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Abstract: The objective of this study was to experimentally determine the mathematical correlations
between the loading of the tire, being longitudinal and lateral forces, and the emission of particulate
matter (PM) from the tire–road contact. Existing emission factors (EF, emission per vehicle and
distance traveled) are the result of long-term measurements, which means that no conclusion can
be drawn about the exact driving condition. To determine meaningful emission factors, extensive
driving tests were conducted on an internal drum test bench while measuring PM emissions from
the tire–road contact in real-time. This showed that the increases in emission over longitudinal
and lateral forces can be approximated with fourth-order functions, with lateral forces leading to
significantly higher emissions than longitudinal forces for the summer tire investigated. Using the
emission functions obtained, a three-dimensional map was created that assigns an EF to each load
condition consisting of different longitudinal and lateral forces for one vertical load. With known
driving data, the map can be used for future simulation models to predict the total emission of real
driving cycles. Furthermore, the results show that the average particle size increases with increasing
horizontal force. The particles collected during the tests were analyzed to determine the proportions
of tire and road material. According to the results, the tire contributes only about 20% of the particle
mass, while 80% is attributable to the road surface. In terms of volume, these shares are 32% and
68%, respectively.

Keywords: PM10; particulate matter; tire wear; TRWP; non-exhaust emissions; road simulator;
internal drum test bench; emission factor; particle composition

1. Introduction

As part of the new Euro 7 emission standards, in addition to emissions from internal
combustion engines [1], the European Commission plans to regulate abrasion emissions for
the very first time. Conventional friction brakes and the contact between tire and road are
primarily accountable for the release of these particulate pollutants. In addition, particles
that have already been deposited are resuspended when following vehicles pass, thereby
also contributing to air pollution. Timmers and Achten [2] state that particulate matter (PM)
from non-exhaust emissions had already accounted for over 90% of total PM emissions
from the transportation sector in 2016. According to the current draft of the emission
standards, a limit is to be set for brakes that addresses particulate emissions, while for tires,
only total abrasion is to be limited [1]. The different kinds of limit values for brakes and tires
can be explained by the equally different level of knowledge, which is significantly more
advanced for emissions from brakes. Nevertheless, the limit for tire abrasion is most likely
only the prelude to increasingly stringent regulations which, in the long term, will also
include particulate emissions from the tire–road contact. As fleet electrification progresses,
conventional friction brakes will become less important in terms of particulate emissions,
so that the tire–road contact will be the last remaining significant source of PM, as long
as indirect emissions through resuspension are not taken into account. However, there is
currently no reliable database for defining a particulate limit from the tire–road contact,
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nor is there a standardized measurement method that could be used to determine the data
required. In contrast to the brake unit, this emission source cannot be easily encapsulated,
so the investigation is more complex. Previous scientific work investigating this question
can be divided into three categories according to their approach [2].

In ambient, roadside, or tunnel measurements [3–11], PM gets collected over an
extended period of time. Knowing the particle concentrations at both locations or at
both ends of the tunnel, as well as the background concentration, an emission factor
(EF) can be derived. This EF can in turn be divided into a combustion and an abrasion
fraction by chemical analysis and subsequent apportioning. Statements about individual
driving conditions, vehicle characteristics or tire types are not possible or are subject to
great uncertainty.

In mobile on-board measurements [2,12–17], a vehicle or a trailer is equipped with
measurement and sampling systems. It is driven under various load conditions while
emitted particles are measured and collected in the wheel arch. With an additional measure-
ment spot in front of the vehicle measuring the background concentration, its influence and
thus fluctuations from the environment can be minimized, but not completely eliminated.
Changing wind directions as well as inconsistent flow conditions are disturbance factors
and thus reduce the reproducibility. This applies in particular to the requirement for isoki-
netic sampling, which cannot be guaranteed under changing flow conditions. Furthermore,
since only a partial flow at one or several spots behind the tire gets analyzed, reliable
conclusions cannot be drawn about the relationship between specific driving conditions
and the overall emission. This would require capturing the entire air flow from the contact
patch between the tire and the road, mixing it into a homogeneous flow, and sampling
a partial flow for analysis. Because of the narrow installation space and the movements
of the wheel, this method is particularly challenging. The influence of individual driving
parameters can thus be approximated, but not determined precisely. In addition, there are
further fluctuations due to particles deposited on the road surface, which are resuspended
by rolling over. Clear conclusions about the current total emission from tire–road contact
can therefore not be drawn, which hampers the calculation of EFs.

In road simulators or laboratory measurements, one [17–21] or several [5,22–26] tires
roll on a drum or circular surface under defined boundary conditions. These tests provide
the opportunity of influencing the ambient conditions and thus reach a better reproducibil-
ity. This applies in particular to isokinetic sampling, which can be ensured by defined
and constant flow conditions. Furthermore, test benches offer the possibility of station-
ary driving conditions (no mutual influence of single parameters), so that more reliable
statements on the emission can be made. For test benches, the diversity of load conditions
varies widely. Some only permit a restricted number of parameters (e.g., speed), while in
others, no real road surfaces such as asphalt or concrete can be used. Both demands, real
road surfaces and free choice of all driving parameters, can be reached with an internal
drum test bench. Investigations of PM emissions on internal drum test benches have been
presented in Foitzik et al. (2018) [21] and Schläfle et al. (2022, 2023) [27,28] for the nano and
the micro range, respectively.

In [28], the used internal drum test bench and its equipment for measuring PM emis-
sions, the procedure for the tests and the processing of the raw data have already been
described. Initial findings regarding the correlation between horizontal tire forces and
the total emission as well as the particle size distribution were presented. However, it
turned out that the number of load conditions was not sufficient to determine a precise
correlation between the forces and the emission. This study deals with the performance
of the same kind of test bench measurements in order to be able to establish quantitative
correlations between longitudinal and lateral tire forces and PM emissions. EFs are cal-
culated for specific driving conditions, from which in future works an average value for
complete and real driving cycles can be derived. Also, this study reveals new findings with
regard to the particle composition and morphology based on subsequent analyses of the
particles collected.
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2. Materials and Methods

All test series performed in this study were carried out at the internal drum test
bench of the Institute of Vehicle System Technology (FAST) at the Karlsruhe Institute of
Technology (KIT).

