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Abstract: This study focuses on particulate matter emissions from tire–road contact and their investi-
gation using an internal drum test bench. The test bench is equipped with real-road surfaces and
has been upgraded to enable real-time measurements of particulate matter. It was found that the
road surface changes during the tests due to constant rolling over, influencing the level of emissions
significantly. To account for this effect, the micro roughness was characterized before, during, and
after the tests. Specific emission values consisting of particle mass and number were determined with
summer, all-season, and winter tires for different road conditions, as well as specific longitudinal
and lateral forces. It turned out that emissions increase disproportionately with load for both force
directions. The winter tire led to the highest emissions across all loads, and the summer tire led to the
lowest ones. While lateral forces caused emissions many times higher than longitudinal forces for the
summer tire, forces in both directions led to comparable emissions for the all-season and winter tires.
Regarding the ambient temperature, a lower one seems to be favorable for summer tires and a higher
one seems to be favorable for winter tires. Lastly, particle size distributions during different load
conditions show a dependence on load, such that larger particles are emitted with increasing load.

Keywords: PM10; particulate matter; tire wear; TRWP; non-exhaust emissions; road simulator;
internal drum test bench; micro roughness

1. Introduction

According to a recent report by the World Health Organization (WHO), particulate
matter (PM) is the air pollutant that affects most people worldwide and negatively impacts
their lives. A fact that exacerbates this problem is that no limit has yet been found below
which no damage can occur to the human body [1]. This means that although PM immis-
sions have been continuously decreasing in recent years [2], also thanks to increasingly
stringent exhaust gas limits, the remaining pollution still poses a health risk. According
to a study by the Organisation for Economic Co-operation and Development (OECD),
the elimination of combustion immissions through the switch to battery–electric vehicles
(BEVs) will not change this situation. It will mainly shift the size distribution of the emitted
PM, but the total emissions of the vehicles will remain more or less constant [3] because
of their higher masses in conjunction with the higher torques. This is due to PM from
abrasion processes, in the case of BEVs, primarily from the contact patch between tires and
the road surface. In terms of introducing legal limits, there is a lack of reliable emission
factors, on the one hand, and standardized measurement methods that can be applied
across the board, on the other. Studies have been conducted using various approaches to
measure or determine tire–road PM emissions, of which the most widespread are ambient
measurements, driving tests on open roads, and road simulator measurements.

In ambient measurements [4–12], airborne particles are collected over an extended
period of time, usually using one or several cascade impactors. Chemical and optical
analyses, as well as the use of positive matrix factorization (PMF), allow conclusions to
be drawn about the sources of PM collected during the measurement period [5,6,13]. In
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addition, average emission factors for individual vehicle classes can be determined with
this approach [4,6,10–12]. However, since the collection of particles takes place over a
long period of time, it is not possible to make any statement about the emission of specific
vehicles, tire types, load conditions, or short-term environmental influences.

In driving tests on open roads [14–19], vehicles equipped with measurement systems
are driven under various load conditions while the particle concentration is typically mea-
sured in the wheel arch behind the tire. By additionally measuring the particle concentration
in front of the vehicle, the influence of the background concentration can be minimized
but is still not completely eliminated. Local variations in particle concentration, as well
as changing wind directions, are limiting factors. Furthermore, no reliable statements
can be made about the effect of individual driving conditions on the total emissions from
tire–road contact. For this, it would be necessary to analyze or at least collect the entire air
flow from the tire–road contact patch. Due to the limited installation space in conjunction
with the wheel’s dynamics, this task is particularly difficult and has therefore not been
implemented by now. Usually, only a small partial flow is sampled at a specific position in
the wheel arch and statements about the emissions are derived from this. Another problem
is that while driving, the vehicle passes many different surfaces, and thus, the particle
concentrations measured cannot be clearly linked to one road surface due to dynamically
changing concentrations.

In road simulators or, in other words, in-door tire test benches, one [19–23] or
several [6,24–28] tires are rolled on a known surface under defined boundary conditions.
The huge advantage of these is the ability to influence the ambient conditions and, thus,
better reproducibility. Depending on the test bench, the range of load conditions can vary
greatly. Some test benches only allow a limited selection of load conditions, for example,
speed, while others do not offer the possibility of driving on real road surfaces. Both
requirements, realistic road surfaces such as asphalt or concrete, as well as adjustability
of all chassis parameters, which are necessary to entirely simulate a realistic drive, can be
fulfilled using an internal drum test bench. Foitzik et al. [23] and Schläfle et al. [29] have
already used an internal drum test bench to measure PM emissions in the nano and micro
ranges, respectively.

However, since only one tire type was investigated in both studies, no statement can
be made about the emission potential of different tire types. Such comparisons, especially
concerning the use of studded tires, can be found in Hussein et al. (summer, winter,
and all-season) [15], Gustafsson et al. (winter and studded, and summer, winter, and
studded) [26,27], Sjödin et al. (summer, winter, and studded) [6], and Kupiainen et al.
(winter and studded) [17]. Nevertheless, none of the mentioned studies investigated the
influence of the surface texture, in particular the one of micro roughness, on the emission
of particulate matter.

Therefore, this study focuses on the emission behavior of summer, winter, and all-
season tires on realistic asphalt surfaces with varying micro roughness. The tests are
conducted for different load conditions and at different ambient temperatures.

2. Materials and Methods
2.1. Internal Drum Test Bench

The internal drum test bench (see Figure 1) of the Institute of Vehicle System Tech-
nology (FAST) at the Karlsruhe Institute of Technology (KIT) was used to perform all test
runs. In this test bench, the tire runs at the lowest point of a vertically arranged drum
with an inner diameter of 3.8 m. The surrounding chamber is enclosed, which allows the
exclusion of fluctuations of background concentration. The drum is driven electrically
while all movements, as well as the propulsion of the wheel, work hydraulically. The drum
and wheel are driven separately using a 310-kW-engine each, allowing the investigation
of realistic and stationary operation modes. As long as no forces but the vertical load
are applied, the tire and drum roll at the same speed. Due to their separate propulsion,
slip conditions in the longitudinal direction—drive and brake slip—and thus longitudinal
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forces can be set reproducibly. The rotation of the sled around the vertical axis of the
wheel enables slip angles, i.e., lateral slip, and thus the simulation of cornering under the
influence of lateral forces. The test bench can be equipped with different tires and realistic
pavements, allowing for an accurate replication of the tire–road contact on open roads.
During the tests for this study, a widespread asphalt mixture (AC 11 D S) has been used.
Furthermore, different environmental conditions can be set: the effect of precipitation can
be investigated by implementing certain water film heights, as well as snow and ice. The
temperature is adjustable in a wide range below and above freezing level.

