting up the test bench and performing
the tests, as well as the results obtained are elucidated in seven chapters.

The first chapter deals with the general background of particulate matter and
places tire-road PM in this context. An overview is given of the sources, impli-
cations, and legal regulations. This is followed by a presentation of measurement
methods for tire—road PM and finally a compilation of previous results on relevant
parameters from literature.

The second chapter provides the technical knowledge to understand the test setup
and results. The basics of tires and road surfaces are discussed, as well as the
friction mechanisms occurring between the two partners. The correlations and
formulas needed to understand the forces involved are presented, followed by a
discussion of the wear mechanisms. Finally, the resulting particulate matter and
the methods available to measure it are discussed.

The third chapter presents the tire internal drum test bench and the modifications
and extensions made to it as part of this work. The modifications required for PM

14



1.3 Objective and Structure of this Work

measurements are discussed, as well as the dimensioning of the measurement and
ancillary components. All extensions can be assigned to either the extraction, the
measurement, or the sampling system.

The fourth chapter deals with the entire experimental investigation of the work.
Both the performance of the test series to investigate the relationships between
influencing parameters and PM emissions and the subsequent particle analyses
are discussed. In addition, the data analysis procedure and the assumptions and
simplifications necessary to derive the subsequent results are presented. Finally,
the results are comprehensively discussed and reviewed.

The results on the influence on PM emissions can be found in the fifth chapter.
Where a sufficient number of support points were available, the mathematical
relationships between the influencing parameter and the emission factor were ap-
proximated using regression functions. If the number of support points was not
sufficient to create qualified regression functions, the influences were compared
using exemplary results. Regardless of the number of support or measurement
points, the identified phenomena were then examined and discussed. Based on
the results, hypotheses were formulated, some of which could still be confirmed
within this work. These results include both the influences on the emission level
and the associated particle size distributions.

The sixth chapter describes the development of a prediction model for PM emis-
sions during real-world driving based on the results obtained at the test bench.
For this purpose, real driving data on longitudinal and lateral acceleration has
been recorded by the Mercedes-Benz AG in infinitesimal time steps. Then, an
emission factor derived from the previously obtained results was assigned to each
of these time steps, which ultimately led to the total emission for the distance
traveled. The resulting emission factors are compared with reference values from
literature.

The seventh chapter summarizes the whole work and reviews the most important
findings. Finally, possible optimizations are discussed and the subsequent need
for new research is outlined.

The appendix contains formulas and further diagrams that are not included in the
main text for reasons of clarity and readability. However, reference is made to
these diagrams and formulas where it is helpful for understanding.
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2.1 Tires

The tire is the single most important component in terms of its influence on a
vehicle’s performance. It transmits all the forces between the vehicle and the
road, while other components such as the wheel suspension only support it. In
addition to this main task, the tire also fulfills comfort (mechanical and acoustic)
and driving safety requirements [127]. In recent years, these classic requirements
have been increasingly extended to include those of economy (mileage, fuel
consumption) and environmental protection (wear behavior) [89].

In order to meet all the requirements, modern (radial) passenger car tires consist of
a variety of different components and materials. The most important components
are the steel tire beads, which ensure a firm fit on the rim; the textile substructure,
or carcass as reinforcement structure, which is made of materials such as rayon,
nylon, or polyester; the rubberized steel cord belt inserts, which improve driving
stability, rolling resistance, and mileage; the nylon bandage, which improves high-
speed suitability; and the tread, which transmits forces to or from the road surface.
In addition to rubber as the main ingredient the tread also contains various fillers,
such as carbon black, silica, and chalk to achieve the essential tire properties.
Besides that, there are plasticizers, vulcanising agents, antioxidants, and numerous
other additives that are individual to each tire manufacturer and model [89].
However, since it is impossible to develop a tire that meets all requirements
simultaneously as well as completely, tires have been divided according to their
intended use and optimized specifically for the respective application.

The requirements for each type of tire differ accordingly. While summer tires focus
on high-speed performance, all-season tires focus on comfort, and winter tires
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focus on traction in winter conditions [89]. To achieve the different characteristics,
different tread compounds are used for the three types of tires. In this context,
the most important parameter on which the tire types differ is the glass transition
temperature T} It describes the temperature range in which the rubber properties
change from hard and brittle (T' < Tj) to soft and flexible (T' > T,) [41].
The glass transition temperature of winter tires is significantly lower than that
of summer tires. This means that the viscoelastic properties and associated grip
with the road surface are maintained even at temperatures below freezing. Special
tread patterns can further improve traction on icy or snow-covered roads [89].
However, the lower glass transition temperature of winter tires also means that the
tread is significantly softer than that of summer tires at higher temperatures [76].
Therefore, if winter tires are driven in high ambient temperatures, wear increases
significantly [89]. In addition to the tread compound, numerous factors influence
a tire’s abrasion behavior, the most important of which are listed below. On the
tire side, the factors are the tire construction, size, inflation pressure, and tread
pattern, as well as the resulting ground pressure distribution. The influence of the
road is essentially determined by its material and surface texture. The vehicle and,
therefore, the driver and their driving style also play a key role. In this context, the
most important parameters are vehicle mass, axle suspension, driving speed, and
acceleration, braking, and cornering behavior. The main environmental influences
are temperature, humidity, and the degree of soiling [97].

The mechanisms between the tire and road surface that lead to tire abrasion are
explained in detail in section 2.5.

2.2 Road Surfaces and their Characterization

In the context of this work, mainly vehicle-related influences on the emission
of tire-road PM are investigated. However, it is crucial to keep in mind that in
addition to the tire, the road surface as a friction partner, characterized by the
material used and its surface texture, is directly involved in the particle formation
process. For this reason, the fundamental differences between diverse types of
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road surfaces are presented below, along with the terms used to characterize them.
First, the materials used to construct the pavement are described. Since the tire
solely comes into contact with the road surface, only surface layers are described.
These can vary greatly in terms of the material used and its composition.
Asphalt pavements consist of a mix, which can have different grain sizes, and
bitumen as a binder. The most common types are asphalt concrete (AC), stone
mastic asphalt (SMA), mastic asphalt (MA), and porous asphalt (PA) [9]. Contrary
to its name, asphalt concrete does not contain a hydraulic binder. Rather, the
name is derived from the fact that asphalt concrete has a screening line similar
to concrete, resulting in a low void content. Stone mastic asphalt is a type of
asphalt mix with a disproportionate amount of coarse mineral aggregate and a
lot of filler, which creates a self-supporting aggregate structure with high load-
bearing capacity [84]. Unlike the previous two, mastic asphalt is not compacted by
rolling, but can be poured and then smoothed using viscosity-modifying additives
(for temperature-reduced paving) [9, 59]. Porous asphalt has a much higher void
content and is used mainly for absorbing tire noise and draining surface water [9].
In contrast to asphalt pavements, hydraulic binders are used for concrete pavements
[84]. They consist of rigid binding elements, show little plastic deformation and
have a negligible relaxation capacity. Therefore, concrete surfaces are usually
divided into plates separated by joints made of filler [9]. Due to their higher load-
bearing capacity and high durability compared to asphalt pavements, concrete
pavements are mainly used on busy and heavily-used traffic sections [106].

In addition to the material used, road surfaces also differ in their surface texture.
The texture is divided into four size ranges according to their wavelength A [109],
which are shown in Figure 2.1. Unevenness with wavelengths above the range
shown (A > 50m) is referred to as the longitudinal profile of the road [84].

The texture intensity in the two largest wavelength ranges should be as low as
possible for high driving safety and comfort [27]. The macrotexture, on the
other hand, is desirable for high drainage capacity and is achieved by a suitable
mix and binder ratio or surface finishing techniques [109]. In addition to the
drainage capacity, the macrotexture also influences the tire-road noise and is
largely responsible for the appearance of the surface [27, 53].
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Unevenness
0.5m< A <50m

Megatexture

50mm < A < 0.5m

Macrotexture
0.5mm < A < 50 mm

Microtexture
A < 0.5mm

Figure 2.1: Wavelength spectra of road surface textures [Adapted from 109].

However, the most important texture wavelength range for tire abrasion [109] and
thus for the investigations carried out in this work is the microtexture [27]. The
individual peaks cannot be seen with the naked eye, but their shape and number
determine whether a surface feels rough or smooth [27]. The microtexture is
largely responsible for the frictional properties of the surface [84] and thus, to-
gether with the macrotexture, defines the skid resistance of the road surface [53].
There are two methods to determine the skid resistance. In the SCRIM method
(Sideway Force Coefficient Routine Investigation Machine), a defined tire loaded
with a specific wheel load is rolling on a wet road surface at a slip angle of 20° to
the direction of travel. The lateral force generated is used to determine the grip of
the road surface [33]. The SKM (Seitenkraftmessverfahren) method used in Ger-
many corresponds to the SCRIM method described with only minor deviations.
Since driving with a slip angle of 20° is an extremely high load, it is associated
with wear (tire and road surface). Due to the repeated rolling-over of the same
road sections on the test bench and the resulting changes in the road surface, this
method is not suitable for determining skid resistance in this work.
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The second method combines the outflow meter with the SRT (Skid Resistance
Tester) pendulum. The macrotexture is characterized by means of the outflow
meter. It allows to measure the outflow time of water from a stationary cylinder
through the openings remaining between the cylinder and the road surface [33].
Accordingly, a short outflow time means a high macrotexture, while a long outflow
time means a low one [26]. The SRT pendulum is used to determine the micro-
texture [33]. Since the microtexture is mainly responsible for the abrasiveness
of the road surface and thus for the tire wear, only the SRT pendulum is used in
this work. The equipment and the procedure for such a measurement is described
thoroughly in section 3.2.2.2.

2.3 Friction Mechanisms

The following five laws apply to the classical friction theory. The coefficient of
friction is [69]

* dependent on the material.

* independent of the contact surface.
* independent of the vertical load.

¢ independent of the sliding speed.

* higher in the adhesive state than in the sliding state.

For elastomeric friction, these laws only apply to a limited extent or not at all
[85]. The relationships that apply here are more complex, which means that only
the first law retains its full validity [69]. Of the four possible mechanisms for
force transmission, adhesion, hysteresis, cohesion and viscous friction, the last
two mentioned play a proportionately subordinate role for elastomeric materials
under normal driving conditions [69, 89, 127]. The greatest contribution to rubber
friction is made by adhesion and hysteresis friction [85, 89].
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Molecular forces of attraction, known as van der Waals bonds, occur in the
contact area between the tire and the road surface. Breaking these bonds causes
the molecular chains to vibrate. The energy dissipation during the damping of
these vibrations ultimately results in the adhesive contribution to rubber friction
through adhesion. This can be seen in the form of shear stresses on the rubber
surface (see Figure 2.2) [69]. The adhesion component is particularly pronounced
when a large contact area is created, i.e., on perfectly smooth and dry surfaces
[85]. For an undulating (regarding the macrotexture), well-lubricated surface,
however, it is negligible [70, 85].

REREER

Hysteresis Adhesion

Figure 2.2: Elastomeric friction components [Adapted from 69].

When sliding over a rough surface, the tire rubber is periodically deformed [69].
Both the amplitude and the frequency of the deformation depend on the texture
of the road surface [85]. As the unevenness penetrates the elastic rubber material
during the sliding process, the rubber is compressed when running onto the un-
evenness and relaxed with hysteresis losses when running off. The asymmetrical
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pressure distribution means a pressure difference, which ultimately manifests it-
self as a force against the direction of travel [127]. The effects on the tire tread
material in the form of compressive stresses are shown in Figure 2.2. The defor-
mation of tire rubber results in damping losses due to the viscoelastic properties
of the material. This in turn creates a force against the direction of motion. Since
deformation can only occur on uneven surfaces, hysteresis friction is negligible
on a clean, dry glass surface. On a wavy or otherwise irregular, well-lubricated
surface, friction is caused almost entirely by hysteresis [85].

Although the influence of cohesive friction on the total frictional force is pro-
portionately small it is briefly explained at this point, as it is directly linked to
tire abrasion, which is essential to this work: Cohesive forces arise during rubber
wear when molecular bonds within the material are broken and particles are torn
out [62, 69]. A frequently used description is the surface energy required to create
a new surface. Its share of the total frictional force varies depending on the road
surface roughness but remains below 2 %, even on rough surfaces [69].

2.4 Tire-Road Contact Forces

Unlike in the case of a rigid cylinder, the contact between a tire and the road is not
a line. Due to the elasticity of the tire, there is a flat contact area called the tire
contact patch [15]. The majority of forces acting on the vehicle are transmitted to
the road surface via this area [15]. The size of the footprint A;,. can be roughly
calculated according to Equation 2.1, where F’. is the wheel load, p; the tire
inflation pressure, and k a correction factor for tire stiffness [127].

_k-F,

Di

A with k =~ 0.85t00.9 2.1)

This results in the contact pressure p, between the tire and the road surface shown
in Equation 2.2, which is a major parameter for the transmittable tire force. The
lower the contact pressure, the higher the achievable adhesion coefficient [89].
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P = A,

2.2)

In this simplicity, Equation 2.2 only applies to tires without any tread pattern
(slick tires) on an ideally flat surface. Due to the tread pattern on the one hand
and the roughness of the road surface on the other, the actual contact area is much
smaller. Depending on the share of grooves in the tire tread and the road surface
roughness, the actual contact pressure is several orders of magnitude higher [86].
As soon as the tire starts to rotate, slip occurs in the contact area. The processes
involved are best explained using Willumeit’s brush model [147]. In this model,
the tire belt is considered as a circumferentially rigid and closed belt. The tire
tread is attached to the belt and is modeled by elastic bending elements (tread
bar elements, see bottom half of Figure 2.3). As long as no longitudinal force is
applied, the belt rotates at the same speed as the center point of the wheel moves
translationally (in a straight line). In the theoretical case of a circumferentially
absolutely inelastic tire (including belt as well as tread bar elements), this would
result in a slip-free driving condition, as the wheel would move in a purely rolling
motion. In reality, however, local slip occurs even in the free-rolling condition
(without the presence of driving or braking forces). Due to the flattening of the tire,
the rubber material in the tread undergoes a continuously changing deformation
between leading and trailing edge.

Immediately when entering the contact patch (leading edge), the tips of the tread
bar elements adhere to the road surface. Meanwhile, their upper part continues
to move with the belt, resulting in deformation in the opposite direction of travel
and thus in positive shear stress in the front area of the contact patch. In order
to be able to follow the belt, the tread bar elements straighten up in the further
course of the contact patch [87, 89]. Around the longitudinal center of the contact
patch, the direction of deformation reverses, resulting in negative shear stress in
the rear area (towards the trailing edge, see Figure A.1). The areas enclosed by the
curve of shear stress for the free-rolling condition are the same size (integral over
the entire contact length equals zero). This condition is given by the free-rolling
wheel (no longitudinal force). The adhesion limit is not reached by the so-called
basic shear stress distribution. The slip occurring in the free-rolling condition
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2.4 Tire—Road Contact Forces

therefore basically consists of deformation slip, i.e., an interlocking of the tire
tread with the road surface [89].

- - - Adhesion limit (braking) ------ Sliding limit (braking) —— Shear stress (braking)

v,

P
-— Adhesion region Sliding region

Figure 2.3: Relationship between the deformation of tread bar elements and the shear stress in the
tire—road contact for a braking condition. The tire tread begins where the tread bar
elements make contact with the road surface and ends where the contact ends. The area
under the curve (hatching) is a measure of the force transmitted [Adapted from 86, 90].
The adhesion limit as well as the sliding limit have been plotted according to [120]. For
more information on how the shear stress curve is generated, see Figure A.1.

If the rolling wheel is subjected to longitudinal force (driving or braking) in
addition to the wheel load, the slip ratio increases further. In this case, the cir-
cumferential speed of the belt differs from the translational speed at the center of
gravity of the wheel. The tread bar elements link the belt and the road surface.
They are rigidly attached to the belt and adhere to the road surface. Due to the
speed difference between belt and road, they eventually undergo a deformation
that increases with the distance traveled in the contact patch. The deflection of
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tread bar elements creates shear stress at their tips [15]. The curve progression
of this shear stress is shown in Figure 2.3 for a tire under braking force. If the
shear stress reaches the adhesion limit (maximum shear stress to be transmitted
by adhesion), which is determined by the static friction coefficient f,4 and the
local contact pressure p,, the tread bar elements cannot deform any further and
start sliding [89]. In this state, the tread bar elements can only transmit sliding
friction forces [15]. Accordingly, the local shear stress corresponds to the sliding
limit (maximum shear stress to be transmitted by sliding), which is determined by
the sliding coefficient 5 and the local contact pressure. This state is maintained
until the tread bar elements reach the end of the contact patch [15].

The behavior of tread bar elements when transmitting lateral forces can be de-
scribed in a similar way. In this case, the slip angle « is used as the reference
value, i.e., the angle between the main tire plane and the velocity of the center of
gravity of the tire during cornering [15]. The slip angle is always associated with
lateral slip s,,, where the relationship between slip angle and lateral slip is given
by Equation 2.3 [89].

Sq = tan () (2.3)

The brush model can also be used to explain the processes occurring with lateral
slip. The deformation slip occurring in the longitudinal direction as the tire flattens
does not occur in the lateral direction. However, as in the case of longitudinal
force, tread bar elements entering the tire-road contact initially adhere. Due
to the slip angle, they are increasingly deflected in a lateral direction as they
pass through the tire contact patch. The elastic deflection causes shear stress in
the tire material. The shear stress results in deformation slip, which ultimately
generates the lateral force. If the shear stress reaches the adhesion limit prior
to the end of the contact patch, the tread bar elements start sliding. Thus, only
sliding friction forces are transmitted in this area of the contact patch (sliding
slip). The relationship between the sliding velocity of tread bar elements in the
lateral direction vy, ,, and driving speed v, is given by Equation 2.4 [89].

Usl,y = Sa * Ud 2.4)
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This speed can be described as the average slip speed with proportions of deforma-
tion (adhesion region) and sliding slip (sliding region). The mechanisms of force
transmission described above and the associated relative speed between tire and
road surface inevitably lead to wear in both the longitudinal and lateral direction.
The mechanisms involved are explained in detail in the following section.

2.5 Mechanisms of Tire Wear

Tire wear is caused by both physical and chemical processes. Since chemical wear
is not considered in this work, only physical wear will be discussed. This is usually
the result of high shear stress in combination with (sliding) slip in the tire—road
contact and is thus referred to as abrasive wear. The shear stress causes cracks to
form and propagate, which ultimately results in the release of particles [90]. The
following is an overview of the basics of crack formation and propagation. More
detailed information on both processes can be found in [99, 101, 108].

When a tire or portions of the tire tread slip on a rough and hard surface such
as an asphalt or concrete road, the actual contact is made up of many small and
uneven contact areas [108]. The nominal contact area, which is about the size of a
postcard per tire [76], is thus reduced to about one square centimeter [108]. As a
result, the tire undergoes high-frequency deformations associated with extremely
high local loads (see Figure 2.2), leading to hysteresis friction. The associated
damping losses in the rubber material increase the tire temperature and lead to
a long-term deterioration of the rubber properties. Supported by stress and high
temperature, cracks eventually form (see Figure 2.4a). Cracking is facilitated by
material defects such as pores, particle inclusions, impurities, and surface defects.
When a rubber surface with existing cracks slides over a rough substrate, tensile
stresses are generated on the exit side of the rubber—substrate contact (see Fig-
ure 2.4b). This can cause new cracks to form and existing cracks to propagate
within a thin layer of rubber. A complete crack will eventually lead to delamina-
tion of rubber material. The size of the particles depends on the roughness of the
surface and is usually in the range of a few microns [100].
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(a) Crack formation (b) Crack propagation
Figure 2.4: Mechanisms of tire wear in contact with the road surface [Adapted from 100].

To calculate tire wear, a direct dependence on the frictional energy is assumed in
common literature. The frictional energy per unit area £ + is calculated assuming
an average slip distance S in tire—road contact, with a given contact length [,
shear stress 7 or its components in the longitudinal direction 7, and in the lateral
direction 7, and slip distances S and S, according to Equation 2.5 [90].

l l
E;= /F~d§: /(Txdsx + 7,dSy). (2.5)
0 0

A transformation of the integration variable dS in the first term, as shown in
Equation 2.6, eventually leads to a clearer representation.

l l

l l
_ o t
EfZ/F-dSZ/le(ﬁsl-t)=/7?~1731dt=/7?~1735d$%
0 0

(2.6)

where § is the slip ratio. This shows that, according to this theory, even with
high shear stress, wear only occurs when slip is present. Solving the integral and
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multiplying by the total contact area gives the absolute frictional energy E in
Equation 2.7a. Alternatively, if the absolute force is directly considered instead
of the shear stress, the integration also leads to Equation 2.7a. From this, the
absolute frictional power Py in Equation 2.7b with the sliding velocities in the
longitudinal direction vy ., and in the lateral direction v, can be derived.

By =F, -8, +F,-8, (2.72)
Pf =F,- Vsl,z + Fy - Usly (2.7b)

Further transformation of Equation 2.6 leads to an alternative representation of
the frictional energy per unit area F' that depends only on the applied forces, the
longitudinal slip stiffness ¢, the lateral slip stiffness ¢, and the contact width b of
the tire [90]. The so-called Schallamach wear formula is shown in Equation 2.8.

_ 1(F?% FE?
Efzb( + -”) (2.8)

S

The two slip stiffnesses contained therein are explicitly not the longitudinal stiff-
ness ¢, and lateral stiffness c,, of the tire. Instead, they are calculated using the
slip ratio in the respective load direction according to Equations 2.9 and 2.10.

F
Cy = ? (2.9) Cy = s—y (2.10)

From Equation 2.8, the tire wear characterized by the wear volume V; can finally
be calculated according to Equation 2.11.

V= kP EP, 2.11)
where k is the wear volume per unit of frictional energy, i.e., a wearability pa-

rameter, and a function of several environmental conditions such as road surface
roughness, temperature, and humidity. 51 and (5 are material parameters, but do
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not only depend on the material, but also on the road surface roughness and the
temperature. They are determined experimentally and are in the range of 1.

Tire abrasion produces both coarse tire wear particles, which sometimes accumu-
late on the roadside, as well as fine particles, which are emitted in large numbers.
Because they are formed in the contact area between the tire and the road sur-
face, they are usually composed of fragments of tire and road material. The fine
particles, known as tire—road PM, can travel long distances before settling due to
air movement [8]. The technical basics of particulate matter and its measurement
are explained in the following two sections.

2.6 Particulate Matter / Fine Dust

Particulate matter (PM) is usually defined as all particles in ambient air that are
less than 10 pm in diameter [18]. Thus, PM forms a sub-fraction of total sus-
pended particulate matter (TSP) [129] and is also referred to as PM o due to its
upper diameter limit [18]. However, this definition is a simplification of the orig-
inal published by the U.S. Environmental Protection Agency (EPA) in 1987 [30].
Therein, a weighting function was defined to include particles between 1 pm and
20 pm only to a certain extent. Particles with a diameter below 1 pm are fully
taken into account, those larger than 20 pm are not. Between these two values,
the fraction to be taken into account increases continuously, so that particles with
a diameter of exactly 10 pm are taken into account with a weighting factor of
50 % [32]. The weighting function should be used in an attempt to represent the
sedimentation behavior in the human respiratory system as accurately as possible.
However, since this is a complex definition which is difficult to apply in practice,
the simplified definition is usually applied to determine PM values. This does
not show significant differences in results compared to the complex definition and
is therefore also specified in standards such as DIN EN ISO 16890-1 [30].

Because particles are microscopic structures, often non-spherical in shape, it is
impossible to determine an unambiguous diameter. Therefore, different equiva-
lent diameters exist for different applications and specific methods are used for
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their determination. The most common equivalent diameter is the aerodynamic
diameter. It is defined as the geometric diameter of a spherical reference particle
with a density of 1 g/cm? that has the same settling velocity in still air as the par-
ticle under consideration [139]. It is used in particular for conventions relating to
the respirable, thoracic and alveolar fractions [25]. The measurement can be per-
formed with low-pressure impactors [141] or time-of-flight spectrometers [142].
If measurements require high temporal resolution, both measurement methods
are associated with high costs.

An equivalent diameter particularly suited to real-time applications is the scattered
light equivalent diameter. It describes the geometric diameter of a homogeneous,
spherical reference particle made of a reference substance that produces the same
scattered light intensity as the observed particle under a given illumination. It is
measured with optical aerosol spectrometers (see section 2.7.2) [139]. Since the
amount of scattered light intensity depends not only on the particle size, but also
on the refractive index of the material and the particle shape, both variables should
be known to ensure high measurement accuracy. The orientation of the particle
in the measurement volume also affects the level of scattered light intensity [140].
Since this cannot be controlled, the resulting uncertainty must be minimized by
illuminating the measurement volume as skillfully as possible.

In addition to the equivalent diameter, particles are often described by an aspect
ratio. However, since aspect ratio is not a definite term, there are many definitions
for different fields [118]. In particle technology, the aspect ratio is usually defined
as the ratio between the longest edge of a particle and its diameter or its shortest
edge [150]. This definition is also used in the context of this work.
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2.7 Measuring Particulate Matter

2.7.1 lIsokinetics

When determining particle concentrations from flowing aerosols, it is essential
that the sample is representative. The sample must accurately reflect both the par-
ticle concentration and the particle size distribution of the aerosol to be analyzed.
To ensure this condition, the sample must be taken isokinetically from the flowing
aerosol. For that, it is irrelevant whether the aerosol to be analyzed is flowing in
an extraction line or in a free environment in the form of wind.

Sampling is isokinetic if the inlet axis of the sampling probe is parallel to the
streamlines of the surrounding aerosol. Second, the flow velocity at the inlet
of the sampling probe must be identical to that of the flowing aerosol at the
level of the probe inlet. Compliance with both conditions is synonymous with
the avoidance of bends or distortions in the streamlines prior to sampling [51].
Correspondingly, the sampling probe itself should be thin-walled and have the
smallest possible opening angle [55] so that the streamlines remain unaffected.
If at least one of these conditions is not met, the sampling is anisokinetic, which
inevitably leads to a distortion of the size distribution or a falsification of the par-
ticle concentration. The deviation between the measured and the actual aerosol
properties is caused by the inertia of the moving particles. Therefore, depend-
ing on the orientation or velocity deviation from the isokinetic specification, the
number of particles in a given size range will be over- or underestimated [51].
The correct setting for isokinetic sampling and several incorrect settings that lead
to anisokinetic sampling are shown in Figure 2.5.

Figure 2.5a shows isokinetic sampling. The streamlines lead straight into the sam-
pling probe. The velocities of the ambient and the sampled aerosol at the sampling
plane are identical. Both the particle concentration and the size distribution of
the sampled aerosol match those of the aerosol to be characterized [143].