2.1. Tire Internal Drum Test Bench

The internal drum test bench (see Figure 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 the forces and torques in the tire–road contact are mounted. The drum is
arranged vertically and the tire runs at its lowest point. The two subsystems are driven
separately by a 310-kW-engine each; the drum works electrically while the drive and all
movements of the wheel are powered hydraulically. The separate propulsion allows for
the investigation of both stationary and realistic driving conditions. If, in addition to the
vertical load, no other forces are acting, the tire and drum turn at the same speed (free
rolling). As they are driven separately, longitudinal slip conditions, i.e., drive and brake
slip causing longitudinal forces, can be adjusted stationarily and reproducibly. In order
to apply lateral forces the sled rotates around the vertical axis of the wheel causing a slip
angle and thus lateral slip. The test bench can be equipped with several surfaces, including
safety walk as well as real road surfaces, such as asphalt and concrete, which enables an
exact replication of the tire–road contact on the open road. A widely used asphalt mix
AC 11 D S was used in the tests for this study. This is asphalt concrete with a maximum
grain size of 11 mm. The majority of the added aggregate is moraine, which was mixed
with bitumen as a binder in a ratio of about 95% to 5% by mass. The entire test bench is
surrounded by an enclosed chamber, which allows the minimization of fluctuations of
background concentration. The ambient temperature can be adjusted in a range between
−15 ◦C and 35 ◦C.

Internal drum

Sled

Wheel

Measuring
hub

Suction
funnel

Flexible
hose

Sampling
spot

Air inlet

Extraction flow
to suction device

Clean air flow
from suction device

Figure 1. CAD representation of the internal drum test bench at FAST/KIT with the components
extended for the measurement of tire–road particulate matter. For better visibility of the components,
the back panel of the internal drum as well as the front fairing are not shown.

2.2. Sampling and Measuring

To investigate PM emissions from the tire–road contact a suction funnel is installed
directly behind the tire (see Figure 1). It is mounted on the test bench sled and thus follows
the wheel’s movements when cornering. The suction funnel is adaptable to a wide range
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of tire diameters and widths and encloses the rear part of the tire at an angle of about 70◦,
leaving only a narrow slit of about 10 mm. It is connected to a spiral hose (Ø 160 mm), whose
flexibility is required to allow for the investigation of lateral forces due to slip angle. The
opposite end of the spiral hose is connected to a spiral duct (Ø 160 mm), eventually leading
to the suction device. Metal tubes are used to prevent losses due to electrostatic charge, and
the flexible spiral hose is made of permanently antistatic polyurethane. In addition, the
ends of the copper wire inside the wall of the spiral hose are grounded.

The suction device (ESTA DUSTOMAT 4–10 eco+, Senden, Germany) vacuums the
particles emitted in the tire–road contact. The sampling spot is integrated into a bend
of the spiral duct which is passed by the flow on its way from the tire to the suction de-
vice. Due to the sampling through a bend, a straight sampling tube can be used, which
subsequently minimizes particle losses due to sedimentation. A partial flow of 5 L/min
is taken isokinetically based on ISO 9096:2017 [29] at the sampling spot. The aerosol is
analyzed by a light-scattering aerosol spectrometer system (PALAS Promo 2000 & welas
2500, Karlsruhe, Germany), which can detect particles in four different size ranges from
0.2 µm to 100 µm [30,31]. As the focus of this study is on the determination of PM emissions,
the size range between 0.3 µm and 17 µm was selected for all tests, of which only those
particles with a diameter of less than 10 µm were taken into account for the evaluation.
The measuring rate can be set to a maximum of 1 Hz. In addition to assessing the level of
emission, the high measuring rate enables statements about the size distribution during
individual load conditions (longitudinal and/or lateral force). To obtain meaningful and
reproducible results, the aerosol spectrometer must be calibrated regularly with calibration
dust (PALAS MonoDust 1500, Karlsruhe, Germany). The aerosol spectrometer system
detects the scattered light pulse of each particle which crosses the control volume. Based
on this, a particle diameter is assigned to each particle assuming its refractive index and
aspect ratio. Refractive index and aspect ratio in this study were chosen to be 1.59 and 1,
respectively, which corresponds to spherical particles (see Section 3.5). Furthermore, a den-
sity of 2.299 g/cm3 was assumed to convert particle size into particle mass (see Section 3.5).
Besides the port for sampling the aerosol, the sampling apparatus has further ports to insert
a dynamic pressure anemometer. The resulting monitoring of the flow velocity ensures
isokinetic sampling during the tests. The necessary condition of a homogeneous extraction
flow is ensured by high turbulence in the suction duct.

The remaining aerosol reaches the suction device, where it undergoes a three-stage
filtration. Coarse particles are separated from the air flow by an impact separator and fall
into a dust collection box. Finer particles reach the cartridge filters and are separated there.
Due to the regular self-cleaning of the filters using the jet pulse process, these particles
also end up in the dust collection box. The remaining particles reach the fine dust filter
(HEPA-14) and are eventually separated from the air flow, so that the air after this filter no
longer contains any notable number of particles.

The suction device generates a maximum volume flow of 2000 m3/h. The extraction
system has a second inflow through which air from the environment is sucked into the
suction device. This can be adjusted as required. The additional air flow from the envi-
ronment means that more air flows into the drum than is extracted behind the tire. The
resulting overpressure ensures that contamination of the measurement by particles from
the ambiance can be avoided.

The secondary inflow was set to 400 m3/h for this test series, so that the extraction
volume flow from the drum was 1600 m3/h. This combination was chosen to reach a flow
velocity of at least 120 km/h in the slit between the tire and the suction funnel. Therefore,
it can be assumed that emitted particles are reliably extracted for all driving conditions in
which the driving speed and the resulting flow velocity inside the drum are lower than this
value. Presuming that all particles are extracted, the total emission of the tire–road contact
can be concluded using the particle concentrations measured by the aerosol spectrometer.

