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Abstract

Vans (light commercial vehicles) account for only about 11% of the European light-duty
vehicle fleet. However, they are mostly used in urban delivery and service operations where
frequent stop-and-go driving increases tyre abrasion. Furthermore, their annual mileage is
on average more than 70% higher than that of passenger cars. For these reasons, vans are
estimated to generate tyre wear emissions that are at least 2.5 times higher than those of
passenger cars on a per-vehicle basis, and therefore make a disproportionate contribution
to microplastic pollution in cities. The Euro 7 pollutant emission standards introduce, for
the first time, regulatory limits on tyre abrasion for passenger car tyres (C1 class) from 2028
and for light-commercial-vehicle tyres (C2 class) from 2030, building on United Nations
(UN) tyre testing procedures developed under UN Regulation 117. While two candidate
test methods (a real-world method and a laboratory method) have been agreed on for C1
tyres, no equivalent standard exists yet for C2 tyres, and very few experimental data have
been published so far. In this study, we adapt the C1 real-world-based method to winter
C2 tyres (snow three-peak mountain snowflake, 3PMSF) fitted to vans, and we discuss the
practical and regulatory challenges encountered. The resulting abrasion rate and abrasion
level indices provide first experimental emission factors for C2 tyres and can inform the
ongoing development of regulatory test procedures and limit values for van tyres. We also
develop an experimental and analytical framework to relate abrasion measurements to tyre
service life (mileage potential).

Keywords: tyre abrasion; tyre wear; service life; mileage potential; tread depth; vans;
light-commercial vehicles

1. Introduction
Numerous studies highlight the importance of microplastic pollution for all envi-

ronmental compartments [1–4]. Microplastics can be found in aquatic, terrestrial, and
atmospheric environments, thus affecting the respective ecosystems [2,5–8]. Most studies
estimate that tyres contribute at least 35% to the microplastics unintentionally emitted into
the environment [9,10]. In some cases, contributions that exceed 50% have been reported. In
cities, hotspots include traffic lights and curves [11]. The tyre particle sizes range from a few
µm to a few hundred µm, but nucleation mode particles of a few nm can be found when
the tyre temperature increases [10,12,13]. Tyre particles have been shown to have adverse
environmental and health effects [14,15]. For humans, of particular concern is the airborne
fraction, which contains various chemical species such as volatile organic compounds,
polycyclic aromatic hydrocarbons (PAHs) and Zn [16–18]. The on-board measurement of
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airborne tyre particulate matter (PM) has difficulties, because the contributions from other
sources (e.g., due to dust resuspension) are high and not easily quantifiable [19–21].

A recent analysis estimated that passenger cars emitted 300 kt of microplastics in
the year 2025 [22]. The corresponding figure for vans is estimated to be approximately
120 kt. Within road transport, vans (light commercial vehicles) represent about 11% of the
light-duty fleet, but vans are driven on average at least 70% more than passenger cars.
Vans are predominantly used in urban delivery and service operations where frequent
stop-and-go driving increases tyre abrasion [23]. For this reason, tyre wear attributed to
vans is estimated to be at least 2.5 times higher compared to passenger cars. Considering
also that most of the driven distance is in urban environments, it can be concluded that
they contribute significantly to the microplastic pollution in cities. Various parameters
affect tyre wear, in addition to the tyre properties and characteristics, such as the road, the
vehicle, the driving behaviour and the environment [12,13,24–28].

The number of published studies discussing the abrasion rate of passenger car tyres
(typically C1 tyres) has increased in the last five years. One of the reasons is the introduction
of tyre abrasion limits in the Euro 7 regulation. The Euro 7 pollutant emission standards [29]
introduce, for the first time, regulatory limits on tyre abrasion for passenger car (C1 class)
tyres from 2028 and for van (C2 class) tyres from 2030. The limit values should be set by
referring to the work of the World Forum for Harmonization of Vehicle Regulations (WP.29),
currently focused on the United Nations Economic Commission for Europe (UNECE) Task
Force on Tyre Abrasion (TF TA). At the time of testing, the method was part of United
Nations (UN) Regulation 117 [30]. There has been a decision to develop a standalone UN
Regulation [31]. Although this measure will come into effect only in 2028, the interest in
understanding the topic and the influencing parameters has increased.

Abrasion rates for C2 tyres are still scarce, as currently there is no standardised or
at least commonly accepted methodology. Many studies are based on default emission
factors [32]. However, the experimental data are limited. Tests can be performed by
driving on roads or indoor with dedicated drums. Both methods have their advantages and
disadvantages [19,33]. During a UNECE meeting in 2013, the Russian Federation reported
measured emission factors (at vehicle level) of six tyres of 43–62 mg/km/tyre [34]. A South
Korean study in 2020 estimated 224 mg/km/vehicle (based on six tyre models) [35]. A
recent study assumed that C2 tyres should have the same emission factor as C1 tyres when
normalised to the vehicle weight [36]. They estimated emissions of 29 mg/km/tyre for a
50%-loaded C2 tyre.