To enable the investigation of PM emissions of both the tire and road, the test bench is
equipped with a suction funnel, which is mounted directly behind the tire and follows the
movements of the wheel. The funnel can be adapted to different tire diameters and widths
and surrounds the rear part of the tire on an angle of approximately 70° leaving only a
thin slit of about 10 mm. The funnel leads to a spiral hose (Ø 160 mm) in which flexibility
is needed to enable the examination of slip angles. The other end of the hose is fixed to
a spiral duct (Ø 160 mm), which leads to the suction device. In order to avoid losses due
to electrostatic charge, metal tubes are used and the spiral hose is made of permanently
anti-static polyurethane. Additionally both ends of the spiral hose’s wire are grounded.

(a) (b)

Figure 1. Internal drum test bench at FAST/KIT [29]. (a) Sled with mounted wheel in the foreground
and internal drum in the background. (b) Schematic sketch of the test bench comprising the main
components drum, portal, sled, and wheel.

The suction device vacuums the particles emitted in the tire–road contact patch with
a suction flow of 1600 m3/h. The flow rate has been designed to achieve a flow velocity
of 120 km/h in the slit between tire and suction funnel. As long as the driving speed and
thus the flow velocity inside the drum is below this value, it can be assumed that emitted
particles become reliably extracted. Moreover, using the suction flow and the drum volume,
an average residence time of 13 s can be calculated, during which the entire air inside the
drum is once completely exchanged. Following the suction flow on its route from the
funnel to the suction device, it passes the sampling spot (see Figure 2), which is integrated
into a bend of the suction duct, which allows for sampling without further bending. After,
the aerosol arrives at the suction device, where it is filtered by a fine-dust filter (HEPA-14).
In addition to the inflow from the drum, the suction device has a second inflow from the
environment. Hence, the volume flow from the suction device into the drum is larger than
the one from the drum back to the suction device, leading to a slight overpressure in the
test bench. Contamination of the measurement results by particles from ambient air can
thus be precluded.
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For more information about the internal drum test bench at KIT, especially the equip-
ment and extensions to enable PM emission measurements, see [29].

Extraction flow
(from tire-road contact)

Aerosol flow
(to aerosol spectrometer)

Extraction flow
(to suction device)

Pipe bend

Sampling tube

Isokinetic nozzle

Figure 2. Sampling apparatus which enables measurement of particulate matter emission and
monitoring of flow speed simultaneously and at different positions of the flow’s cross section.

2.2. Measurement System

Particle mass concentration (PMC), particle number concentration (PNC), as well as
particle size distribution of PM emitted by tire–road contact were continuously monitored
using a light-scattering aerosol spectrometer system (PALAS Promo 2000 & welas 2500,
Karlsruhe, Germany). The system is able to measure particles in four measuring ranges
between 0.2 µm and 100 µm with a measuring rate of 1 Hz and has to be calibrated for each
range using a special calibration dust (PALAS MonoDust 1500, Karlsruhe, Germany) [30].
For all tests in this study, the measuring range between 0.3 µm and 17 µm was used,
whereby only particles with a diameter (dp) smaller than 10 µm were considered for the
evaluation. The fast response of the system allows for the correlation between individual
driving conditions and the associated emission characteristics in real time. It works with
an aerosol flow rate of 5 L/min and is able to detect particle number concentrations up to
4 × 103 #/cm3 without the appearance of any coincidences [31,32]. The system registers
a scattered light pulse for each particle crossing the measurement volume. From the
magnitude of the scattered light pulse, the particle size and mass can finally be derived. In
this study, the conversion from light pulse to mass was performed by assuming a refractive
index of the particles of 1.59, the occurrence of spherical particles with an aspect ratio of 1,
and a standard density of 1 g/cm3. The sampling of the aerosol flow from the extraction
flow is performed with an isokinetic sampling probe that was integrated into the build-up
via a self-designed apparatus (see Figure 2), which ensures that the sampling probe is
accurately aligned in parallel to the air flow. Furthermore, the apparatus’ design allows for
the simultaneous measurement of PM emissions and the monitoring of flow speed using a
dynamic pressure anemometer. Due to the continuous monitoring, isokinetic sampling can
be ensured at any time.

In the design and construction of the sampling site, special attention was paid to
minimizing particle losses. Therefore, the sampling probe consists of a straight stainless
steel pipe, which is inserted in a pipe bend. Furthermore, the sampling location is based on
ISO 9096:2017, according to which there should be no diversion of the volume flow for a
length of five hydraulic diameters upstream from the sampling plane and for a length of
two hydraulic diameters downstream from the sampling plane. A calculation for the entire
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particle size range from 0.3 µm to 10 µm showed no significant transport losses from the
funnel to the aerosol spectrometer. This estimation was confirmed when, even after several
weeks of testing, no deposits could be detected in the suction tube or the sampling probe.

2.3. Varied Parameters

Summer, winter, and all-season tires were investigated concerning their PM emission
behavior under different driving conditions and ambient temperatures. All three tires were
selected from the same premium manufacturer. All of them had the same dimensions,
255/40 R20, and the same load index of 101, making them suitable for passenger cars
classified as F-segment or belonging to the luxury class. Choosing tires of the same
dimension ensured that tire size did not have any influence on the results, and thus, the
tire types with their respective profiles and materials could be evaluated exclusively.

Prior to any investigation, each tire was subjected to a run-in process to ensure the initial
layer on the tires’ surface was removed and thus excluded from the emission measurements.