More detailed information on the internal drum test bench at KIT as well as on the
equipment and the extensions for PM emission measurements, can be found in [27] or [28].
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2.3. Varied Parameters

All tests were conducted with a premium summer tire of the dimension 255/40 R20
with a load index of 101. This tire type is suitable for passenger cars of the F-segment
or luxury class. In order to keep the environmental conditions as constant as possible,
the ambient temperature was kept at 25 ◦C by an air conditioning system. The focus of
the study was on quantifying the emission of PM when applying longitudinal and lateral
forces, so only these parameters were varied (see Table 1). To enable accurate conclusions
to be drawn about the emission under specific load conditions, they were set and held
stationary for several seconds, allowing for a meaningful emission value for one particular
load condition. The remaining tire and chassis parameters (see Table 1) were kept constant
throughout the test and are subject to future experiments.

Table 1. Varied as well as constant parameters with the respective values.

Parameter Parameter Values

V
ar

ie
d

Longitudinal force Fx
Lateral force Fy

0 kN;
±1 kN; ±2 kN;
±3 kN; ±4 kN

C
on

st
an

t Vertical load Fz 6.5 kN
Speed v 80 km/h

Inflation pressure pi 2.6 bar
Camber angle γ 0◦

Ambient temperature Ta 25 ◦C

Figure 2 shows the matrix of all investigated combinations of longitudinal and lateral
forces. A pure load of 4 kN longitudinal or lateral force corresponds to an adhesion utiliza-
tion Fx/Fz or Fy/Fz of 0.62 with the underlying vertical load of 6.5 kN. For combined forces,
the adhesion utilization can be calculated by Fres/Fz. If all four tires of a real vehicle had an
adhesion utilization of 0.62, a longitudinal, lateral, or combined acceleration of approxi-
mately 6 m/s2 (0.62 g) would result. For conventional drivers and vehicles, this value is
already within the threshold range of driving dynamics, so that the resulting emissions are
of minor importance for an average driving style. Furthermore, average drivers do not use
combinations of extreme longitudinal and lateral force, so no load combinations outside
the diagonal between the maximum pure longitudinal and lateral forces were tested. The
load conditions illustrated in black in Figure 2 are used in later sections to create regression
models that specify the emission as a function of the respective load type (longitudinal
forces, lateral forces, combined forces). The load conditions illustrated in gray are used to
validate these regression models.

−4 −3 −2 −1 0 1 2 3 4
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−3

−2

−1
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1
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4
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F x
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3.1

3.2

3.3

Figure 2. Overview of the load matrix comprising 40 (41 with free rolling) different load conditions.
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2.4. Experimental Setup and Procedure

To remove the outermost layer of the tire and thus to exclude associated non-
representative emissions from the particle measurements, the tire first underwent a running-
in process. Afterwards, aiming to ensure high reproducibility due to constant ambient
temperature, the air conditioning system was turned on several hours before the test
runs started.

Also, for higher reproducibility, all load conditions were applied several times. How-
ever, they still caused different results. This was an indicator for changes taking place on
the road surface. Preceding tests had shown that its condition already changes during
single test runs which in turn influences the amount of PM emitted. The roughness of the
road surface, or more precisely its skid resistance and thus its abrasiveness, decreases as
the tire is constantly driven over. This polishing effect also occurs on open roads. Due to
the limited length of the drivable track in the test bench, however, it is much faster here.
Various methods did not help to stop or slow down the change in the condition of the road
surface. Therefore, the condition of the road surface had to be considered as an additional
parameter when conducting the tests, as well as for the subsequent analysis of the data.
To this end, eight test passages, each of them consisting of four test blocks. were performed
(see Figure 3). During each test block, all load conditions shown in Figure 2 were ap-
proached exactly once. The sequence of load conditions was varied between the test blocks,
so that an influence of the order on the emission can be ruled out. A regenerating process
of the road surface was performed at the beginning of each test passage to make sure that
each load condition was performed on every road condition. Regeneration was done by
driving a studded tire under slip angle, which mainly increases the micro roughness and
thus reverses the polishing effect caused by the constant rolling-over. The micro roughness
of the road was determined before, in between, and after the test blocks, measuring the SRT
value with a portable skid resistance tester (SRT, Munro-Stanley London, Harlow, United
Kingdom), as regulated in EN 13036-4:2011 [32].

TEST SERIES WITH COMBINED LONGITUDINAL AND LATERAL FORCES

TEST PASSAGE 1

TEST PASSAGE 8

TEST BLOCK 1 TEST BLOCK 2 TEST BLOCK 3 TEST BLOCK 4

TEST BLOCK 29 TEST BLOCK 30 TEST BLOCK 31 TEST BLOCK 32

Test runTest runs
1 & 2

Test runTest runs
3 & 4

Test runTest runs
5 & 6

Test runTest runs
7 & 8

Test runTest runs 57 & 58 Test runTest runs 59 & 60 Test runTest runs 61 & 62 Test runTest runs 63 & 64

R
eg

en
er

at
io

n
R

eg
en

er
at

io
n

Figure 3. Overview of the test series consisting of 8 test passages with 8 single test runs each.

The experimental procedure described in the following two paragraphs has already
been used in a former study by Schläfle et al., and is therefore basically taken over [28].

The individual test runs were carried out according to a fixed procedure. At the begin-
ning, the tire was driven until it had reached a surface temperature of 28 ◦C. To prevent the
tire surface from becoming tacky, a sand mixture of quartz, corundum and calcium carbon-
ate was then added as third-body material. Earlier tests had revealed that a complete lack
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of dirt between the tire and the road changes the surface of the tire, thus totally impeding
the release of fine tire and road wear particles (TRWP). As soon as the surface gets tacky, the
majority of the generated particles keep sticking to the tread and do not leave the tire any-
more. The particles being released despite the stickiness of the tire are disproportionately
large compared to those generated on the open road and are therefore not representative.
This effect can be avoided by adding third-body material periodically. In order to not
contaminate subsequent particle measurements of the aerosol spectrometer system the
decisive factor is to choose a third body whose lower threshold in size distribution is larger
than the coarsest particles to be measured. When adding the sand, the driving speed was
decreased to 50 km/h and the suction device was switched off in order to prevent the sand
from being swirled around too much by the air flow in the drum. After 5 min, in which the
sand was able to act in tire–road contact, the suction device was switched on again to suck
off the previously added sand. To start a test run, it was then waited until both the particle
number concentration (PNC) and the particle mass concentration (PMC) had declined to
the level that had been present before the sand was added.