The aim of the present study is twofold. First, it aims to assess the feasibility of
applying the real-world road convoy method that underpins the Euro 7 tyre abrasion
limits for passenger car tyres (C1 class) to C2-class tyres fitted to vans, and to discuss
the main practical differences with respect to the C1 implementation. To the authors’
knowledge, there is no such study publicly available at the time of the publication of this
paper. Furthermore, there is limited data on abrasion rates of C2 tyres currently in the
market. Second, this study aims to develop an experimental and analytical framework to
link measured abrasion to tyre service life, by defining simple indices that can be used both
to characterise the performance of individual tyre models and to support the development
of regulatory test procedures and limit values for C2-class tyres. Such a framework might
result in reduced tread depth measurement efforts and related uncertainty.

2. Materials and Methods
2.1. Experimental Procedure

The tests followed the procedure defined in a draft UN Regulation on tyre abrasion
for passenger car C1 tyres [31], which is largely based on the convoy method originally
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introduced as Annex 10 to UN Regulation 117 [30]. Only minor adaptations were required
to accommodate the higher mass and different tyre dimensions of vans; these differences
from the C1 method are highlighted below.

In brief, two convoys were organised, each comprising four vehicles: three vans
equipped with candidate C2 tyres and one passenger car fitted with the snow reference
C1 tyres (SRTT17-W). The target vehicle load was 67% of the rated load, corresponding to
the tyre load index. Both convoys were driven over the same test route (circuit) and under
similar meteorological conditions. The daily distance driven on different roads (circuit)
was approximately 500 km. One convoy (#2) ran for 8000 km in total, similarly to what is
required in the method established for C1 tyres. Convoy 1 ran for 10,000 km in total, in
order to investigate whether wear stabilises at 8000 km or not. The vans and passenger car
rotated position in the convoy, as well as the drivers, in order to expose the tyres under
the same conditions. The average ambient temperature was 12 ◦C (convoy 1) and 18 ◦C
(convoy 2). At the time of testing, the values were within the permitted boundaries of
the current UN Regulation 117 method (−3 to 20 ◦C). However, it should be noted that
there is a proposal to change the boundaries to −3 to 17 ◦C in the future [31]. This would
result in non-compliance for convoy 2. Convoy 2 fulfilled the second future requirement
for temperatures: the temperature was within −7 ◦C and 22 ◦C for at least 90% of the
test distance.

Convoy 1 consisted of (i) three large identical vans fitted with three-peak mountain
snowflake (3PMSF) winter (snow) C2 tyres of 235/65 R16 size with load index LI = 115
and (ii) one reference passenger car fitted with winter reference C1 tyres (SRTT17-W). The
second convoy consisted of (i) three medium-sized vans fitted with 205/65 R16 C2 tyres
with LI = 107 and (ii) the same passenger car fitted with reference C1 tyres (see Table 1). C2
tyres with LI = 107 have the same load index as some C1 tyres typically used in heavier
passenger cars such as Sport Utility Vehicles (SUVs). C2 tyres with LI = 115 are at the high
end of the load for vans (3.5 t). Note that the highest LI of C2 tyres is 121; such tyres are
fitted to light trucks. The selected tyre sizes were in the top four best-selling sizes [37].

Table 1. Main settings of the tested convoys. LI = load index.

Vehicles Tyre Size LI p (bar) Weight (t) Load Distribution

Three vans (convoy 1) 235/65 R16 115 4.75 3.26 50%/50%
Three vans (convoy 2) 205/65 R16 107 3.80 2.61 50%/50%

Ref. vehicles (convoy 1 and 2) 225/45 R17 94 2.90 1.80 56%/44%

All vans were loaded using ballast to achieve the target 67% load capacity of the tyres;
i.e., the vans of the first convoy weighed 3.26 t, while those of the second weighted 2.61 t.
The reference vehicle in both convoys was also loaded to reach 67% of the load capacity
of the reference tyres (vehicle weight 1.80 t). The 67% value is defined in the regulation
as a representative value of the tyre loading, without reaching the max payload of the
vehicles. The load distribution of the reference vehicle was 56% at the front axle and 44% at
the rear axle, as prescribed in the C1 regulation for front-wheel-drive vehicles fitted with
C1 tyres: 56%/44%, with a tolerance of ±7% (abs.). Achieving the prescribed 56%/44%
front–rear load split used for the C1 front-wheel-drive reference vehicle was not feasible
for the vans. We therefore adopted a 50%/50% distribution, which better represents typical
urban delivery loading, but at the same time complies with the regulation.

The vehicle alignment settings (toe, camber) were set following the regulation target
values, although many of them could not be adjusted (camber, rear toe) for the vans (see
Appendix A).
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Tyre inflation pressures were set to 4.75 bar for the 235/65 R16 tyres of convoy 1, and
3.8 bar for the 205/65 R16 tyres of convoy 2. For both tyre types, 4.75 bar is the max pressure
for loaded conditions. For convoy 2, we reduced inflation pressure to 3.8 bar to reflect
common practice at a lower payload; the chosen pressure preserved the proportionality
between load and inflation pressure used for convoy 1. The inflation pressure of the
reference tyres 225/45 R17 XL was 2.9 bar in accordance with the regulation. All tyres
were snow (winter) tyres and had the three-peak mountain snowflake (3PMSF) marking on
them, indicating that they were designed for severe snow conditions requiring increased
traction and stability. The main parameters of the tested tyres can be found in Table 2.

Table 2. Overview of tested tyres. Unit prices in Euro as indicated by the provider at the time
of purchase (year 2025). ‘Mud and Snow’ (M + S) and ‘three-peak mountain snowflake’ (3PMSF)
markings, rolling resistance (RR), wet grip (WG) classes and noise emissions (in dB) according to tyre
labelling regulation (EU) 2020/740 [38].