Figure 2.5b shows anisokinetic sampling, where the sampling probe shows a mis-
alignment angle © in the flow and therefore the parallelism condition is not met.
This results in a deflection of the streamlines which not all particles can follow.
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Large particles, which cannot follow the streamlines due to their high inertia, will
deviate from the streamlines and will not be detected. This results in an under-
estimation of the particle concentration and a shift in size distribution towards
smaller particles [51].

Sampling probe Large particles ‘ ’ Sampling probe ‘

Ve Us Ve
T 1111 .
Streamlines Streamlines
—)x ‘—»\
(a) Isokinetic sampling (b) Anisokinetic sampling: Misalignment
Sampling probe Sampling probe
= 2T 7
Ze—>
Ve Vs Ve Vs
—e—>
> ST I

Streamlines Streamlines
N
Large particles \ Large particles

(c) Anisokinetic sampling: Superisokinetic (d) Anisokinetic sampling: Subisokinetic
Figure 2.5: Isokinetic sampling and anisokinetic sampling due to different incorrect settings [Adapted

from 51].

Figure 2.5¢ shows the case of anisokinetic sampling, in which the condition of
parallelism is fulfilled, but the velocity in the sampling probe is higher than that
of the surrounding aerosol. Therefore, it is called superisokinetic sampling. The
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streamlines run into the sampling probe in a funnel shape. Here too, large parti-
cles cannot follow the streamlines due to their inertia and are therefore not taken
into account in the subsequent measurement. The particle concentration is again
underestimated and the size distribution is distorted towards small particles [143].
Figure 2.5d shows the opposite case, where the flow velocity within the sampling
probe is lower than that of the surrounding aerosol. The streamlines avoid the
sampling probe, whereby the small particles, which are very mobile due to their
low inertia, follow the streamlines. The large particles, on the other hand, flow
into the sampling probe, resulting in a distortion of size distribution towards large
particles and an overestimation of the particle concentration [143].

If sampling is not isokinetic, the actual particle concentration cannot be deter-
mined. If the degree of misalignment as well as the deviation of the sampling
rate are known, the measurement error can be calculated for individual particle
sizes. However, since the particle size distribution is distorted, it is not possible
to reconstruct the actual concentration [51].

2.7.2 Optical Measurement Technology

Optical aerosol spectrometers use the intensity of scattered light to count and
classify particles [140]. The aerosol flow to be characterized, in which the
particles are located, is passed through a measurement volume illuminated by a
light source [7]. Each particle passing through the measuring volume generates
a scattered light pulse which is registered photoelectrically. The number of
scattered light pulses is used to determine the number of particles and the height
of the scattered light pulses is used to determine the particle size. However, the
height of the scattered light pulse is not exclusively dependent on the particle
size (see section 2.6), so knowledge of the particles to be measured is required
to achieve a high correlation between the scattered light equivalent diameter and
the actual geometric diameter of the particles. Since the relationship between
scattered light intensity and scattered light equivalent diameter is complex, an
experimental calibration curve with a suitable aerosol standard must be recorded
for each instrument [140].
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To obtain information on the particle number concentration in addition to the pure
particle number and size, the volume flow through the measurement volume must
be known precisely [140]. Information on particle mass concentration requires
knowledge of the density of the particle material. If two or more particles are
present in the measurement volume at the same time, the scattered light pulses
cannot be distinguished, resulting in a so-called coincidence error. The particles
are then evaluated as a single large particle. To minimize the coincidence error,
the smallest possible measuring volume is recommended [7]. Therefore, the
size of the measurement volume determines the particle concentration range
to be measured. However, if the measurement volume is small, low particle
concentrations cannot be measured accurately.

The lower limit of the detected particle size is determined by the scattered light
background in the measuring chamber and is typically between 0.07 pm and
0.5 pm. The upper limit which is typically in the range of 25 pm is not determined
by the measuring principle itself, but by losses during particle sampling and
transport due to sedimentation in the sampling probe [140].

In addition to optical instruments, there are other methods for PM measurement
based on either gravimetric (cascade impactor) or aerodynamic (aerodynamic
particle sizer) measurements. However, since these could not be considered due
to the requirements of the measurement task, the limitations of the respective
method, or the available budget, they are not described in detail here. The reasons
that led to the selection of the optical measurement method are elucidated in
section 3.2.2.1.
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All tests described in this work were carried out at the tire internal drum test bench
at the Institute of Vehicle System Technology (FAST) of the Karlsruhe Institute
of Technology (KIT). The test bench as well as all extensions and conversions
required for particle measurement are elucidated in the following sections.

3.1 Internal Drum Test Bench

The tire internal drum test bench at FAST/KIT (see Figure 3.1) consists of two
subsystems: the drum with an inner diameter of 3.8 m and the sled, on which the
tire as well as all systems to measure forces and torques in the tire—road contact
are mounted. The tire runs at the lowest point of the vertically arranged drum.
The two subsystems are driven separately using a 310-kW-engine each; the drum
is driven electrically while all movements as well as the propulsion of the wheel
work hydraulically. The separate drive allows for the investigation of realistic as
well as stationary operation modes. If no other force but the wheel load is applied,
tire and drum roll at the same speed. As they are driven separately, slip conditions
in the longitudinal direction, i.e., drive and brake slip causing longitudinal forces
can be set stationarily and reproducibly. In addition to driving and braking forces,
the hydraulics can also be used to perform rotations around the wheel‘s vertical
and longitudinal axis. Rotation around the vertical axis causes a slip angle and
thus lateral forces representing cornering. Rotation around the longitudinal axis
leads to camber. The test bench can be equipped with several surfaces, including
sandpaper as well as realistic road surfaces such as asphalt and concrete, allowing
for an accurate replication of the tire—road contact on public roads. During the
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tests for this study a widespread asphalt mixture AC 11 D S has been used. This
is asphalt concrete in which the maximum grain size is 11 mm and the aggregate
and bitumen are mixed in a mass ratio of 95 % to 5 %.

#

Clean air flow
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Extraction flow
to extraction device

Figure 3.1: Tire internal drum test bench at FAST/KIT [112]. The rear wall of the drum is hidden in
order to show all test bench components in one view. The surrounding walls and support
structures of the test bench are also not shown.

The entire test bench is surrounded by an enclosed chamber, which allows the
minimization of fluctuations of background concentration. Due to the hydraulic
and electric drive of the two subsystems, there are no other PM sources apart
from the tire-road contact within the test bench. Furthermore, different ambient
conditions can be set inside the enclosed chamber: certain water film heights can
be applied on the road surface as well as snow and ice. The temperature can
be adjusted in a large range below and above freezing level. An overview of the
parameters and the respective size ranges is given in Table 3.1.
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Table 3.1: Overview of the parameters of the internal drum test bench with associated values/ranges.

Parameter Symbol Value Unit
Drum diameter AdDrum 3800 mm
Roadway width bRoadway 290 mm
Drive power P 2% 310 kW
Max. wheel load E, oz 15 kN
Max. driving speed — Asphalt/Concrete: 150 km/h
' Sandpaper: 200 km/h
Slip angle o —20t0 20 °
Camber angle ¥ —10t0 20 °
Ambient temperature T, —20to0 30 °C

3.2 Enabling Particulate Matter Measurements

The internal drum test bench was extended as part of this work to enable the
measurement of PM from the tire—road contact in real time.

The first and most important requirement is defined by the goal of determining
the particulate matter from tire—road contact in its entirety. Accordingly, all com-
ponents and interfaces contained in the system must be designed to generate the
lowest possible particulate losses. Furthermore, the measurement should take
place in real time so that an emission can be clearly assigned to each driving
condition. This requirement arises in particular from the fact that some of the
driving conditions to be investigated can only be maintained for short duration.
Without real-time measurements, it would therefore not be possible to mathe-
matically correlate the load condition with the associated emission. In addition,
to enable downstream gravimetric and chemical analyses, the emitted particulate
matter is to be captured and collected. The resulting requirements for the indi-
vidual subsystems, as well as their specifications, are described in the following
sections.
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3.2.1 Extraction System

3.2.1.1 Extraction Funnel

For precise measurements, the PM emitted should be measured as close to the
point of its release as possible. However, since measurement directly in the
tire—road contact is technically not feasible, the whole air flow around the tire
is extracted directly behind the tire. The resulting extraction flow carries the
particles first to the sampling spot and after to the extraction and filter device.
An extraction funnel (see Figure 3.2) has been designed to surround the rear part
of the tire on an angle of approximately 70° leaving only a thin slot of about
10mm. It can be adapted to different tire dimensions, ensuring that the suction
slot between the funnel and the tire is small for a wide range of tire dimensions,
thus keeping particle losses low. Several adjustment mechanisms integrated into
the design of the funnel serve this purpose. For tires of different widths, the
sidewalls laterally enclosing the tire are displacably attached to the funnel, thus
allowing for the investigation of tire widths between 185 mm and 285 mm. In
addition, there is the possibility of displacement in radial and tangential tire
direction, whereby the height of the funnel above the road surface as well as its
distance to the tire can be adjusted independent of each other. This allows the
investigation of tires with diameters from 550 mm to 740 mm. Common tire
dimensions between 185/45 R15 and 285/40 R20 can thus be investigated.

The funnel mounting consists of a frame made of square tube, which is attached
to the sidewall of the test bench sled. If slip angle is applied, this movement is
achieved by rotation of the sled around the vertical axis of the wheel. Because
of the way it is mounted, the funnel follows the wheel and maintains its constant
relative position. Camber angles, deflection movements, and changes of the wheel
load are induced by internal mechanisms of the test bench sled and thus do not
affect the position of the funnel. This ensures that the distance set to the road
surface remains constant during all driving maneuvers and that no collisions with
aggregate protruding over the road surface can occur.
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Measuring hub

Extraction funnel

(a) Side view in mounted condition (b) 3D view in mounted condition

Figure 3.2: Different views of the extraction funnel.

In order to minimize not only possible extraction losses but also losses due
to deposition as a result of electrostatic charge, the entire funnel is made of
conductive stainless steel and grounded via the test bench sled. For stability
reasons, especially to counteract vibrations, the funnel mounting as well as the
funnel itself are of very rigid design.

3.2.1.2 Extraction Hood

In addition to the extraction funnel, a specially designed extraction hood (see
Figure 3.3) was used, which enclosed the tire and thus almost completely shielded
it from the flow prevailing in the internal drum. The necessity of the extraction
hood resulted from the maximum volume flow of the extraction device. In
combination with the extraction funnel, a maximum flow velocity of the air of
120km/h could be achieved in the slit between the tire and the funnel (see
section 3.2.1.4). For reliable extraction of the particles, this extraction velocity
should be significantly higher than the flow velocity in the drum. Therefore, the
investigation of high driving speeds required the usage of the extraction hood.
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Figure 3.3: Different views of the extraction hood. For better visibility of the wheel and the slit
between the hood and the road surface, the right sidewall (in driving direction) of the
hood is hidden in (a). The fully-assembled hood as well as the direct connection to the
extraction system is shown in (b) [114].

As the funnel, the entire hood is made of stainless steel, which serves to min-
imize particle losses. At the rear end, it opens into a funnel that is connected
to the extraction system. At the lower edge, it has sheets that can be moved in
the vertical direction, allowing the distance to the road surface to be kept small
at all times when investigating tires of different sizes. Also like the funnel, the
hood is mounted on the test bench sled so that it moves together with the wheel
when investigating slip angles. It is decoupled from vertical movements such as
deflection and rebound. The relative position of the integrated funnel to the wheel,
and the flow conditions within the hood, thus remain constant.

However, shielding the wheel from the flow prevailing in the drum is accompa-
nied by higher temperatures inside the hood, especially when the tire is heavily
loaded. As higher tire temperature can lead to a change in particle formation and
detachment, the hood was only used for test series in which driving speeds higher
than 100 km/h were included. In this case, longer downtimes had to be planned
for cooling the tire. In contrast, for test series with only lower driving speeds the
speed of the extraction flow with the funnel was sufficient.
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3.2.1.3 Flexible Tube and Spiral Ducts

There are three main requirements for the connection between the extraction
funnel and the extraction device. First, it must allow all driving maneuvers, in
particular slip angles. Second, both the particles contained in the volume flow
and the volume flow itself should pass from the extraction funnel to the extraction
device with as little loss as possible—low pressure loss as well as low particle loss.
Third, the connection should allow the sampling apparatus to be accommodated
at a suitable location so that a partial flow can be analyzed.

In order to be able to investigate the effect of lateral force on PM emissions, the
connecting part directly behind the wheel must be designed to be flexible. There-
fore, a flexible hose with a diameter of 160 mm was used, allowing the wheel to
swivel at slip angles. To minimize particle losses due to electrostatic charge, the
hose is made of permanently antistatic polyurethane. The copper spiral embedded
in its wall is grounded on both ends via the test bench.

Rigid spiral ducts could be used for the rest of the connection. In order to min-
imize losses as well—pressure as well as particle losses—the inner diameter of
the pipe was selected as large as permitted by the installation space. A large
diameter is advantageous from the perspective of isokinetics, since at a given
extraction volume flow, the flow velocity is determined by the pipe diameter. It
must therefore be selected in a way that, together with the sampling diameter, it
results in isokinetic sampling (see section 3.2.3.2). The smallest isokinetic nozzle
matching the aerosol spectrometer has an inlet diameter of @ 2mm, giving the
lower limit of the pipe diameter as @ 141 mm (assuming an extraction volume
flow of 1600m>h~!, see section 3.2.1.5). At the same time, the design space
has limited the size of the pipe diameter upward. Changes in cross-section to
meet multiple requirements should be avoided due to additional losses associated
with it. Since the extraction device (see section 3.2.1.4) has an intake fitting
with diameter & 160 mm, resulting in a flow velocity that can be reconciled with
the isokinetic nozzles of the aerosol spectrometer and the installation space, the
diameter of the entire connection was chosen to be 160 mm.

To extract a partial flow for measurement with as little losses as possible, a modi-
fied 90°-bend was installed in the pipeline, at which a partial flow can be sampled

43



3 Test Facility

without further bending and therefore without additional losses. The structure
and function of the sampling apparatus are explained in detail in section 3.2.3.1.

3.2.1.4 Extraction Device

The extraction device generates a volume flow that absorbs the particles emitted
in the tire—road contact. The volume flow is 2000 m® h~" and has been designed
to give an extraction speed of 120 km /h in the suction slot between the tire and
the extraction funnel, taking into account the adjusted secondary air flow (see
section 3.2.1.5). As long as the driving speed and thus the flow speed in the drum
are below this value, reliable extraction of the particles can be assumed. Using
the resulting extraction volume flow, an average residence time of 13s can be
calculated for the air inside the drum. This means that all of the air in the test
bench drum is replaced approximately every 13s.

On its way from the extraction funnel to the extraction device (see Figure 3.1),
the volume flow passes the sampling spot, where a small partial flow is extracted
(see section 3.2.3). The remaining volume flow reaches the extraction device,
where a three-stage filter unit removes the particles. Coarse contaminants are
separated with the aid of an impact separator and end up in a dust collection box.
Finer particles reach the cartridge filters and are separated from the air flow there.
Due to the regular automatic cleaning of these cartridge filters using the Jet Pulse
process, these particles also end up in the dust collection box. The finest particles
that could pass through the cartridge filters are collected with the help of a fine
dust filter (HEPA-14, filter efficiency of 99.995 % according to DIN EN 1822-1
[31]). Since the fine dust filter is a depth filter, the particles separated in it are
not available for subsequent analyses. Once the air flow has passed all three filter
stages, it leaves the extraction device without any significant number of particles
and can be considered clean air.
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3.2.1.5 Generation of Overpressure with Clean Air

As described in section 3.1, the internal drum test bench is surrounded by an
enclosed chamber. However, constructively it is neither feasible to hermetically
seal the chamber from the surrounding test bench hall, nor the internal drum from
the enclosed chamber. Therefore, an alternative possibility was needed to avoid
contamination by airborne particles in the ambient air.

A reliable and easy-to-implement option is to generate an overpressure. This
ensures that there is only a directed air flow from the test bench drum to the
outside, thus preventing ambient air containing particles from entering the drum.
To implement this, a secondary air flow from the test bench hall was set up
in addition to the extraction volume flow from the drum. The extraction and
secondary air flow are fused downstream of the sampling site, filtered by the
extraction device and subsequently directed back into the test bench drum as clean
air. By drawing in the secondary airflow after the sampling site, contamination
of the (real-time) particle measurement is prevented. The different sizes of the
extraction flow and the clean air flow create an overpressure, which results in
two pressure drops: one between the test bench drum and the enclosed chamber
and another one between the chamber and the test bench hall. The level of
overpressure is determined by the ratio between the extraction and secondary air
flow. This is set using a flow regulator at the secondary air inlet. Using this,
volume flows from 125 m> h~! to 500 m® h~! can be set. While the total volume
flow of the extraction system remains constant, this results in different ratios
between extraction flow and clean air flow (identical with the total volume flow).
For all tests performed in this work, a ratio of extraction flow to clean air flow of
1600m3h~! to 2000 m3h~! or 4 to 5 was used.
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3.2.2 Measurement System

3.2.2.1 Optical Aerosol Spectrometer System

In order to select the most suitable measurement technology, a specification sheet
was drawn up, summarizing the requirements to be met. These specific require-
ments were used to select both the measurement method which the measurement
technology is based on as well as the exact measuring device. The requirements
set are listed below:

* Enabling the measurement of total particulate matter emitted in the tire—
road contact, especially the PM;y mass fraction.

 Sufficiently wide particle concentration range to measure low emissions
as accurately as possible, as well as high ones, when driving severe load
conditions.

* Measurement of particle mass as well as particle number concentration in
order to generate particle size distributions.

* Measurement of all quantities in real time for clear linking of emission and
load condition.

* Maximum possible measurement volume flow to enable isokinetic sampling
while maintaining high representativeness.

Since all requirements were to be met with one measuring instrument, only optical
measurement technology could be considered. The selected aerosol spectrometer
system (PALAS Promo 2000, Karlsruhe, Germany) enables the measurement of
the particle number concentration as well as the particle size for the entire particle
size range.

Different size ranges from 0.3 pum to 100 pm can be set, of which the lowest
one (0.3 um to 17pm) covers the whole size range required. Both density and
refractive index of the measured particles can be selected freely, so that the mass
of the particles and thus the particle mass concentration can be calculated. For
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all measurements in this work, a refractive index of 1.59 was assumed, which
is given by the calibration with latex particles [95]. For the density, a value
of 2.299 g/cm? was assumed, which had been obtained from particle analyses
(see section 4.3.1). In addition, the aspect ratio was set to 1, which corresponds
to spherical particles. The assumption of spherical particles was confirmed by
microscopy of the particles (see section 4.3.3). With the lower detection limit at
0.3 pnm, particles smaller than that cannot be registered or measured. However,
because of their extremely low mass, they make only a negligible contribution to
the total particle mass emitted.

Promo® 2000

Figure 3.4: Optical aerosol spectrometer system PALAS Promo 2000 with aerosol sensor welas 2500
[94].

In order to measure a wide variety of particle concentrations the PALAS Promo
can be equipped with different aerosol sensors. To meet the requirement for a
sufficiently wide particle concentration range, the expected upper and lower con-
centration limit had to be established. Results obtained from preliminary tests
indicated that the number-based particle emission in the size range from 0.3 pm to
10 pm would be below 500 # /cm?, taking into account the dilution generated by
extracting the large volume flow. Therefore, to achieve the highest measurement
accuracy even at low emissions, the aerosol sensor with the largest measurement
volume (PALAS welas 2500, Karlsruhe, Germany) was selected. This allows the
system to detect particle concentrations up to 4000 # /cm® without coincidence
error and achieves the highest measurement accuracy at low concentrations.
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Particle size distributions can be derived for each time step from the measured
particle number and particle size data. These size distributions can be based
on particle number (particle number distribution) or particle mass (particle mass
distribution) and are divided into 32 size channels per decade (range of tenfold
increase or decrease in particle diameter) by default. The two types of distribution
can be useful for evaluating changes in different size ranges. Thus, any changes
or shifts in particle size can be registered and interpreted as a function of the load
condition present in each case. In addition, statements can be made about the
influence of the load condition on the hazard potential of the particles generated
in the process, since this also depends on the particle diameter (see section 1.2.1).
In order to unambiguously link the emission with the underlying load condition, it
was important that measurements could be carried out at a sufficient measurement
rate, in best case in real time. This is the only way to ensure that the emission
can be accurately assigned to the causative effect even in the case of load condi-
tions which can only be held for a short time due to their intensity. The aerosol
spectrometer measures all quantities with a measuring rate of 1 Hz and is thus
real-time capable in the sense of this measuring task.

For the most precise indication possible of how many particles are emitted in
tire—road contact, the measuring device should analyze a measurement volume
flow as large as possible. In this way, inaccuracies resulting from extrapolation to
the total extraction flow and thus for the total emission from the tire-road contact
can be minimized. The aerosol spectrometer operates with a constant volume
flow of 5 L/min, which enables isokinetic sampling by using different isokinetic
nozzles depending on the extraction flow specified by the extraction system. For
more information on isokinetic sampling, see section 3.2.3.2.

The selected aerosol spectrometer system is especially suitable due to the possi-
bility to move the sensor independently from the control unit. Thus, in the case
of the internal drum test bench, the sensor can be placed directly at the sampling
spot, which minimizes transport losses. Meanwhile, the control unit, connected
to the sensor via fiber optics and a suction hose, can be operated in the control
room of the tire internal drum test bench.
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3.2.2.2 Skid Resistance Measurements

To characterize the pavement surface condition during the test series, an SRT
(Skid Resistance Tester) or British pendulum was used. This is a standardized
measuring device for determination of the skid resistance of conventional road
surfaces. Therefore, the SRT value is a measure of the skid resistance, in particular
of the micro-roughness or microtexture of the surface [38]. The instrument
consists of a tripod, to the upper end of which a pendulum arm is fastened so
that it can swing. At the lower end of the pendulum arm a standardized rubber
sliding body is attached. To measure the skid resistance, the pendulum arm is
deflected into a defined horizontal position and released. In contact with the road,
the rubber sliding body slides over the surface while being pressed against by a
spring with a constant force. Due to the sliding process, the pendulum arm is
decelerated and reaches a lower maximum deflection on the opposite side, which
is displayed by a drag pointer. The lower the achieved deflection, the higher the
determined SRT value and the higher the skid resistance. A representation of the
SRT pendulum is shown in Figure 3.5.

Figure 3.5: SRT (Skid Resistance Tester) pendulum [Adapted from 28].

For more information on the structure of the SRT pendulum and the standardized
procedure for determination of skid resistance, see [28] or [38].
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3.2.3 Sampling System

As described above, a representative partial flow should be taken from the ex-
traction flow to be analyzed in the aerosol spectrometer. All requirements, their
constructive implementation and the design of the sampling system are described
in the following.

3.2.3.1 Sampling Apparatus

The following requirements were placed on the sampling system at the beginning:

* The sampled partial flow must be representative of the entire extraction
flow in terms of particle concentrations.

¢ In addition to sampling, it should be possible to insert a pitot static tube
anemometer to measure the flow velocity, and both should be possible at
several points distributed across the cross-section in order to evaluate the
homogeneity of the flow.

* There should be as little particle loss as possible within the sampling probe.

* It should be possible to change the isokinetic nozzle without disassembling
the extraction pipe.

To meet these requirements, a multi-part sampling apparatus (see Figure 3.6) was
designed and manufactured using a 3D printer. The base body of the sampling
apparatus (black) is shaped to fit the outside of a 90°-pipe bend (gray) without
gaps. Any remaining voids have been sealed by adhesive that bonds the device to
the pipe bend. The surface contains openings that allow insertion of the sampling
probe or the pitot static tube anemometer. In the same places as the sampling
apparatus, the pipe bend has openings. Parallel to the direction of flow, all
openings are surrounded by a guide channel into which different plugs (green) can
be inserted from the outside. Plugs with boreholes are used to take in the sampling
probe or the anemometer, while all unused openings are closed. The sampling
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3.2 Enabling Particulate Matter Measurements

apparatus attached to the pipe bend is shown in Figure 3.6. Four openings are
closed with plugs, while the sampling probe is installed in the center one. The
specific considerations that led to this type of sampling are explained below.

Isokinetic nozzle

Closing plug

Flow

Bored plug direction

Sampling probe /

Figure 3.6: 3D view of the outside of the sampling apparatus. The green plugs can be replaced with
pierced ones as needed to take samples at the desired position in the cross-section or to
monitor the flow velocity.

The extraction of a representative partial flow requires homogeneous mixing of
the extraction flow on the one hand and isokinetic sampling on the other (see
section 2.7.1). Whether there is homogeneous mixing in the extraction pipe can
be estimated by calculating the Reynolds number. Below a Reynolds number of
2300, laminar flow can be assumed, so that almost no mixing takes place. Above
this value, as the Reynolds number increases, there is more turbulence, which
leads to better mixing of the flow [51]. Based on the extraction flow and the
pipe diameter, a Reynolds number of more than 200 000 was calculated, so that
homogeneous mixing can be assumed. Isokinetic sampling is ensured with the
aid of interchangeable isokinetic nozzles. This means that the required isokinetic
nozzle must be matched to the respective flow velocitiy (known by measurements
with the anemometer). The theoretical background of isokinetic sampling is
elucidated in section 2.7.1 and the exact procedure to reach it in section 3.2.3.2.

To enable both with the same plugs, sampling and measurement of the flow
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velocity, the same diameter was selected for the sampling probe as for the pitot
static tube anemometer. Both tubes can be inserted into the extraction flow
through the boreholes provided for this purpose in the measuring plugs. To check
the homogeneity of the flow, the five openings distributed crosswise over the
cross-section can be used.

After sampling, the aerosol should reach the particle measurement instrument with
the lowest particle loss possible. A straight-line sampling probe made of stainless
steel (see Figure 3.7) is particularly suitable for this purpose, as it avoids additional
losses due to sedimentation in bends or electrostatic charge. To enable straight-
line sampling, however, sampling must take place at a bend in the extraction flow,
since this is the only way to achieve isoaxial sampling (see section 2.7.1) without
subsequent bending of the sampling probe.

To allow changing and installation of the sampling probe and anemometer during
operation, the diameter of the openings is larger than the outer diameter of the
isokinetic nozzles. This allows the isokinetic nozzles to be mounted on the
sampling probe, passed through the plug, and only then inserted into the extraction
pipe together with the respective plug.

(a) 3D view of the inside (b) Front view

Figure 3.7: 3D view of the inside of the sampling apparatus.
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All plugs are longer than the guide channels by exactly the thickness of the sheet
metal of the pipe bend to create a smooth surface on the inside of the pipe bend.
This helps to avoid sedimentation and turbulence in the flow. To ensure the
correct alignment of the plugs without holes or those with holes when measuring
the particle concentration, all plugs have an anti-rotation lock. This allows them
to be mounted in only one position. Figure 3.7 shows two views of a CAD
representation of the sampling apparatus in assembled state.