Furthermore, when comparing summer and winter tires, it had to be taken into
account that these tires have different areas and periods of application. Considering that,
the test runs were performed for two ambient temperatures. For summer tires, an ambient
temperature of 25 °C is common while winter tires are recommended when the ambient
temperature drops below 7 °C. Since ambient temperatures can vary quickly and many
drivers do not consequently follow the legal recommendations for tire equipment, the test
runs were also performed with the respective non-suitable ambient temperatures for both
tire types, performing the entire test series at 25 °C, as well as at 5 °C. As all-season tires are
appropriate for usage in both temperatures and for the purpose of complete comparability,
their runs were also performed for both temperatures.

In order to investigate the different PM emission behaviors between tire types, two
parameters were chosen: longitudinal and lateral force. Preliminary studies, as well as
a literature review, had shown that these two have the most remarkable influence on
emissions. To investigate the influence of these parameters, one medium and one severe
load condition for both parameters were chosen. The remaining parameters were kept
constant and will be investigated in future studies. For details about the varied and constant
parameters, see Table 1.

Table 1. Varied and constant parameters with associated values.

Parameter Parameter Variation

Varied

Tire type Summer; Winter; All-season

Ambient temperature 5 °C; 25 °C

Longitudinal force 0 kN; ±2 kN; ±4 kN
Lateral force 0 kN; ±2 kN; ±4 kN

Constant

Camber angle 0°
Vertical load 6.5 kN
Speed 80 km/h
Tire inflation pressure 2.6 bar

2.4. Experimental Setup and Procedure

Two test series were conducted within this study. Both were carried out with the
summer, winter, and all-season tires but at two ambient temperatures: 5 °C and 25 °C. In
preparation for the tests, the air condition had been turned on several hours prior to the
proper test runs, ensuring that all instrumentation and surroundings had the required
temperature. In order to also represent a realistic case regarding tire inflation pressure, it
was adjusted after the target ambient temperature had been reached.

Moreover, aiming to generate meaningful results, each load condition was approached
several times. This was because as preceding investigations had shown, the condition of
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the road surface changes during even single test runs, thus influencing the PM emissions.
Caused by the constant rolling-over of the tire, the roughness, more specifically the skid
resistance and thus the abrasiveness of the road surface, decreases continuously. This
process also takes place on open roads, but on the test bench, it happens faster due to the
tire passing the same surface section over and over again. As this adverse influence of the
road surface could not be avoided, it had to be further investigated in order to be able to
take it into account when processing and analyzing the data. To do so, three test passages
consisting of three test blocks (one per tire) were performed in each test series. Further,
each test block consisted of four individual test runs. The road surface was regenerated at
the beginning of each passage by driving with a studded tire with a slip angle. The order of
the tires was varied within the test passages to make sure that each tire was tested on each
road surface condition. The skid resistance of the road surface was measured before, in
between, as well as after the test blocks, using a skid resistance tester (SRT, Munro-Stanley
London, England) according to EN 13036-4:2011 [33]. For a better understanding of the test
series conducted, see Figure 3.

TEST SERIES WITH DIFFERENT TIRE TYPES AT LOW AMBIENT TEMPERATURE

TEST PASSAGE 1

TEST PASSAGE 2

TEST PASSAGE 3

TEST BLOCK 1 – TIRE 1 TEST BLOCK 2 – TIRE 2 TEST BLOCK 3 – TIRE 3

TEST BLOCK 4 – TIRE 2 TEST BLOCK 5 – TIRE 3 TEST BLOCK 6 – TIRE 1

TEST BLOCK 7 – TIRE 3 TEST BLOCK 8 – TIRE 1 TEST BLOCK 9 – TIRE 2

Test runTest runTest runTest runs 1–4
Test runTest runTest runTest runs 5–8

Test runTest runTest runTest runs 9–12

Test runTest runTest runTest runs 13–16
Test runTest runTest runTest runs 17–20

Test runTest runTest runTest runs 21–24

Test runTest runTest runTest runs 25–28
Test runTest runTest runTest runs 29–32

Test runTest runTest runTest runs 32–36

TEST SERIES WITH DIFFERENT TIRE TYPES AT HIGH AMBIENT TEMPERATURE
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Figure 3. Overview of the test series performed.

The subsequent test runs were subject to a defined procedure. First, the tire was
driven until it reached a minimum tread temperature of 28 °C. After, 10 g of a sand
mixture comprising quartz, corundum, and calcium carbonate was introduced as third-
body material in order to keep the tire from becoming sticky. Previous tests had shown
that the complete absence of soiling on the road surface would change the tire surface and
thus completely inhibit the emission of fine tire and road wear particles (TRWPs). As the
tire surface becomes sticky, the majority of the abraded wear particles are not emitted but
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stay stuck to the tread. The few particles leaving the tread are much bigger in comparison
with the particles emitted on open roads. Periodically adding the sand mixture can prevent
the occurrence of this effect without contaminating the subsequent measurements of the
aerosol spectrometer. The decisive factor in avoiding contamination of the measurements
is that the lower threshold of the sand mixture’s size distribution is higher than the biggest
particles to be measured. In order to also avoid strong turbulence of the sand due to the air
flow inside the drum, the speed was reduced to 50 km/h and the suction device was turned
off before adding the sand. This ensured that a large portion of the added sand reached the
road surface and could act in the tire–road contact patch. After 5 min, the suction device
was turned on again in order to extract the sand added before. When both PMC as well as
PNC had roughly dropped to the level that had existed before adding the sand (maximum
PNC to start a test run: 10 #/cm3), the actual test run began.

A test block of one tire consisted of four single runs of 20 individual load conditions,
10 for longitudinal and 10 for lateral forces. Between the individual load conditions,
there was always an unloaded or freely rolling phase, during which the tire could cool
down and the particle concentrations could drop. At the beginning of each test run, the
drum was accelerated to the driving speed of 80 km/h. After, the largest longitudinal and
lateral forces contained in the test block were applied, aiming to stir up and vacuum sand
remaining on the road surface. These four initial load conditions were not considered for
the later analysis. Subsequently, each load condition was approached twice, varying the
order among the test runs. Since preceding tests had also shown that the tire tread profile
adapts to its load, resulting in fewer emissions, care was taken that the load conditions
were always alternated. A load condition with a negative longitudinal force was therefore
always followed by one with a positive longitudinal force and vice versa. The same was
true for lateral forces. An exemplary test run is shown in Figure 4.