Code Size Load M + S 3PMSF Unit Price RR WG Noise

Convoy 1a 235/65 R16C 115/113R M + S 3PMSF 135 C A 72
Convoy 1b 235/65 R16C 115/113R M + S 3PMSF 115 C C 71
Convoy 1c 235/65 R16C 115/113R M + S 3PMSF 85 D D 72
Convoy 2a 205/65 R16C 107/105T M + S 3PMSF 62 D D 72
Convoy 2b 205/65 R16C 107/105T M + S 3PMSF 110 C C 72
Convoy 2c 205/65 R16C 107/105T M + S 3PMSF 65 C C 68

The tyres were weighed at the start and at the end of the complete test (10,000 km
for convoy 1 and 8000 km for convoy 2) using a precision balance with a resolution of 1 g
and 2 g uncertainty. Tyre mass loss was also determined by weighing each wheel (tyre
mounted on rim) before and after each 2000 km test segment, using the same balance. Before
weighing, tyres and rims were carefully cleaned to remove stones, mud and other debris.
The mass loss as calculated from the tyre weighing only or the tyre and the rim assembly
was almost identical: the average difference was 0.2% with one standard deviation of 1.4%.
The load of the tyres was determined with a scale having accuracy better than 0.5% of the
reading. Tread depth was measured at several circumferential positions and across three
longitudinal grooves on each tyre using a digital tread depth gauge; the exact measurement
locations are described in the Appendix A. Instrumentation for vehicle speed, distance and
acceleration was identical to that used in our previous C1-class tyre study [39], allowing
direct comparison between the two campaigns.

2.2. Theoretical Background

The abrasion rate (AR) of a tyre set (mg/km) is defined as follows:

AR = 1000 m/D (1)

where m (g) is the sum of the mass loss of the four tyres set (every 2000 km or at the end of
the test after 8000 or 10,000 km) and D (km) is the distance (2000 km, or 8000 or 10,000 km).

The abrasion level (AL) of a tyre (mg/km/t) is as follows:

AL = 1000 AR/Q (2)

where Q (kg) is the measured total load of the vehicle (which corresponds approximately
to the sum of 67% of the load index of the tyres).
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The abrasion rate index (ARI) and abrasion level index (ALI) of the candidate tyres
(both unitless) are as follows:

ARI = ARcand/ARref (3)

ALI = ALcand/ALref (4)

The service life (SL) (km) of the tyres (i.e., an indication of how many km they would
last under the specific driving and environmental conditions) can be estimated by extrapo-
lating to the minimum required tread depth. We assumed a value of 1.6 mm following the
minimum permissible value according to Directive 89/459 [40].

SL = Ds + [(Ts − 1.6)/(Ts − Te)] (De − Ds) (5)

where Ds is the starting distance (0 km), De is the end distance (8000 or 10,000 km), Ts is the
start tread depth (mm), and Te is the end tread depth (mm). This was calculated for each of
the main grooves (three or four) and not the tyre shoulders. The SL was estimated for each
tyre (front right, front left, rear right, rear left) as the minimum value for each groove of the
specific tyre. Then the average of the four tyres was calculated to give the SL of the specific
tyre. The service life index (SLI) (unitless) was then calculated by dividing the SL of the
candidate and the SL of the reference tyres:

SLI = SLcand/SLref (6)

The calculations were repeated using the average SL of the main grooves (instead of
the min value), and then the average of the four tyres. The difference will be discussed in the
Results Section. Note that the SLI is almost independent of this value as it similarly impacts
candidate and reference tyres. In other words, even though the absolute value of the SL
will be impacted, the classification of tyres (given by the SLI) will only be slightly affected.

In order to find the relation between service life and abrasion indices, we set up a
simplified scheme. We can assume that the tread mass loss ∆m (g) can be calculated from
the reduction in tread volume ∆V (cm3), taking into account the tread density ρ (g/cm3):

∆m = ρ ∆V (7)

where the volume is calculated from the wheel diameter d (cm), the tyre–road contact width
C (cm), the void area ratio v (%) and the tread depth reduction ∆T (mm):

∆V= π d (∆T/10) C (1 − v) (8)

More details are described in [41]. Then, ARI (unitless) can be estimated by the
following equation (assuming equal distance travelled for candidate and reference vehicles):

ARI = ∆mcand/∆mref (9)

Replacing Equations (7) and (8) in Equation (9), ARI is given as

ARI = ρcand dcand ∆Tcand Ccand (1 − vcand)/ρref dref ∆Tref Cref (1 − vref) (10)

The SL can be approximated by Equation (11), which is an extrapolation of the tread
depth reduction ∆T (mm) to the total available tread depth T (mm):

SL = D T/∆T (11)
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where D is the test distance (km). Then

SLI = Tcand ∆Tref/Tref ∆Tcand (12)

Combining Equations (10) and (12),

SLI = Tcand/Tref ρcand/ρref dcand/dref Ccand/Cref (1 − vcand)/(1 − vref)/ARI (13)

Thus, SLI and ARI are inversely proportional. Most importantly, SLI can be predicted
by ARI and tyre characteristics without any tread depth measurement, but only design
characteristics of the tyre. Details of the tyre characteristics are given in the Appendix A.