3.2.3.2 Isokinetic Sampling

As explained in section 3.2.1.4, the extraction flow is 1600 m?h~!. An airflow
of this magnitude cannot be analyzed in real time with respect to the particles
contained. For this reason, it is necessary to sample a smaller partial flow, which
can then be analyzed by a particle measurement device. However, when sampling
from a flow, care must be taken to ensure that sampling is done isokinetically. For
this purpose, the sampling probe must be inserted isoaxially into the flow. This
condition is ensured by the sampling apparatus described above. Furthermore, it
requires velocity equality—velocity of the sampling flow v equals velocity of the
extraction flow v.—at the sampling spot (see Equation 3.1).

Vg = Vg 3.1
The inlet diameter of the sampling nozzle d resulting from this can be calculated
from the velocity of the extraction flow V. measured by the pitot static tube
anemometer, the sampling flow V, created by the aerosol spectrometer and the

diameter of the extraction pipe d.. For this purpose, the respective cross-sectional
areas are calculated using Equations 3.2 and 3.3.

T T 2
= — . Ae - — .
A= d3 (3.2) 1% (3.3)
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Given the cross-sectional areas, it is possible to calculate the flow velocities using
Equations 3.4 and 3.5.
Vs _ 4V Ve 4V

e Wt (3.4) e Wt

(3.5)

By equating the formulas from Equations 3.4 and 3.5, the inlet diameter of the
sampling nozzle required for isokinetic sampling results to

v
ds = dey| = 3.6
“Ve (3.6)

By inserting the given or measured values, an inlet diameter of @ 2.7 mm results
for the sampling nozzle of the aerosol spectrometer. This sampling nozzle is made
of aluminum and equipped with a sealing ring. The isokinetic nozzle (light gray
in Figure 3.7) can be pushed onto the sampling probe (metallic in Figure 3.7), and
the sealing ring provides a tight seal.

In addition, to create conditions that are as consistent and thus as reproducible
as possible, the sampling plane within the extraction pipe was determined based
on ISO 9096:2017 [55] so that the extraction pipe has no bends on five hydraulic
diameters in front of and two hydraulic diameters behind the sampling plane.
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This chapter deals with the description of the test series carried out, their design
and underlying structure, as well as with the procedure for analyzing the mea-
surement data to derive the results. Furthermore, the analyses of the collected
particles are described as well as the results derived from these analyses.

All results are based on the test setup presented in chapter 3. For better under-
standing, the coordinate system used on the test bench is shown in Figure 4.1.
Forces acting on the tire are positive if they point in the same direction as the
axes shown here. According to the standard, a positive lateral force is caused by a
negative slip angle [29]. This means that a positive slip angle in the measurements
corresponds to driving a right-hand bend, while a negative slip angle corresponds
to driving a left-hand bend.

Figure 4.1: Coordinate system at the internal drum test bench which the measurements are based on.
In this illustration, the rotational direction of the drum is clockwise.
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4.1 Test Series Conducted

As part of a comprehensive literature review, parameters were identified, some
of which have an influence on the emission of tire—road PM with certainty and
some of which have only a possible influence. These include parameters of the
vehicle, the tire, the road, and the environment. To experimentally determine
these influences, several test series were carried out in which a single or several
parameters were varied in order to be able to quantify the respective influence.
Tires from premium manufacturers were used for all tests, and different tire types
were examined. Table 4.1 provides an overview of the test series and the param-
eters varied or kept constant in each case.

In the first test series, the effect of the two main influencing parameters—
longitudinal and lateral force—was investigated in detail, while all remaining
parameters were kept constant. The exact combinations of longitudinal and lat-
eral force tested are shown in Figure 4.2. As can be seen from this, not all
conceivable combinations of the forces given in Table 4.1 were investigated. This
is because for average drivers, high longitudinal force rarely occurs in combina-
tion with high lateral force. The focus was on the load range used by average
drivers, which included maximum values (pure longitudinal or pure lateral force)
corresponding to adhesion utilizations less than or equal to 0.62 (see Figure 4.2b).
For combined forces—Ilongitudinal force and lateral force at the same time—the
maximum values were on the diagonal between the respective maxima of pure
forces. Applied to an entire vehicle loaded in this manner at all four wheels, the
maximum forces correspond to accelerations of 6m/s? or 0.62¢ in the longi-
tudinal or lateral direction, respectively. In all subsequent test series, only pure
longitudinal and pure lateral force was applied, but no combined forces. The ap-
plication of longitudinal and lateral force was rather used to assess the influence
of other parameters which were varied during the respective test series.

Special cases are the second and fourth test series, in which the influence of
wheel load and driving speed were examined. To investigate the wheel load, it
was varied, while the emission was measured under the application of longitu-
dinal force. However, in order to determine the influence of wheel load, the
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longitudinal forces had to be selected in a way that comparable driving conditions
were obtained for different wheel loads and the influence of the longitudinal force
did not distort that of the wheel load. Thus, comparability was ensured using
consistent adhesion utilization values, as a constant adhesion utilization leads
to consistent acceleration with different vehicles. Accordingly, four longitudinal
forces (positive and negative, respectively) were calculated for each of the four
investigated wheel loads, corresponding to identical adhesion utilization values
(see Table 4.1). To investigate the influence of driving speed, four speeds were
selected and the tire was loaded by pure lateral forces at these speeds.

4+ . 0.62 + .
34 s 0.465 | s
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E 1+ " = 2§ o = hk: 0.155 + LN T TR B R R |
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3| . e —0.465 | O
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(a) Based on forces [Adapted from 112] (b) Based on adhesion utilizations

Figure 4.2: Investigated load matrix of tire forces parallel to the road surface consisting of different
proportions of longitudinal and lateral force in two different representations. For a wheel
load of 6.5 kN, the force values (a) correspond to those of the adhesion utilization (b).

A full-factorial test setup (additionally investigating the combinations of wheel
load and lateral force as well as of speed and longitudinal force) would have been
preferable for completeness, but could not be performed due to limited project
resources. Therefore, the combinations were chosen for practicality in order to
learn more about the emissions under acceleration and deceleration at different
wheel loads and under lateral force at different driving speeds.
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Table 4.1: Overview of the test series performed and the parameters tested. The superscript numbers indicate which longitudinal forces were
tested at which wheel load. All tests were conducted with a constant camber angle of 0° and tires of the dimension 255/40 R20.

No. F,. in kN F, in kN F.inkN vginkm/h Tiretype p;inbar Pavement T, in C
1 0; +1; +£2; +3; +4 ¢ 6.5 80 Summer 2.6 Asphalt 25
M. 0; £0.5; £1.0; £1.5; +2.0 3.250
@:0; 40.75; £1.5; +2.25; +£3.0 4.875%
2 0 0; £1.0: 42.0; £3.0; £4.0 - 6.5 80 Summer 2.6 Asphalt 25
®:0; +1.25; £2.5; £3.75; £5.0 8.125%
2.0
3 0; £2; +4 6.5 80 Summer 2.6 Asphalt 25
3.2
30
4 — 0; +£1; £2; £3; +4 6.5 ww Summer 2.6 Asphalt 25
120
Summer
5 0;+2;+4 6.5 80 Winter 2.6 Asphalt 5525
All-season
Summer
6 0; £2; +4 6.5 80 Winter 2.6 Concrete 25
All-season

¢ The investigated combinations are shown in Figure 4.2.
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4.2 Structure and Performance of the
Measurements

The basic procedure for the tests has already been published in [111] and has
therefore been adopted analogously. All tires investigated were subjected to a
defined run-in procedure before the start of the measurements. On the one hand,
this ensured that the outermost layer of the tires, which can contain production
residues as well as markings and inscriptions, was removed. Furthermore, since
new tires usually show increased wear at the beginning, which only gradually
decreases to a constant level, this also ensured that the emission values determined
were as reproducible and realistic as possible.

In order to further increase the reproducibility and thus the significance of the
emission values, the load conditions were applied numerous times. Preliminary
tests had shown that the emission decreased with increasing test duration without
any deliberate changes being made to the test setup or parameters. It turned
out that the decreasing skid resistance of the road surface was responsible for
this phenomenon. A decrease in skid resistance also occurs on public roads,
but is slowed down and in some cases even reversed by the effect of various
environmental influences. At the test bench, however, precipitation in conjunction
with temperatures below freezing point does not occur, or at least not regularly, so
that no natural erosion takes place. Furthermore, the reduction in skid resistance
is accelerated by the fact that the tire continuously passes over the same road
segments, while the average forces transmitted are significantly higher than those
occurring in real-world driving. Since this unintended influence could not be
prevented, it had to be included in the design of experiments.

For this purpose, the test runs consisting of individual different load conditions
were grouped into test blocks, with one test block being run with one basic setting
(wheel load, driving speed, tire inflation pressure, etc.) or one tire type at a time.
An overview of the general structure of all test series is shown in Figure 4.3.
Several (n depending on the test series) test blocks formed a test passage, at
the beginning of which the road surface was regenerated. Regeneration was
performed by driving with a studded tire under low slip angle. This method had
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turned out to be the most efficient and the most sustainable in terms of durability
in preliminary tests. Within one test series, several (m depending on the test
series) test passages were performed, with the sequence of the test blocks within
the test passages being varied in such a manner that each basic setting or tire was
performed exactly once in each position. This eliminates the influence of the
order of the set parameters on the measured emission. In addition, in order to
be able to exclude the influence of skid resistance on the emission during the test
runs, the sequence of the individual load conditions was varied within the test
runs. The resulting experimental design was subject to deliberate randomization,
with each load condition and basic setting tested at each point in a test passage.

TEST SERIES
TEST PASSAGE 1
o TEST BLOCK 1 TEST BLOCK n
2 SETTING 1 SETTING n
e P P
[<b] y - y-
< - y
&
é | test runs | test runs
TEST PASSAGE m
o | | TEST BLOCK (m —1) -n+1 TEST BLOCK m - 1
2 SETTING n SETTING n — 1
=
5 £ P
=] y- y-
()
20 eee
é | test runs | test runs

Figure 4.3: Overview of the general structure of all test series performed [Adapted from 114].
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The skid resistance of the road was determined directly after regeneration, i.e.,
at the beginning of each test passage, between the individual test blocks, and
at the end of each test passage. The measurement was performed with an SRT
pendulum according to EN 13036-4:2011 [28] (see section 3.2.2.2).

To ensure that the results were as comparable and reproducible as possible, each
test series was carried out according to a defined procedure. Even before the actual
tests began, the air conditioning system was switched on to make sure that the
tire and all surrounding components had reached the desired temperature once the
measurements began. For all test series with constant tire inflation pressure, it was
adjusted at this point of time. The tire was then run in a settled but free-rolling
condition at a speed of 50 km/h until it reached a surface temperature of 28 °C.
To produce the most realistic tire—road contact possible, 10 g of a self-made sand
mixture comprising quartz, corundum, and calcium carbonate were sprinkled in
front of the tire before the start of each test run. The mixture of these three
components was modeled on the composition of sands found in the environment
[56]. The sand mixture formed the third-body material and prevented the tire from
generating an unrealistic surface. Preliminary tests had shown that the complete
absence of contaminants, deposits, or third-body material on the road surface
leads to a changing tire surface. This phenomenon and the selection of a suitable
third body have been described by Haugen et al. [48]. If no third-body material
is used, a sticky layer forms on the tire, which prevents realistic tire—road wear
particles from being emitted. The few particles emitted are significantly larger
compared to real-world particles and are therefore not representative. The regular
addition of sand prevents the formation of this sticky layer. The decisive factor, so
that subsequent measurements are not affected, is that the diameter of the smallest
grains contained in the third-body material is above the size distribution to be
measured for particulate matter. Test sands with known size distribution were
therefore mixed to create a sand mixture representative for real-world driving.
More details about the used sand mixture are given in Appendix A.1.

After five minutes in which the sand acted in the tire—road contact area, the ex-
traction system was switched on, removed most of the added sand and filtered the
air inside the internal drum test bench. Once the particle number concentration
(PNC) had dropped to a value below 10 #/cm?, the actual test run was started.
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Depending on the test series, the test blocks consisted of different numbers
(I depending on the test series) of test runs (see Figure 4.3). One test run, in
turn, consisted of individual load conditions composed of longitudinal and lateral
forces, as shown for an exemplary test run in Figure 4.4.

|7 Wheel Load —— Longitudinal Force Lateral Force |

6
6
i
=2 N j N |
0 260 460 660 860 10}00 12}00
tin s

Figure 4.4: Exemplary test run comprising four initial load conditions to stir up remaining sand and
16 single measuring points, 8 for longitudinal and lateral force, respectively [Adapted
from 111].

At the beginning of each test run, the driving speed was first changed to the
desired value. After, the maximum longitudinal and lateral force was applied
in order to remove any sand residues remaining on the road surface despite the
demonstrably low background concentration. These four initial load conditions
were not included in the evaluation, which ensured that the sand added before was
not considered as tire—road PM. The subsequent load conditions were approached
using a ramp function, held stationary for eight seconds, and then ramped back
down. By keeping the load conditions stationarily, a better assignment between
emission and load condition could finally be achieved. Between two load condi-
tions there was always a phase in which the tire either rolled freely or was even
lifted off to prevent overheating. To prevent the tire profile from adapting to the
load, alternating loads always followed one another. Accordingly, a load with
positive longitudinal or lateral force was always followed by a negative one and
vice versa.
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4.3 Analysis of Particles

Understanding the particle composition is necessary in order to make statements
about the contribution of the tire and the road (asphalt surface) to the collected
particles. In this way, it can be clearly determined which percentage contribution
the two friction partners make to the particles generated.

A major part of the following sections describing the measurements and calcula-
tions used to determine the composition of collected tire—road particles was taken
from a previous publication [112] and is presented here in slightly modified form.

4.3.1 Density Analysis

The dust collection box of the extraction system was emptied after each test
series. When different tire models were used within one test series, a separate
dust collection box was used for the test runs of each tire type so that the collected
particles were eventually available separately for each tire type. For the analysis
described below, the particles from the summer tire which all detailed vehicle
parameter investigations are based on were used.

It is likely that small amounts of ambient particles were among the particles in
the dust collection box as the secondary air flow from the environment has been
fused with the extraction flow without pre-filtering. However, their number and
quantity is negligible compared to the PM emitted in the tire-road contact.

All collected samples appeared to be mixtures of different materials and particle
sizes (up to about 5mm). A significant proportion were dark, confirming the
assumption that tire material was at least a significant contributor. However, a
second component was lighter in color and obviously did not originate from the
tire, but must have derived from either the road surface or the sand added. Density
analyses of the collected material and the potential components were performed
to analyze the particle composition in more detail.

The mass of the sample was first determined using a precision balance. The sample
was then segregated into individual size fractions using a cascade of sieves and
weighed again. The finest fraction that could be obtained with this method had an
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upper diameter of 40 pm. To gain information on an even finer fraction, part of
the subsample of particles below 40 pm was subjected to a further process step.
An air jet sieve machine was used to remove particles smaller than 20 pm from
the subsample. Thus, these particles were no further available for analysis. This
resulted in two size fractions: one containing particles smaller than 40 pm and
the second one containing particles between 20 pm and 40 pm.

The mass and the density of both size fractions were determined. The density
was measured using a helium pycnometer, with several samples of each fraction
measured. Using the densities p and mass fractions M as well as Equations 4.1
and 4.2, the density of the size fraction smaller than 20 pm was calculated.

The densities and mass fractions determined for the size fractions, as well as the
calculated density of the finest fraction, are shown in Table 4.2.

PTotal = PFine * MFine + PCoarse * MCoarse (41)

MFz'ne + MCoarse =1 (42)

Table 4.2: Measured and calculated mass fractions and densities of different size fractions of TRWP
for a summer tire driven on an asphalt road surface. The underlined value was calculated
according to Equations 4.1 and 4.2, based on the measurement of the others [Adapted from

112].
Size fraction Size range Mass fractlop Z}f Den51ty §
in % ing/cm
Total dp, <40 pm 100.00 2.225
Coarse 20pm <d, <40 pm 89.01 2.216
Fine dp <20 pm 10.99 2.299

Although the size fraction smaller than 20 ;1m does not exactly correspond to the
size range of particulate matter as defined in section 2.6, it can be assumed that
the density of particles in these size ranges does not differ significantly as the
particles included are generated by the same formation mechanism. However, the
actual density of particles in the size range below 20 pm is likely to be slightly
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different from the density determined and given in Table 4.2. This is because
the calculation is based on the mass fractions of the sample taken exclusively
from the dust collection box. However, a proportion of PM is not separated in
the dust collection box, but in the downstream fine dust filter (HEPA filter, see
section 3.2.1). In Table 4.2, it can be seen that fine particles have a slightly higher
density than coarse ones. In addition, it can be assumed that the particles separated
in the HEPA filter tend to be even smaller than those in the dust collection box.
Therefore, the actual density of the fine fraction presumably slightly differs from
that specified in Table 4.2.

Nevertheless, the density given seems plausible for two reasons. On the one hand,
it is between the densities of tire and road material, which were also determined
with the helium pycnometer (see Table 4.3). On the other hand, this value is in the
same range as usually given for TRWP in the literature. In [60] and [64] densities
up to 2.2 g/cm? are given, so the values determined here are only slightly higher.
It should be noted, however, that both values mentioned there (in [60] and [64])
refer to coarser size fractions, so density differences are quite possible. For the
fine fraction, numerous studies [46, 54, 116] assume an even higher density of
2.8 g/cm?. However, in all three studies, this density was primarily chosen since
a significant proportion of PM originated from the aggregate of the road surface.
Only in [1] is a plausible density used to represent the proportion of road and tire
material in PM, according to the authors. The density of 2.53 g/cm?® assumed
there is also slightly higher than the density determined here, so it must be assumed
that either the composition of the PM collected or the source materials themselves
were different. In summary, the density determined is within a plausible range for
tire—road PM, so all emission factors have been calculated using a particle density
of 2.299 g/cm3 (see chapter 5).

4.3.2 Particle Composition

Using the density previously determined, the composition of the PM collected
could be calculated. The third-body material, which had been added prior to the
tests, was not taken into account since it was assumed that the major share of the

65



4 Experimental Investigation

sand had already left the drum at the beginning of the recording. It was further
assumed that aggregate and bitumen were worn according to their occurrence
in the road which is 95 % and 5 % by mass, respectively. This assumption was
supported by the observation that the macrotexture, and thus the appearance of the
road surface, did not change during the performance of the test series. Excessive
wear of bitumen would have resulted in stone chipping. On the other hand, if the
aggregate had been excessively abraded, the overall surface would have turned
smoother. Therefore, a density of the road material was calculated assuming that
95 % by mass of the abraded road material was aggregate and 5 % by mass was
bitumen. Using the resulting density and Equations 4.3 and 4.4, the mass fractions
of tire and road material in the collected particles was calculated. The resulting
mass fractions are listed in Table 4.3.

PPM = PTire * MTire + PRoad * MRoad (43)

MTire + MRoad =1 (44)

Table 4.3: Densities, mass fractions and volume fractions of the constituents of tire—road particulate
matter (dy <20pm). The two constituents shown in gray are sub-fractions of the road
material [112].

. Density p Mass fraction M/ Volume fraction V'
Material . 3 . .
ing/cm in % in %
Tire tread 1.206 18.2 32.0
Road material 2.543 81.8 68.0
Aggregate 2.622 77.7 60.0
Bitumen 1.035 4.1 8.0
PM (TRWP) 2.299 100.0 100.0

Accordingly, about a fifth of the particle mass originates from the tire, while
the road surface contributes four fifths of the mass. First, the proportion of the
tire appears to be low and the one of the road to be high. For a long time, it
was exclusively stated in the literature that TRWP consisted of approximately
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equal parts of tire and road material. According to this view, the core of the
particles consists of tire material, while only the surface is encrusted with minerals
[8]. In recent years, however, this view has been increasingly questioned. Both
Mattsson et al. [83] and Wilkinson et al. [145] have shown that minerals can
also be found inside the particles. Recent studies conclude that minerals can
make up a fraction of 61 % [65] to 79 % [64] by mass. Several effects could
account for the relatively high proportion of road material in more recent studies.
Just as the results in this study, the results in the two references were obtained
from test bench measurements performed on real road surfaces. All collected
particles were included in the analysis, including those consisting exclusively of
road surface material. This is in contrast to previous results, which were mostly
obtained from ambient measurements. Since the attribution to tire-road wear
particles is usually made via the substances contained in the tire tread, only those
particles that contained tire material were considered as TRWP [65, 96, 104, 132].
Pure road wear was therefore not taken into account in these studies, so lower
contributions from road material are plausible. However, the results obtained
here are even slightly higher than the range given in the literature, which there are
several possible reasons for.

First, the calculation assumes that the density of tire material remains unchanged
during the abrasion process. However, it is possible that the material changes due
to the extreme force and temperature influence to the extent that the density within
the particles is higher than that in the tire tread. Second, the composition of PM
is likely to change with skid resistance. A road surface with higher skid resistance
(many microscopic peaks) could result in a significantly higher proportion of road
material due to the removal of tiny peaks and the settling of tire material in the
interstitial vales. However, most road surfaces do not have this high number
of microscopic peaks as they are subject to constant abrasion. On the internal
drum test bench, the peaks are caused by the regular regeneration process. Since
emissions are particularly high on rough roads, the contribution of the road could
affect the results of the entire test series. Third, despite all precautions, it is likely
that residues of the added sand remain on the road surface, are ground up by
the tire, and get separated in the dust collection box. All three effects increase
the mass fraction of mineral material in the particles obtained by the calculation.

67



4 Experimental Investigation

Ultimately, the exact composition of particles presumably depends on the road
surface used and the tires driven on it, so results from different studies are not
directly comparable.

However, to check the plausibility of the results in this work, they can be validated
visually. For this purpose, images of the collected particles were taken with a
scanning electron microscope (SEM) (see section 4.3.3). For better comparability
between the calculated proportions of tire and road material and the SEM images,
it is helpful to convert mass fractions into volume fractions. Their values are
also included in Table 4.3. Because of its lower density, the value of the tire is
now higher. Looking at the images (see Figure 4.5, detailed descriptions of and
distinction between the particles in section 4.3.3), this percentage still appears to
be low, but it must be considered that tire material is not visually distinguishable
from bitumen from the road surface. Therefore, it is more appropriate to assume
a joint proportion of tire material and bitumen, which accounts for 40 % of the
volume, and a proportion of mineral aggregate of 60 % (see Table 4.3). This ratio
seems to be realistic in view of the images, since the aggregate material is present
both in pure form as well as in the encrustations, and presumably also inside the
tire—road wear particles (see also [104, 83]).

4.3.3 Scanning Electron Microscopy (SEM)

Figure 4.5 contains SEM images of TRWP in different size ranges and magni-
fications. Figure 4.5a and 4.5b show a rather large section with predominantly
coarse particles, mainly in the size range of about 20 pm to 60 pm. It can be seen
that the particles differ in their structure. On the one hand, there are sharp-edged
particles with a homogeneous and smooth surface structure whose aspect ratio
varies greatly. These particles are probably minerals. On the other hand, there are
heterogeneous particles with an irregular surface structure. They show the typical
characteristics of tire—road wear particles: mostly elongated with encrustations of
smaller mineral particles on their surface.
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(¢) (d)

(e) [Adapted from 112] (f)

Figure 4.5: SEM images of particles of different size fractions and composition collected in the dust
collection box of the extraction device during the test runs. (a) and (b) show an overview
of different particles in the size range from 10 pm to 100 pm. These include both pure
road particles as well as tire—road wear particles. (c) and (d) each show a smaller tire—road
wear particle of about 10 pm with mineral encrustations on the surface. (e) and (f) show
even smaller particles around 5 pm, some of which are purely mineral and some of which
are composed of tire and road material.
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Figure 4.5¢ to 4.5f show even smaller particles at higher magnification. Their size
is around or even below 10 pm, so they are in the size range of particulate matter.
The two particles shown in Figure 4.5¢ and 4.5d have a surface similar to the one
described above for TRWP. They are also uneven and bind smaller fragments in
their surface. However, they differ in shape from the larger particles. While the
majority of these were elongated, the fine particles are rather spherical with an
aspect ratio that is probably in the range of 1.

The same is true for the even smaller particles shown in Figure 4.5e and 4.5f. They
also tend to be spherical, or at least have no preferred direction of expansion. The
spherical shape was detected in all images for particles of the fine fraction, so it
is assumed that fine TRWP are indeed different in shape from those of the coarse
fraction. The resulting value of 1 for the aspect ratio was stored in the aerosol
spectrometer so that it was used for the calculation of particle mass concentrations.
The two images also show that in addition to the typical TRWP, mineral particles
are also present in the fine fraction. In view of this, the composition of the
tire—road dust calculated in section 4.3.2 seems all the more plausible.

4.4 Analysis of Measurement Data

4.4.1 Data Analysis Procedure

The procedure for data analysis has been described in detail in [111]. Therefore,
the following description is essentially taken from that publication.

Both particle number concentration (PNC) €, and particle mass concentration
(PMC) C,,, were recorded during all test runs. In Figure 4.6 the raw data obtained
for one exemplary test run are shown together with the applied forces. At the
beginning, both PNC and PMC were at a low level. After, both signals increased
slowly at first and then abruptly. The gradual increase in this test run, as in all
the others, was due to the increase in driving speed from 50 km/h to 80 km/h
with the wheel off the ground, i.e., without tire—road contact. This stirred up
the fragments of the sand mixture left on the road. The abrupt rise at 555 is
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attributable to the settling of the wheel and the application of wheel load. The
two subsequent double peaks (90 s and 160 s) are caused by the maximum forces
applied to remove residues still remaining on the road. The peaks of particle
concentrations for these four initial load conditions were significantly higher than
all subsequent peaks in all test runs. This was an indication that fragments of the
added sand had indeed remained on the road surface and had been stirred up in the
process. Accordingly, the initial peaks were excluded from the evaluation. Thus,
the direct influence of the sand addition on the measurements could be prevented
by the choice of coarse third-body material (for detailed information on the grain
size distribution see Appendix A.1). However, it could not be avoided that the sand
was ground up in the tire—road contact and finally registered as smaller fragments
by the aerosol spectrometer. However, it is clear from the emission curves that they
always increase when a load in the form of longitudinal or lateral force is applied.
Furthermore, it can be seen that the magnitude of the emission appears to depend
on the magnitude of the load, suggesting a correlation between the two quantities.
The investigation of the exact correlation—i.e., the mathematical relationship—
between the emissions and the underlying load conditions is described in detail
in the following paragraphs.
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Figure 4.6: Exemplary test run with the particle mass concentration and particle number concentration
recorded during the test run [Adapted from 111].
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In addition to the peaks caused by tire forces, the signal contains noise. However,
since this is significantly lower than the peaks caused by loading, it is only of
minor relevance. In order to increase the comparability of the individual emission
peaks, mean values were calculated from the emission signals present during the
load conditions. In doing so, it had to be taken into account that the release of
the particles still occurred when the causative loading had already ended and that
the particles needed approximately one second to cover the distance between their
point of release and the sampling site. Therefore, a time period was determined
that served to average the emissions during all load conditions and was long enough
to include the emissions of interest completely. The advantage of averaging is that
the different curve progression of the emission over time (not the different level of
emission) for different load conditions is eliminated. Besides that, it also levels
out the noise described above.