In one test block, there were two single runs of 24 individual load conditions each (see
Figure 4). The first four were aimed at whirling up and vacuuming the sand remaining in
the drum and were not considered for later analysis. The 20 subsequent load conditions
were composed of different longitudinal and lateral forces (see Figure 2) and were used for
later evaluation. To prevent the tire temperature from rising unrealistically high, there was
always a phase between two load conditions in which the tire rolled freely (only vertical
load) or was even lifted (no vertical load). Furthermore, when determining the sequence
of load conditions, care was taken to ensure that the load directions always alternated.
This prevented the tire from adapting to the load direction, which had led to decreasing
emissions in preliminary tests. Therefore, combinations in which the longitudinal and
lateral force pointed into the same direction never followed each other.

In total, 64 individual test runs were carried out, eight test passages of eight single runs
each. The forces in all three spatial directions were controlled, while the other variables
were held constant. Both particle concentrations were recorded during the entire test series.

0 200 400 600 800 1000 1200 1400

−4
−2

0
2
4
6
8

t in s

F
in

kN

Vertical load Fz Longitudinal force Fx Lateral force Fy

Figure 4. Exemplary test run with four initial load conditions to whirl up sand remaining on the road
surface and 20 subsequent load conditions comprising longitudinal and lateral forces.

2.5. Data Processing and Evaluation

For data processing and evaluation, the same method was applied which had been
developed and described in detail in [28]. Thus, it is presented in condensed form here.

Based on the raw emission data of PMC and PNC, an average emission value was
calculated for each load condition (load conditions 5 to 24) from Figure 4. The background
concentration which had already been present before applying the load, was subtracted
from this emission value, so that the obtained value corresponds to the net emission caused
by exclusively this load.

The skid resistance of the pavement was determined before, between, and after the
individual test blocks. A standard curve for the course of the SRT value during one test
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passage was derived from all measurements. Using this curve, it was possible to assign the
currently present SRT value to each load condition and thus to link load, SRT value, and
emission (PMC and PNC) to form a data triplet. Using the data triplets, regression models
for the relationships between emission and SRT value at constant loads were derived. For
the final results of this study, an SRT value of 60 was selected which corresponds [33] to the
acceptance value for new road surfaces [34] recommended by the German Road and Trans-
portation Research Association (Forschungsgesellschaft für Straßen- und Verkehrswesen,
FGSV). The emission values at this SRT value were calculated from the regression models
and plotted over the respective load type.

For more detailed information about data processing, see [28].

3. Results

The particle concentrations (PMC and PNC) measured in the particle size range be-
tween 0.3 µm and 10 µm at the internal drum test bench during the tests are characteristic of
this test bench setup and cannot be directly compared with the results of other test benches
or driving on real roads. For this purpose, emission factors are required, which describe
the emission of a vehicle per distance traveled (unit: mg/vkm or #/vkm), independent of
the measurement method.

Emission factors can be derived from the measured particle concentrations. For this
purpose, it is assumed that all particles emitted in the tire–road contact were extracted by
the extraction flow. Furthermore, it is assumed that the aerosol sampled for measurement
was representative of the total extraction flow. Under these conditions, and considering the
extraction volume, the total mass or total number of emitted particles can be calculated. By
dividing the value by the speed driven, the reference quantity changes from time traveled
to distance traveled. In order to obtain the emission factor for a whole vehicle, the value is
multiplied by the number of wheels, which was set to four for all tests in this study.

3.1. Influence of Longitudinal Forces

In Figure 5, the influence of the longitudinal force on the mass-based (Figure 5a) as
well as on the number-based emission factor (Figure 5b) is shown. The single data points
were obtained from the data evaluation described in Section 2.5. In addition, two different
regression models are plotted to best show the quantitative relationship between emission
and longitudinal force.
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x

+0.146 ∗ F2
x + 3.101

R2 = 0.995

EFm,lon,n(Fx) = 0.380 ∗ F4
x

−0.706 ∗ F2
x + 3.101

R2 = 0.997

(a) Mass-based emission factor
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EFn,lon,n(Fx) = 6.565 ∗ 106 ∗ F4
x

+9.423 ∗ 106 ∗ F2
x + 6.831 ∗ 107

R2 = 0.997

(b) Number-based emission factor

Figure 5. Calculated values for emission factors in the size range between 0.3 µm and 10 µm at
individual load conditions and different regression models versus longitudinal force for a summer
tire at an SRT value of 60.
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For both particle mass and number, it is apparent that the emission only increases
weakly at moderate loads, but that this increase significantly amplifies with higher loads,
resulting in progressive increases. The weak increase in emission at low loads may be due
to the predominant deformation slip present. The individual tire tread blocks are deformed
in longitudinal direction as they pass through the tire–road contact, but do not reach the
adhesion limit until the end, and therefore return to their original position when they leave
the contact area. At higher loads, however, they reach the adhesion limit, so that gliding
slip occurs, which could be responsible for the sharp rise in emission values.

Furthermore, it can be seen that the values for the emission factor of braking and
driving are not completely axisymmetric. At negative longitudinal forces, i.e., braking,
the summer tire investigated appears to emit more particles than at comparable driving
forces. A possible explanation for this difference could be the shear stress distribution in
the tire–road contact area, which is adverse for braking, meaning that the adhesion limit is
reached earlier for braking than for driving. This, in turn, results in more gliding and less
deformation slip, which enhances the generation of tire wear and thus PM emissions.

To determine the quantitative dependence of the emission on the longitudinal force,
the emission values were approximated using a quadratic and a fourth-order regression
function. To achieve the best possible result, positive (p) and negative (n) longitudinal forces
were evaluated independently of each other. The regression functions were determined
with the constraint of passing through the emission value for free rolling (Fx = 0). For both
particle mass and number, the quadratic approaches are found to approximate emissions
well for moderate forces, but to deviate significantly as the force increases. This contrasts
with the fourth-order approaches, which initially underestimate the emission, but appear
to represent the progression at higher loads much more accurately. Because of the apparent
superiority of fourth-order regressions only their functions are given and the quadratic
functions are shown partially transparent. All subsequent calculations are based on the
fourth-order regression functions.

3.2. Influence of Lateral Forces

The result on the influence of lateral forces on the emission is shown in Figure 6.
The measurements have shown a difference in emission between positive and negative
lateral forces. Since this difference has also occurred with other tire models, and positive
lateral forces have always led to the higher emissions, it can be assumed that this effect
is more likely caused by the test bench itself and is not an actual direction-dependent
emission behavior.