In total, 72 of those test runs were performed, 6 test passages with 12 test runs,
respectively. The application of all forces was controlled, while the other variables were
kept constant. PMC and PNC were recorded throughout the test runs.

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

−4
−2

0
2
4
6
8

t in s

F
in

kN

Vertical Load Longitudinal Force Lateral Force

Figure 4. Typical tire test run comprising four initial load conditions to stir up remaining sand and
16 single measuring points, 8 for longitudinal and lateral force, respectively.

3. Results
3.1. Analysis of Data

The graphs for PMC and PNC are shown in Figure 5 for an exemplary test run using
the program shown in Figure 4. It can be clearly seen that at the beginning of the test
run, both PMC and PNC were at low levels, rising weakly at first and then abruptly. The
slight increase was caused by continuous acceleration to the measuring speed of 80 km/h
(tire still lifted), which led to the resuspension of sand fragments still in the drum by the
stronger air flow or greater turbulence. The abrupt increase at 55 s occurred due to the
settling of the tire and the associated stronger resuspension of particles still sticking to
the roadway. The two subsequent double peaks (between 90 s and 160 s) were generated



Atmosphere 2023, 14, 1095 8 of 22

by starting and briefly holding the maximum longitudinal and lateral forces (respectively,
positive and negative) in order to remove the last residues of sand.
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Figure 5. Courses of PMC and PNC (0.3µm < dp < 10µm) during one exemplary test run with
corresponding load conditions.

After this initial run-in procedure, the load conditions were applied, in which as-
sociated emissions were taken into account in the subsequent evaluation. Each peak in
emission can be clearly assigned to one load condition. Low ones led to low emissions,
while for high loads, the emission increased significantly. This statement applies to both
PMC and PNC.

In addition to the peaks caused by the intended loads, noise can also be detected in
both curves over the entire measurement period, which is due to the combination of the
high measurement frequency and the small aerosol flow. However, due to the fact that
the peaks clearly stand out from the noise in their magnitude, this interference signal is of
secondary importance.

To compare the different tire types and temperature levels with respect to the load
conditions, emission values were assigned to the individual load conditions, which were
calculated on the basis of the recorded concentrations. The comparison of representative
emission values for each load condition is preferable to the direct comparison of the
concentration graphs, since the emission behavior occurred individually for each load. For
example, in the case of heavy loads, the emission of particles still took place some seconds
after the actual load phase. Therefore, in order to include any emission caused by the load
condition, a longer period of time was considered for the emission calculation for all load
conditions. This period ended as soon as the concentrations had fallen back to the level
prior to the load.

Furthermore, it had to be taken into account that not the entire PM emission detected
during the load originated from the current load. Even before, low but nevertheless
non-negligible concentrations were present. These consisted of the so-called background
concentration. In order to calculate the actual emission for the respective load condition,
this proportion that would also exist without any tire–road contact had to be subtracted.
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The background concentration was not measured prior to each load condition, since in order
to do so, the wheel would have had to be lifted for a longer period of time, which would
have multiplied the time required for a whole test series. The background concentrations
of particle mass and number present at the respective point of time during a measurement
block were therefore calculated considering the starting values each time the wheel was set
down (225 s, 475 s, 725 s, and 975 s) and using regression curves describing the standard
drop for both PMC and PNC inside the test bench. The mathematical basis of this standard
drop had been previously determined empirically by evaluating the concentrations after
numerous different load conditions. The background concentration values calculated in
this manner were finally subtracted from the values used to calculate the total emission,
resulting in the net emission for each individual load condition.

The result of the calculation is illustrated in Figure 6. The initial procedure for remov-
ing the last sand fragments is no longer included, nor are periods with the wheel lifted off
or rolling freely. The diagram only shows the phases that are necessary to calculate the
emissions of the individual load conditions. Loads abbreviated with “Lon” stand for longi-
tudinal forces and loads abbreviated with “Lat” stand for lateral forces, each supplemented
with the force applied in kN and another digit to indicate the repetition. The height of the
peaks contained in Figure 5 is reflected here. It is again clear that higher loads lead to higher
emissions for both PMC and PNC. However, a close comparison of the peak heights shows
that the ratio between the individual peaks has changed, which is caused by the different
emission behavior explained earlier. That no longer plays a role in this representation,
which only represents the net emission caused by the respective load condition.
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Figure 6. Calculated PMC and PNC (0.3µm < dp < 10µm) for load conditions during one exemplary
test run.

As described in Section 2.4, the condition of the pavement was measured before,
during, and after each test passage (four measurements in total) using an SRT pendulum in
order to be able to quantify the influence of the skid resistance on the emission. The results
of these measurements have shown a high reproducibility, so that very similar trends were
observed when comparing the SRT value trends for the single passages. In order to be
able to calculate the skid resistance between the individual SRT measurements, i.e., during
the test runs, the measured values were used to compute power functions as regression
curves. The SRT curves of all runs were combined by averaging to form a curve on which
all calculations were based. This standard curve for one test passage is shown in Figure 7.
The highest SRT value occurs immediately after roughening/regenerating. The subsequent
driving-over causes the skid resistance to drop sharply at first and to become weaker with
ongoing tests.
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Figure 7. Measured SRT values and approximated course during one test passage.

Using the standard SRT curve, the currently present SRT value could be calculated for
each point of time during the test runs and was assigned to the respective load condition.
For each passage, the curve was therefore divided into 16 · 4 · 3 = 192 intervals, each of
which could be assigned to one individual load condition. It was taken into account that the
load conditions had different severities, and accordingly, the condition of the pavement did
not change uniformly but according to the severity of the respective load. For this purpose,
it was assumed that longitudinal and lateral forces abrade the road surface to the same
extent and that there is a linear relationship between the force applied and the intensity of
the road wear. Since, apart from longitudinal and lateral forces, all other parameters such
as wheel load, speed, and camber angle were kept constant, this assumption is plausible.
The incremental progression of SRT values, on which the subsequent correlation with the
emission values is based, is also shown in Figure 7. The first 16 intervals correspond to
a decrease in the SRT value as would occur for one test run, as shown in Figure 4. To
illustrate the incremental decrease, a section of the curve is shown magnified.