Furthermore, it had to be taken into account that not all emissions measured by
the aerosol spectrometer could be attributed to the underlying load condition.
As previously described, the test runs were started when the particle number
concentration had fallen below a certain limit value with the drum rotating but the
wheel lifted off the ground. However, this also means that despite HEPA filtration,
a certain residual concentration was present throughout the tests and was included
in the measured raw data. In order to determine the net emission, i.e., the
emission that is caused by the respective load condition, the so-called background
concentration had to be subtracted. The challenge was that the background
concentration could not be measured before each load condition, as this would
have multiplied the measurement time. Therefore, it was only measured when the
wheel was lifted off for cooling anyway (see Figure 4.4: 2255, 4755, 725, and
975s). The following decline in concentrations was described with the help of
mathematical functions for the standard drop of the PNC or PMC. This standard
drop had been previously determined empirically by evaluating the decline of
concentrations after a given load. The background concentrations obtained in
this manner for any given time during the load conditions were subtracted from
the measured raw data. The mean values of PMC as well as PNC for each load
condition were then calculated as previously described and are shown in Figure 4.7
for the experimental run presented above.
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Figure 4.7: Calculated average particle mass concentration and particle number concentration for
different load conditions in an exemplary test run (same test run as shown in Figure 4.6)
[Adapted from 111]. The second digit indicates the repetition within the test run.

It is again clear that higher loads lead to higher emissions. This applies to both
PMC and PNC, both of which appear to develop similarly.

To take into account the influence of the skid resistance of the road surface on
the emission, its value had to be known at each point of time. Therefore, a curve
progression was derived from the SRT values measured during the test runs (see
Figure 4.8) using regression. Since very similar curves were obtained for different
runs, all curves of a test series were combined into a single curve progression that
served as standard SRT curve for the entire test series. One exemplary standard
SRT curve is shown in Figure 4.8. The highest skid resistance occurs right at
the beginning, i.e., immediately after the regeneration process of the road surface.
The subsequent passes lead to a drop in skid resistance, which is initially strong
and weakens as the test duration progresses.

Knowing the SRT value during the test runs, the underlying skid resistance could
be assigned to each load condition. For this purpose, the calculated SRT curve
was subdivided into the number of load conditions applied during one run (for
detailed description of the method see [111]). The subdivision took into account
that the load conditions had different intensities and thus also wore the pavement
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differently. Hence, assumptions were made for the different test series to be able
to describe the decrease in skid resistance as accurately as possible:

e The decrease in skid resistance is proportional to the applied force in the
longitudinal and lateral direction.

» The decrease in skid resistance is proportional to the applied wheel load.

* The decrease in skid resistance is proportional to the driving speed.
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Figure 4.8: Measured SRT values and determined standard SRT curve for an entire passage [Adapted
from 111].

Based on these assumptions, an incremental curve progression for the skid resis-
tance was calculated for each test run, which is shown in Figure 4.8 as well. For
better visibility of the increments, a section of the curve is shown in augmentation.
In accordance with the incremental curve progression, it was assumed that the skid
resistance changed abruptly between two load conditions, and remained constant
in the meantime. If the emission values for same loads are plotted against the
SRT value, the dependence of the emission on skid resistance becomes visible.
The correlations for loading with different lateral forces are shown in Figure 4.9.
Due to the rapid decrease of skid resistance at high SRT values, the distance
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between two adjacent points is larger here than for low SRT values. To analyze
the mathematical dependence, points of equal loading were approximated with
exponential regression functions, which are also shown in Figure 4.9. This re-
sults in coefficients of determination R? between 0.85 and 0.91 for the curves for
loading with lateral force, indicating high correlation. However, for other load
conditions such as longitudinal force or the free-rolling condition, the coefficients
of determination were slightly lower. This is probably due to the higher fluctua-
tion in force when controlling longitudinal force compared to controlling lateral
force at the internal drum test bench and due to the relatively larger influence of
the noise from the background concentration when the emission is low.
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Figure 4.9: Emissions at different but constant load conditions over SRT value for a summer tire and
regression functions derived from this.

The skid resistance, or the SRT value characterizing it, exerts a significant in-
fluence on the level of emission. This is true for all shown curves, but is most
evident for the highest load of 4 kN with a factor of about 20 between the PMC
at an SRT value of 55 and that at an SRT value of 65. The increase in emission
is so strong for large SRT values that even the exponential regression curve sig-
nificantly underestimates the values. It can therefore be assumed that the initially
high emissions are mainly caused by the fact that tiny peaks formed during the
regeneration process of the road surface are immediately abraded and emitted as
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particulate matter. Once these fine structures have been removed, the decline of
skid resistance slows down, resulting in a drop of emissions.

The particle concentrations discussed so far—PMC and PNC—are test-bench spe-
cific measurements. They are highly dependent on the level of the extraction flow.
In order to be able to compare the values with the results from other test benches
and with emissions for real-world driving, the measured values must be converted
into emission factors. Conversion from PMC to a mass-based emission factor
E'F,, is done using Equation 4.5 with knowledge of the extraction flow V, and the
driving speed v4. For all subsequent evaluations, the number of wheels n,, is set
to four to represent a standard passenger car. It is assumed that all four wheels are
subjected to the same load condition. The calculated emission factors thus reflect
the emissions of a hypothetical four-wheeled vehicle for exactly one specific load
condition.

4.5)

This means that the curve progression of the emission factor over the SRT value is
known for different but constant load conditions. To determine the dependence of
the emission factor on the level of a specific load, an SRT value is selected and the
emission factors determined by regression are plotted against the respective load
type. This results in the diagrams shown in section 5.1.1 to 5.1.8. For all emission
values presented in there an SRT value of 60 has been chosen. According to [57],
this corresponds to the acceptance value recommended by the German Road and
Transportation Research Association (Forschungsgesellschaft fiir Stralen- und
Verkehrswesen, FGSV) for new roads [39].

4.4.2 Limitations in Data Analysis

Assumptions and simplifications have been made in the evaluation of the measured
data and in the determination of the mathematical relationships between load
conditions and PM emissions. In order to make the results more transparent, these
assumptions and simplifications are explained and critically reviewed below.
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Due to their operating principle, optical aerosol spectrometers cannot measure
particle mass directly. It must be calculated from the scattered light pulse of the
respective particle and the equivalent diameter derived from it (see section 2.7.2
and 3.2.2.1). This requires knowledge of the refractive index of the particle
material. In this work, a refractive index of 1.59 was assumed for all calculations
corresponding to latex particles which are used for calibration. This value probably
does not correspond precisely to the actual refractive index of TRWP. However,
an exact value is neither known nor easy to determine, as it can vary depending
on the composition and size of the particle. The density and the aspect ratio of
the particles, which are also required for the calculation, have been determined by
subsequent analyses (see section 4.3).

To limit the effort for data allocation and management, all correlation analyses
between load condition and PM emission are based on test bench target data.
Preliminary tests had shown that the control of tire forces (vertical, longitudinal,
and lateral) and the control of driving speed work precisely. The resulting high
level of agreement between target and actual data can be seen in Figure 4.10.
Especially for longitudinal (Figure 4.10b) and lateral force (Figure 4.10c) as well
as for driving speed (Figure 4.10c) there are only small deviations between the
two data series. Only the wheel load (Figure 4.10a) shows persistent, sometimes
larger fluctuations. These are mainly caused by unevenness of the road surface
and irregularities of the tire, and can therefore not be eliminated. This means
that even if the tire forces parallel to the road surface were perfectly controlled,
there would be constant changes in the frictional state of the tire—road contact
(adhesion utilization), which in turn would be accompanied by a change in the
current emission. Therefore, during one loaded phase, many different adhesion
utilizations would occur. Since the relationship between adhesion utilization and
emission is unknown, it is not possible to calculate or derive a reasonable surrogate
value such as the mean value. This means that there would be no unique value for
correlation analysis. Furthermore, no correlation can be made for each individual
time step. Due to the small but time-varying delay between the emission and its
detection by the aerosol spectrometer, the correlation must always be determined
with the emission over the entire loaded period (see section 4.4.1). Accordingly,
the correlation between load condition and PM emission could only be determined
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Figure 4.10: Comparison between target and actual data for test bench control.
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by means of an iterative calculation model. Since this would require an enormous
computational effort and would lead to only minimal improvements due to the
already precise controlling, the target data were used instead of the actual data.
In Figure 4.9 the correlation between different lateral forces and the associated
PM emission was shown as a function of the SRT value. Such correlations have
been established for all influencing parameters from which the later results are
derived. This is based on the assumption that skid resistance and the associated
SRT value, in addition to the parameter under investigation, are the decisive
influencing variables on the level of PM emissions. This assumption is plausible
based on the high coefficients of determination for the summer tire. However,
lower coefficients of determination were found for the all-season tire and especially
for the winter tire. The correlation for both tire types is shown as an example in
Figure 4.11 for one load condition each.

In the case of the winter tire (Figure 4.11a), it can be seen that the particle mass
concentration has a recurring curve progression over the SRT value. Starting
from the highest particle mass concentration at an SRT value of about 65, the
particle mass concentration first decreases sharply and then more slowly. The
following cycles start again with a higher value in the range of SRT values of 59
and 56 and subsequently flatten out. Each of these cycles (8 data points each)
corresponds to exactly one test block (see Figure 4.3). During each test block,
the emission decreases stronger than approximated by the regression function
with repeated, identical load. At the beginning of a new cycle, the emission is
initially higher before decreasing again. This emission behavior suggests that, in
addition to skid resistance and load, there is another parameter for winter tires that
significantly influences PM emissions. This parameter could be tire temperature.
This is supported by the fact that tire temperature increases significantly under
load and that repeated loading results in lower PM emissions for the winter tire
(see Figure 5.15). At the beginning of each new cycle, the tire temperature is well
below the temperature occurring under load, resulting in a recurring increase in
emissions. Since only particles in the range smaller than 10 pm are taken into
account, it is possible that at higher temperatures, due to softer tire material,
larger particles are emitted which are not detected by the aerosol spectrometer.
Increasing particle sizes at higher temperatures have been described in [21]. The
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fact that this effect occurs only with winter tires and to a lesser extent with all-
season tires, but not with summer tires, confirms this assumption, since winter
tires have by far the softest rubber compound and thus the lowest glass transition
temperature. Another reason for the high emission at the beginning of each cycle
could be a self-forming layer on the tire surface that is susceptible to abrasion.
This could also explain why the emission is high at the beginning of each new cycle
(after a break of several days) and gradually decreases. However, this possibility
cannot be proven either and needs to be further investigated in future experiments,
together with the influence of tire temperature.
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Figure 4.11: Correlation between SRT value and PM emission at constant load condition for a winter
and an all-season tire.
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4.4 Analysis of Measurement Data

The same effect, but to a much lesser extent, can be seen for the all-season tire
(Figure 4.11b). Again, the emissions initially decrease stronger than the regres-
sion function, and an increase in emissions can be seen at an SRT value of 56
(beginning of the third cycle).

The resulting lower coefficients of determination for the correlation between
SRT value and PM emission for consistent load only affect the results in subsec-
tion 5.1.5,5.1.6, and 5.1.7. All other results are based on driving with the summer
tire only and are therefore not affected by this imprecision.
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5 Influences on the PM Emission

As explained in section 4.4.1, the calculated emission factors were plotted over
different types of load to determine the dependence of emission on the respective
parameter or to compare the emissions of different tires with respect to this
parameter. For mass-based emission factors, it is important to consider the upper
particle size of 10 pm. Particles larger than this value are not included since,
according to the definition (see section 2.6), they are not classified as particulate
matter. As the focus of this work is on PM emissions in the PM | category and
the usual metrics are mass based, no number-based emission factors are given.
Precise statements on this would require measurement instruments which also
take into account the size range of nanoparticles. Due to their extremely small
mass, these particles play a negligible role for the mass-based EFs discussed here.
Many of the results shown in the following sections have been presented by the
author of this work in scientific publications during the project. Therefore, both
the content discussed as well as some illustrations shown are either taken from
the respective publication or based on results presented there. The results in
section 5.1.1.1 to 5.1.1.3 on the influence of longitudinal, lateral, and combined
forces are taken from [112]. The results in section 5.1.2 to 5.1.4 on the influence
of wheel load, tire inflation pressure, and driving speed have been presented in
[114]. The results shown in section 5.1.5 and 5.1.6 on the influence of tire type
and ambient temperature are adopted from [111]. The results on the influence on
the particle size distribution (see section 5.2) are taken from the publication on
the respective influencing parameter.

To describe the reproducibility of the measurements, the 95% confidence intervals
(CIs) are shown for all diagrams on the level of emission. Diagrams with one or
more regression functions, additionally contain the 95% confidence bands (CBs).
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5 Influences on the PM Emission

After the results are presented, they are interpreted and discussed. Where possible,
they are compared with existing statements in the literature. However, due to a
lack of information (see section 1.2.3), that is only possible for some of them.

5.1 Influences on the Level of PM Emission

5.1.1 Forces Parallel to the Road Surface

In studying the influence of tire forces parallel to the road surface, a distinction
was made with respect to force direction. Longitudinal forces caused by driving
and braking (see section 5.1.1.1) as well as lateral forces caused by cornering (see
section 5.1.1.2) were investigated. Subsequently, forces in both directions were
combined (see section 5.1.1.3). For pure longitudinal and lateral force as well
as for combined forces with equal shares of both the mathematical correlations
between applied force and PM emission were determined. An overview of the
investigated tire forces parallel to the road surface and where to find the respective
results is given in Figure 5.1.

| i)

F, inkN

—4-3-2-10 1 2 3 4
F, inkN

Figure 5.1: Investigated tire forces parallel to the road surface to determine the PM prediction model
[Adapted from 112] with references to the respective sections.
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5.1 Influences on the Level of PM Emission

The physical processes which lead to the emission curves obtained are discussed

in section 5.1.1.4.

5.1.1.1 Longitudinal Force

The result of the procedure described in section 4.4.1 for the emission factor of a
summer tire as a function of longitudinal force is shown in Figure 5.2. The graph
includes braking forces (£, < 0) as well as driving forces (¥, > 0). The support
points symbolize the emission values obtained from the regression functions (see
section 4.4.1) for an SRT value of 60. The support points were approximated
by regression functions, resulting in the curve progression of the emission factor
over the longitudinal force. Fourth-order functions gave the highest coefficients of
determination and were therefore chosen to be most appropriate for approximating
this relationship. The approximation for positive and negative longitudinal force
was performed separately. The value in the free-rolling condition (¥, = 0) was
specified in the form of a constraint, so that a continuously differentiable curve
was obtained.
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Figure 5.2: Emission factors in the size range between 0.3 pm and 10 pm over longitudinal force
and regression function for a summer tire at a wheel load of 6.5 kN, a driving speed of
80 km/h, an inflation pressure of 2.6 bar, an ambient temperature of 25 °C, and an SRT
value of 60 [Adapted from 112].
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5 Influences on the PM Emission

The regression functions show that the emission increases only slightly at low
forces. As the force continues to increase, the emission increases progressively,
resulting in emission factors around 85 mg/vkm for the maximum longitudinal
forces considered. The initial small increase in emissions can be explained by
deformation slip which prevails at low longitudinal forces. When passing through
the tire—road contact, the tread blocks are deformed in the longitudinal direction.
However, due to the low force, they do not reach the adhesion limit, so they return
to their original position when leaving the contact area without sliding beforehand.
As the force continues to increase, the tread blocks are deformed more strongly
within the tire-road contact and reach the adhesion limit. This results in sliding
slip, causing the tread blocks to slide over the road surface for the remaining
distance to the end of the contact patch, which significantly increases emissions.
A more detailed description of the relationship between emission and sliding slip
can be found in section 5.1.1.4.

Furthermore, it can be seen that braking results in higher emission factors than
driving. This effect is due to different shear stress distributions between driving
and braking. Due to the basic shear stress distribution (in the free-rolling con-
dition), the adhesion limit is already reached at lower forces during braking than
during driving (see Appendix A.3). As explained above, reaching the adhesion
limit earlier results in a higher percentage of sliding slip and ultimately in higher
emissions.

The results shown are highly consistent, both qualitatively and quantitatively, with
trends known from the literature. The increases due to high deceleration are in
the same range as in Kwak et al. [74]. As in Foitzik et al. [37], where a quadratic
relationship was found between driving force and emissions and a fourth-order
relationship between braking force and emissions (see section 1.2.3), emissions
here are also higher during braking than during driving. However, in contrast to
their results, a fourth-order regression function also shows the highest coefficient
of determination for driving forces here. Such detailed differences are proba-
bly caused by different road surfaces and tires. However, it is undisputed that
longitudinal force has a significant influence on tire—road PM emissions, which
underscores the importance of an anticipatory acceleration and braking behavior.
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5.1 Influences on the Level of PM Emission

5.1.1.2 Lateral Force

The influence of lateral force on PM emissions is illustrated in Figure 5.3. The
support points shown represent the emissions obtained with a summer tire and an
SRT value of 60. The curve progressions of the emission factor were approximated
using regression functions. The passage of the emission factor at a lateral force
F, = 0 was specified as an additional constraint. As with the longitudinal force,
fourth-order functions gave the highest coefficients of determination.
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Figure 5.3: Emission factors in the size range between 0.3 pm and 10 pm over lateral force and
regression function for a summer tire at a wheel load of 6.5kN, a driving speed of
80 km /h, an inflation pressure of 2.6 bar, an ambient temperature of 25 °C, and an SRT
value of 60.

This results in low increases of the emission factor for moderate forces which
increase as the force increases further. Again, this effect is due to the increas-
ing proportion of sliding slip compared to deformation slip (see section 5.1.1.4).
However, it is noticeable that lateral forces result in significantly higher emissions
than equivalent longitudinal forces. Over the entire force range, the emission fac-
tor is almost four times higher for lateral force than for longitudinal force for the
summer tire tested. Two reasons are presumably responsible for this difference.

The first reason is due to the processes involved in forming the slip angle and the
resulting lateral slip. When steering a wheel, the slip angle is formed between the
main plane of the tire and the direction of travel of the wheel contact point. When
the tread bar elements run into the contact area between the tire and the road
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5 Influences on the PM Emission

(leading edge), at first, there is essentially adhesion and the tire surface undergoes
lateral deformation. The slip angle results from the deformation of the tire belt
and the tire tread, with additional lateral slipping occurring in the rear part of the
contact area. As the tread bar elements approach the trailing edge, the surface
pressure decreases while their lateral deformation continues to increase. Eventu-
ally, the shear stress parallel to the road surface becomes too high for the remaining
surface pressure to maintain adhesion conditions. The tread bar elements slide
back to their original position while the belt also moves back in the direction of the
tire main plane, with the sliding distance consisting of the formerly present lateral
deflection of the tire belt and the tread bar elements. A schematic representation
of the processes can be found in Figure A.2. The lateral slip required to apply a
lateral force is ultimately significantly higher than the longitudinal slip required
to apply an equivalent longitudinal force. Accordingly, the higher emission at
lateral force is primarily due to the slip ratio required to achieve that lateral force.
If the emissions were not compared for equivalent longitudinal and lateral forces
but rather for equivalent slip ratios, it is likely that the emissions would be more
similar.

The second reason is the tread geometry of summer tires, which differs in lon-
gitudinal and lateral direction. The tread pattern of the summer tire is divided
in lateral direction by wide (circumferential) grooves, while in the longitudinal
direction there are only few or no (transversal) grooves to divide the profile but
only narrow sipes (see Figure A.4). The almost continuous longitudinal ribs
result in very little deformation and edge wear when subjected to longitudinal
force. By contrast, if lateral force is applied, the ribs are deformed transversely
to their direction of expansion, resulting in greater deformation and more edge
wear. Considering the entire tread pattern, including the center and shoulder rows,
results in an overall longitudinal and lateral tread stiffness. Since the difference
in emission factors under longitudinal and lateral force is particularly pronounced
for the summer tire, it is assumed that the difference between the stiffness in the
longitudinal and lateral directions is also particularly large. However, it is also
evident to a lesser extent for the all-season and the winter tire (see section 5.1.5).
Furthermore, positive lateral force results in higher emission factors than negative
lateral force. This asymmetry was present in all detailed investigations of the
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5.1 Influences on the Level of PM Emission

influencing parameters, which this summer tire was used for. For the summer
tire, the effect can be attributed to the equally asymmetrical curve progression of
frictional power (see section 5.1.1.4). However, for most other cases, positive lat-
eral force also resulted in higher emissions than equivalent negative lateral force.
Therefore, the asymmetry was further investigated with non-directional (insid-
e/outside) tires, driving the tires in both rotational directions (reverse-mounted
tire on the rim) and applying positive and negative lateral force. It was found
that the mean values of the emissions in both rotational directions were higher for
positive lateral force than for negative lateral force.

There are two possible explanations for this difference: one caused by the tire and
another one by the test bench. The contribution of the tire to the asymmetrical
emission curve could be caused by the tire structure. Radial tires always contain a
two-plied belt of steel cords which cross at a certain angle [89, 127]. For the lateral
force of the tire, it is decisive which ply of the belt is the outer one. The so-called
ply-steer effect influences the residual cornering force (RCF), which describes the
lateral force occurring when driving straight ahead without any slip angle. The
force caused by the ply-steer effect usually points to the right in driving direction.
To apply lateral force to the left (positive according to Figure 4.1), the RCF must
first be equalized. Therefore, a larger slip angle is required than to apply a force
of the same magnitude to the right (negative). Larger slip angle means higher
proportion of sliding slip, which presumably leads to higher PM emissions. This
effect remains unaffected by turning the tire on the rim. Therefore, the explanation
is supported by the results of the previously described investigation of the rolling
direction’s effect on emissions.

However, the investigation of the influence of rolling direction did not only show
that positive lateral force leads to higher emissions than negative lateral force,
but also that the emissions for positive lateral force and different rolling direction
differ from each other, as do those for negative lateral force. One possible reason
for that is the conicity effect, which also influences the RCF. Unlike the ply-steer
effect, the influence of the conicity effect is reversed when the rolling direction is
changed (by turning the tire on the rim), which leads to a change in the RCF and
thus explains a difference in emissions.
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5 Influences on the PM Emission

Another possible reason is the influence of the test bench design. Positive lat-
eral force corresponds to a left-hand bend in the internal drum test bench (see
chapter 4). This means that the airflow caused by the rotation of the drum hits
the right outer side of the wheel. If particles are emitted on the right side of the
tire—road contact, they will be driven into the extraction funnel, and the airflow
will contribute to a higher extraction efficiency. The high flow velocity on the
right side of the drum is due to the fact that the right side is the rotating part of
the drum (see section 3.1). On the other hand, if the wheel is steered to the right,
corresponding to negative lateral force, the airflow should hit the outer left side
of the wheel. The difference, however, is that the airflow on the non-rotating left
side of the test bench is significantly slower. If particles are emitted on the left
side of the tire—road contact, they will partially bypass the extraction funnel.
The observed differences in emissions are presumably the result of a combination
of all the described effects. Since none of them could be confirmed conclusively,
only the mean values of emissions with positive and negative lateral force were
used for the determination of the prediction model (see section 6.2).

As with longitudinal force, the results regarding the influence of lateral force are
consistent with the literature. Although the increases determined here are signifi-
cantly higher than those reported by Park et al. [98], it must be taken into account
that their tests were performed on sandpaper, which means that there was no
realistic tire-road contact. Foitzik et al. [37] considered both a quadratic and an
exponential relationship to be possible, so that the fourth-order relationship found
here fits well. Furthermore, the statement of Feifel et al. that lateral force has a
stronger influence on the emission than longitudinal force [36] is confirmed. In
analogy to the longitudinal force or longitudinal dynamics, low lateral dynamics
or low cornering speeds are therefore a possibility to reduce PM emissions.

5.1.1.3 Combined Force (Parallel to the Road Surface)
To get an impression of how the emission evolves when the tire is loaded with

longitudinal and lateral force, conditions were tested which consisted of forces in
both directions. The resulting force F..s was calculated according to Equation 5.1
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5.1 Influences on the Level of PM Emission

from the two components longitudinal force F, and lateral force F,. Figure 5.4
shows the influence of combined forces on the emission factor. Since the effect
of unequal emission at positive and negative lateral force (see section 5.1.1.2)
was also present here, only one curve progression is shown, which represents
mean values of both combinations in negative and positive longitudinal direction,
respectively. Even though the resulting force cannot take negative values according
to Equation 5.1, the combined forces with a negative longitudinal component are
plotted in the negative range for better visualization.
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Figure 5.4: Emission factors in the size range between 0.3 pm and 10 pm over combined force and
regression function for a summer tire at a wheel load of 6.5kN, a driving speed of
80 km /h, an inflation pressure of 2.6 bar, an ambient temperature of 25 °C, and an SRT
value of 60 [Adapted from 112].

Since fewer load conditions were measured on the diagonals (equal shares of
longitudinal and lateral force, see Figure 4.2) than with pure longitudinal and
pure lateral force, the graph in Figure 5.4 contains only three support points
for positive and negative resulting force, respectively. Nevertheless, fourth-order
functions were chosen for regression as it was assumed that combined forces
have the same effect on the emission as the two underlying forces. Again, the
passage through the emission value for a free-rolling tire without lateral force
was enforced. Combining the small number of support points with a fourth-order
regression function results in a coefficient of determination of 1.
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5 Influences on the PM Emission

The statements made for longitudinal and lateral force also apply here: For
moderate forces, there is only a slight increase in emission, although it is higher
than for pure longitudinal and lateral force due to the lower number of support
points. The emission increases progressively as the force increases. For the
highest force, this results in emission factors of about 70 mg/vkm. Note that the
highest resulting force applied was lower than for pure longitudinal and lateral
force, which is reflected in the changed abscissa compared to the previous graphs.

5.1.1.4 Correlation with Sliding Slip

Further investigations were carried out to explain the previously described re-
lationships between tire forces parallel to the road surface and PM emissions.
Using the same tire model as before, a lateral-force-slip-angle curve was recorded
as depicted in Figure 5.5 for the range of slip angles between —10° and 10°.
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Figure 5.5: Measured correlation between lateral force and slip angle of a summer tire at a wheel load
of 6.5 kN, a driving speed of 80 km /h, an inflation pressure of 2.6 bar, and an ambient
temperature of 25 °C.