The plausibility of this assumption can be evaluated by a more detailed analysis of
the test bench structure and its function. At the internal drum test bench, positive lateral
forces correspond to driving a left-hand curve. In this case, the flow prevailing in the test
bench hits the right outer side of the wheel, thus ensuring that the extraction flow is further
intensified and that emitted particles are blown into the suction funnel. In the case of
negative lateral force, the wheel is driving a right-hand curve. The flow hits the left outer
side of the wheel. The difference, however, is that the flow on this side is slowed down by
the non-rotating components (front fairing, portal, sled) and hampers the amplification of
the extraction velocity. Emitted particles could thus be extracted less reliably and enter the
drum environment. Since no reliable statement can be made about the difference between
the emission for positive and negative lateral forces due to this test bench behavior, only
mean values of both force directions are shown.

For both particle mass (Figure 6a) and particle number (Figure 6b), the same statements
apply as for longitudinal force: At moderate force, there is a weak increase in emission,
which intensifies as the force increases. The growing influence of gliding slip is probably
responsible for this, as outlined in Section 3.1. Again, the fourth-order regression functions
describe the emissions more accurately than the second-order functions. The comparison
of the emissions at longitudinal and lateral forces reveals that the absolute values for lateral
forces are about a factor of four higher than for longitudinal forces.
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Figure 6. Calculated values for emission factors in the size range between 0.3 µm and 10 µm at
individual load conditions and different regression models versus lateral force for a summer tire at
an SRT value of 60.

One possible explanation is the summer tire’s tread design. It has mainly longitudinal
grooves, but hardly any lateral sipes and no lateral grooves. This means that the tread ribs
are almost continuous in the longitudinal direction and tread edges only run longitudinally.
When loaded with longitudinal force, the missing lateral grooves and sipes may result in
less deformation and edge wear. When loaded with lateral force, however, the ribs are
deformed laterally to their direction of propagation, with greater deformation as well as
increased edge wear, thus favoring overall emission.

3.3. Influence of Combined Forces

In order to see how load conditions comprising longitudinal and lateral force affect
the emission compared to pure forces in the longitudinal or lateral direction, emission
factors are also plotted over the resulting force (see Figure 7). Since the effect of direction-
dependent emission described in Section 3.2 was also present here, only one course is
shown. It represents the mean values of the emission of all four diagonals shown in
Figure 2. This means that only conditions were considered in which the longitudinal and
the lateral force were equal in magnitude.

The statements made for pure longitudinal and lateral force with respect to the slopes
and approximation also apply here, although the differences between second- and fourth-
order regression functions are smaller due to the small number of support points. This
also explains why the coefficient of determination is 1. However, it is also clear that the
quadratic regression overvalues the emission at 2 kN. This effect has already been described
in a former study, in which only three support points were available to approximate the
functions at positive and negative horizontal forces, respectively [28]. However, from
Sections 3.1 and 3.2, it is now obvious that fourth-order functions approximate the emissions
much better. Thus, it can be assumed that the PM emission increases with the fourth order
as a function of the force, independent of its direction.

To compare the absolute values for different types of loads, the previously determined
emission curves are plotted together in Figure 8. It can be seen that lateral forces lead to by
far the highest emissions and that combined loads, consisting of equal parts of longitudinal
and lateral force, are between the two pure loads. It should be noted, however, that at high
load the support range of the regression function for combined forces is exceeded, so that
these values must be interpreted with a particular degree of uncertainty.
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Figure 7. Calculated values for emission factors in the size range between 0.3 µm and 10 µm at
individual load conditions and different regression models versus combined force for a summer tire
at an SRT value of 60.
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Figure 8. Calculated courses of emission factors for pure longitudinal and lateral forces as well as
combined forces for a summer tire at an SRT value of 60.

Based on the regression functions for the emission when loaded in different force
directions, a general function was calculated, which approximates the emission for the
entire range of horizontal tire–road contact forces. Due to the different emission behavior
for driving and braking (see Section 3.1), the function was approximated for each quadrant
separately. Since the target function is a surface created by rotation around the vertical
axis, polar coordinates were used and pure driving forces correspond to an angle of 0.
Since all predetermined functions (longitudinal, lateral, and combined) are fourth-order
polynomials with exclusively even exponents, they can be described with the generally
valid function given in Equation (1). The transition between the individual predetermined
functions was achieved by gradually converting the respective factors into each other using
fourth-order polynomials for a(ϕ) and b(ϕ), where ϕ represents the angle between positive
longitudinal direction and the resulting force acting on the tire. The surface spanned by the
three-dimensional regression function for the mass-based EF is shown in Figure 9.

EFm(Fres, ϕ) = a(ϕ) ∗ F4
res + b(ϕ) ∗ F2

res + c for Fres ≥ 0, 0 ≤ ϕ < 2π (1)
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Figure 9. Calculated courses of mass-based emission factors for all horizontal forces in the tire–road
contact for a summer tire at an SRT value of 60.

The facts described in the sections above become even clearer here: moderate emissions
are generated at low loads. With increasing load, the emission increases strongly. This
increase is particularly pronounced for lateral forces, resulting in a significant increase on
both sides of the surface. In Figure 10, the resulting surface is shown in plan view. It can be
seen that a circle with the radius of the maximum force applied results when the surface
is projected onto the base surface. In addition, the measurement points which were not
used for determination of the regression models (see Figure 2) are shown as individual data
points for validation. Since no distinction was made between positive and negative lateral
forces when the model was created, the validation points displayed also represent the mean
values of the emission when loaded with positive and negative lateral forces in each case.
Based on the color, it can be seen how precisely the model predicts the emission for each
condition. Only for the loads with ±3 kN longitudinal force does the model underestimate
the actual emission. This fact suggests that the influence of the lateral force is even greater
than assumed by the model, so that the emission increases immediately even if only a low
lateral force is applied in addition to the longitudinal force.
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Figure 10. Visual validation of the model using the load conditions which had not been used for the
determination of the model.