3. Results
This section first verifies that the C2 test campaigns complied with the main require-

ments of the UN tyre abrasion convoy test method (Section 3.1) and then analyses the
wear evolution and the derived indices (Section 3.2). The focus of the subsequent sec-
tion (Section 3.3) is on how the measured abrasion and service life indicators for C2 tyres
compare with those obtained previously for C1 tyres.

3.1. Quality Checks

Figure 1 shows the abrasion level of the snow reference tyres as a function of average
ambient temperature, combining data from the literature for the same circuit (crosses), our
previous C1 tyre campaign (open circles with crosses) [39] and the present C2 campaign
(filled circles). All tests were conducted on the same circuit and followed the convoy
protocol based on UN Regulation 117 [30]. The previous results, with relatively high scatter,
suggest a decrease in abrasion of about 7 mg/km/t for each 10 ◦C increase in average
temperature (see the slope of the equation in Figure 1: −6.7 mg/km/t per 10 ◦C increase),
whereas the combined C1 and C2 data from our two campaigns point to a somewhat
stronger dependence, around −12 mg/km/t per 10 ◦C increase. Possible explanations
could be inherent variability of the reference tyres, different temperature distribution over
the 8000 km, different rain conditions, or even different driving dynamics that cannot be
captured with the indices of the regulation. The abrasion level of the reference tyre in this
study was slightly lower than predicted by the literature-based regression but remained
well within the regulatory range of 25–75 mg/km/t at 10 ◦C (our interpolated value was
50 mg/km/t).

Figure 1. Abrasion level of reference winter tyre from the literature (crosses) and our study (filled
circle). The open circles with crosses inside are tests from our previous study with C1 tyres [39].
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For each test, the error bars in Figure 1 represent the minimum and maximum ambient
temperatures recorded over the full distance. The average temperature over each 500 km cir-
cuit remained within ±3.5 ◦C of the overall test average, and the daily minimum–maximum
temperature range was on average 7.5 ◦C. The current UN Regulation 117 procedure re-
quires the ambient temperature to remain between −7 ◦C and 25 ◦C for at least 90% of
the test distance; these limits are expected to be tightened to −7 ◦C to 22 ◦C in a future
amendment. All our tests complied with the current and future requirements. Convoy
2 marginally exceeded the future upper limit (22 ◦C) over about 3% of the test distance
(less than the max 10% allowed). As noted in Section 2, the mean temperatures of convoy 1
(12 ◦C) and convoy 2 (18 ◦C) satisfied the range that applied at the time of testing (−3 ◦C
to 20 ◦C), although convoy 2 would not comply with the proposed future upper limit of
17 ◦C for average temperature.

Figure 2 summarises the driving dynamics during the campaign using the standard
deviations of longitudinal and lateral accelerations for the reference vehicles equipped with
the snow standard reference tyre SRTT17-W and for the vans equipped with C2 tyres; data
from the previous C1 campaign are included for comparison. The C2 vans exhibited similar
acceleration statistics to the C1 reference convoys and remained well within the regulatory
boundaries defined in the UN procedure. This confirms that, even when the vans were
loaded to 67% of tyre load capacity, the driving pattern was representative of normal use
and did not pose difficulties in driving, braking or cornering.

Figure 2. Standard deviations of longitudinal (left part, blue) and lateral (right part, orange) accel-
erations for this campaign with the vans fitted with C2 tyres and the reference vehicles fitted with
SRT17-W. Three tests with reference vehicles during the C1 campaign are also plotted. The regulation
ranges are given with a capped line.

The vehicle alignment settings are described in detail in the regulation. Although we
tried to fulfill all requirements, there were some small deviations (Table 3). For example,
the toe and camber of the van rear wheels were not adjustable. The camber of the front
tyres of all vehicles was also not adjustable. The values were within the default or extended
permitted range and the differences in candidate and reference vehicles within acceptable
boundaries, or slightly higher (toe rear, camber front). It is important, though, to note
that the differences in the set toe and camber among the vans were very small, and most
importantly, the values of the toe and camber remained stable over the test campaign.
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Table 3. Vehicle alignment settings (toe and camber). The first lines summarise the regulation
requirements (min and max) for front-drive vehicles. If no vehicles can fulfill the requirements, the
extended (ext) ranges can be accepted with restrictions between differences between candidate and
reference vehicles (Cv-Rv). Asterisks * indicate settings that could not be adjusted for the specific
vehicles. Cv = candidate vehicle; E = end; ext = extended; F = front; R = rear; Rv = reference vehicle;
s = start.

Toe Camber

F,s F,e-s R,s R,e-s F,s F,e-s R,s R,e-s
min −0.05 −0.15 0.05 −0.15 −1.40 −0.30 −1.90 −0.30
max 0.05 0.15 0.15 0.15 0.20 0.30 −0.60 0.30

Cv-Rv 0 <0.1 <0.5 <0.6
min ext. −0.10 0.05 −1.70 −2.70
max ext. 010 0.30 0.00 0.30

1a 0.00 −0.03 0.26 * 0.01 −0.54 * 0.03 −0.65 * 0.02
1b 0.00 −0.03 0.24 * 0.01 −0.53 * 0.02 −0.63 * −0.02
1c 0.00 −0.03 0.25 * 0.03 −0.54 * 0.04 −0.68 * 002