The pairs of values, each comprising one SRT and one emission value, were finally
linked for each tire for PMC, as well as for PNC. Identical loads at different points of time
during the test series, i.e., at different SRT values, were combined to form one curve. Such
exemplary curves, which show the influence of skid resistance on PMC when driving with
a summer tire, are shown in Figure 8 for different longitudinal forces.
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Longitudinal force −4 kN Exp. regression R2 = 0.83

Figure 8. Dependency of PMC (0.3µm < dp < 10µm) of the skid resistance for a freely rolling tire,
as well as with positive and negative longitudinal-force-loaded summer tire.
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By varying the order of the individual load conditions between and within the test
passages, as described in Section 2.4, pairs of values for the entire SRT range were obtained
for all load conditions and tires. However, it can be seen that the horizontal distance
between the individual points is large for high SRT values and decreases with declining
SRT value. This is caused by the fact that the drop in skid resistance directly after the
regeneration of the surface was fast at first and continuously slowed down, so that less
load conditions were performed at high SRT values than at low ones.

Also shown are the coefficients of determination R2, which were calculated to be
between 0.78 and 0.9 for conditions with longitudinal forces, indicating a good correlation
between SRT values and the measured particle mass concentrations. Only for the freely
rolling condition is the coefficient of determination significantly worse, which is probably
due to the larger percentage of the background concentration.

The continuous decrease in emission together with the SRT value described above
is also pronounced here, so that a longitudinal force of 4 kN at an SRT value of 66 causes
a particle mass concentration, which is approximately five times higher than at an SRT
value of 60. It is also particularly noticeable that the first value of each curve lies far
above all others and thus above the regression curve. The initially extremely high value
and the subsequent strong decrease are presumably caused by the effects of the surface
resharpening, whereby tiny peaks are generated in the asphalt structure, which are directly
removed during subsequent load conditions and are emitted as fine dust. Once these
tiny peaks have been abraded, the decrease in the skid resistance slows down and the
emission drops.

Finally, statements regarding the influence of the longitudinal force on PMC can be
made on the basis of Figure 8. On the one hand, it can be seen that there is a significantly
smaller gap between the emission for the freely rolling tire and loads with ±2 kN than
between the latter and loads with ±4 kN. This indicates a disproportionate or progressive
increase in PMC over the longitudinal force. On the other hand, it can be seen that the curves
for positive and negative loads of the same value have similar slopes, which means that this
tire has a similar emission behavior with regard to PMC for driving and braking forces.

Based on several data sets, as shown in Figure 8, the final results of the study were
derived. For this purpose, the emission values for equal load types (longitudinal and
lateral force) were plotted over the load magnitude. By using regression models, this
resulted in emission functions depending on the respective parameter. The results for PMC
and PNC when applying different types of load are presented in the following section.
This is followed by two sections dealing specifically with the influence of tire type and
ambient temperature.

3.2. Influence of Load Condition on PM Emission

Figure 9 shows the influence of longitudinal forces on PMC and PNC for the summer
tire at its typical ambient temperature of 25 °C. The emission values obtained from the
previous diagrams are plotted as points approximated by regression curves. These were
created separately for positive and negative forces but calculated so that there was no slope
at the zero passage. The SRT value of 60 chosen for the plot corresponds to the acceptance
value for new road surfaces [34] recommended by the German Road and Transportation
Research Association (Forschungsgesellschaft für Straßen- und Verkehrswesen, FGSV).

It can be seen that both particle concentrations increase significantly when longitudinal
forces are applied. This is true for braking and driving forces. With the applied vertical
load, the forces of 2 kN and 4 kN correspond to adhesion utilizations of 0.31 and 0.62,
respectively. Transferred to an entire vehicle in which all four wheels are equally loaded,
this would result in accelerations of 3 m/s2 (0.31 g) or 6 m/s2 (0.62 g) in the longitudinal
or lateral direction. The high forces are already outside a normal driving mode and lead
to correspondingly high emissions. Furthermore, the tire seems to emit similar amounts
for both force directions. Despite separate approximation, almost axisymmetric curves are
obtained. These regression curves correspond to quadratic functions and are supposed to
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show the disproportionate increase over the forces. For both concentrations, the curves
overestimate the emissions for loads of ±2 kN, which means that a function of higher order
could be better suited to approximate the real course of the particle concentrations.
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Figure 9. Calculated courses of particle concentrations versus longitudinal force for the summer tire
at an ambient temperature of 25 °C and at an SRT value of 60.

Furthermore, it generally looks like the two concentrations increased in the same
manner. However, a more precise evaluation of the values reveals that PMC increases
stronger than PNC. While PMC shows increases to about 35-fold for forces of ±4 kN
compared with the freely rolling condition, increases to only 15-fold are seen in PNC,
indicating changes in the particle size distribution depending on the driving condition. A
more precise evaluation of the particle size distribution is given in Section 3.5.

Similar graphs are shown in Figure 10 for lateral forces. The displayed positive half
of the plot contains the mean values of concentrations recorded for positive and negative
lateral forces. It was found that the emissions for positive and negative lateral forces were
different. Since the emission for all tires was higher for positive than for negative lateral
forces, this phenomenon is more likely to be due to a flow influence in the test bench rather
than a direction-dependent emission from the tires.
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Figure 10. Calculated courses of particle concentrations versus lateral force for the summer tire at an
ambient temperature of 25 °C and at an SRT value of 60.

Again, the approximated courses of concentrations are represented by quadratic
regression curves. For both concentrations, the quadratic functions seem to represent the
progression well. When comparing with the curves for the longitudinal force, it can be
seen that lateral forces lead to concentrations more than two times higher than longitudinal
forces. The evaluation of the relative increases in both concentrations also shows differences
for lateral forces. While PMC increases by a factor of about 100 at a lateral force of 4 kN
compared with the freely rolling condition, PNC only increases by a factor of 40, so that
changes in the particle size distribution must also take place here.
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3.3. Influence of Tire Type on PM Emission

To investigate the influence of the tire type, the particle concentrations for different
load conditions and tire types are shown in Figure 11. The values for summer and winter
tires are taken from the test series of the ambient temperature typical for the respective
tire: 25 °C for the summer tire and 5 °C for the winter tire. For the all-season tire, the mean
values of both test series are shown. All values represent the mean values of positive and
negative longitudinal and lateral forces, respectively.
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Figure 11. Influence of tire type on PMC for different load conditions.