This inaccuracy is also evident from Table 2, in which absolute as well as relative
discrepancies are shown. For the relative deviations, it should be noted that the highest
emission factor occurring was used as reference value. For all conditions, the percentage
deviations remain in a low range. Even for the quite high absolute deviations in the range
of 10 mg/vkm, the relative deviation is low, indicating satisfactory accuracy of the model.
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Table 2. Differences between the emissions calculated by the model and the measured ones.

Fx
in kN

Fy
in kN

∆EFm
in mg/vkm

∆EFm
in %

3 1/−1 −18.98 −5.66
2 1/−1 0.22 0.07
1 2/−2 3.72 1.11
1 3/−3 12.11 3.61

−1 3/−3 10.29 3.05
−1 2/−2 6.77 2.02
−2 1/−1 10.29 3.07
−3 1/−1 −18.69 −5.57

The shown emission characteristics results from the investigations with one summer
tire model. However, investigations with other summer tires have shown similar emission
behavior with regard to the difference between longitudinal and lateral forces, so that
general validity can be assumed for the course of the curve. Since the mass-based particulate
matter emission was the focus of this work, only the associated emission factor is shown.
Analogous to the described procedure, however, a map for the number-based emission
factor could also be created.

3.4. Influence of Load Conditions on the Particle Size Distribution

A close comparison of the percentage increases in the EFs of particle mass and number
in Sections 3.1 and 3.2 reveals that the emissions increase to different extents. While there is
a factor of about 28 between the emitted particle mass in the freely-rolling state and that
at maximum longitudinal force, this factor is only 23 for the emitted particle number. For
lateral forces, the factors between emission with a freely-rolling wheel and loaded with the
maximum force of 4 kN are 109 for the particle mass and 99 for the particle number. In both
cases, the different increases in emission factors indicate that the emission does not only
increase, but that there is also a shift in size distribution toward larger particles.

For a more detailed investigation of the influence of load on the particle size distri-
bution, the size distributions of several time steps during one test run were combined
to form more meaningful courses. In this way, an individual particle size distribution
was determined for each load condition, which contains the size distributions from all
measurement programs in which this load had occurred. The particle mass distributions
for four load conditions consisting of pure longitudinal force are shown in Figure 11.

The differential distributions increase with higher load, meaning that the total emission
increased with increasing longitudinal force. The proportion of the total emission grows
with increasing particle diameter, resulting in a rising edge on the right-hand side of
the diagram. From the cumulative distributions, it is evident that larger particles are
increasingly generated with higher longitudinal force, so that the size distribution shifts
to the right. This effect was also observed by Park et al. (2018) [20] with increasing load.
The reason for the generation of larger particles is probably the higher shear stress in the
contact area between tire and road due to the higher force. This could lead to increased and
more intense formation of cracks, which favors the generation of larger particles. Moreover,
higher shear stress results in a higher proportion of gliding slip and thus in higher heat
input into the tire. Due to the higher temperature, the tire material becomes softer and the
total tire wear increases. Since most of the emitted mass is caused by large particles and the
resolution of the ordinate is small as a result, it is not clear from this diagram whether there
are also changes taking place in the range of smaller particles (dp < 1 µm). For this purpose,
the particle number distributions of the same load conditions are shown in Figure 12.
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Figure 11. Particle mass distributions for longitudinal forces applied to a summer tire.
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Figure 12. Particle number distributions for longitudinal forces applied to a summer tire.

The particle mass no longer plays a role in this representation, so that the range of
smaller particles is better visible. In this plot, a bimodal distribution can be seen with the
upper peak at about 1.8 µm. There must be a second peak below the lower detection limit of
the aerosol spectrometer, so that a rising edge is indicated at the left edge. The lower particle
abundance in the smallest two size channels can be attributed to decreasing counting
efficiency of the aerosol spectrometer towards the lower detection limit. Furthermore, it
can be seen that an increase in emission with increasing longitudinal force also takes place
in this range, even if it is less pronounced in percentage terms compared to the range of
larger particles. The shift towards larger particles is again apparent from the cumulative
distribution. For the longitudinal forces from 1 kN to 4 kN, the value of 50% of the total
number of particles is reached at 0.59 µm, 0.63 µm, 0.84 µm, and 1.06 µm, respectively,
indicating the shift in particle size distribution.

For lateral forces, comparable trends are obtained for both particle mass and particle
number distributions, so the associated graphs are not shown separately.
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3.5. Particle Composition

The particles picked up by the extraction flow reached the suction device and were
separated in one of the three filters. The ones separated by the impact separator or the
cartridge filters got deposited in the dust collection box. The total amount of TRWP
collected there during the test series was used for analysis. Firstly, the complete sample was
weighed using a precision scale. Secondly, the grain size distribution was determined using
a cascade of sieves. Thirdly, the individual size fractions obtained were weighed again.
The finest sieve for conventional sieving had a nominal size of 40 µm. Since conventional
sieving did thus not allow for isolating the size fraction of particulate matter (dp < 10 µm)
directly, another way was chosen to determine its density. Therefore, the smallest size
fraction available after conventional sieving (dp < 40 µm) was sieved again using an air jet
sieve machine, which had a cut diameter of 20 µm and removed particles smaller than that.
Due to the method itself, the removed particles were not further available, meaning that
eventually only two size fractions were available: one comprising particles smaller than
40 µm, and one with particles between 20 µm and 40 µm. The mass ratio between these size
fractions was again recorded by weighing, and is shown in Table 3.

Table 3. Mass fractions and densities of different size fractions.

Size Fraction Size Range Mass Fraction M
in %

Density ρ
in g/cm3

Total fraction dp < 40 µm 100.00 2.225
Coarse fraction 20 µm < dp < 40 µm 89.01 2.216

Fine fraction dp < 20 µm 10.99 2.299

The density of both size fractions was determined using a gas pycnometer (Micromerit-
ics AccuPyc II 1340, Norcross, GA, USA) and measuring several individual samples. Based
on the mass ratio between the coarse and the fine size fraction determined by weighing
and using Equation (2), the density of the fine fraction (dp < 20 µm) could be calculated
(see Table 4).