1-SRTT 0.00 −0.03 0.10 0.00 −0.96 * 0.01 −1.2 −0.01
2a 0.00 −0.02 0.21 * 0.01 −0.41 * −0.01 −1.08 * 0.01
2b 0.00 −0.02 0.22 * −0.02 −0.36 * −0.01 −1.06 * 0.00
2c 0.00 0.01 0.23 * 0.01 −0.40 * −0.03 −1.04 * −0.04

2-SRTT 0.00 −0.01 0.10 0.00 −1.07 * −0.01 −1.20 0.06

3.2. Wear Evolution and Abrasion Indices

Figure 3 shows the evolution of mass loss every 2000 km for the front and rear tyres
of each vehicle in the two convoys. For the reference passenger car, the average mass loss
of the front tyres was about 60 g per 2000 km, whereas the rear tyres lost about 20 g per
2000 km. Rear-tyre mass loss was relatively stable over the full distance, while front-tyre
mass loss decreased gradually from around 70 g in the first 2000 km to about 50 g in the
final interval. Although front and rear tyres were under the same load, front tyres had
higher wear for the front-wheel-drive vehicles of our studies, due to steering and higher
acceleration and deceleration forces. The higher wear in the first 2000 km is due to the
removal of the lubricant coating that prevents the rubber from sticking to the moulds used
during manufacturing and due to the higher initial stiffness of the rubber.

The candidate C2 tyres showed similar temporal trends but at clearly higher absolute
levels. Front-tyre mass loss ranged from about 100 g to 250 g per 2000 km, again with a
tendency to decrease as mileage accumulated. Rear-tyre mass loss was more stable and
ranged between 50 g and 125 g per 2000 km depending on the tyre model.

For some of the tyres, the mass loss did not stabilise after 8000 km. On the one hand,
this raises concerns as to whether 8000 km, as with the C1 protocol, is enough. On the other
hand, the ranking of the tyres did not change, challenging the need for longer distances.

Figure 4 plots the tread depth reduction every 2000 km, separately for the front and
rear tyres of the two convoys. The values are tyre-dependent, and the trends are similar to
the mass loss: higher at the beginning and tending to stabilise after 8000 km. The reduction
in the front tyres is almost double that of the rear tyres. A stabilised value of 0.5 mm every
2000 km for the front tyres translates to 2.5 mm per 10,000 km.

Figure 5 compares the abrasion rate index (ARI) of the C2 tyres tested in this study
with the ARI values obtained for C1 tyres in a previous study [39]. In all cases, tyres were
tested at 67% of their load index, so a higher load index corresponds to a heavier test
vehicle and therefore to higher mechanical stresses on the tyres. Under such conditions,
higher abrasion rates are expected for tyres with higher load indices. The ARI of the C2
tyres ranged from 1.8 to 3.9, with an average of 3.0 across the six models. If we assume an
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average abrasion rate of 83 mg/km for the reference tyre (corresponding to 46 mg/km/t
and a reference vehicle mass of 1.8 t), the C2 tyres in our sample would emit approximately
150–325 mg/km, with an average around 250 mg/km at the vehicle level.

 

 
(a) (b) 

Figure 3. Average mass loss evolution for front tyres (upper panels) and rear tyres (lower panels) for
(a) convoy 1; (b) convoy 2. Values refer to one tyre (average of both front or rear tyres).

 

 
(a) (b) 

Figure 4. Average tread depth reduction evolution for front tyres (upper panels) and rear tyres (lower
panels) for (a) convoy 1; (b) convoy 2. Values refer to one tyre (average of both front or rear tyres).

Figure 6 presents the abrasion level index (ALI), which is the ARI normalised to the
weight of the vehicle. For the C1 tyres, no clear trend with load index or other design
features was observed. The limited C2 data do not allow robust statistical conclusions, but
the absolute levels are consistently higher than for C1 tyres: the lowest ALI among the C2
tyres is comparable to the high end of ALIs observed for C1 tyres. For the specific tyres
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tested here, the mean ALI was 1.1 (range 0.68–1.52) for C1 tyres and 1.8 (range 1.26–2.66)
for C2 tyres.

Figure 5. Abrasion rate index (ARI) of snow 3PMSF C2 tyres (triangles; this study) and C1 tyres
(circles; [39]). The square marker is a C1 winter M + S tyre without 3PMSF marking. XL (reinforced
for increased load capacity) tyres are indicated with an ‘XL’ label.

Figure 6. Abrasion level index of snow 3PMSF C1 tyres (circles) and C2 tyres (triangles). The square
point is a C1 tyre M + S but not 3PMSF. XL (reinforced for increased load capacity) tyres are indicated
with XL.

3.3. Service Life Index

Figure 7 shows the service life index (SLI) derived from tread depth measurements.
C2 tyres exhibited SLI values between 0.33 and 1.04 with a mean of 0.61, whereas C1 tyres
range from 0.72 to 1.30 with a mean of 0.99. The shorter service life of the C2 tyres is
consistent with their higher abrasion levels: under the standardised test conditions used
here, the C2 tyres would, on average, reach the legal minimum tread depth after roughly
60% of the mileage of the reference C1 tyres. These values are in agreement with the
common practice of changing C1 tyres every 4–5 years and C2 tyres every 3 years (although
how often one changes the tyres depends on both the wear and the annual driven distance).