The curve progression was approximated in a smaller range using a fifth-order re-
gression function (see Figure 5.6). Note that the axes from Figure 5.5 to Figure 5.6
have been swapped, meaning that the regression function obtained describes the
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5.1 Influences on the Level of PM Emission

slip angle as a function of the lateral force. Moreover, the diagram shows a tangent
to the regression function at o = 0°, thus showing the gradient in the linear range
of the slip-angle-lateral-force curve. Hence, the tangent corresponds to the slip
angle associated with pure deformation of tread bar elements and the sidewall of
the tire (deformation slip, see section 2.4).

o F, measured
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Figure 5.6: Inverted correlation between lateral force and slip angle of a summer tire at a wheel load
of 6.5 kN, a driving speed of 80 km /h, an inflation pressure of 2.6 bar, and an ambient
temperature of 25 °C with polynomial regression in the range between —5 kN and 5 kN
and tangent to the regression curve at a slip angle of 0°.

Consequently, the difference between the regression function and the tangent cor-
responds to the proportion of slip angle associated with sliding of the tread bar
elements (sliding slip, see section 2.4). The function of the difference shows a
parabolic shape over lateral force. It can be used to calculate the friction power
generated by sliding slip. For this purpose, the sliding speed of tread bar elements
is first calculated from the proportion of slip angle due to sliding and the driving
speed according to Equation 2.4. After, the frictional power is calculated from the
sliding speed and the lateral force acting on the tire according to Equation 2.7b.
This is plotted in Figure 5.7 together with the PM emission over lateral force.

The curve progressions of emission factor and frictional power are almost identi-
cal, which means that PM emission is indeed correlated with the frictional power
generated by the sliding of tread bar elements. Furthermore, the frictional power
has an asymmetric curve progression as well, thus explaining the asymmetric
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emissions of the summer tire described in section 5.1.1.2. Whether the asymme-
try of the emission curves of the other tire types is also completely attributable to
the friction power or whether the test bench flow contributes to this could not be
fully clarified.

The same investigation was to be made for the relationship between PM emission
and frictional power due to sliding tread bar elements in the longitudinal direc-
tion. However, due to the high wheel load of 6.5 kN, it was not possible to apply
a sufficiently high longitudinal force at the internal drum test bench in order to
record a complete longitudinal-force-slip curve.

The relationship found here between tire forces parallel to the road surface and
PM emission is described by a fourth-order function and thus differs in the expo-
nent from Schallamach’s wear formula (see section 2.5). However, this formula
(Equation 2.8) refers to the complete tire wear, while the correlations found here
only consider particles smaller than 10 pm. Furthermore, according to the author
(Schallamach), his formula only applies to low slip ratios, which were clearly
exceeded in the tests performed in this work. The differences are therefore quite
possible, so that the findings in this work do not contradict Schallmach’s wear

formula.
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Figure 5.7: Correlation between friction power due to sliding slip and emission factor for a summer
tire at a wheel load of 6.5kN, a driving speed of 80km/h, an inflation pressure of
2.6 bar, and an ambient temperature of 25 °C.
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5.1.2 Wheel Load

The influence of wheel load on tire—road PM emissions plays an important role in
the current electrification process. (Battery) Electric vehicles have significantly
higher unladen masses than comparable vehicles with internal combustion en-
gines. Due to the design of the electric motor, this is accompanied by a higher
drive torque, which is already available when the vehicle is starting off. The higher
torque allows for higher driving forces, which according to the relationships shown
in section 5.1.1.1 lead to higher PM emissions. Furthermore, to maintain or even
improve vehicle dynamics, more powerful engines are installed, resulting in even
higher tire-road contact forces.

In order to quantify the influence of wheel load on the emission of tire—road PM
under these aspects, the applied longitudinal forces were varied in proportion to
the wheel load (see section 4.1). This means that the emission factors obtained
are to be understood as emissions of a whole vehicle that is driven with consis-
tent longitudinal dynamics (same longitudinal acceleration, consistent adhesion
utilization) but with additional wheel load. The results are shown in Figure 5.8—
Figure 5.8a shows the emission factors for braking forces (negative adhesion uti-
lization), while Figure 5.8b shows those for driving forces (positive adhesion
utilization).

Symbols of same color represent emission factors with same adhesion utilization
at different wheel loads. The regression functions reveal a linear relationship
between wheel load and emission factor, regardless of the sign of the adhesion
utilization. The adhesion utilization only affects the gradient of the resulting
straight line. Additionally, a comparison of the graphs for driving and braking
shows again that braking forces result in higher emissions than equivalent driving
forces. The responsible effect was explained in section 5.1.1.1.

The linear increase in emission factors as the wheel load increases can be ex-
plained by the resulting frictional energy. When the wheel load is increased, the
tire is deflected stronger, resulting in a more pronounced flattening. This means
that the contact area between tire and road increases approximately linearly with
wheel load, provided that the tire inflation pressure is kept constant. The in-
crease occurs mainly in the longitudinal direction of the tire [107]. The increased
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wheel load is thus distributed over an area that has increased to approximately
the same extent, so that the contact pressure remains almost constant. The level
and characteristics of the shear stress that ultimately occurs in relation to the size
of the contact area is therefore also almost consistent. The ratio of deformation
slip to sliding slip therefore remains unchanged. Thus, the emission increases
proportionally to the contact area between tire and road surface as long as the tire
inflation pressure is not changed.
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Figure 5.8: Influence of wheel load on the emission factor at different adhesion utilizations in the
longitudinal direction F./F% for a summer tire at a driving speed of 80km/h, an
inflation pressure of 2.6 bar, an ambient temperature of 25 ©C, and an SRT value of 60:
(a) Braking condition and (b) Driving condition [Adapted from 114].

This means an enormous emission potential for fleet electrification. Assuming
consistent longitudinal dynamics (adhesion utilization), an increase in vehicle
mass results in a significant increase in emission factors. If the electric motors
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used have torques that allow them to even exceed the longitudinal dynamics of
comparable combustion vehicles, this can result in an additional increase.

The correlations obtained, as well as numerous results in the literature, demon-
strate the enormous influence of wheel load on PM emissions. Consistent with
the literature, positive linear correlations between wheel load and emissions are
obtained here. This statement is independent of adhesion utilization. However,
the gradient of the straight line describing the relationship between wheel load
and PM emissions increases with adhesion utilization. This means that the influ-
ence of wheel load increases as the adhesion utilization is increased. Therefore,
both an anticipatory driving style as well as lighter vehicles can help reduce PM
emissions from tire-road contact.

5.1.3 Inflation Pressure

The results on the influence of tire inflation pressure on PM emissions are shown
in Figure 5.9. The emission factor is plotted in normalized form for better
comparability between different types of load. Normalization has been done
with reference to the emission factor at 2.6 bar in the respective load condition.
Figure 5.9b and Figure 5.9c show the influence of inflation pressure under lon-
gitudinal force, the influence under lateral forces can be seen in Figure 5.9¢ and
Figure 5.9f. Figure 5.9a and Figure 5.9d are identical and are only shown twice
for better comparability of the gradient when loaded in different directions.

The support points show the emission factors obtained from the measurements
and subsequent calculations. Regression functions show a positive linear relation-
ship between tire inflation pressure and PM emissions, with linearity independent
of load condition. As with the change in wheel load, this increase can be attributed
to changes in and on the tire tread. However, unlike wheel load, inflation pressure
has an inversely proportional effect on the contact area. Accordingly, higher
inflation pressure results in an inversely proportional smaller (basically shorter)
tire contact area. However, the same tire forces parallel to the road surface must
be transmitted over the smaller contact area, resulting in higher shear stress.
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Figure 5.9: Influence of tire inflation pressure on the emission at different load conditions for a summer
tire at a wheel load of 6.5 kN, a driving speed of 80 km/h, an ambient temperature of
25 °C, and an SRT value of 60 [Adapted from 114].

Despite the overall shorter contact area, this results in longer sliding distances
for the individual tread bar elements, which can be explained by the higher slip
required. A superlinear dependence of PM emissions on tire inflation pressure
would actually be expected due to the combination of the two effects. However,

there is apparently another compensating effect, so linear increases in emissions

occur with increasing tire inflation pressure. The gradient depends strongly on
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the tire force and its direction.

While the gradient (influence of inflation pressure on the emission factor) is small
in the free-rolling condition (Figure 5.9a), it increases significantly with increas-
ing longitudinal force (Figure 5.9b and 5.9¢). This is probably due to the fact that
the ratio between the longitudinal force due to sliding slip and the longitudinal
force due to deformation slip increases with increasing longitudinal force and tire
inflation pressure. In detail, two effects are involved. On the one hand, at constant
wheel load, higher tire inflation pressure results in a smaller tire contact patch.
This in turn reduces the longitudinal force, assuming the slip ratio remains con-
stant. In addition, the maximum shear stress decreases with increasing inflation
pressure and constant slip ratio. Both result in a flatter curve for the relationship
between longitudinal force and slip ratio [43]. Therefore, a higher slip ratio is
required to achieve the same longitudinal force at higher tire inflation pressure.
The difference in slip ratio for different inflation pressures is amplified by the
degressive nature of the (total) longitudinal force (see Figure A.3).

On the other hand, the ratio between the longitudinal force caused by sliding slip
and that caused by deformation slip also changes with slip ratio. At low slip ratios,
the force is mainly caused by deformation slip, while the proportion of sliding
slip is very small. It only increases gradually with increasing slip ratio [153]. The
combination of both effects leads to a continuously increasing ratio between the
amount of sliding slip and deformation slip (see Figure A.3) as longitudinal force
and tire inflation pressure increase. The increase in slip ratio ultimately causes
higher emissions. Therefore, the influence of inflation pressure increases as the
longitudinal force increases.

In contrast, the influence of inflation pressure on PM emission is smaller when
lateral force is applied (Figure 5.9¢ and 5.9f). Due to the smaller contact area at
higher inflation pressures, the stiffness of the tread decreases in the same manner
as in longitudinal direction. An opposite effect occurs because the tire carcass and
belt become stiffer in lateral direction and therefore deform less with increasing
inflation pressure. Because of the reduced belt deformation, the absolute dis-
placement of the tread relative to the wheel center plane increases less than for
equivalent force in longitudinal direction. As the two effects overlap, they par-
tially compensate each other and the lateral stiffness decreases only slightly with

99



5 Influences on the PM Emission

increasing inflation pressure. The smaller change in lateral stiffness compared
to longitudinal stiffness results in a smaller difference in lateral slip between the
total force curves at different tire inflation pressures. The diagrams show that the
effect described for longitudinal force is also present here, but to a lesser extent,
so that the gradient of the emission factor increases only slightly with increasing
inflation pressure.

At first glance, it seems implausible that PM emissions increase with increasing
tire inflation pressure. It seems more logical that higher inflation pressure leads
to lower vertical deformations, thus to lower rolling resistance and lower (basic)
shear stresses, and ultimately to less tire wear. This relationship is known at least
for tire wear (see section 1.2.3). However, it is important to note that the particles
measured here do not consist exclusively of tire material. A significant proportion
of particles comes from the road (see section 4.3.2). In addition, as tire inflation
pressure increases, the frictional processes between tire and road surface take
place in a smaller contact area and are therefore more intense. Together with the
processes described in section 5.1.1.4, this explains the results presented here.
Since both increasing tire inflation pressure and increasing wheel load lead to
higher surface pressure (or since both decreasing tire inflation pressure and de-
creasing wheel load lead to lower surface pressure)—albeit to a very different
extent—a comparison should be made between the effect of both influencing
parameters on PM emissions. For example, if wheel load (see Figure 5.8) is
increased by 25 % from 4 kN (408 kg) to 5 kN (510 kg), there will be an increase
in emissions depending on the load condition. In the free-rolling condition, it is
14 % and grows with increasing adhesion utilization, which leads to an increase
of 69 % (mean value of positive and negative longitudinal force) at an adhesion
utilization of 0.62. To achieve a comparable growth in emissions by changing tire
inflation pressure, an increase of 23 % from 2.6 bar to 3.2 bar would be required
for both free rolling and maximum longitudinal force (mean value of positive
and negative longitudinal force). This means that not only do both wheel load
and tire inflation pressure influence surface pressure, but that their effects on PM
emissions are of a similar order of magnitude. This is surprising, as it is not the
case for the effect on surface pressure itself. While the surface pressure changes
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almost proportionally to tire inflation pressure, the influence of wheel load on
surface pressure is smaller as the size of the contact area also changes.

5.1.4 Driving Speed

When comparing emissions at different driving speeds, it is especially important
to consider emission factors (per distance) rather than particle concentrations or
raw emissions (per time). This is as particle concentrations measured at the
internal drum test bench were significantly higher at high driving speeds than
at low speeds. However, when considering distance traveled rather than time,
the proportions changed so that a more differentiated picture emerges for the
dependence of the emission factor on driving speed.
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Figure 5.10: Influence of driving speed on the emission at different lateral forces for a summer tire
at a wheel load of 6.5 kN, an inflation pressure of 2.6 bar, an ambient temperature of
25°C, and an SRT value of 60.

The results of the test series on the influence of driving speed are shown in
Figure 5.10. Same symbols indicate emission factors recorded at same lateral force
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and at different driving speeds. In the free-rolling condition, the emission factor
increases slightly with driving speed. However, a contrasting picture emerges for
all load conditions with lateral force. For all lateral forces, the highest emission
factor is present at the lowest driving speed. With increasing speed, it decreases
and reaches a minimum at 80 km/h. The emission factors for 120 km/h are
slightly higher again.

The resulting curve progressions of the emission factor over driving speed cannot
be explained conclusively. This would require further detailed testing combined
with a model-based approach to clarify the processes responsible for tire-road
PM emissions and to accurately analyze their dependence on driving speed. Since
this means that no clear trend can be determined at this point, the use of regression
functions is omitted. Nonetheless, possible approaches to explain the processes
are discussed in the following.

As measurements were performed several times with same results, it is possible
that there is a real tire phenomenon causing the ambiguity. However, it is also
conceivable that it is due to interferences from the test bench environment. After
preliminary tests had shown that a decreasing extraction efficiency was to be
expected at high driving speeds (v4 > 100 km/h) (see section 3.2.1.2), a specially
designed extraction hood (see section 3.2.1.2) was used for the test series on the
influence of driving speed instead of the extraction funnel. Although this resulted
in a significant improvement, it cannot be proven that afterwards the extraction
efficiency was completely unaffected by driving speed. It is possible that the
higher flow velocity in the drum at high driving speeds still caused particles to
pass under the extraction hood and not to be captured. However, this cannot
explain the large decrease in emission factor between 30 km/h and 50 km/h.
Therefore, it is quite possible that the curves of emission factor and the occurring
minimum are actually caused by a speed-dependent effect of the tire.

The tire rolling faster means that there is less time for the rubber to penetrate
microscopic depressions in the road surface. This presumably reduces the damage
to the tire material caused by shear forces. On the other hand, higher driving speed
with constant force parallel to the road surface leads to higher sliding speed, which
should increase the emission. Apparently, however, the first effect is larger at low
driving speeds, which is reversed at higher speeds.
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The increase in emissions between 80km/h and 120 km/h could also be due
to increasing centrifugal forces. This causes the tire to become stiffer, though
reducing the flattening, so that the resulting effect is similar to that of an increase
in tire inflation pressure. Here too (see section 5.1.3), higher emissions were
observed, which was attributed to longer sliding distances and higher shear stress.

5.1.5 Tire Type

The parameters described in the previous sections are primarily influenced by the
vehicle and the driver. In addition, there are other influences over which the driver
has only limited control. One such influence is the choice of tires. Although the
drivers can choose tires for their vehicle, the choice is limited in that the tire
type must be adapted to environmental conditions. Accordingly, there is a choice
between summer, all-season and winter tires.

In order to investigate the extent to which these tire types differ in terms of emission
behavior, a test series was carried out with one tire of each type. All three tires
had the same dimension and the same load index. In contrast to previous test
series, the aim was no longer to quantify the influence of a particular parameter on
PM emissions, but rather to compare the emissions of the tire types under same
load conditions.

To make this comparison, the tires were subjected to various longitudinal and
lateral forces while maintaining constant wheel load, tire inflation pressure, and
driving speed. To account for the fact that summer tires are used at higher ambient
temperatures than winter tires and to make the comparison as realistic as possible,
the tires were tested at different ambient temperatures: 25°C for summer tires
and 5 °C for winter tires meaning that both tires were tested under their usual
ambient conditions. Since all-season tires are used in both high and low ambient
temperatures, they were tested at both temperatures. The emission factors for the
all-season tire shown in Figure 5.11 are therefore mean values of emission factors
at both temperatures.

Winter tires produce the highest emissions, summer tires the lowest ones, and the
emissions of all-season tires are in between. This is true for both the free-rolling
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condition and the conditions in which the tires were subjected to longitudinal
forces. As with summer tires, all-season and winter tires show only a slight
increase in emissions at moderate forces, which increases with increasing forces.
It can therefore be assumed that the fourth-order approach for the relationship
between force and PM emissions found for summer tires also applies to all-
season and winter tires. However, further studies are needed to make a definitive
statement on this. As with summer tires, braking forces always result in slightly
higher emissions than driving forces for the other two tire types, so this effect is
likely to be tire-independent (for explanation see section 5.1.1.1 and Figure A.1
in Appendix A.3). For the highest braking forces, this results in emission factors
above 350 mg/vkm for the all-season tire and above 600 mg/vkm for the winter
tire. Emissions at maximum load are therefore about a factor of 3.6 and 6 higher
than for the summer tire at equivalent load, respectively.
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Figure 5.11: Influence of longitudinal force on the emission factors of a summer, an all-season, and a
winter tire at their usual ambient temperatures, a wheel load of 6.5 kNN, a driving speed
of 80 km /h, an inflation pressure of 2.6 bar, and an SRT value of 60 [Adapted from
111].

The qualitative statements regarding the influence of longitudinal force apply in
the same way to the influence of lateral force shown in Figure 5.12. Again, the
winter tire produces the highest emissions, followed by the all-season tire and
finally the summer tire. However, the overall emission level is higher, resulting in
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maximum emission factors of over 500 mg/vkm for the all-season tire and over
1000 mg/vkm for the winter tire.
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Figure 5.12: Influence of lateral force on the emission factors of a summer, an all-season, and a
winter tire at their usual ambient temperatures, a wheel load of 6.5 kN, a driving speed
of 80 km /h, an inflation pressure of 2.6 bar, and an SRT value of 60 [Adapted from
111].

However, the emission behavior of all-season and winter tires differs from that of
summer tires in two ways. On the one hand, negative lateral forces result in higher
emissions for all-season tires. This suggests that the test bench effect leading to
asymmetric emissions under lateral force (see section 5.1.1.2) is relatively small,
as it can be clearly outweighed by the influence of the tire. On the other hand,
the comparison of Figure 5.11 and Figure 5.12 shows that the emissions of the
different tire types evolve differently depending on force direction. While the
summer tire under the influence of longitudinal force leads to emission factors
which are lower by a factor of 3.6 or 6 than those of the all-season or winter
tire, under the influence of lateral force this factor is only 1.4 and 2.9 for the
all-season and winter tire, respectively. The influence of force direction on the
emissions of the all-season and winter tire is smaller than for the summer tire
and the magnitude of the force is more important for the emission. Accordingly,
there is only a factor of 1.5 between the emissions at maximum load in lateral
and longitudinal direction for the all-season tire and 1.9 for the winter tire. With
the summer tire, on the other hand, force direction has a significant influence, so
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that there is a factor of 3.9 between the emissions under the maximum load in
different directions (see section 5.1.1.2).

Possible reasons for the direction-dependent emission behavior of the summer
tire were discussed in section 5.1.1.2. The fact that the difference is much less
pronounced for the all-season and the winter tire is probably due to the geometry
of the tread profile. Unlike summer tires, these two tire types have larger and
deeper (transversal) grooves in lateral direction (see Appendix A.4). This creates
individual tread blocks which are further subdivided by fine sipes. The tread
blocks can therefore tilt or deform independently of each other and of the force
direction. The overall tread stiffness also introduced in section 5.1.1.2 probably
differs significantly less for these two tire types in the longitudinal and lateral
directions. Forces in both longitudinal and lateral directions therefore result in
greater deformation and higher edge wear.

The ratios between summer and winter tire emissions obtained from the tests are
in the same range as found in the literature. While factors between 2 and 10
were given for emission values there, here this range is between 2 and 6. For a
comparison of the results with the emissions of the all-season tire no reference
values could be found. However, it seems plausible that its emission values are
between those of the summer and the winter tire.

5.1.6 Ambient Temperature

In order to evaluate the influence of ambient temperature on the emission behavior
of the three tire types, the summer and winter tire were also tested at temperatures
that are unusual for them. The resulting comparisons of emissions for all tire
types at ambient temperatures of 5 °C and 25 °C are shown in Figure 5.13 to 5.15.
In the case of the summer tire (see Figure 5.13), higher ambient temperature leads
to higher emissions for both high longitudinal and high lateral forces. Note that the
difference in emissions between low and high ambient temperature is higher for
longitudinal force than for lateral force. Therefore, the ratio between the emissions
at maximum lateral force and those at maximum longitudinal force increases from
3.9 to 5 when lowering the ambient temperature. At moderate forces, however,
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the ratio is reversed so that the emission is higher at low temperature. There is
currently no explanation for this trend reversal, so further test series are needed
for clarification.
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Figure 5.13: Influence of ambient temperature on the emission factors of a summer tire due to
longitudinal force and lateral force, a wheel load of 6.5 kN, a driving speed of 80 km /h,
an inflation pressure of 2.6 bar and an SRT value of 60.

The all-season tire (see Figure 5.14) shows a completely opposite influence of
ambient temperature. While the emission at low temperature and maximum force
is higher than the one at high temperature, higher temperature leads to higher
emission at moderate forces. The factor between the emission at maximum lateral
force and that at maximum longitudinal force only changes from 1.5 (at 25 °C) to
1.4 (at 5 °C), which is considered negligible.

The behavior of the winter tire is similar (see Figure 5.15). In most cases, the
higher ambient temperature results in lower emissions. However, there are three
exceptions: for moderate negative longitudinal force as well as for moderate
and high positive longitudinal force, the emissions are slightly higher at 25 °C.
However, the differences are so small that they are covered by the confidence
intervals. Further on, it is noticeable that the influence of ambient temperature
seems to be significantly greater for lateral force than for longitudinal force. The
ratio between emissions at maximum lateral force and maximum longitudinal
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force of 1.9 at 5 °C thus decreases to 1.3 at 25 °C. As for the summer tire, there is
currently no explanation for this trend, so the tire-specific temperature influence
on PM emission needs to be further investigated in future tests.
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Figure 5.14: Influence of the ambient temperature on the emission factors of an all-season tire due to
longitudinal force and lateral force, a wheel load of 6.5 kN, a driving speed of 80 km /h,
an inflation pressure of 2.6 bar, and an SRT value of 60.

The different evolution of emissions with ambient temperature is probably due to
the different tire compounds. The summer tire is made of the hardest compound,
whose stiffness changes only slightly over the investigated temperature range. This
is due to the fact that the low temperature of 5 °C is only slightly outside the usual
temperature range for the summer tire. Nevertheless, the material becomes more
brittle at low temperatures, which could lead to the tire emitting finer particles
(see section 5.2.6), whose contribution to PM emissions is low.

Both winter and all-season tire are made from compounds that are significantly
softer than the one of the summer tire, especially at low ambient temperature. In
addition, the ambient temperature of 25 °C is well outside the range recommended
for winter tires by the General German Automobile Club (Allgemeiner Deutscher
Automobilclub, ADAC) [5]. The resulting even softer tread tends to emit less
fine particles (see Figure 5.13), but rather favors the formation of large particles
which are outside the size range detected by the aerosol spectrometer. For this
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reason, the effect is not reflected in the size distributions shown in section 5.2.6.
However, the hypothesis is supported by the evaluation of the total mass loss of
tire material. This shows that for all three tire types the wear is greater at high
temperatures than at low temperatures. The difference between the mass loss at
different ambient temperatures is particularly pronounced for the winter tire. For
the all-season tire it is smaller and negligibly small for the summer tire.
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Figure 5.15: Influence of the ambient temperature on the emission factors of a winter tire due to
longitudinal force and lateral force, a wheel load of 6.5 kN, a driving speed of 80 km /h,
an inflation pressure of 2.6 bar, and an SRT value of 60.

The results presented for the influence of ambient temperature on PM emission
are consistent with the literature. Yan et al. [151] do not specify whether their
custom rubber compound is a summer or winter tire compound. Chang et al.
[21] do not indicate the type of tires used in their tests. Therefore, it can only be
assumed that the rubber compound used by Yan et al. was a winter tire compound,
while Chang et al. used summer tires. In this way, the different trends can be
reconciled with each other and with the results obtained here.
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5.1.7 Pavement Material

In order to determine the influence of pavement material, an analogous test series
to the one in section 5.1.5 (influence of tire type) was performed on a concrete
surface. Since the focus was exclusively on the influence of pavement material,
all tests were performed at an ambient temperature of 25 °C. The results for the
three different tire types are shown in Figure 5.16 to 5.18.
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Figure 5.16: Influence of pavement material on the emission factor of a summer tire due to longitudinal
force and lateral force, a wheel load of 6.5 kN, a driving speed of 80 km /h, an inflation
pressure of 2.6 bar, an ambient temperature of 25 °C, and an SRT value of 60.

Figure 5.16 shows the comparison of emissions on different road surfaces for the
summer tire under the influence of longitudinal and lateral force. For consistent
SRT values the concrete surface results in higher emissions than the asphalt
surface for all load conditions. For longitudinal forces, there are factors between
1.6 and 5.5 between the emission on asphalt and the one on concrete. It is worth
noting that the higher factors occur at moderate forces, which means that concrete
leads to a greater initial increase in emission with force, which then increases less
than on asphalt. This is also true for lateral forces. Another similarity between the
two diagrams is the asymmetry between emissions caused by driving and braking
or between positive and negative lateral force. This inequality remains the same or
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even increases compared to the emission on asphalt. The exact difference depends
on the load condition.

When comparing the two diagrams (Figure 5.16a and 5.16b), it is also noticeable
that the emission increases significantly stronger under longitudinal force than
under lateral force when changing from asphalt to concrete. Thus, the ratio
between the mean emissions under maximum lateral and longitudinal forces on
concrete is 2.7, while on asphalt it was 3.9.