ρTotal = ρFine ∗ MFine + ρCoarse ∗ MCoarse with MFine + MCoarse = 1 (2)

The particle fraction smaller than 20 µm does not correspond to the PM10 fraction,
whose density should actually be determined. However, due to the fact that particles in
this size range are formed by the same mechanisms, it can be assumed that their density is
equivalent as well. The calculated density seems plausible, since it is between the densities
of the two components tire tread and road material (see Table 4), which had also been
determined using the gas pycnometer. The obtained value for the density of TRWP is
slightly higher than in [35,36], where the authors give the upper limit with 2.2 g/cm3.
It should be noted, however, that both of these mainly refer to coarser particle fractions, so
that density differences are possible and are also indicated in Table 3. Additionally, there
are studies that give even higher densities. Gustafsson et al. (2008) [24], Hussein et al.
(2008) [13], Aatmeeyata et al. (2009) [18], and Sjödin et al. (2010) [5] use densities between
2.53 g/cm3 and 2.8 g/cm3 for their calculations.

Using the density, the proportion of the tire and the road could be calculated. For
this purpose, it was assumed that when driving on the asphalt surface, the bitumen as
well as the aggregates contained therein were abraded according to their share in the road
surface (95% aggregate, 5% bitumen). This assumption is corroborated by the fact that the
macro roughness and, consequently, the appearance of the road surface did not change over
several test series. If high amounts of bitumen were abraded, aggregate breakouts and an
increase in macro roughness should have taken place. Conversely, if mainly aggregate were
abraded, the result would be a lower macro roughness and an overall smoother appearance
of the roadway. Under this assumption, the density of the abraded road material was
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calculated (see Table 4). Using this value, the density of the tire tread, and Equation (3), the
contributions of the tire and the road to the PM collected could be derived.

ρPM = ρTire ∗ MTire + ρRoad ∗ MRoad with MTire + MRoad = 1 (3)

The mass fractions obtained are shown in Table 4. The one of the tire seems to be very
small; however, it must be taken into account that the density of the tire tread is significantly
lower than the one of the abraded road material. Thus, for a better impression of how
large the contributions of tire and road are, the volume fractions of the TRWP were also
calculated. The indication of volume fractions allows visual comparison with images. For
this purpose, Figure 13 contains two SEM images of TRWP collected during the test series.

Table 4. Densities and fractions of materials contained in fine TRWP (dp < 20 µm). The two compo-
nents shown in gray are the sub-fractions of the road material.

Material
Density ρ

in g/cm3
Mass Fraction M

in %
Volume Fraction V

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

(a) Predominantly coarse particles (b) Fine particles

Figure 13. SEM images showing particles of different size fractions and different composition
collected in the dust collection box of the suction device during the test runs.

Figure 13a shows an overview of particles, most of which are coarse with diameters
between 20 µm and 40 µm. It is apparent that particles of different compositions are
contained. On the one hand sharp-edged, presumably mineral particles from the aggregates
of the road surface. On the other hand, typical elongated TRWP encrusted with smaller
minerals, as described in [37]. Since the aggregate material occurs both purely in the
form of coarse particles, as well as in the form of tiny fragments within and around the
conglomerates, it seems plausible that the aggregate makes up a larger mass and volume
fraction. In addition, it must be taken into account that visually, a distinction between tire
tread material and bitumen is impossible. Thus, on the images only a common fraction
of tire tread material and bitumen can be distinguished from a aggregate fraction, which
according to the calculation should account for 40% and 60% of the volume, respectively.

Figure 13b shows a further enlargement of particles of the fine fraction below 10 µm.
Again, it can be seen that the particles are of different textures—purely mineral as well
as conglomerates of tire and aggregate material. The difference compared to the coarse
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particles, however, is that the conglomerates contained in here do not have an elongated
shape, but are rather spherical. This applies to the larger particles, as well as to the
numerous small ones, which are distributed over the entire surface in this image. This
fact was evident on all detailed images of the fine fraction. The assumption of spherical
particles with an aspect ratio of 1 made in Section 2.2 can thus be verified.

4. Discussion

When evaluating the measurement data shown in Section 3, simplifying assumptions
were made which, although previously checked for plausibility, may not fully correspond
to reality. For better transparency, these simplifications are explained and discussed below.
In particular, the emission factors shown are scrutinized and compared with reference
values from the literature. The same applies to the determination and the result of the
particle density and composition.

4.1. Assumptions for the Calculation of Emission Factors

For the calculation of emission factors, it was assumed that all particles emitted in the
contact area between tire and road were reliably captured by the suction funnel and picked
up by the volume flow. The funnel encloses the back of the wheel on a large angle and the
velocity of the flow between the tire and the suction funnel amounts to 120 km/h based on
the given extraction flow. Thus, the suction velocity is significantly higher than the velocity
of the air flow in the drum resulting from its rotation. Since further no deposits were found
in the test bench or the suction funnel, even after the entire test series, it can be presumed
that the assumption of almost complete extraction is plausible.

Furthermore, it was assumed that the extraction flow is homogeneously mixed, thus
making the extracted aerosol sample representative of the total flow. The degree of mixing
of the extraction flow can be evaluated using the Reynolds number. If it is low, the flow is
laminar, meaning that almost no mixing of the aerosol takes place. If, on the other hand, it
is high, a turbulent flow is present and good mixing can be assumed [38]. With a Reynolds
number of more than 200,000 in the suction pipe, the flow is turbulent ensuring good
mixing of the aerosol extracted and indicating a representative sample.

In order to specify an emission factor for an entire vehicle, all wheels must be taken into
account. However, since only one wheel at a time can be measured on the internal drum
test bench, the emission factors calculated from the measured particle concentrations were
multiplied by a factor of four. Thus, the emission factors given apply to a theoretical vehicle
in which all four wheels are equally loaded with vertical, longitudinal, and lateral forces.

4.2. Representativeness of the Calculated Emission Factors

When interpreting the EFs calculated, it must be kept in mind that these are snapshots,
each of which represents a specific driving condition, comprising longitudinal and lateral
force, of a vehicle whose wheels are loaded with a specific vertical load. The values do not
correspond to the emission of a vehicle driving on open roads for a longer period of time
while realistic driving behavior leads to changing forces. A realistic driving cycle which
is broken down into its basic components, i.e., the individual driving conditions must
therefore be used as a basis to determine real-world EFs. Each of these driving conditions
can be assigned a specific EF according to Figure 9, which is valid for a certain distance
traveled (corresponding to the current driving speed). The sum of the individual emissions
corresponds to the total emission of a vehicle with just this vertical load. To obtain an
average EF, the value can be divided by the total distance traveled.