It can be seen that the winter tire leads to, by far, the highest concentrations across
all loads. As expected, the emissions of the all-season tire are between the summer and
winter tire for all load conditions. With regard to PMC, the loads with longitudinal forces
for the winter tire lead to six times the emission compared with the summer tire and to
about twice the emission compared with the all-season tire. For lateral forces, these factors
are around 3 and 2.5. Only in the case of freely rolling driving, when no other forces but
the vertical load were applied are the emissions significantly closer together.

PNC (see Figure 12) shows similar proportions. The summer and all-season tires are
on a par for the freely rolling condition, while the winter tire produces about twice the
amount of emissions. For longitudinal forces, the winter tire produces 3 to 5 times the
emissions of the summer tire, and 1.5 times the emissions of the all-season tire. For lateral
forces, these increases are a factor of 2.5 compared with the summer tire and about 2 for
the all-season tire.
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Figure 12. Influence of tire type on PNC for different load conditions.

The factors which exist between PMC and PNC at the same load conditions are
in a very similar range in each case, indicating that all tire types result in similar size
distributions for particle fractions smaller than 10 µm.

Another interesting aspect is the trend of emissions of the different tire types when
loaded with forces in different directions. For the summer tire, a load of 4 kN in the
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longitudinal direction leads to an emission that is 35 times the particle mass of the freely
rolling condition. The same force in the lateral direction leads to a factor of 98. For the
all-season and winter tires, these increases are closer to each other, with 80 and 83 for the
all-season tire and 90 and 123 for the winter tire, respectively. The increases in particle
number are lower in absolute terms but comparable in terms of percentage. From that, it is
clear that the tire types react differently to forces of different directions regarding emissions.

One possible explanation is the difference in tread design between the tire types.
While the tread of the summer tire has no lateral grooves and hardly any lateral sipes but
mainly longitudinal grooves, the treads of the all-season and winter tire consist mostly of
individual blocks which are separated from each other by sipes and grooves in both the
lateral and longitudinal directions. Additionally, the individual blocks are siped themselves.
This means that the tread of the summer tire has almost continuous ribs and the tread
edges extend only in the longitudinal direction of the tire. In contrast, the all-season and
the winter tire have tread edges in the longitudinal and lateral directions. In the case of
the summer tire, the absence of lateral grooves and sipes could lead to less deformation
of the tire material and less edge wear if the tire is loaded in the longitudinal direction.
In the case of the all-season and the winter tire, on the other hand, the individual tread
blocks can deform or tilt independently of one another, so that edge wear can occur for
both longitudinal and lateral forces.

3.4. Influence of Ambient Temperature on PM Emission

Figure 13 shows the influence of the ambient temperature on PMC for the three tire
types and at different load conditions. For the summer tire, a higher temperature results
in slightly higher emissions. For the all-season tire, the higher ambient temperature leads
to higher concentrations for moderate loads and to lower concentrations for high loads.
For the winter tire, high ambient temperatures lead to lower emissions in most cases.
The maximum percentage between PMC under load at high versus low temperature are
therefore 51 % for the summer tire, between −14 % and 31 % for the all-season tire, and
between −46 % and 24 % for the winter tire.
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Figure 13. Influence of ambient temperature on PMC for different load conditions and different
tire types.

For PNC, the differences in emissions for the same tire types in different ambient
temperatures are mostly smaller than those for PMC, resulting in maximum differences
of 45% for the summer tire, between −7% and 23% for the all-season tire, and between
−36% and 62% for the winter tire. Since PNC shows the same trends as PMC, it is not
presented separately.

However, different types of tires show different influences of the ambient temperature
on both PMC and PNC. For the summer tire, a higher ambient temperature always leads
to higher emissions. This tendency is also evident for the all-season tire at low loads. For
higher loads and the winter tire, however, there is a trend reversal, so that higher ambient
temperature leads to lower emissions. These different emission trends for summer and
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winter tires as a function of temperature are also described by Sjödin et al. (2010) [6] for their
test bench experiments. One possible explanation could be the different rubber compounds
of the tire types. The harder compound of the summer tire changes only slightly as a
function of the ambient temperature, since the low temperature is only marginally outside
its typical application temperature. The winter tire, on the other hand, has a much softer
compound, and its application temperature is far exceeded at 25 °C. The resulting even
softer tire compound of the winter tire could tend to emit larger particles that are outside
the size range covered by the aerosol spectrometer. This would mean that the total tire wear
could still increase with increasing temperature for the winter tire, while the PM emission
decreases. The all-season tire shows ambivalent behavior between low and high loads. This
could also indicate that the particle size distribution changes with increasing temperature,
in this case caused by high forces. Thus, due to the different tire compounds, the trend
reversal initially seems plausible, but whether it applies to all tires across the board or only
to these three tire models must be verified in further tests.

3.5. Influence of Load Condition on Particle Size Distribution

In addition to PMC and PNC, the aerosol spectrometer also records the particle size
distribution present during each second, which allows the assumption of a shifted particle
size distribution expressed in Section 3.2 to be verified. In Figure 14, the particle size
distributions for three different operating phases are shown. Each curve describes the
mean particle size distribution during a complete phase, so that the curves consist of 30
individual distributions (of one second each) for the lifted phase, 20 for the freely rolling
phase, and 10 for the phase in which the tire was loaded with a driving force of 4 kN.
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Figure 14. Typical particle mass distributions for different load conditions of a summer tire.

Using the representation in differential form, the absolute emissions are shown for
each individual size channel. It can be seen that in the complete size range below 10 µm, the
measured PMC with the freely rolling wheel differs insignificantly from that with the lifted
wheel. Only in the size range of larger particles (larger than 3 µm) is more mass emitted.
Whereas in the condition loaded with a driving force of 4 kN, there is a clear increase
over the entire size range. These additional particles, or rather the masses associated
with them, mainly consist of large particles, which is evident from the rising edge on the
right-hand side. This circumstance becomes even clearer when looking at the cumulative
and normalized representation. While the cumulative curve for the lifted wheel reaches its
maximum already at 8.7 µm, this happens for the cases of the freely rolling wheel and for
the driven wheel just at 10 µm. The fact that larger particles are generated with increasing
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load can also be seen from the shape of the cumulative curves, which shift steadily to the
right from the lifted state to the state loaded with a longitudinal force.