An analogous comparison is shown in Figure 5.17 for the all-season tire. As with
the summer tire, the concrete surface results in higher emissions than the asphalt
surface for all load conditions, so that the emission factor for longitudinal forces is
up to 3.5 times higher than for asphalt. For lateral forces, there is even a maximum
factor of 6.1. Also for all-season tires, the emission starts increasing stronger for
moderate forces than on asphalt, but then continues to increase to a lesser extent.
Again, the basic characteristic of asymmetric emission is maintained. However, in
contrast to summer tires, the ratio between the emission at maximum longitudinal
force and the emission at maximum lateral force hardly changes.
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Figure 5.17: Influence of pavement material on the emission factors of an all-season tire due to
longitudinal force and lateral force, a wheel load of 6.5 kN, a driving speed of 80 km /h,
an inflation pressure of 2.6 bar, an ambient temperature of 25 °C, and an SRT value of
60.
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The comparison of winter tire emissions is shown in Figure 5.18. This shows a
more differentiated picture than for summer tires and all-season tires. While the
concrete surface causes higher emissions at moderate forces, it results in lower
emissions at high forces. This is true for both longitudinal and lateral forces. The
ratio between emissions caused by lateral and longitudinal forces remains almost
constant. The reason for the opposite trend for the winter tire at high forces could
not be determined in this work and must be investigated in future studies, as must
the reason for the overall higher emission level on concrete.
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Figure 5.18: Influence of pavement material on the emission factors of a winter tire due to longitudinal
force and lateral force, a wheel load of 6.5 kN, a driving speed of 80 km /h, an inflation
pressure of 2.6 bar, an ambient temperature of 25 °C, and an SRT value of 60.

The results for emission levels on asphalt and concrete show a high degree of
agreement with the literature [3, 4, 145]. All tire types show higher emissions
on concrete than on asphalt at low loads. Only for winter tires is this relation-
ship reversed at high loads. The quantitative differences between emissions on
concrete and asphalt pavements tend to be slightly higher than those reported by
Alexandrova et al. [3]. However, as no information on the driving conditions of
the vehicles is available for the measurements performed in their study, there is
no contradiction.
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5.1.8 Skid Resistance

The influence of skid resistance on PM emissions has already been implicitly
discussed in section 4.4.1 by plotting the emission for different load conditions
over the SRT value (see Figure 4.9). Based on this, regression functions have
been parameterized which allow for the determination of emission at different
SRT values. However, since it has been shown that skid resistance is one of the
most important parameters, and since all previous influences were only shown for
an SRT value of 60, the influence of skid resistance will be elucidated explicitly
and in detail at this point. Analogous to previous parameters, emission factors for
selected load conditions are compared for the SRT values 55, 60 and 65. The two
additional SRT values correspond to the highest and lowest grip values measured
during the tests. The emission factors of a summer tire under the influence of
longitudinal force are shown in Figure 5.19 for different SRT values.
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Figure 5.19: Influence of longitudinal force on the emission factor of a summer tire for different SRT
values at a wheel load of 6.5 kN, a driving speed of 80 km/h, an inflation pressure of
2.6 bar, and an ambient temperature of 25 °C.

The emission increases significantly with the SRT value, regardless of the load
condition. There are factors between 2 and 6 between the emission factors for
same load conditions but SRT values differing by 5 points. The factor is high for
moderate forces and decreases for higher forces, indicating a decreasing influence
of skid resistance on PM emissions with increasing force.
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A similar influence can be seen in the case of lateral force (see Figure 5.20). Again,
emission factors for same load conditions and 5 points higher SRT value differ by
factors between 2 and 6. Thus, at the maximum SRT value and load, the emission
factor for the tested summer tire is over 1000 mg/vkm. However, it should
be noted that no statement can be made about the composition of the emitted
particulate matter as a function of the SRT value. It is therefore possible that at
high SRT values, innumerable tiny peaks on the road surface are initially abraded,
resulting in a high contribution of road material to PM emissions. As the test
progresses, this contribution is likely to decrease, while the relative contribution
of the tire increases, although its absolute contribution decreases.
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Figure 5.20: Influence of lateral force on the emission factor of a summer tire for different SRT values
at a wheel load of 6.5 kN, a driving speed of 80 km /h, an inflation pressure of 2.6 bar,
and an ambient temperature of 25 °C.

The fact that a road surface with higher skid resistance or roughness increases
tire wear has been confirmed in [14, 78, 103]. However, there is little quantitative
information on the influence of skid resistance. Lowne [78] mentions a factor of 3
between tire wear on rough and smooth or polished road surfaces [78]. However,
there are no reference values for the quantitative influence of skid resistance on
PM emissions.
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5.2 Influences on the Particle Size Distribution

After discussing the influences on emission levels, henceforth, particle size distri-
butions (PSDs) will be evaluated to determine the influence of all parameters on
particle size. The evaluations will be made using particle number distributions
(PNDs). These have the advantage that each particle receives the same weighting,
whereas particle mass distributions (PMDs) are always dominated by large parti-
cles due to their relatively higher mass. In the latter ones, changes in the range of
small particles are therefore often not well visible.

For better comparability of particle number distributions during different load
conditions, all curves are normalized. This means that PNDs can be compared
even if the total emission is at different levels during the different load conditions.
Even small changes in the distribution, such as a minor horizontal shift of a peak,
become visible since all size distributions are of the same order of magnitude.
Normalization was performed with respect to the total number concentration C),
present during each load condition. The corresponding non-normalized particle
size distributions can be found in Appendix A.6. Furthermore, the plotted particle
concentrations were divided by the respective logarithmic interval width log(d),).
This prevents the width of an interval from influencing its height [51]. An exem-
plary PND for a summer tire in free-rolling condition is shown in Figure 5.21.
In this case, there is a peak between 0.3 pm and 0.4 pm. However, since the peak
is just above the lower detection limit of 0.3 pm, it is not possible to determine
with certainty whether this is a true peak or just a rising edge. In the latter case,
the actual peak would be below the lower detection limit and therefore outside the
size range investigated in this work. The fact that the concentration decreases in
the two lowest intervals is not a valid counterargument, as this could be caused
by the fact that the counting efficiency of the aerosol spectrometer decreases in
the close proximity of the lower detection limit [95]. Therefore, the only clear
conclusion is that there is a peak below 0.4 pm. Between 1 pm and 2 pm there is
an indication of a second, much flatter peak. Higher than that, the distribution de-
creases continuously towards larger particles, so that there is hardly any emission
in the particle size range of 10 pm.

115



5 Influences on the PM Emission

—— Differential s=sws: Cumulative
1.00
=
= )
= 0.09 | 075 ©
S 3
<
< 0.06 | 0.50 =
S 2
~
> 0.03 | 0.25 O
QO
S
0.00 = 0.00
0.1 10

dp in pm

Figure 5.21: Particle size distribution of a freely-rolling summer tire at a wheel load of 6.5 kN, a
driving speed of 80 km /h, an inflation pressure of 2.6 bar, and an ambient temperature
of 25 °C in the size range between 0.3 pm and 10 pm.

The cumulative distribution, on the other hand, can be used to make direct quan-
titative statements about the distribution. It can be used to directly read the
proportion of particles below or over a certain diameter. In the present case, for
example, the median particle size (50 % of the cumulative distribution) is about
0.6 pm. In general, a steeply rising cumulative curve indicates a small median
particle diameter, while a flat cumulative curve indicates a large median particle
diameter (in the size range of 0.3 pm to 10 pm).

In the following sections, the influence of different vehicle parameters, ambient
temperature, tire and road types on the particle size distribution will be discussed.

5.2.1 Forces Parallel to the Road Surface

As with total emission, tire forces parallel to the road surface have a significant
influence on the particle size distribution (see Figure 5.22). The influence of
longitudinal force is shown in Figure 5.22a, the one of lateral force in Figure 5.22b.
Both diagrams show differential and cumulative distributions for the free-rolling
condition and for four different forces in each force direction.
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Figure 5.22: Influence of tire forces parallel to the road surface on the particle size distribution at a
wheel load of 6.5 kN, a driving speed of 80 km/h, an inflation pressure of 2.6 bar, and
an ambient temperature of 25 °C in normalized representation.
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The distribution of the free-rolling condition is identical to the one in Figure 5.21.
Based on this, increasing longitudinal force (see Figure 5.22a) seems to reduce
the first peak between 0.3 pm and 0.4 pm, while increasing the second peak in
the size range between 1 pm and 2 pm. However, the reduction of the first peak
is only an apparent effect of the normalized plot. In fact, the particle number
concentration increases both in the range of small particles as well as in the range
of coarse particles. As the increase in the range of coarse particles is significantly
larger (in percentage terms, see Figure A.12a), this results in an apparent decrease
in the first peak due to normalization. The fact that particle size increases with
longitudinal force can also be seen in the cumulative distribution which becomes
gradually flatter from the free-rolling condition to the load condition with a
longitudinal force of 4 kN. Thus, the median particle size (50 % of the cumulative
distribution) of about 0.6 pm in the free-rolling condition increases to just over
1 pm at maximum longitudinal force.

The same trend is apparent for lateral force (see Figure 5.22b). Again, the number
of particles increases in all size ranges and especially in the range of coarse
particles. The median particle size increases with increasing load, resulting in a
median particle diameter of about 1.3 pm at maximum lateral force. Additionally,
compared to the influence of longitudinal force, it is noticeable that lateral forces
of the same magnitude lead to a lower peak in the size range of small particles.
This difference is probably due to the direction-dependent properties of the tire
tread profile discussed in section 5.1.1.2. Presumably, there are several reasons
why the median particle diameter increases with increasing force. First, the shear
stress in the tire—road contact increases, which facilitates crack formation and
propagation within the tire material. Second, the tire force parallel to the road
surface increases the slip ratio and thus the surface temperature. Higher slip
ratio means longer sliding paths, while higher temperature makes the tire material
softer. Both effects favor the formation of coarse particles. In addition, there is
another effect of increased slip ratio that can lead to coarser particles. Particles
which become detached in the front area of the tire—road contact are rolled over
by following tread bar elements. This can result in conglomerations of small
particles which are ultimately emitted as coarse particles. However, whether this
effect also affects the size distribution in the range of fine particles or only in the
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range of large particles needs to be investigated in future tests.

This result is consistent with information from the literature (see section 1.2.3) in
which higher load leads to an increase in the median particle size. Whether this
is accompanied by an increase in the number of nanoparticles cannot be answered
due to the lower detection limit of the aerosol spectrometer at 0.3 pm.

5.2.2 Wheel Load

The influence of wheel load on particle number distribution is shown in Fig-
ure 5.23. In the free-rolling condition (see Figure 5.23a) similar distributions
as described above are shown. For all wheel loads, there is a peak just above
the lower detection limit of 0.3 pm, which decreases as wheel load is increased.
However, at low wheel loads, the second peak does not appear to be present and
only becomes visible as the wheel load gets higher. This shows the same trend as
the application of longitudinal and lateral force, namely an increasing particle size
with increasing wheel load (and constant adhesion utilization). The increasing
particle size can also be seen by the fact that the distribution at high wheel loads
extends to coarser particles, while at low wheel loads it ends before. This is also
apparent in the cumulative curve, which shifts to the right as the wheel load is
enhanced. While the median particle size at a wheel load of 3.25kN is about
0.4 pm, it is about 0.5 pm at a wheel load of 8.125 kN.

The same trend emerges at an adhesion utilization of 0.62 (see Figure 5.23b).
However, the second peak is present at all wheel loads and becomes more pro-
nounced as the wheel load is increased. The distributions extend to the upper
limit of the size range and the proportion of particles in this range grows with
increasing wheel load. Overall, this results in flatter camulative curves than in the
free-rolling condition for all wheel loads. At a wheel load of 3.25 kN, the median
particle diameter is about 0.5 pm. As the wheel load increases, the cumulative
curve shifts to the right, resulting in a median particle diameter of about 1 jim at
a wheel load of 8.125 kN.
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Figure 5.23: Influence of wheel load on the particle size distribution at a driving speed of 80 km /h,
an inflation pressure of 2.6 bar, and an ambient temperature of 25 °C in normalized
representation [Adapted from 114].

The enhancement in particle size with increasing wheel load is presumably due
to the same reasons as with forces parallel to the road surface. As the wheel load
increases, tire deflection increases, resulting in a tire—road contact area that is
approximately proportional to the wheel load. The increase in area is mainly due
to an increase in the longitudinal direction [107]. The fact that the contact area
increases approximately in proportion to wheel load means that the shear stress
in the contact remains nearly unchanged for consistent adhesion utilization. This
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also means that the ratio of deformation slip to sliding slip remains approximately
constant. However, a longer tire—road contact patch could lead to longer slip
distances, i.e., a greater distance between the point in the contact patch where the
tread elements begin to slide and the end of the tire—road contact. Longer sliding
distance additionally results in higher temperatures. Both effects contribute to
an increase in total emissions and particle size. In addition, the rolling-over by
subsequent tread bar elements could contribute to the formation of larger particles
with increasing wheel load (and constant adhesion utilization).

The results are in good agreement with data from the literature. Kim et al. [61]
describe an increase of particle size with wheel load. However, due to their test
bench setup, they were only able to investigate the trend in the free-rolling condi-
tion. From the experiments conducted here, it is now apparent that the trend also
applies to higher adhesion utilization, and is even more pronounced there.

Given the current trend toward fleet electrification, this result is considered posi-
tive. Higher wheel load at consistent longitudinal dynamics leads to higher total
emissions but also to higher median particle size. While this means that PM
emissions from tire—road contact are likely to increase with the number of battery
electric vehicles, at least each additional particle generated does not pose a greater
health risk (as would have been the case with a decrease in size, see section 1.2.1).

5.2.3 Inflation Pressure

The influence of tire inflation pressure on the particle number distribution is shown
in Figure 5.24 for three different load conditions. In the free-rolling condition (see
Figure 5.24a), distributions with the same characteristics as already explained for
tire forces parallel to the road surface and wheel load can be seen. However, the
tire inflation pressure seems to have a smaller influence, so that the distributions
change less with increasing tire inflation pressure. Nevertheless, the trend is the
same as for wheel load. The peak just above 0.3 pm decreases with increasing
inflation pressure, while the second peak in the range between 1pm and 2 pm
gets more pronounced. This results in a slightly increasing median particle size
from about 0.43 pm at an inflation pressure of 2.0 bar to 0.5 pm at 3.2 bar.
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Figure 5.24: Influence of tire inflation pressure on the particle size distribution at a wheel load of
6.5 kN, adriving speed of 80 km /h, and an ambient temperature of 25 °C in normalized

representation [Adapted from 114].
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In the load condition of 4 kN longitudinal force (see Figure 5.24b), the influence
of tire inflation pressure is greater. The height of both peaks changes significantly
so that the peaks are almost balanced at a tire inflation pressure of 3.2 bar. Be-
sides that, two other effects are visible. First, the second peak appears to shift
towards larger particle diameters with increasing inflation pressure. Second, the
fraction of particles just below the upper detection limit increases. Overall, the
median particle diameter increases from about 0.53 pm at 2.0 bar to about 1 pm
at 3.2 bar.

The same trend, although to a much lesser extent, is present under the influence of
lateral force (see Figure 5.24¢). This is probably due to the two opposing effects
on tire stiffness discussed in section 5.1.1.2. The reason for the overall flatter size
distributions under lateral force was discussed in section 5.2.1. As with the total
emissions, the influence of tire inflation pressure is much less pronounced under
lateral force than under longitudinal force. The median particle diameter changes
only from about 1 pm to 1.2 pm.

The increasing median particle diameter with increasing inflation pressure can
presumably be explained by the effects on the tire—road contact. As the infla-
tion pressure is increased, the contact area between tire and road surface shrinks,
mainly longitudinally [107]. The smaller contact area results in higher surface
pressure and higher shear stress. The higher shear stress could result in increased
crack propagation in the tire material and the formation of larger particles.
However, since only the basic shear stress distribution is applied in the free-rolling
condition, the influence of tire inflation pressure is small. When tire forces parallel
to the road surface are applied, the shear stress increases as does the deformation
of the tread bar elements. Compared to low inflation pressure, this eventually
results in a higher slip ratio (see Figure A.3), which could also increase the for-
mation of large particles or at least favor the general emission of particles.
Under the influence of longitudinal force, the influence of inflation pressure is
particularly pronounced. This is due to the large change in tire stiffness in this
direction. In the case of lateral force, the changes in size distribution are much
smaller, as in the case of total emission. This is also due to the smaller change in
tire stiffness in lateral direction compared to longitudinal direction (for detailed
explanation see section 5.1.3.
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The greater influence of lateral force on the size distribution compared to longi-
tudinal force (Figure 5.24c compared to Figure 5.24b) is probably related to the
design of the tire tread. The summer tire studied has almost continuous ribs in
longitudinal direction, interrupted only by narrow sipes. This results in lower
deformation and almost no edge wear. In lateral direction, the tread is divided by
wide grooves. When lateral force is applied, this results in greater deformation
with more edge wear. Both favors the formation of large particles. This effect
was explained in more detail in section 5.1.1.2.

5.2.4 Driving Speed

The particle size distributions for the influence of driving speed are shown in
Figure 5.25. Figure 5.25a shows the influence in the free-rolling condition,
Figure 5.25b the one loaded with 4 kN lateral force. When freely rolling, the first
peak increases from 30 km/h to 80 km/h while the second peak flattens. In the
non-normalized plot (see Figure A.15a) it can be seen that this change is mainly
due to a higher number of fine particles. However, the particle size distribution
at 120km/h shows an opposite trend, so that the first peak is much lower and
the second peak is of the same order as the one at 30 km /h. However, since this
trend reversal can only be observed in the free-rolling condition, it is presumably
not due to a real tire phenomenon. It is more likely that the turbulence caused by
high driving speeds swirls up coarse particles that were already deposited in the
test bench environment. Because of the low emission in this load condition, even
the smallest numbers can cause a significant distortion of the size distribution.
This hypothesis is supported by the fact that at high driving speeds, the number of
large particles increases significantly in addition to the number of small particles.
At lower speeds, however, the number of coarse particles hardly changes. Since
driving speed has only a limited influence on the slip ratio, it is unlikely that the
additional emission of coarse particles is due to an emission phenomenon of the
tire.
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Figure 5.25: Influence of driving speed on the particle size distribution at a wheel load of 6.5 kN,
an inflation pressure of 2.6 bar, and an ambient temperature of 25 °C in normalized
representation [Adapted from 114].

However, under the influence of lateral force (see Figure 5.25b), a clear trend
emerges. At low driving speed, the peak in the size range of 2 pm clearly exceeds
the peak just above 0.3 pum. This observation leads to the conclusion that the
formation of coarse particles is facilitated by slow processes in the tire—road
contact. As driving speed is increased and lateral force is kept constant, the
peak in the size range of fine particles rises while the peak in the coarse particle
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range flattens and shifts slightly towards smaller diameters. However, the non-
normalized particle size distribution (see Figure A.15b) reveals that there is an
increase in particle number over the entire size range. Nevertheless, since the
increase is much bigger in the fine particle range, the normalized plot shows the
trend of the decreasing second peak. Overall, there is a clear decrease in the
median particle size with increasing driving speed, which is particularly evident
in the cumulative distribution. While the median particle diameter at a driving
speed of 30 km/h is about 1.5 pm, the value drops to about 1 pm at 120 km /h.
The decrease in particle size with increasing driving speed is probably due to
the faster processes in the tire—road contact. On the one hand, driving speed
influences the resulting forces via the viscoelastic properties of the tire material.
This means that a lower slip ratio is required to achieve a given force at high speeds
than at low speeds. On the other hand, a change in driving speed at constant slip
ratio means a proportional change in the differential speed between tire and road
surface. Since the second effect is larger, the total differential speed between tire
and road surface is likely to be greater at higher speeds. This results in a higher
sliding speed of the individual tread bar elements. The higher sliding speed could
cause the abrasion processes to change, producing many small particles instead
of few large ones. This theory can be used to reconcile the increase in emission
(per time) over driving speed found in section 5.1.4 with the decrease in median
particle size found here. However, the theory could neither be confirmed nor
refuted in the course of this work.

5.2.5 Tire Type

Especially for different types of tires, the question arises whether their emissions
differ not only in the total amount but also in the size distribution of the emitted
particles. To answer this question, the particle size distributions of the summer,
winter and all-season tire are plotted in Figure 5.26 for a lateral force of 4 kN.

There are no clear differences between the particle size distributions of the three
tire types. Since the situation is identical for the free-rolling condition and the
longitudinal force of 4 kNN, the corresponding plots are not shown here. However,
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for the sake of completeness, they can be found in Appendix A.5. In addition, the
non-normalized size distributions included in Appendix A.6 show that the number
of particles is always highest for winter tires. There, it also becomes apparent that
the summer tire is significantly more resistant to longitudinal forces than to lateral
forces in terms of the number of particles emitted. In general, however, there are
no different distributions or clear trends between the tire types for any of the load
conditions. It can therefore be assumed that the tire types differ mainly in terms
of total emissions, while the particle size distributions are almost identical.
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Figure 5.26: Influence of tire type on the particle size distribution at the usual ambient temperature of
each tire for the load condition of 4 kN lateral force, a wheel load of 6.5 kN, a driving
speed of 80 km /h, and an inflation pressure of 2.6 bar in normalized representation.

5.2.6 Ambient Temperature

The influence of ambient temperature on the particle size distribution is shown
in Figure 5.27 using the example of the summer tire. Under the influence of
longitudinal force (see Figure 5.27a) lower ambient temperature leads to a slightly
higher first peak and a slightly lower second peak. However, the non-normalized
plot (see Figure A.17a) reveals that the particle emission does not change in the
range of fine particles and that there is only a particle decrease in the range of
coarse particles when the ambient temperature is decreasing. This results in the
shift towards smaller particles in the normalized plot. This is also visible in the

cumulative plot.
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Figure 5.27: Influence of ambient temperature on the particle size distribution of a summer tire at a
wheel load of 6.5 kN, a driving speed of 80 km/h, and an inflation pressure of 2.6 bar
in normalized representation.

The lower ambient temperature and the resulting slightly lower surface tempera-
ture of the tire for same load conditions could cause the tire material to be more
brittle. This in turn could reduce the formation of coarse particles. However,
whether this is an actual effect of the tire or just an unidentified measurement
influence must be clarified in future tests. The latter is supported by the fact
that no comparable trend can be identified for the influence of lateral force (see
Figure 5.27b) and for both load conditions with the all-season and the winter tire
(see Figure A.8 and A.9).

Precise statements about the quantitative influence of ambient temperature cannot
be derived from the results obtained here. For this purpose, tests with other tires
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and ambient temperatures are to be carried out, which will allow conclusions to

be drawn about the exact relationship and the mechanisms responsible.

5.2.7 Pavement Material

To illustrate the influence of road surface material, the size distributions of the

summer tire are shown in Figure 5.28 as representative for all three tire types. The

known particle size distributions for longitudinal (see Figure 5.28a) and lateral

forces (see Figure 5.28b) on an asphalt surface are compared with those of the

same load condition on a concrete surface.
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Figure 5.28: Influence of pavement material on the particle size distribution of a summer tire at a

wheel load of 6.5 kN, a driving speed of 80 km /h, an inflation pressure of 2.6 bar, and
an ambient temperature of 25 °C in normalized representation.
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The concrete surface leads to smaller median particle diameters for both load
conditions. While the peak between 0.3 pm and 0.4 pm is very flat on asphalt,
it persists on concrete even at high loads. In contrast, the second peak between
1 pm and 2 pm is less pronounced. This results in significant differences between
the median particle diameters. While they are around 0.93 pm and 1.1pm on
asphalt under longitudinal and lateral force, respectively, they are around 0.53 pm
and 0.73 pm on concrete.

Whether the fine particles are tire or pavement material, cannot be determined
conclusively from the tests conducted in this study. Another question that arises
is why the median particle size on concrete is smaller than the one on asphalt.
One possible explanation is that the abraded bitumen from the asphalt surface
contributes to clogging of particles, thus reducing the number of small particles
and increasing the number of large ones. However, as the phenomenon was not
investigated in detail, the question cannot be answered conclusively, either.

The particle size distributions for the all-season and the winter tire differ only in
the shape of the first peak on concrete. However, the general difference from the
asphalt road surface remains, so the corresponding diagrams are not shown here.
They can be found in Appendix A.5.

5.2.8 Skid Resistance

Finally, the influence of skid resistance on the particle size distribution was inves-
tigated. For this purpose, the particle size distributions of the summer tire loaded
with longitudinal force (see Figure 5.29a) and lateral force (see Figure 5.29b)
are compared. The size distributions for a high SRT value were obtained by
averaging the individual size distributions from the first occurrence of the specific
load condition (4 kN longitudinal force for Figure 5.29a and 4 kN lateral force for
Figure 5.29b, both with a wheel load of 6.5kN) in each test passage. As it was
the first occurrence of this load condition after regeneration of the road surface,
the skid resistance was always high. However, as the order of load conditions var-
ied between the individual programs (see section 4.2), the SRT value at the first
occurrence of each load condition differed as well. The particle size distributions
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for high skid resistance in Figure 5.29 are therefore based on SRT values between
66 and 61.
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Figure 5.29: Influence of skid resistance on the particle size distribution of a summer tire at a wheel
load of 6.5 kN, a driving speed of 80 km /h, an inflation pressure of 2.6 bar, and an
ambient temperature of 25 °C in normalized representation.

The size distribution for low skid resistance is generated by averaging the indi-
vidual size distributions of all test runs recorded during the last occurrence of the
respective load condition in each test passage. The underlying SRT values also
differ here, but to a lesser extent due to the flatter shape of the SRT curve in this
range. The SRT values which the size distributions for a low SRT value is based
on are therefore between 56 and 54.

This shows that the skid resistance or the associated SRT value have no effect
on the particle size distribution, whereas the number of particles is higher for
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high SRT values (see section 5.1.8). Under the influence of both longitudinal and
lateral force, the size distributions remain practically unaffected. Therefore, it can
be concluded that skid resistance has a significant influence on the total emission,
but none on the particle size distribution.
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To further illustrate the relationships obtained and to derive realistic emission
factors, the results presented in the previous sections are used to calculate average
PM emission factors for three realistic driving cycles. This requires two things.
First, a model that specifies the PM emission or emission factor as a function
of the relevant parameters. The model must be able to assign an individual
emission factor to each driving condition occurring during real-world driving. On
the other hand, time-resolved driving data are required, which in turn contain
the information serving as input variables for the model. The driving data or
set of load conditions used (see section 6.1), the exact structure of the model
(see section 6.2) as well as its application on the driving data (see section 6.3) are
explained in the following sections. Finally, using the model and the tire mass loss
data recorded at the internal drum test bench, an estimation of the contribution of
particulate matter to total tire mass loss is made (see section 6.4).