Figure 8 plots the SLI as a function of ARI and reveals an almost linear inverse
relationship: tyres with higher abrasion rates have proportionally shorter expected service
lives under the standardised conditions of the test. This inverse correlation is consistent
with the analytical framework presented in Section 2.2 and with earlier independent
findings, for example, from the tyre test programme of German automobile club ADAC [42].

Figure 9a compares the measured SLI based on tread depth reduction (Equation (5))
with the theoretical SLI calculated from abrasion rate, initial tread depth and tyre design
parameters (i.e., tread density, void surface, wheel diameter, contact width) (Equation (13)).
The detailed values are given in the Appendix A, Table A1. For 3PMSF winter C1 and
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C2 tyres, the agreement is generally good, whereas larger discrepancies are observed for
normal (summer) tyres. Several factors may contribute to these differences, including
uncertainties in the estimation of void ratio and contact width, measurement uncertainty in
tread depth and mass loss, and the stronger temperature dependence of the reference tyre
in summer conditions. In addition, summer tyres often have more pronounced differences
in tread depth between shoulders and central ribs, which makes it more difficult to define a
single representative initial tread depth.

Figure 7. Service life index of snow 3PMSF C1 tyres (circles) and C2 tyres (triangles). The square
point is a C1 tyre M + S but not 3PMSF. XL (reinforced for increased load capacity) tyres are indicated
with XL.

Figure 8. Correlation of service life index and abrasion rate index of 3PMSF C1 tyres (circles) and
3PMSF C2 tyres (triangles). The square point is a C1 tyre M + S but not 3PMSF. XL (reinforced for
increased load capacity) tyres are indicated with XL. The symbols are the same as in Figure 6.

 

(a) (b) 

Figure 9. Correlation of theoretical (Equation (13)) and measured (Equation (5)) service life index
using (a) minimum SL from the main grooves; (b) average SL from the main groove. C1 tyres (normal
and 3PMSF) are from our previous study [39].
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Figure 9b gives the same comparison but using the average SL from each groove
(instead of the minimum) for the calculation of the experimental SLI. Although the results
for the winter C1 and C2 tyres did not change much, there is a considerable improvement
for the summer C1 tyres using the average SL value from the main grooves. This indicates
that the average value gives a better estimate of the lost mass, as expected, while taking the
minimum value represents the worst case, which would mean that when one groove has
reached the minimum depth, the tyre has to be replaced.

4. Discussion
The main objective of this study was to assess the applicability of the C1 passenger

car tyre methodology for C2 van tyres. Identical protocols minimise testing effort and
aid comparability of the results. For this reason, the test circuit, driving style, ambient
temperature ranges, tyre loading, and reference tyre were the same as in the C1 tyre
methodology. While the driving dynamics were not an issue and the vans of our study
could easily follow the routes, four points need further discussion: (i) the load distribution
was not 56%/44%, but 50%/50%; (ii) the vehicle alignment settings (toe and camber) were
not fully compliant; (iii) the tyre inflation pressure had to increase; (iv) the wear had not
stabilised after 8000 km for all tyres.

The loading adjustment is not a big issue, as it is still within the allowed range (±7%
from target values). We had similar difficulty with SUV C1 tyres where we had to apply a
50%/50% distribution. Furthermore, the regulation defines a 50%/50% load distribution
for rear-wheel-drive vehicles. Thus, we consider this issue of secondary importance.
Nevertheless, dedicated tests should confirm that the impact on the results remains small.

Regarding the vehicle alignment of the vans, there was not much flexibility. In most
cases the settings were within the regulation requirements for C1 tyres. Many studies
have demonstrated the impact of misalignment [43–45]. Recently, dedicated tests with five
tyres fitted on two vehicles with difference 0.69◦ for the total rear toe found up to 20%
differences on the emissions [46]. Thus, the values should be re-examined for vehicles fitted
with C2 tyres.

The third point is the higher inflation pressure. The impact of inflation pressure on
the results also needs to be considered. Recent studies showed higher wear with higher
pressure [27,47]. An ETRTO study with C1 tyres demonstrated that increasing the pressure
from 2.5 bar to 2.9 bar resulted in approximately 10% higher wear, even when normalising
to the vehicle weight [48]. If these results can be extrapolated to C2 tyres, it would mean
that the ALI of convoy 1 would be lower if the tyre pressure is set to 3.8 bar (as with
convoy 2), instead of 4.75 bar (see Table 1). It also means that the abrasion levels of C2 tyres
might be higher than those of C1 tyres due to the higher pressure.

The fourth point is the total driven distance. In our previous study, most (14 of 15)
C1 tyres had stabilised after 4000–8000 km. On the contrary, only half of the six tested
C2 tyres had stabilised after 8000 km. This means that either a longer distance is needed
for C2 tyres, or an additional uncertainty must be accounted for. For example, for the
most extreme case (1c), the ALI was 2.12 at 8000 km and 1.85 at 10,000 km. For the other
two cases, the estimated difference (extrapolated mass loss, as there was no measurement
at 10,000 km) was very small (2c: 2.92 vs. 2.89), or even in the opposite direction (2b: 1.47
vs. 1.58). Considering also that the ‘ranking’ of the tyres was the same at 8000 and 10,000
km, keeping the same distance of 8000 km seems acceptable. Similar conclusions can be
drawn for the tread depth reduction and the service life index.