Due to the disproportionate influence of large particles on PMC and the associated
small resolution of this representation, however, it is not clear whether the size distribution
changes in the range of small particles. For the consideration of this size range, the particle
number distribution is better suited than the particle mass distribution, since here, the
mass of the particles is not considered and each particle receives the same weighting. In
Figure 15, this particle number distribution is shown for the same three phases.
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Figure 15. Typical particle number distributions for different load conditions of a summer tire.

In this representation, it is also visible that the particle size distribution between the
lifted and freely rolling conditions hardly differs for small particles. The influence of larger
particles is less visible, but nevertheless present, as can be seen from the cumulative curve
which is slightly shifted to the right. However, it is particularly apparent that the number
of particles increases in the entire size range when the wheel is driven. In addition to large
particles, this also applies to small particles. In percentage terms, however, the increase
in particle number is highest for large particles, as can be seen from the cumulative curve.
Both plots for PMC, as well as for PNC, show that larger forces lead to larger emitted
particles as well. This can probably be attributed to the higher shear forces in the tire–road
contact patch, which lead to the mechanical release of larger particles.

4. Discussion

For the evaluation of the test series, assumptions and simplifications were made which
only partially correspond to reality but were necessary for the sake of higher representa-
tiveness and reproducibility. For better transparency of the procedure, these assumptions
and simplifications are explicitly explained and critically scrutinized in the following. In
some cases, the number of tests performed was not sufficient to draw definite conclusions
about quantitative relationships. In these cases, follow-up studies are necessary to provide
more detailed insights.

4.1. Representativeness of the Stated Particle Concentrations

Due to the working principle, the particle mass cannot be measured in aerosol spec-
trometers but needs to be calculated via the scattered light pulse assigned to the respective
particle and the equivalent diameter derived from it. For this purpose, a refractive index of
1.59 was used, which was set as the standard for this aerosol spectrometer. This refractive
index probably does not accurately correspond to TRWPs; however, an exact value is
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neither known nor easy to determine, since it can vary depending on the composition and
size of the respective particle.

The aspect ratio of the particles was assumed to be 1, which would correspond to
spherical particles. TRWPs are usually described in the literature as elongated or even
“cigar-shaped”, which would result in higher aspect ratios. Kovochich et al. (2021) [35] and
Rausch et al. (2022) [36] gave average aspect ratios of 1.53 to 1.69 for tire wear particles
(TWPs) collected in their studies. However, it is not clear whether these properties also
apply to airborne fractions smaller than 10 µm, so the standard value was also used here.

Further, a standard density of 1 g/cm3 was used to calculate PMC. Therefore, the
values given do not correspond to the actual PMC but must be multiplied by the density
of tire–road PM. The literature provides different information on this, which is always
specific to the location and the respective measurement conditions. According to Baensch-
Baltruschat et al. (2020) [37] and Kovochich et al. (2021) [35], the density of TRWPs is in
the range between 1.5 g/cm3 and 2.2 g/cm3. Since an analysis of the particle density will
only be carried out in a subsequent study and no precise data on the particle density was
available in the context of this study, only relative statements on the influence of different
emission levels can be made so far. Only when the planned particle density studies have
been carried out can absolute values be calculated.

In addition, it should be noted that the values of the particle concentrations shown
were determined under specific test bench conditions. In order to establish comparabil-
ity with other test benches or a drive on open roads, emission factors for one tire or a
complete vehicle must be calculated from the measured concentrations. These emission
factors apply to specific driving conditions and can be combined by means of clustering
to form a representative driving cycle. That can finally represent an emission value for
realistic driving.

4.2. Procedure for Determination and Influence of the Currently Present SRT Value

The regression curves derived from the measured SRT values showed high repro-
ducibility; however, individual SRT values deviated. Nonetheless, there were no indications
that the actual SRT value was significantly different from the ordinary trend, since the
emission values registered shortly before and after the SRT measurement have shown no
abnormality. Therefore, it was assumed that extreme values in SRT measurements were
outliers and occurred due to the measurement method itself.

With the sliding body attached to the SRT pendulum, only a very small section of
the road surface was measured, so the exact position of the pendulum had an enormous
influence on the result. Although care has been taken to ensure that the measurements
were always taken at the same four spots, just a few tenths of a millimeter have determined
whether a stone peak was inside or outside the measurement section. Such inconsistencies
led to occasionally fluctuating SRT values. The processes between tire and road surfaces
which cause the particle emission, however, take place on a much larger surface, so that
constant emission is a clear indicator of constant skid resistance. To take this into account, a
unified SRT curve was derived from all SRT values measured during the test series, which
was subsequently used as a basis to calculate all emission data.

To link PMC and PNC to SRT values, the SRT curve was divided into 192 stages so
that an average SRT value could be assigned to each load condition. This step-like decrease
in skid resistance only approximately describes reality, but it is the only useful way to link
representative emission values to the respective SRT values. An alternative would be to
assign an individual SRT value to each emission value recorded by the aerosol spectrometer.
However, due to the higher noise in emission values caused by the shorter measurement
time, this would only allow for a much worse correlation with the respective SRT values.

Finally, in the Results section, only emissions at an SRT value of 60 were considered.
However, since the SRT value on open roads is subject to both local and temporal fluc-
tuations, the emissions associated with this can also differ greatly from those calculated
above. In order to give an impression of how high these fluctuations can be, Table 2 shows
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an overview of the emissions at different load conditions and SRT values. The additional
SRT values of 55 and 65 correspond to the target value and warning value for roads in
Germany [34]. This clearly shows that the entire SRT and thus emission range in between
can occur on real roads. The differences in emission emphasize once again that the SRT
value is a significant influencing factor and should therefore always be specified when
quantifying PM from tire–road contact.

Table 2. Influence of the SRT value on the emission (PMC and PNC) for individual load conditions
for a summer tire at an ambient temperature of 25 °C.