Since no reference values for EFs at individual load conditions are known from the
literature at the current time, the values obtained in this study can only be compared to
long-term EFs. Some of these are compiled in Table 5.

The EFs presented were determined by sampling or measuring particles over an
extended period of time, regardless of their origin or measurement method, so the influence
of individual driving conditions cannot be identified. With regard to the order of magnitude,
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no differences can be observed between outdoor sampling and indoor laboratories. Since
there is no trend in the EF over the long period of time between publications, it can be
assumed that the range from 2 mg/vkm to 11 mg/vkm is still valid for passenger cars.

Table 5. Compilation of emission factors from the literature.

Measurement Method EFm in mg/vkm Reference

Indoor laboratory 2.0–5.0 Williams & Cadle (1978) [39]
Outdoor sampling 5.0–7.2 Rauterberg-Wulff (1998) [40]
Indoor laboratory 9.0–11.0 Kupiainen et al. (2005) [22]
Outdoor sampling 2.2 Sjödin et al. (2010) [5]
Outdoor sampling 2.4–7.0 Panko et al. (2013) [10]

When comparing these values with those determined by the regression model in this
study, it is noticeable that although the lower limit agrees, the calculated values for high
longitudinal and lateral forces far exceed the values given in the literature. It must be
taken into account that the high loads covered by the model are not occurring frequently in
real-world driving. As described in Section 2.3, the range of adhesion utilization used by
average drivers ends well below the limits shown. Due to these differences in measurement
methodology, as well as in technology, the resulting deviation was expectable. To validate
the data obtained, a simulation model based on the measured data and considering realistic
driving cycles as described above is planned, which will enable comparability with the
values given in the literature.

4.3. Assumptions for the Determination of Particle Density and Composition

A particle sample from the dust collection box was used to determine the particle
density. After sieving the sample to a maximum size of 40 µm, it was found that about 89%
of this size fraction had diameters between 20 µm and 40 µm, and the remaining 11% were
smaller than 20 µm. However, it is important to note that primarily coarse particles are
separated in the dust collection box. Fine particles with lower mass and inertia are more
likely to pass through the impact separator and the cartridge filters and are only separated
in the HEPA filter, which means that they are not included in this consideration. The true
fraction of particles below 20 µm is therefore probably higher than indicated here. Under
this assumption, the density of the fine fraction would be somewhat lower. This, in turn,
would result in a higher proportion of the tire material in the total particulate matter.

To calculate the composition of PM collected, it was assumed that only tread material
from the tire and road material (aggregate, bitumen) contributed to the formation of
particles. The added third-body was deliberately not taken into account, since it was
assumed that a main portion of the sand had already been removed from the road surface
prior to the actual measurements. In order to effectively exclude these third-body particles,
the maximum forces were applied in both loading directions at the beginning of each run
(see Section 2.4). Since no further significant drop in emission was observed afterwards,
it can be assumed that the sand or the fragments formed from it had indeed largely left
the test bench at this point. If, however, small portions of the third body remained on
the roadway and were thus also included in the calculation, this could be a reason for the
rather high density of the TRWP, as the density of the third body is higher than the one of
the road material.

In TRWP collected on open roads, a variety of further components are found, mainly
from other sources in road traffic or atmospheric sedimentation, and get incorporated in
TRWP. However, due to the precautions taken (see Section 2.2) to shield particle inputs
from the environment, these contributions were neglected entirely.

5. Conclusions

The main goal of this study was to precisely investigate the effects of longitudinal
and lateral forces on the emission of tire–road PM and to determine the mathematical
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correlation between the forces and the emission factor. A tire internal drum test bench
has been used to run individual driving maneuvers while measuring the PM generated in
real-time. The measured data were used to calculate EFs for individual driving conditions.
It was found that the relationship between horizontal tire forces and the emission can best
be approximated by fourth-order regression functions. Furthermore, it became apparent
that for the summer tire investigated, lateral forces lead to an emission that is about
four times higher than than the emission caused by equivalent longitudinal forces—a
trend that was also confirmed for other summer tire models. Thus, emission factors of
about 89 mg/vkm and 335 mg/vkm in the longitudinal and lateral direction, respectively,
resulted for the maximum force applied. These extremely high values represent snapshots
which hardly occur in real-world driving, since they involve maneuvers in the driving
dynamic threshold range.

From the individual emission functions determined for longitudinal, lateral, and com-
bined tire forces, a three-dimensional function was determined analytically that provides
the EF for any horizontal tire–road forces. In order to derive an EF for an average drive on
open roads, it is planned to use a real driving cycle, to assign an emission to each driving
condition contained and to sum add up the individual emissions. In its current state, the
function used is only valid for one vertical load and will be extended by further tests to
take into account the influence of vertical load.

In addition to the pure amount of emission, the particle size distribution was recorded
throughout the tests. Regardless of the load condition (horizontal forces), the data reveals
bimodal distributions with one peak at about 1.8 µm and one most likely below the lower
detection limit of the aerosol spectrometer (0.3 µm). Furthermore, it was found that the
particle size distribution changes depending on the load condition. A high horizontal
force leads to increased emission of larger particles. This means that the particle emission
increases with increasing force over the entire particle size range (0.3 µm < dp < 10 µm), but
the largest rises occur for large particles (6 µm < dp < 10 µm).

Finally, the particles collected were separated into size fractions and subjected to
density measurements to derive conclusions regarding their composition. The finest
fraction obtained (dp < 20 µm) had a density of 2.299 g/cm3, and consisted of 18% by
weight tire material. The remaining 82% derived from the aggregate and the bitumen of the
road. Transferred to the volume, the proportions are 32% and 68%, respectively. Scanning
Electron Microscope (SEM) images of the collected particles confirm the plausibility of the
values calculated. The images show that the shape of TRWP (dp < 20 µm) emitted as PM
seems to be spherical, which deviates from the elongated shape found for coarse particles
and also reported in the literature [37]. However, this statement generally refers to coarser
TRWP (dp > 20 µm), so the result found here is not contradictory.

The results show the major influence of driving behavior on the emission of tire–road
PM. This is accompanied by the importance of an anticipatory and restrained driving style
for minimizing emissions.
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