Regarding the abrasion rates of the 3PMSF C2 tyres of our study, they ranged from
150 to 325 mg/km, with an average around 250 mg/km at the vehicle level. These values
are well aligned with the limited literature on the topic: A study in South Korea reported
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an average value of 224 mg/km for six tyres [35]. An old Russian study from 2013 re-
ported 43–62 mg/km/tyre, which would translate to 128–185 mg/km or 171–247 mg/km
(multiplying by 3 or 4 to convert it to vehicle level) [34].

Interestingly, the mean ALI, which normalises the emissions to the vehicle weight, was
1.8 (range 1.26–2.66) for the C2 tyres, much higher than the mean ALI of C1 tyres: 1.1 (range
0.68–1.52). These differences could be due to the specific tyres selected in our study (e.g.,
they were mainly on the lower price end), or due to the higher inflation pressures (discussed
previously), and more testing is necessary before drawing conclusions for the whole C2 tyre
market. For example, a study by the European Tyre & Rim Technical Organisation (ETRTO)
investigating appropriate protocols for C2 tyres had a sample of nine 3PMSF tyres with ALI
ranging from approximately 1.0 to 1.6 with an average around 1.25 [37]. Furthermore, their
study showed that the ALI of 3PMSF tyres might be higher at higher ambient temperatures.
These findings (sample selection, testing conditions) indicate that the market difference
between ALI of C2 and C1 tyres will be smaller than what we found. Nevertheless, our
findings support its use for comparison of tyres with different load ratings, constructions,
and intended use cases. The absolute abrasion rates, although more suitable from an
environmental perspective as they are the actual tyre wear in the environment, makes
comparisons of tyres for small passenger cars and loaded vans difficult.

One final point that needs to be addressed is the measurement uncertainty. The tyre
mass is measured with good accuracy (±2 g), which translates to 0.4–1.3% uncertainty for
the rear C2 tyres and 0.2–0.5% for the front C2 tyres. The reference tyres, due to the low
mass loss, have uncertainty of 1% (front) to 2–3% (rear tyres). The vehicle mass is measured
with accuracy better than 0.5%. However, there are other sources that need to be considered.
As was previously discussed, the load distribution, the inflation pressure, and the vehicle
alignment might also play a role. The ambient temperature can have an impact due to the
different properties of candidate and reference tyres, as high as 0.3 units [37], which would
translate to a 10–20% uncertainty for the abrasion level indices of our study. Regarding the
tread depth measurements, the accuracy of the tread depth gauge is better than 0.1 mm;
thus, the differences in tread depth measurements should have an uncertainty of 0.14 mm.
This translates to an uncertainty of 10% (front) to 25% (rear) for reference tyres, but only
3–10% (front) to 6–20% (rear) for candidate tyres.

The second main objective of this study was to develop an analytical framework to
link measured abrasion and tyre characteristics to tyre service life. With such an approach,
the time-consuming measurement of tread depth can be avoided. The theoretical analysis
showed that it is possible, and that the service life could be predicted by the measured
abrasion and the tyre characteristics (such as initial tread depth), thus without the need
for measurements. The agreement of the two approaches was good, but not perfect (the
abrasion-based approach was 0–25% lower than the tread-based approach). The tread-
based approach has uncertainty due to the tread depth measurements discussed above
and the assumption of the final tread depth of 1.6 mm (see Appendix A, Tables A2 and A3).
The abrasion approach has uncertainties due to the assumed void ratios and contact widths
and the assumption that tread and mass loss develop similarly. While the tread depth
approach is straightforward (it extrapolates to the minimum tread depth), the abrasion-
based approach seems more robust (less uncertainty) because it is based on mass (abrasion)
measurement and tyre characteristics. In the USA, the tread depth-based service life
approach is followed, while the abrasion-based approach is something that could be
considered in Europe.
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5. Conclusions
In this study, the wear of six winter C2-class tyres fitted to vans was investigated using

a convoy-based road test that closely follows the procedure underpinning the forthcoming
Euro 7 tyre abrasion limits for C1 tyres. The C2 campaign was conducted with the same
reference tyre, test route and instrumentation as a previous C1 campaign [39] but with
different candidate tyres, which allows a qualitative comparison of abrasion levels and
service life indicators between passenger car and van tyres. In addition to the experimental
work, a simple analytical framework was developed to relate abrasion rate and tread depth
measurements to an index of tyre service life.

The testing campaign was conducted without any issues (e.g., out-of-specification
driving dynamics), confirming that the C1 protocol is also suitable for C2 tyres. However,
we identified four methodological parameters that require refinement: (i) adopting a
load distribution of 50%/50% rather than the 56%/44% standard used for passenger cars;
(ii) re-examining vehicle alignment settings (toe, camber) specifically for vehicles fitted
with C2 tyres; (iii) clearly defining the required tyre inflation pressure; (iv) reconsidering
the total test distance, as 8000 km may not be sufficient for the wear of some C2 tyres to
fully stabilise.

For the specific tyres tested in this study, the abrasion level (mg/km/t) and abrasion
level index (ALI) of C2 tyres were systematically higher than those of the C1 tyres tested
previously. The average ALI of the six C2 tyres was 1.8 (range 1.26–2.66), compared to the
approximately 60% higher average ALI of 1.1 (range 0.68–1.52) for C1 tyres. We attribute this
difference to the specific sample size, the relatively high ambient temperature during testing
and higher inflation pressure. Without normalising to the vehicle weight, we estimated an
average C2 abrasion rate of 250 mg/km at the vehicle level. However, further testing is
necessary to conclude whether this trend is representative for the whole C2 market.