Load Condition SRT Value 55 SRT Value 60 SRT Value 65

PM
C

Freely rolling 0.001 mg/m3 0.005 mg/m3 0.023 mg/m3

Lon 2 kN 0.008 mg/m3 0.032 mg/m3 0.124 mg/m3

Lon 4 kN 0.039 mg/m3 0.177 mg/m3 0.815 mg/m3

Lat 2 kN 0.024 mg/m3 0.109 mg/m3 0.512 mg/m3

Lat 4 kN 0.105 mg/m3 0.492 mg/m3 2.317 mg/m3

PN
C

Freely rolling 0.3 #/cm3 0.6 #/cm3 1.1 #/cm3

Lon 2 kN 0.8 #/cm3 2.0 #/cm3 4.8 #/cm3

Lon 4 kN 2.0 #/cm3 9.0 #/cm3 40.7 #/cm3

Lat 2 kN 1.4 #/cm3 5.5 #/cm3 22.5 #/cm3

Lat 4 kN 4.8 #/cm3 23.8 #/cm3 117.9 #/cm3

4.3. Quantitative Dependence of the Emission on the Forces

To better show the influence of longitudinal and lateral forces on the emission and to
compare the emission behavior of different tire types and at different ambient temperatures,
quadratic regression curves were used for calculating the underlying particle concentrations.
However, for both the longitudinal force in Figure 9 and less distinct for the lateral force in
Figure 10, it can be seen that the quadratic model overestimates the emissions at moderate
forces. In order to make a more precise statement about the quantitative relationship
between longitudinal, as well as lateral forces and the emission, more extensive tests have
to be performed, which can provide further support points. With their help, it can be
checked whether the quadratic relationship is correct or another regression model could
provide more accurate results for the different tire types.

4.4. Use of Regression Curves for Correlation between PMC/PNC and the SRT Value

In determining the correlation between the emissions at constant load and the SRT
value present (see Figure 8), it was assumed that the SRT value is the decisive influencing
variable on the level of emissions. For summer and all-season tires, this assumption seems
to be true, resulting in coefficients of determination between 0.7 and 0.9. For the winter tire,
however, these values are in some cases lower, indicating a smaller influence of the SRT
value and the existence of another main influencing parameter. In Figure 16, the recorded
PMC for the three test blocks of the winter tire at low ambient temperature are shown.

It can be seen that while the emission tends to decrease as the SRT value decreases,
there appears to be a second parameter that affects the emission even more. The three
groups of dots represent the three test blocks at different times during the respective
passage. At the beginning of each group of dots, the emission is higher than at the end of
the previous group. In conjunction with the data shown in Section 3.4, this could indicate
that there is a stronger dependence on ambient or tire surface temperature for the winter
tire than for the other tire types, so that the emission from the winter tire is particularly high
at the beginning of each measurement block (when the minimum temperature is present)
and gradually decreases as the temperature increases (due to repeated load conditions).
Since this trend occurs even at high loads on the all-season tire, a plausible explanation is
the softer rubber compound compared with the summer tire. While the material is stiffer at
low temperatures, smaller particles could preferably come loose, while high temperatures
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lead to a more deformable rubber compound and thus to larger material breakouts. This
could increase overall tire wear but reduce PM emissions in the considered size range
smaller than 10 µm.
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Figure 16. Dependency of PMC of the skid resistance for a longitudinal force of 4 kN at a winter tire.

However, it is also clear that the regression model for all three measurement blocks
which is used for the comparisons in Sections 3.3 and 3.4 tends to underestimate the actual
values, which means that the amount of real emissions would be even more. The influence
of the ambient temperature and thus the surface temperature of the tire or any other
decisive factors on the emission should therefore be investigated in more detail for the
benefit of a more accurate prediction of the PM emission of winter tires.

5. Conclusions

The aim of this research work was to investigate the effects of longitudinal and lateral
forces on tire–road particulate matter emissions for different types of tires and at different
ambient temperatures. For this purpose, a tire internal drum test bench was upgraded
to be able to perform real-time measurements for particulate matter. It turned out that
the changing skid resistance of the road surface, representing the micro roughness, exerts
a significant influence on the level of emissions. Therefore, the skid resistance of the
road surface (SRT value) was determined for all tests, and the measured emissions were
considered as a function of the SRT value. The results of the extensive test series show that
both longitudinal and lateral forces have a significant influence on the emission of tire–
road PM. It seems that the courses of PMC and PNC over the loads can be approximated
using quadratic regression curves. However, whether these are indeed the best fit will
be investigated in future experiments providing more support points. Furthermore, the
results show clear differences between the emissions of summer, winter, and all-season tires.
Across all conditions, the all-season tire emits on average twice as much particle mass as
the summer tire, while the winter tire’s emission is four times that of the summer tire. For
the particle number, these values are around 1.8 and 3. With regard to the influence of the
ambient temperature, different trends emerge for different tire types. While for the summer
tire an ambient temperature of 25 °C always leads to higher emissions than the one of 5 °C,
the lower emissions for winter tires are mostly present at higher ambient temperatures.
The emission behavior of the all-season tire is even more diversified, so that at low loads,
low ambient temperature causes less emissions, and at high loads, higher temperatures
cause less emissions. The different temperature effects are probably caused by the different
tread compounds, which are usually much softer for winter tires than for summer tires.
Finally, the evaluation of the particle size distributions during different driving conditions
shows that the level of loading by longitudinal and lateral forces has an influence on the
size of the emitted particles within the PM range. As soon as the wheel is set down on the
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road, the size distribution slightly shifts towards larger particles, even if the wheel is only
rolling freely. If longitudinal or lateral forces are transmitted, emissions increase across all
sizes, but particularly strongly for large particles (dp > 3µm).

The results show great potential for reducing PM emissions from tire–road contact. On
the one hand, high longitudinal and lateral forces should be avoided as much as possible.
Rapid acceleration, heavy braking, and fast cornering cause disproportionate emission
levels. On the other hand, all-season or, even better, summer tires should be used whenever
ambient conditions permit. This is true although the emissions from the winter tire decrease
with increasing temperature, as the emission is still far above the one of the summer tire. In
addition, these values only represent particles with a diameter smaller than 10 µm, but the
total mass loss of the tire, which includes much larger TRWPs, can show different trends.
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