6.1 Real Driving Cycles

Driving data was recorded for three different route profiles (see Appendix A.10)
to get an impression of the magnitude of emission factors occurring during real-
world driving. The data was recorded by the Mercedes-Benz AG using a VBOX
in conjunction with an integrated inertial measurement unit (IMU) with a time
resolution of 50ms. The VBOX records all speed and acceleration data deter-
mined from GPS data. If the connection to satellites is lost, the system switches
to the IMU so that the driving data continues to be recorded.
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The first route profile (urban) represents typical city traffic with many turns and
start—stops, and a low average speed. The second profile (rural) is a country
road with many curves and a higher average speed. Finally, the third profile
describes a pure highway trip with the highest average speed. The values of
adhesion utilization occurring when driving these three route profiles are shown
in Figure 6.1.
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Figure 6.1: Ranges of adhesion utilization in longitudinal and lateral direction for three route profiles.

The route profiles differ significantly in terms of adhesion utilization values. This
difference is mainly in the lateral direction, which means that different levels
of lateral dynamics occur depending on the route profile. The most dynamic
profile in this respect is the rural profile, followed by the urban one and lastly
the one on the highway. However, there is an enormous difference between the
latter two, which underlines that the adhesion utilization in lateral direction plays
only a subordinate role on the highway. In longitudinal direction, the differences
are much smaller. Both the urban and the rural profile show clear differences
between driving and braking directions. In both cases, the range of adhesion
utilization in longitudinal direction is greater on the braking side than on the
driving side. Accordingly, the highest values of longitudinal adhesion utilization
are achieved during braking. The distribution of the highway profile appears to
be more balanced overall, but again the absolute highest values of longitudinal
adhesion utilization are found on the braking side.

Although the diagrams in Figure 6.1 show the range of adhesion utilization in the
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6.1 Real Driving Cycles

respective route profile, it is not possible to make a statement about the frequency
of individual driving conditions due to the large number of overlapping dots.
To get an impression of how often individual conditions occur, the frequency
distributions are shown in Figure 6.2 based on boxplots. Therein, boxes show the
range in which 50 % of the data points are included (range between the lower and
upper quartile); the horizontal line within it shows the median. Upper and lower
whiskers indicate the 1.5-fold interquartile range, or the lowest and highest value,
respectively, if their deviation from the box is smaller.
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Figure 6.2: Frequency distributions of the individual driving parameters during the three route profiles
in the form of box plots.

Figure 6.2a shows the difference in driving speed between the route profiles. As
expected, driving on the highway includes the highest speeds by far. The fact that
the bottom of the box is still lower than for the rural profile is due to slowly-moving
traffic in some sections of the highway profile.

Figure 6.2b and 6.2c show the frequency distributions of adhesion utilization
in longitudinal and lateral direction, respectively. In longitudinal direction (see
Figure 6.2b), two aspects should be emphasized. First, the boxes differ in their
position. While braking conditions predominate for the urban and rural profile
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(medians slightly below 0), driving conditions are dominant for the highway
profile (median above 0). This difference is due to the fact that the vehicle was
driven much faster on the highway. In order to maintain its speed, the increased
air resistance had to be overcome, i.e., the vehicle had to constantly apply driving
force. In the evaluation, this results in an upwards shift. On the other hand, there
is also a difference in the range of adhesion utilization. This is expressed in the
height of the box and in the length of the whiskers. By far the largest range is found
for the rural profile, followed by the urban one and the one of the highway, with
the latter two hardly differing from each other. This means that the spread and
thus the absolute values of the adhesion utilization in the longitudinal direction
are highest for the rural profile.

Differences can also be seen in the lateral direction (see Figure 6.2¢), whereby the
position of the boxes only provides information as to whether the route contains
more left or right-hand bends. Therefore, the range is more important here. The
rural profile shows by far the largest range (highest box and longest whiskers),
followed by the urban one and finally the one on the highway, which means that
the adhesion utilization in lateral direction plays only a subordinate role on the
highway, whereas it is pronounced for the rural route profile.

In summary, the individual route profiles can be characterized as follows: The
urban profile has the lowest speed and a moderate level of adhesion utilization
in both longitudinal and lateral direction. The rural profile consists of a medium
speed, but has the highest adhesion utilization in both force directions. The
highway profile has the highest speed, longitudinal dynamics are comparable to
the urban profile, but lateral dynamics are quite low.

6.2 Four-Dimensional Regression Model

A model is needed to derive the amount of PM emitted during a trip from driving
data. For this model, emissions of the summer tire, which was used for all detailed
investigations (see section 5.1.1 t0 5.1.4), served as the basis. Only for this tire was
information on all the investigated influencing parameters available. In addition,
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the calculated influence of longitudinal and lateral force for this tire is based on
almost twice the number of support points (Nine support points (including 0) for
longitudinal and lateral force, respectively, compared to five; see Table 4.1: test
series No. 1 compared to test series No. 5), so that the highest accuracy could be
assumed. It was necessary to decide which of the investigated parameters should
be included in the model. Two conditions had to be met in order to include a
parameter: On the one hand, data resulting from the experiments had to prove the
influence of the parameter with sufficient certainty. On the other hand, inclusion
of a parameter only made sense if the information on this parameter was also
contained in the real driving data to be processed (see section 6.1). The only
influencing parameters that fulfilled both conditions were the longitudinal and the
lateral force as well as the wheel load. Tire inflation pressure was not taken into
account for two reasons. First, it is specified by the vehicle manufacturer and can
therefore only be influenced by the driver to a limited extent. Second, all drives on
public roads were carried out with the specified tire inflation pressure of 2.6 bar,
so it was simply not necessary to take the inflation pressure into account in the
model in order to demonstrate its function. The driving speed was also not taken
into account, as the influence on the emission could not be proven beyond doubt
(see section 5.1.4). Information about the ambient temperature, the road surface
material, and its skid resistance are not included in the driving data, so they were
also not considered. The resulting model is therefore based solely on the forces
acting on the wheel. With regard to the parameters not taken into account, the
emission functions used are therefore based on the respective values that were
chosen for the test series on the influence of tire forces parallel to the road surface:
tire inflation pressure 2.6 bar, driving speed 80 km /h, ambient temperature 25 °C,
and an asphalt surface with an SRT value of 60. A possible further development
of the simulation model to include other parameters is discussed in section 7.2.
To create the model, it must first be possible to assign an emission factor to
any tire force parallel to the road surface. From the previous considerations,
emission factors are only known for pure longitudinal force, pure lateral force,
and forces that consist of equal proportions of longitudinal and lateral force (see
section 5.1.1.1 to 5.1.1.3). For a better overview, these influences are plotted
together in Figure 6.3 over positive resulting force.
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Figure 6.3: Support functions for the 3D emission map [Adapted from 112].

Since the asymmetry in emissions under the influence of lateral force depends
on the tire tested, but the model should be as independent as possible from the
exact (summer) tire used, only one emission curve is used for lateral force. This
corresponds to the mean emissions at positive and negative lateral forces. The
comparison clearly shows that longitudinal force causes the lowest emissions and
lateral force the highest, the emissions caused by combined forces are in between.
However, it should be noted that the support range of the regression functions
for combined forces ends at F,..s = /8 kN (according to Equation 5.1 with
F, = £2kN and F,, = £2kN). Their emission values are therefore subject to a
higher degree of uncertainty in the range of high forces. It should also be noted
that the large difference between the emission factors for longitudinal and lateral
force is characteristic of summer tires. It is also present for winter and all-season
tires, but to a much lesser extent (see section 5.1.5).

Based on these emission curves, it is possible to create a characteristic map that
assigns a mass-based emission factor E'F},, to each combination of longitudinal
and lateral force. Due to different emission factors for driving and braking force
(see section 5.1.1.1), the function which the map is based on was determined
separately for each quadrant. The target function is a three-dimensional function
created by rotation around the vertical axis. Therefore, polar coordinates were
used for calculation so that the proportions of longitudinal and lateral force are
determined by the angle . An angle of ¢ = 0° corresponds to pure driving force.
Since the previously determined support functions are fourth-order polynomials
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with only even exponents, they can be described using a general formula (see
Equation 6.1). Accordingly, a(¢) and b(y) are angle-dependent coefficients,
which allow for a gradual transition of the support functions into each other.

EF(Fres, 0) = a(9)-Fres +b(p) - Fres?4-c for Freg > 0,0 < p < 21 (6.1)

The coefficients a(¢) and b(¢) had to be chosen so that all conditions for the
emission map could be fulfilled. For each quadrant, these conditions consisted
of three boundary conditions specified by the three support functions (see Fig-
ure 6.3) contained therein and, in addition, two transition conditions to the re-
spective neighboring quadrants. The latter two conditions ensure a continuously
differentiable transition of the emission map between the neighboring quadrants.
Therefore, fourth-order polynomials were chosen for a(y) and b(¢), so that five
coefficients were to be determined for five conditions. For the first quadrant
(positive longitudinal force and positive lateral force), the boundary conditions
consisted of the specification of the emission curves for purely positive longi-
tudinal force, purely positive lateral force and the curve for combined positive
longitudinal and positive lateral force. For the transition conditions, the gradient
in the support functions for pure longitudinal and pure lateral force was specified
as 0. The conditions for the other quadrants were specified analogously. The co-
efficient ¢ was given by the emission in the free-rolling condition without lateral
force. The coefficients of the polynomials were finally determined analytically
(see Appendix A.2). The resulting three-dimensional map is shown in Figure 6.4.
The properties described in section 5.1.1 become clear one more time here: On
the one hand, the progressive shape of the emission curves, because of which the
map only increases slightly in the center (small force), but stronger towards the
outer edge (higher force). On the other hand, the difference between the emission
factors due to longitudinal and lateral force.

The calculated emission map was validated using the emission factors of those
load conditions that had not been used to create the model. Figure 6.5 shows a
visual validation of the map. The area covered in Figure 6.4 is shown in plan
view. This shows that a circle with the radius of the maximum force acting in
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longitudinal and lateral directions results. The values not used to determine the
characteristic map (see Figure 5.1) are included as individual points. The color
difference between point and map shows that for most load conditions, the map
matches the actual measured emission with a high degree of accuracy. Only for
the load conditions with a longitudinal force of =3 kN does the map underesti-
mate the actual emission. This fact shows that the calculated transition between
the support functions is not completely accurate. The influence of lateral force
on the level of emissions appears to be higher than assumed by the map. The
values which the validation is based on are shown in Table 6.1. Both absolute
and relative deviations are included. The highest relative deviations are less than
6 %, which shows that the map predicts emissions with sufficient accuracy for all
tire forces parallel to the road surface. The highest occurring emission value was

used as reference value for relative deviations.
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Figure 6.4: Calculated three-dimensional map of the mass-based emission factor in the size range
between 0.3 pm and 10 pm for all forces in the tire—road contact parallel to the road
surface for a summer tire at a wheel load of 6.5kN, a driving speed of 80km/h, an
inflation pressure of 2.6 bar, an ambient temperature of 25 °C, and at an SRT value of
60 [Adapted from 112].
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Figure 6.5: Visual validation of the emission map using the emissions at the load conditions which

had not been used for determination of the model [Adapted from 112].

Table 6.1: Differences between emission factors calculated by the model and the ones which were

only measured but had not been used for its generation [Adapted from 112].

F, & |F,| inkN AFEF,, in mg/vkm AFEF,, in%

3&1 —18.98 —5.66
2&1 0.22 0.07
1&2 3.72 1.11
1&3 12.10 3.61
-1&3 17.23 5.14
—-1&2 8.91 2.66
—2&1 12.44 3.71
-3&1 —11.67 —3.48
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In order to account for wheel load in addition to tire forces parallel to the road
surface, an additional factor must be incorporated into the model. For this purpose,
the gradients for the regression lines shown in Figure 5.8 with different adhesion
utilization were calculated and normalized by dividing them by the respective
emission factor at a wheel load of 6.5 kN. The normalized gradients thus describe
the change in emission factor at constant adhesion utilization and based on a wheel
load of 6.5kN. Based on the emission factors shown in Figure 6.4 (valid for a
wheel load of 6.5kN) and using the normalized gradients, emission factors for
any wheel load can be calculated for a given and constant adhesion utilization.
However, since the wheel load changes continuously and the normalized gradients
show an increasing trend with increasing adhesion utilization, the evolution of
the gradient over adhesion utilization was approximated by a linear regression
function. As a result, the normalized gradient valid for each adhesion utilization
can be assigned, which in turn can be used to calculate the emission factor for a
deviating wheel load with a known emission factor at a wheel load of 6.5 kN (see
Figure 6.4).

The visualization of the model is shown in Figure 6.6 for four different wheel
loads but unchanged adhesion utilizations. The four wheel loads I, ; to F} 4
correspond to the same values examined in section 5.1.2. These are shown only
as examples, as the model is able to calculate the emission for any wheel load in
the regression range between 3.25 kN and 8.125 kN.

The function for I, 3 = 6.5 kN corresponds to that shown in Figure 6.4. Although
adhesion utilization values are now plotted on the horizontal axes, the values
correspond to the same forces plotted in Figure 6.4 with regard to the underlying
driving dynamics (F,/F, = F,/F. = 0.62 corresponds to F,, = F;, = 4kN for
F, =6.5kN).

This allows emission factors to be calculated for each load condition, consisting
of a combination of longitudinal and lateral force as well as a wheel load, so that
emission factors of vehicles of different weights but same adhesion utilization can
be compared. It also allows for the integration of dynamic wheel loads into the
model. However, it should be noted that dynamic wheel loads also affect the value
of the adhesion utilization.

Based on this model, emissions could be calculated for real driving cycles. For
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this purpose, driving speed and acceleration in longitudinal and lateral direction
from each time step were used. Driving speed was not taken into account as
an independent parameter for calculating the emission factor (see the beginning
of this section), but only in the form of an additional driving force required to
overcome the resulting aerodynamic resistance. In addition, driving speed was
used to calculate the distance traveled by the vehicle within the respective time
step.
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Figure 6.6: Four-dimensional regression model to predict the emission factor as a function of lon-
gitudinal and lateral tire forces and wheel load. The included maps correspond to the
emission factors at wheel loads of F, 1 =3.25kN, F, o =4.875kN, F, 3 =6.5kN
und F, 4 = 8.125kN. The model is based on the emission of a summer tire at a driving
speed of 80 km /h, an inflation pressure of 2.6 bar, and an SRT value of 60.

A filter was first applied to the longitudinal and lateral accelerations of the vehicle,
which set positive accelerations above 1.25¢g and negative accelerations below
—1.25g to the respective limit value. This prevented individual measurement
outliers from distorting the overall emission due to the progressive correlations
between emission and tire force. The forces acting on the entire vehicle were then
calculated from the vehicle’s accelerations and its mass. To allocate the forces
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to the individual wheels, a number of assumptions and specifications were made
regarding the underlying vehicle:

* A rear-wheel-drive vehicle is modeled in the simulation. Driving forces are
therefore only transmitted at the rear axle.

* The braking force distribution between front and rear axle is static. 70 % of
the braking force is transmitted at the front axle and 30 % at the rear axle.

 Lateral forces are transmitted equally at the front and rear axle as well as at
left and right wheels.

e Dynamic wheel loads by pitching (due to accelerating and braking) and
by rolling (due to cornering) were calculated according to simple models
which are only based on geometric data of the vehicle (see Appendix A.8).

* The vehicle is a luxury-class model, so the required geometric data for this
vehicle was adopted (see Appendix A.7).

Using these assumptions, an individual load condition could be calculated for
each wheel. Each load condition consists of a value for the adhesion utilization
Fres/F., an angle ¢ that defines the composition of the resulting force from
the longitudinal and lateral force, and a wheel load F. that includes the static
wheel load as well as any dynamic wheel load that may occur. Using these three
variables, each load condition could be assigned an emission factor that applies
exclusively to that wheel at that point of time. The emission factors determined
were multiplied by the distance traveled previously calculated for that time step,
resulting in the emission of each individual tire-road contact during that time
step. The sum of the four individual emissions over all time steps gave the total
emission for the distance traveled. Relating the total emission to the distance
traveled gave an average emission factor for the vehicle.

To validate the vehicle model with regard to the effects on PM emission, the
vehicle used for the test drives was equipped with wheel force transducers on
all four wheels in addition to the VBOX. This allowed the forces acting on the
wheels during the test drive to be recorded. For this data, there was no need to
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calculate and allocate the wheel forces, so the measurement data from the wheel
force transducers could be used directly to calculate the emissions based on the
emission correlations determined at the internal drum test bench.

The emission results which have been obtained from the prediction model and the
two measurement systems (VBOX and wheel force transducers) were compared
for two different calculation approaches to obtain the wheel forces (for the VBOX
data) in order to choose the approach with the highest level of agreement.

In the first approach, dynamic wheel loads due to pitching and rolling were cal-
culated to determine the resulting wheel load on each wheel. Longitudinal forces
were statically allocated between the front and rear axle. Lateral forces were
allocated equally among all four wheels.

In the second approach, dynamic wheel loads due to pitching and rolling were
calculated and used in the same manner. In addition, lateral forces were allocated
to the four wheels in proportion to the calculated dynamic wheel loads. Longitu-
dinal forces were still statically allocated to the front and rear axle.

Since in reality the allocation of lateral forces is practically proportional to the
wheel load, it would be reasonable to assume that the second approach gives better
results. However, the agreement of the emission results with the first approach
was significantly higher with an average deviation of about only 5 % with respect
to the average emission factor per route profile.

As the first approach gave the better agreement with regard to emission data, the
second approach was abandoned and the first one was used for the model. Even
though this does not correspond to the real allocation of wheel forces, the main
objective of the model was not to represent all influences and processes absolutely
accurately. Rather, the main objective was to show that a simple vehicle model
and VBOX data from real-world test drives, along with the emission correlations
determined at the internal drum test bench, can be used to estimate PM emissions
for real-world driving. Given the relatively small differences between the emis-
sion results based on measured data from the wheel force transducers and those
calculated from driving data, this objective can be considered fulfilled.
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6.3 Emissions for Real-World Driving

The emissions for the three route profiles shown in section 6.1 have been cal-
culated using the prediction model. The results for an asphalt surface at three
different SRT values are shown in Table 6.2.

This shows that driving on rural roads produces the highest average emissions, fol-
lowed by driving in urban areas, and finally driving on highways, which produces
significantly lower emissions. In conjunction with the driving profile analyses
(see Figure 6.1 and 6.2), it becomes apparent one more time that PM emissions
are directly linked to the extent of driving dynamics. If the route profile has a
particularly high number of bends which are driven dynamically, this results in a
large spread in lateral dynamics. This in turn leads to high PM emissions. The
same applies to a large spread in longitudinal dynamics, which is mainly caused
by starting and stopping as well as strong acceleration and deceleration.

Table 6.2: Comparison of the mean emission factors resulting from the prediction model for the three
route profiles and different SRT values. All specifications are given in mg/vkm.

Route profile SRT 55 SRT 60 SRT 65
Urban 4.84 11.96 36.28
Rural 6.19 16.52 53.02
Highway 3.59 7.21 16.32

The calculated PM emissions for SRT values of 55 and 60 are within the range
given in the literature (see Table 1.1). However, it should be noted that the
emission factors at an SRT value of 65, especially the one for the rural route
profile, are well above this range. There are two reasons why such high emission
factors do not tend to apply to passenger cars for real-world driving. First, the
microtexture required for high skid resistance is constantly worn away by driving
over it. Second, the vehicle which the prediction model is based on is a fairly
heavy sedan representing the upper end of the passenger-car range. Thus, for
lighter vehicles the EF predicted would also be lower.

In order to provide a visual impression of where the PM is being emitted, in
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addition to the purely quantitative evaluation, the emission factor EF,,, for the
urban route profile is plotted in Figure 6.7 as a function of location. Again, the
emission factor is given for an entire vehicle with four wheels.
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Figure 6.7: Prediction of the emission factor of tire—road PM for a luxury-class vehicle driving with
summer tires depending on the location for the urban route profile assuming an SRT value
of 60.
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This shows which traffic and driving situations have a decisive influence on the
level of PM emissions. In urban driving, emission is highest at intersections
and junctions. On the other hand, emissions are consistently low during steady
driving. This is also true for periods when the car is driven at high speeds (see
Figure A.25). All emission factors shown are based on the calculation with an
SRT value of 60. For SRT values of 55 or 65 the total emissions would be lower
or higher according to Table 6.2.

Analogous to Figure 6.7, maps have been created for the other two route profiles.
They can be found in Appendix A.10.

6.4 Contribution of PM to Total Tire Mass Loss

From the tests conducted, it is possible to make a statement about the contribution
of particulate matter to the total tire mass loss of a summer tire. For this purpose,
the total tire mass loss was determined during the test series on the influence
of tire forces parallel to the road surface (see section 5.1.1) by weighing the tire
with a precision balance before the start and after the end of the test series. Prior
to weighing, the tire was cleaned and after tempered, in order to eliminate as
many unwanted influences as possible. The inflation pressure was then adjusted
to exactly 2.6 bar to eliminate any influence of improper inflation pressure on tire
mass and thus on the determined tire mass loss.

Finally, based on the emission map shown in Figure 6.4, PM emissions were
calculated for the whole test series. For this purpose, all emissions that occurred
during the test runs were taken into account. This included the time periods in
which a particular load condition was approached, the time periods necessary to
build up and reduce the respective load condition (ramp durations), and the time
periods in which the tire rolled freely (see Figure 4.4). As with the determination
of the relationship between skid resistance and emission (see section 4.4.1), it was
further assumed that the SRT value decreased incrementally during the tests. This
means that each load condition applied during the test series could be associated
with the skid resistance present at that time. Furthermore, the characteristic map
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of Figure 6.4 was extended by the SRT value, which made it possible to link
the load condition and the emission factor depending on the skid resistance. By
multiplying each emission factor with the driving speed and the time that the
respective load condition had been applied, the PM emission being generated in
this load condition was calculated. Finally, the sum of all individual emissions
gave the PM emission for the entire test series.

This value does not only include particulate matter from the tire but also from
the road. Therefore, the value had to be multiplied by the fraction of tire material
determined previously (18.2 %, see section 4.3.2). The contribution of tire PM
to the total tire mass loss was then calculated by dividing the PM emission by the
total mass loss. According to this calculation, the PM contribution to total tire
mass loss was 3.9 %.

In the literature, numerous data on this contribution are given. Between the upper
and lower limit of the range spanned by these values there are two orders of
magnitude. In [1], the authors report a PM contribution to total tire mass loss
of less than 0.1 % for their test bench experiments. In [45], on the other hand,
0.1% is given as the lower limit, and the authors suggest that the range could
extend to 10 %. The data in [102, as cited in 19] and [13, 22, 50, 63, 126, 133]
are also in this range, with most authors reporting values between 2 % and 7 %.
However, there are also higher values. 11 % is given in [44], while the authors in
[19] even suggest a range up to 20 % from their experiments. It must therefore be
assumed that the exact conditions, such as the road surface, the tire used, the test
environment, and the test method, have a significant influence on the contribution
of particulate matter to total tire mass loss.
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7 Summary and Outlook

7.1 Summary

Non-exhaust emissions (NEE) are becoming increasingly important as a result of
stricter emission standards and advancing electrification. These include emissions
from friction brakes and tire—road contact, as well as those caused by resuspension
of previously deposited particles. However, the composition of NEE will shift as
the increased use of regenerative braking systems will reduce brake emissions in
the long term. Consequently, the tire-road contact will be the major source of
particulate matter (PM) in road traffic.

As NEE already account for a large proportion of PM emitted by road traffic, the
EU has decided to further accelerate the reduction of emissions through regula-
tion. The Euro 7 emission standards planned for 2026 will limit emissions from
brakes and tire—road contact for the first time. For brakes, a limit value is planned
that targets PM emissions (particles with a diameter smaller than 10 pm). For
tires, the regulation will only refer to overall tire wear, i.e., it will not include a
more precise specification of particle size. At present, there is a lack of both a
reliable database and a test method to perform the necessary tests in a reproducible
manner to set such a limit value. Nevertheless, the limit for tires is likely to be
just the beginning of more stringent regulations that will, in the long term, also
address PM emissions from tire—road contact.

In order to identify the main influencing parameters of tire—road PM emissions,
a literature research has been conducted. Although many influencing parameters
were identified, only isolated quantitative data were found, some of which were
contradictory. Thus, to contribute to a better understanding of emission genera-
tion and reduction, experimental investigations were carried out on a tire internal

151



7 Summary and Outlook

drum test bench as part of this work. The main objective of the investigations was
to quantify the relationships between vehicle-related influences, such as longitu-
dinal and lateral force as well as wheel load, and the emission of tire—road PM.
In addition, other influences from the tire, the road surface, and the environment
were investigated. For this purpose, the existing internal drum test bench at the
Institute of Vehicle System Technology at the Karlsruhe Institute of Technology
was modified and extended to measure tire—road PM in real time. Precautions
were taken to prevent the ingress of particles from the environment. In addition,
a high-performance extraction system was integrated into the test bench, which
draws the emitted particles into a control volume and then collects them. Using
a specially designed sampling apparatus, a small representative sample is taken
from the total extraction flow and analyzed with an optical aerosol spectrometer.
This provides real-time information on number and size of the particles in the
sample and the particle size distribution.

In order to quantify the individual influencing parameters, a test methodology has
been developed in which individual load conditions are repeatedly approached
and held stationary for a short period of time. This method makes it possible to
precisely assign an emission factor to the associated load condition. However, it
was found that the decrease in skid resistance associated with the abrasion of the
road surface has a significant influence on the level of PM emissions. To account
for this influence, a special test structure was designed to ensure that each load
condition was tested at a variety of different skid resistance levels and that the
influence of skid resistance could be subsequently eliminated or accounted for
by calculation. The collected particles were examined in downstream analyses.
This allowed both their density and composition to be determined. Images taken
with a scanning electron microscope prove that the particles are realistic tire and
road wear particles (TRWP) as found on public roads. Using the particle number
concentrations and size information measured at the test bench, as well as the
density of the particles, the emission factors describing the emission of an entire
vehicle per kilometer driven could be calculated.

One separate test series was performed for each influencing parameter. In the case
of longitudinal and lateral force, the force was varied and the curve progression of
the emission factor over the force was approximated by regression functions. A
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fourth-order dependence was found for both longitudinal and lateral force, with
the emission of the summer tire being significantly higher under lateral force than
under longitudinal force. To investigate the influence of wheel load, tire inflation
pressure, and driving speed, the respective parameters were varied and the effects
on emission under tire forces parallel to the road surface were recorded. Both
wheel load and tire inflation pressure were found to have a positive linear relation-
ship with PM emissions. Furthermore, their quantitative effect on emissions was
found to be similar. A clear correlation between driving speed and PM emissions
could not be established. In addition to the vehicle-related influences for which
the mathematical correlation with the emission was determined, other parameters
of the tire, the road surface, and the environment were investigated by comparing
the emissions recorded under different load conditions. For example, it was found
that winter tires generate significantly higher emissions than summer tires under
all load conditions; that concrete surfaces generate higher emissions than asphalt
surfaces; and that ambient temperature has an effect on emissions that depends
on the tire type (summer tire, all-season tire, winter tire). In addition to the influ-
ence on the level of emissions, the influence on the particle size distribution was
analyzed for all parameters. It was shown that the median particle size increases
with longitudinal force, lateral force, wheel load, and inflation pressure, while
it decreases with driving speed the driving speed. On the other hand, no clear
influence on particle size could be determined for the tire type, the road material,
and the ambient temperature.

In terms of avoiding or reducing emissions by the driver, a restrained and antic-
ipatory driving style contributes to low PM emissions. Rapid acceleration and
deceleration should be avoided, as well as high lateral forces due to high corner-
ing speeds. A direct influence of driving speed, on the other hand, could not be
determined. On the vehicle side, lower mass can reduce PM emissions, as can
lower tire inflation pressure. However, the latter in particular conflicts with the
objective of low overall tire wear, so the advantages and disadvantages must be
carefully offset against each other.

There was a particularly large difference between the emissions of summer tires
and those of all-season and winter tires. To achieve the lowest possible PM emis-
sions, summer tires should be preferred to all-season and winter tires whenever
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possible. With regard to the road surface, two possible ways of reducing PM
emissions have been identified. On the one hand, the use of asphalt instead of
concrete road surfaces. This statement applies without restriction to summer and
all-season tires, but also to winter tires within a normal load range. On the other
hand, high skid resistance results in high PM emissions, so there is an opportunity
to reduce emissions by producing textures with lower skid resistance. Unfortu-
nately, these two options are in conflict with the requirements for durability or
driving safety, so that the best compromise must be found in each situation.

The fear that electrification could not only increase total emissions but also shift
the particle size distribution towards smaller particles has not been confirmed. On
the contrary, it turned out that the median particle size increases with increasing
load. However, this does not mean that fewer small particles are generated at
higher loads. Rather, there is an increase across the entire size range, but the
increase in large particles is many times higher. In summary, the driver has the
largest influence on total emissions as well as on the particle size distribution.
Based on the influences of tire forces parallel to the road surface determined for
the summer tire, a three-dimensional emission map was created that assigns an
emission factor to each adhesion utilization (longitudinal, lateral, and combined).
The map was extended to include the influence of wheel load, resulting in a
four-dimensional emissions map. Based on this map, a model was built that uses
real driving data as input and calculates tire—road PM emissions over the distance
traveled. As an example, this emission calculation was performed for three char-
acteristic route profiles with completely different driving profiles (urban, rural,
highway). It turned out that the predicted emissions are in the same range as those
reported in the literature for an ordinary driving style.

The identified influences on the emission of tire—road PM contribute to a better
understanding of the formation and thus to the avoidance or reduction of this
increasingly important source of PM. In conjunction with the prediction model
based on the results, a method has been developed for predicting emissions for
real-world driving using measurements on an internal drum test bench, i.e., under
reproducible boundary conditions. Thus, the method combines high repeatability
with realistic driving behavior and can therefore be used to estimate PM emissions
for real-world driving.
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7.2 Outlook

The methodology developed in this work for determination of tire—road particulate
matter can be extended or optimized in several ways. On the one hand, this is
about the extraction efficiency of PM emitted. It can be assumed that despite
careful design of the extraction performance, not all particles are captured by the
extraction system. Specific extraction-efficiency tests or a CFD (computational
fluid dynamics) simulation for the internal drum test bench could provide more
detailed information and thus allow the extraction efficiency to be taken into
account as a function of driving conditions. On the other hand, it is a matter of
calculating emission factors using the measured particle concentration and the size
of the extraction flow. A flow profile for the sampling plane should be created
to provide even more accurate information on the total emission. Knowledge
of the dependence of the flow profile on the driving conditions could improve
the results at two levels of complexity. The first level requires the creation of a
velocity profile in the sampling plane in order to characterize the actual flow. Such
measurements have already been made to determine the best sampling position,
but not for different driving conditions and therefore potentially different flow
conditions. The second stage requires the simultaneous measurement of the
particle concentration at several points in the cross section. Thus, profiles for
the flow velocity as well as for the particle concentrations could be determined.
Knowing this would allow more accurate statements to be made about the total
particle content.

Further optimization could be achieved by knowing and subsequently using a
TRWP-specific refractive index instead of the preset default value for latex. The
determination could not be performed within the scope of this work, but should
be aimed at for the benefit of future measurements of tire—road PM using optical
measurement technology.

A final improvement relates to the determination of particle density. This was
determined based on the material collected from the summer tire and applied to
all evaluations. However, it is likely that the particle density depends on the tire
and road material used on the one hand, and the skid resistance of the road on
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the other. Therefore, based on measurements with real-time cascade impactors,
density investigations for specific test series and skid-resistance conditions could
be carried out in future tests with significantly lower particle quantities. This is
because real-time cascade impactors determine the number and size of particles
and also collect the particles separated in size stages. By subsequently weighing
the individual stages, a specific density could be calculated for each stage (particle
size range) even with minimal particle quantities.

Furthermore, not all observed effects could be explained within the scope of this
work. For this purpose, further experiments are required, which allow a more
precise observation and analysis of the respective effect. The most striking is the
relationship between driving speed and PM emissions. Since the data shown was
reproducible in several repetitions, it could be based on a real tire phenomenon.
Model investigations on a miniature test bench could help clarifying this. On the
other hand, more extensive tests should be carried out to investigate the influence
of tire temperature on emission behavior. This is especially true for winter tires,
where the influence seems to be significant even at low temperatures.

Further research is also needed where the time and cost constraints in this work did
not allow additional investigations. For example, it was not possible to investigate
how the influencing parameters affect particles smaller than 0.3 pm, especially
nanoparticles. The same is true for particles larger than 10 pm. An overarching
picture about the emission behavior of tires can only evolve if the effects on the
entire size range of tire—road wear are known. A second point concerns the
relationship between the two most important influencing parameters, longitudinal
and lateral force, and sliding slip. In particular, the quantitative relationship
remained unaffected within the scope of this work. Last but not least, further
tire models have to be investigated with the developed methodology in order to
find out to what extent the determined emission factors are representative for the
respective tire type.

There is also potential for further development and improvement with regard to
the simulation model for predicting PM emissions for real-world driving. The
creation of the model was aimed at demonstrating that estimates of PM emissions
on real-world driving can be made based on emission data measured on the test
bench and driving data recorded with a VBOX and using a simple vehicle model.
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However, the model does not claim to make accurate predictions or to take into
account all influencing parameters. For greater accuracy, the simulation model
could therefore be extended to include additional parameters such as tire inflation
pressure, ambient temperature, pavement material, and skid resistance. A more
precise vehicle model could be used in order to take into account spring and
damper characteristics, for example, in addition to the pure geometry data of the
vehicle.

Eventually, it will be explained how the knowledge gained can contribute to the
reduction of tire—road PM. First, the correlations between load and PM emissions
can be used to derive recommendations for drivers. These include an anticipatory
driving style with as few speed changes as possible and low cornering speeds.
From a PM perspective, winter and all-season tires should only be used when
environmental conditions require it. The automotive industry must be encouraged
to develop lighter vehicles. The additional emissions caused by higher masses
combined with higher driving forces could be reduced by limiting driving torques,
especially when starting off. For road authorities, the skid resistance of the
road surface has been primarily a safety issue so far. However, the design and
construction of future roads should take into account the conflict of objectives
with PM emissions. Accordingly, the range of skid resistance should be set
as high as necessary and as low as possible for the respective traffic situation.
Second, the mathematical correlations in future autonomous vehicles could be
used for trajectory optimization. Minimizing tire forces could thus contribute to
the reduction of particulate matter of each individual vehicle .

157






A Appendix

A.1 Grain Size Distribution of the Added Sand

Table A.1: Grain size distribution of quartz in the added sand [68].

Component Quartz
Granulation 0.1-0.5mm
Particle size in mm Sum in Ma —%
0.000 0.00
0.100 1.25
0.150 5.40
0.200 18.86
0.250 35.49
0.300 56.86
0.400 86.21
0.500 98.59
0.600 99.99
0.800 100.00
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Table A.2: Grain size distribution of corundum in the added sand [67].

Component Corundum
Granulation 0.1-0.4mm
Particle size in mm Sum in Ma —%
0.000 0.00
0.100 3.00
0.200 11.00
0.315 43.00
0.400 77.00
0.500 98.00
0.630 99.00
0.800 100.00

Table A.3: Grain size distribution of calcium carbonate in the added sand [66].

Component Calcium carbonate
Granulation 0.1-0.6mm
Particle size in mm Sum in Ma —%
0.063 0.00
0.090 8.00
0.100 8.80
0.150 17.80
0.200 32.00
0.250 38.00
0.315 55.50
0.400 67.90
0.500 78.60
0.600 92.40
0.800 100.00
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A.2 Mathematical Relationships between
Influencing Parameters and the Emission
Factor

The following formulas serve as a supplement to the regression functions shown
in section 5.1.1 through 5.1.3. They are to be understood as numerical value
equations. If all forces are used in kN, this results in an emission factor in
mg/vkm.

Regression functions for the influence of longitudinal force (Figure 5.2):

EFp neq(Fy) =0.380 - F,*—0.706 - F,,>+3.1007
EF,, pos(Fy) =0.304 - F,*+0.146 - F,*+3.1007

Regression functions for the influence of lateral force (Figure 5.3):

EFy neg(Fy) =1.063 - F,*+1.988 - F,*+3.1007
EFy, pos(Fy) =1.383 - F,*+0.418 - F,*+3.1007

Regression functions for the influence of combined forces (Figure 5.4):

EFy neq(Fres) =0.366 - Fros*4+4.435 - F,.>43.1007
EFp pos(Fres) =0.452 - F,..*+4.465 - F,.>4+3.1007
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Regression functions for the influence of wheel load (Figure 5.8):

EFree rolting(F>) =0.187 - F,+0.564
EFr,/p.——0.155(F.)=0.793 - F,+1.532
EFr,p.— 31 (F.) =2.237 - F,—4.012
EFr,/p.——0.465(F:)=7.170 - F,—17.90
EFr,/p.——o.62(F.) =26.95 - F,—73.02
EFr,r.—0.155(F.) =0.662 - F,+2.269
EFr,p. —031(F.) =2.571-F.—6.362
EFr,/p.—0.405(F.) =5.284 - F.—8.615
EFr,/p.—062(F.) =20.59 F,—48.432

Regression functions for the influence of inflation pressure (Figure 5.9):

EFfree rolting(pi)=0.231 - p;+0.348
EFp — 5 pn(pi)=0.407 - p;+0.213
EFp — 4 kn(pi)=0.905 - p;—1.355
EFp — 5 n(ps) =0.501-p;—0.286
EFp — 4 un(pi) =1.187-p;—2.056
EFp,— 5 un(pi)=0.512 - p;—0.336
EFp,— —4 kn(pi)=0.644 - p;—0.654
EFp,— 2 pn(pi) =0.356 - p;—0.110
EFp,— 4 xn(pi) =0.353 - p;+0.076

162



A.3 Explanatory Diagrams

A.3 Explanatory Diagrams

The following figures serve as explanatory supplements to the contents shown in
section 5.1.1.1, 5.1.1.2, and 5.1.3.

- - = Adhesion limit (driving) - -- Adhesion limit (braking)
------- Sliding limit (driving) -+---=+ Sliding limit (braking)
—— Shear stress (free rolling) —— Shear stress (driving)
—— Shear stress (braking)

Figure A.1: Shear stress distribution in the tire contact patch for different load conditions. In addition
to the basic shear stress distribution (free-rolling condition), a shear stress distribution
for both driving and braking is shown. The curves for driving and braking have been
selected so that the transmitted forces (area under the respective curve [15]) are equal
in magnitude. It is clear that the sliding component is significantly higher for braking,
resulting in a longer sliding distance. The adhesion limit as well as the sliding limit have
been plotted according to [120].
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Figure A.2: Schematic representation to explain the higher emission with lateral force in comparison
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to longitudinal force identified in section 5.1.1.2. The diagram shows a tire running
straight ahead (left) and under slip angle (right). The deflection of tread bar elements due
to slip angle (between the leading and trailing edge) can be seen (right). In the rear part
of the contact patch (between the center of the contact patch and the trailing edge), the
surface pressure is decreasing, while the deflection of the tread bar elements continues
to increase. Eventually, the shear stress parallel to the road surface becomes too large to
be maintained by the surface pressure, so the tread bar elements start sliding and "snap
back" into their original position. The high emission is caused by the combination of the
existing slip angle « and the snapping back of the tread bar elements.



A.3 Explanatory Diagrams

— Ftotal,pi,low — FtOtal7Pi,high
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Figure A.3: Relationship between tire force and slip ratio for two different tire inflation pressures. In
addition to the absolute tire forces, the respective force components through deformation
and sliding are shown [Adapted from 114].
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A.4 Tire Tread Profiles

The following illustrations are intended to help clarify the differences between
the tire tread patterns described in section 5.1.1.2.

Figure A.4: Tread profile of the summer tire examined.

Figure A.5: Tread profile of the all-season tire examined.
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Figure A.6: Tread profile of the winter tire examined.
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A.5 Normalized Particle Size Distributions

The following diagrams serve as supplements to the contents shown in section 5.2.
They do not contain any new findings compared to those shown before. Never-
theless, they are shown here for the sake of completeness.

Addition to the influence of tire type in section 5.2.5:

Summer tire, diff. ——— Winter tire, diff. ——— All-season tire, diff.
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(a) Free rolling
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= sererrerreea 100
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= =
~ 0.04 —10.50 =
§ g
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< 000 0.00
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(b) Longitudinal force 4 kKN
—— Summer tire, diff. ——— Winter tire, diff. ——— All-season tire, diff.
PR L Summer tire, cum. === Winter tire, cum. ===== All-season tire, cum.
)
= sessns==) 1.00
= ‘"‘“uu- e
S 0.03 st 0.75 =
= <
\: 0.02 0.50 '_E'
L oo01 0.25 =
\: .‘“ O
O 0.00 B 0.00
= 0.1 1 10
dp in pm

(c) Lateral force 4 kN (identical with Figure 5.26)

Figure A.7: Influence of tire type on the particle size distribution in normalized representation.
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Addition to the influence of ambient temperature in section 5.2.6:

T, =5°C, diff. —— T, =25°C, diff. T,=5°C, cum. ===== T, =25°C, cum.

< eeperere 1O
2 0.03 Z
o]
3: 0.02 0.5 E
O o0t 5
g O
< 0.00 0.0
= 0.1 1 10
dp in pm
(a) All-season tire with longitudinal force 4 kN
T, = 5°C, diff. —— T, = 25°C, diff. To =5°C, cum. ===== T, = 25°C, cum.
=
= o
2 0.03 2
= <
S 0.02 “E
S oot E
<5 0.00 ©
< 0.1

(b) All-season tire with lateral force 4 kN

Figure A.8: Influence of ambient temperature on the particle size distribution of an all-season tire in

normalized representation.
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(a) Winter tire with longitudinal force 4 kN

—— T, =5°C, dif. —— T, =25°C, diff. +e-- T, =5°C, cum, ==+ T, = 25°C, cum.

Cumulative

(b) Winter tire with lateral force 4 kN

Figure A.9: Influence of ambient temperature on the particle size distribution of a winter tire in
normalized representation.

170



A.5 Normalized Particle Size Distributions

Addition to the influence of pavement material in section 5.2.7:

dC, /Cy /dlog(dp)

dCr /Chp/dlog(dp)

’ —— Asphalt, diff. —— Concrete, diff. ===«« Asphalt, cum. ===== Concrete, cum. ‘
1.0
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0.000.1 100.0
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(a) All-season tire with longitudinal force 4 kN
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JUPEPETELE i R TR 1.0
0.09 “.......-----'“‘_‘.-......-
0.06 Ll e 105
0.03 e
0.00 a1 = 0.0
0.1 1 10
dp in pm

(b) All-season tire with lateral force 4 kN

Cumulative
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Figure A.10: Influence of pavement material on the particle size distribution of an all-season tire in

normalized representation.
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(b) Winter tire with lateral force 4 kN

Figure A.11: Influence of pavement material on the particle size distribution of a winter tire in

normalized representation.
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A.6 Non-Normalized Particle Size Distributions

The following diagrams serve as a supplement to the normalized particle size
distributions shown in section 5.2.
Addition to the influence of tire forces parallel to the road surface in section 5.2.1:
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(a) Longitudinal Force [Adapted from 112]
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(b) Lateral force

Figure A.12: Influence of tire forces parallel to the road surface on the particle size distribution in
non-normalized representation.
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Addition to the influence of wheel load in section 5.2.2:
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Figure A.13: Influence of wheel load on the particle size distribution in non-normalized representation
[Adapted from 114].
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Addition to the influence of tire inflation pressure in section 5.2.3:

ma ’ pi = 2.0bar, diff. pi = 2.6 bar, diff. pi = 3.2bar, diff. ‘
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Figure A.14: Influence of tire inflation pressure on the particle size distribution in non-normalized
representation [Adapted from 114].
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Addition to the influence of driving speed in section 5.2.4:
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Figure A.15: Influence of driving speed on the particle size distribution in non-normalized represen-
tation [Adapted from 114].
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Addition to the influence of tire type in section 5.2.5:
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Figure A.16: Influence of tire type on the particle size distribution in non-normalized representation.
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Addition to the influence of ambient temperature in section 5.2.6:
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Figure A.17: Influence of ambient temperature on the particle size distribution of a summer tire in
non-normalized representation.
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Figure A.18: Influence of ambient temperature on the particle size distribution of an all-season tire
in non-normalized representation.

179



A Appendix
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Figure A.19: Influence of ambient temperature on the particle size distribution of a winter tire in
non-normalized representation.
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A.6 Non-Normalized Particle Size Distributions

Addition to the influence of pavement material in section 5.2.7. It should be noted
that the SRT values measured during the tests on the asphalt surface were higher
than those on the concrete surface. The higher SRT values were accompanied by
higher emissions. Therefore, when comparing the non-normalized particle size
distributions, it is possible that the total number of particles emitted on asphalt
is greater than on concrete, although the total emission diagrams in section 5.1.7
show opposite ratios. The ostensible contradiction is due to the comparison of the
total emissions at an SRT value of 60, while the particle size distributions show
the emissions at the actually present SRT values:
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g 30
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3 0 I I I I | [ I i
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(b) Summer tire with lateral force 4 kN

Figure A.20: Influence of pavement material on the particle size distribution of a summer tire in
non-normalized representation.
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Figure A.21: Influence of pavement material on the particle size distribution of an all-season tire in
non-normalized representation.
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Figure A.22: Influence of pavement material on the particle size distribution of a winter tire in non-
normalized representation.
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No non-normalized diagrams are shown for the influence of the SRT value. These
would not contain any new findings and the distributions at low SRT values would
be hard to recognize, since it is many times smaller than the one at high SRT values.
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A.7 Geometric Data of the Vehicle Used

Table A.4: Geometric data of the vehicle used for the model.

Physical parameter Value Unit
Axle load distribution front/rear 51.2%/48.8% -
Height of CG 576 mm
Vehicle mass 2297 kg
Wheelbase 3216 mm
Track width front axle 1644 mm
Track width rear axle 1673 mm
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A.8 Formulas of the Prediction Model

The following formulas serve as supplement to the emission maps shown in
section 6.2. They are to be understood as numerical value equations. If all forces
are used in kN and all angles in rad, this results in an emission factor in mg/vkm.
Regression functions which the 3D emission map (Figure 6.4) is based on:

EFm(Fr637 80) = (I(QD) . Fres4 + b(QD) . Fresz +c
for Fres > 0,0 < <27

Driving force with pos. lateral force (0 < ¢ < g), wheel load F, = 6.5 kN:
a(p)=—0.8191¢*+2.0989° —0.90344>+0.3038

b(p) =+9.8833¢* —31.5950° +25.672¢°+0.1454

c =+ 3.1007

Braking force with pos. lateral force (5 < ¢ < ), wheel load F, = 6.5kN:
a(p)=—0.6007¢*+6.0966° —22.3430*+34.378p—17.620

b(p) =+9.9952¢* —93.218° +313.650% —450.290+235.06

c =+ 3.1007

Braking force with neg. lateral force (7 < ¢ < 37”), wheel load F, = 6.5 kN:
a(p)=—0.6007¢*+9.0013¢> —49.7192 + 120.38p—107.68

b(p) =+9.9952¢% —157.99° +924.11¢* — 2368.1p+2243.4

c =+ 3.1007

Driving force with neg. lateral force (37“ < ¢ < 2m), wheel load F, = 6.5 kN:
a(p)=—0.8191¢" +18.488% —155.360> +575.49p — 791.35

b(p) =49.8833¢* —216.800° +1771.200* —6386.8¢ + 8580.0

c =+ 3.1007
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Regression functions which the 4D emission map (Figure 6.6) is based on:

o (.0) = (s () o () ) )

FTGS

fiir >0,0<p <27

Driving force with pos. lateral force, wheel load F, = 6.5 kN:
a(p)=—1356.80"+3440.50° —1411.2¢% +526.28

b(p) =4418.68¢* —1338.0¢°+1086.60>+6.0517

c =+ 3.1007

Braking force with pos. lateral force, wheel load F, = 6.5 kN:
a(p)=—961.61¢"+9816.4¢> —36171¢*+-55878p— 28599
b(p) =+422.71¢* —3942.9° +13269> —19053+9946.6

c =+ 3.1007

Braking force with neg. lateral force, wheel load F, = 6.5 kN:
a(p)=—961.61¢"+ 14351¢° —78912¢%+1901550—169214
b(p) =4422.71¢* —6680.90°+39074¢* —100121 o+ 94841
c =+ 3.1007

Driving force with neg. lateral force, wheel load F, = 6.5 kN:
a(p)=—1356.80"+ 30658° —257934? +956428+1316328
b(p) =+418.680*—9184.50°+ 75038¢?—270597¢0+ 363532
c =+ 3.1007
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Additional functions f,, (F ;5> required for consideration of wheel loads devi-
ating from F, = 6.5kN:

Fres _ Fres ¢ Fres °
fm,F.=3.25 kN ( o >—+178.96- ( 7 ) —348.72 - 7

z z z

Fres * Fres s
+247.22~< > —72.645 - ( fa )

F, z
+6.1673 - (Fres>2—0.1166 . (Fres>

F, F,
+0.5040

=
=

6 5
) ~516.87 - < )

F’I”ES
fm,F.—4.875 kN < o ) =+4259.45 - <

2 F, I,
Fo..\* F.o\3

377.77 - ") 117.07 - res
" ( F. ) ( F, )

=
o

2
11.802 - [ ==2) —0.3019 - | —==£
" (E) (E)

+0.9520

e
e

6 5
) +1172.1.< )
4 3
7’68) —’—318.23 ) ( ’I"SS)
2
e ) 40.9077 - | 2
) o ()

Fres
fm,F.=8.125 kN ( T ) =-—561.35 - (

z

o
o

=
=

—917.07 - (

e
e

=
=

—41.221 - (

=

-+1.0300
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A.8 Formulas of the Prediction Model

Formulas used to determine dynamic axle loads due to pitching [15]:

l?”(l . h
F, o= ngfm':n%
l heca

Fz7mzﬂmg+m'i~

l l

where [ is the wheelbase, [, the distance between the Center of Gravity (CG) and
the rear axle, [ ¢, is the distance between the CG and the front axle, m the vehicle
mass, and hcg is the height of the CG over the road surface. The influence of
dynamic axle load distribution due to the design of the wheel suspension and
different spring rates front/rear has not been taken into account.

Formulas used to determine dynamic wheel loads due to rolling (for a right bend)
[15]:

1lra hCG lra Udg

F, a1 =-— Y 7 M—
S N A R
ol hehe ud
sfor =M T Ty TR
llfa hCG lra Ud2

Fzra = 3 ) ;7 M——
el =TT TR
Fz,ra,r = 1lfa - hCGl”l UL2

o™ Ty T ™R

where b is the track width of the vehicle and R the radius of the curve.
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A.9 Frequency Analysis of Driving Conditions
in the Route Profiles

The following diagrams serve as a supplement to the analyses of the route profiles
shown in section 6.1.

0.5 0.5

T 0.5
0.25 0.25 0.25
N N N
& &
iﬂ 0 _‘ > 0 " = O g
Ry & &
—-0.25 —0.25 —0.25
—-0.5 —0.5 : —0.5
—-0.5 -0.25 0 025 0.5 —-0.5 -0.25 0 025 05 —-0.5 -0.25 0 025 05
Fy/Fz E//FZ E//Fz
(a) Urban (b) Rural (¢) Highway

Figure A.23: Distribution of driving conditions by frequency of occurrence. The color scale for all

three graphs has been chosen so that 25 % of all driving conditions are in the magenta
area.
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A.10 Emission Maps for Different Route Profiles

The following diagrams serve as a supplement to better visualize the emission
depending on the location for the three route profiles shown in section 6.1.
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« 4mg/vkm > EF,,
« 4mg/vkm < EF,, < 8mg/vkm
+ 8mg/vkm < EF,, < 16mg/vkm
16 mg/vkm < EF,, < 32mg/vkm |
© 32mg/vkm < EF,, < 64mg/vkm
"+ 64mg/vkm < EF,,

Latitude

Longitude

Figure A.24: Prediction of the emission factor of tire—road PM for a luxury-class vehicle driving with
summer tires depending on the location for the urban route profile assuming an SRT
value of 60 (identical with Figure 6.7).
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Latitude

+ 10km/h > vq
- 10km/h < vy < 30km/h
[+ 30km/h < vy < 50km/h
| 50km/h < ve < 80km/h |
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- 120km/h < va

Longitude

Figure A.25: Location-dependent driving speed for the urban route profile.
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Latitude

+ 4mg/vkm > EF,,

« 4mg/vkm < EF,, < 8mg/vkm

« 8mg/vkm < EF,, < 16mg/vkm
16 mg/vkm < EF,, < 32mg/vkm

© 32mg/vkm < EF,, < 64mg/vkm

« 64dmg/vkm < EF,,

Longitude

Figure A.26: Prediction of the emission factor of tire—road PM for a luxury-class vehicle driving with
summer tires depending on the location for the rural route profile assuming an SRT

value of 60.
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A.10 Emission Maps for Different Route Profiles
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Figure A.27: Location-dependent driving speed for the rural route profile.
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« 4mg/vkm > FF,,

« 4mg/vkm < EF,, < 8mg/vkm

+ 8mg/vkm < EF,, < 16mg/vkm
16 mg/vkm < EF,, < 32mg/vkm

© 32mg/vkm < EF,, < 64mg/vkm

b+ 64mg/vkm < EF,,

Latitude

Longitude

Figure A.28: Prediction of the emission factor of tire—road PM for a luxury-class vehicle driving with
summer tires depending on the location for the highway route profile assuming an SRT
value of 60.
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A.10 Emission Maps for Different Route Profiles
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Figure A.29: Location-dependent driving speed for the highway route profile.
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