The mass loss trend of the C2 tyres was similar to C1 tyres. Front-tyre mass loss was
highest in the initial interval and decreased with accumulated mileage. For some tyres, the
wear did not stabilise even after 8000 km; however, the ranking of the tyres did not change.
For the rear tyres, the wear was approximately half and relatively stable throughout the
driven distance. Due to the higher wear, the estimated service life was approximately 60%
of that estimated for passenger car tyres. At the same time, the limited number of tyres
studied here means that further experimental work with a broader range of designs and
brands is necessary to derive representative market values.

Service life and abrasion rate were inversely correlated: tyres with higher abrasion
rates exhibited shorter expected mileage to the legal minimum tread depth. The theoretical
service life index (SLI) derived from abrasion rate and tread depth parameters agreed
reasonably well with the SLI obtained from direct groove measurements, although dis-
crepancies of up to 25% were observed for some tyres, particularly normal (summer) tyres.
Overall, the results suggest that the proposed indices provide a useful basis for charac-
terising C2 tyres in a regulatory context and for linking abrasion limits to real-world tyre
durability, while also highlighting the need for refinements to improve the robustness of
the method for different tyre types and operating conditions.
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3PMSF Three-Peak Mountain Snowflake (tyre marking symbol)
ADAC General German Automobile Club (Allgemeiner Deutscher Automobil-Club)
AL Abrasion Level
ALI Abrasion Level Index
AR Abrasion Rate
ARI Abrasion Rate Index
EC European Commission
ETRTO European Tyre & Rim Technical Organisation
EU European Union
GRBP Working Group on Noise and Tyres
M + S Mud and Snow
PM Particulate Matter
SUV Sport Utility Vehicle
TF TA UNECE Task Force on Tyre Abrasion
SL Service Life
SLI Service Life Index
SRTT Standard Reference Test Tyre
TWI Tread Wear Indicator
UN United Nations
UNECE United Nations Economic Commission for Europe
WP.29 World Forum for Harmonization of Vehicle Regulations

Appendix A
Figures A1 and A2 present the footprints of the tested tyres (loaded van at 67% of

the tyre load capacity). The tyres in alphabetical order were: Falken Eurowinter van01,
Goodride SW612, Goodyear Vector 4 seasons cargo, Minerva Frostrack van, and Tomket
Snowroad van. The front of the van was facing the left side, and the outer side of the
tyre is in the lower part of the photo. The tread depth measurements were taken at the
grooves where the black crosses are. Some measurements were also taken on the tread
wear indicators (black areas) in order to compare the impact on the service life estimation.
Four measurements at the tyre periphery spaced by 90 degrees were taken.

   

(a) (b) (c) 

Figure A1. Footprints of convoy 1: (a) tyre 1a; (b) tyre 1b; (c) tyre 1c.
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(a) (b) (c) 

Figure A2. Footprints of convoy 2: (a) tyre 2a; (b) tyre 2b; (c) tyre 2c.

Table A1. Tyre parameters for service life index estimation. A density of 1.15 g/cm3 was assumed.
C = contact width; Ts = initial tread depth; v = void area ratio.

Code Size C (cm) v (-) Ts (mm) ALI (-) SLIabr (-) SLItread (-) Season

SRTT17-S 225/45 R17 172 30% 6.7 (1) (1) (1) S
SRTT17-W 225/45 R17 162 40% 7.4 (1) (1) (1) W

3a 205/55 R16 152 35% 7.2 0.99 0.96 1.10 S
3b 205/55 R16 152 31% 7.2 0.76 1.43 1.39 S
3c 205/55 R16 158 35% 6.7 1.33 0.65 0.85 S
7a 235/60 R18 182 35% 7.2 1.48 0.62 0.72 S
7b 235/60 R18 169 38% 6.9 1.17 0.67 0.75 S
7c 235/60 R18 170 36% 7.5 0.92 1.02 1.13 S
4a 205/55 R16 159 40% 7.3 0.99 1.07 0.95 W
4b 205/55 R16 159 35% 7.2 1.08 0.96 1.22 W
4c 205/55 R16 151 35% 7.6 1.52 0.70 0.98 W
8a 235/60 R18 173 32% 6.5 0.91 1.01 1.01 W
8b 235/60 R18 165 38% 8.7 1.06 1.03 1.06 W
8c 235/60 R18 171 36% 7.5 1.34 0.75 0.74 W
6a 195/65 R15 146 42% 7.5 1.06 0.91 1.02 W
6b 195/65 R15 140 37% 8.3 1.38 0.81 1.01 W
6c 195/65 R15 133 43% 6.2 0.68 1.06 1.08 W
1a 235/65 R16 174 30% 9.2 1.57 0.62 0.74 W
1b 235/65 R16 174 32% 8.2 1.37 0.61 0.63 W
1c 235/65 R16 169 34% 8.8 2.05 0.41 0.43 W
2a 205/65 R16 162 42% 9.2 1.99 0.45 0.59 W
2b 205/65 R16 159 33% 9.4 1.26 0.81 1.02 W
2c 205/65 R16 155 35% 8.0 2.66 0.31 0.39 W

Figure A3 shows the groove depth of the new tyres and the height of the tread wear
indicator (TWI), calculated as the difference between tread depth measurements at the
grooves and on the TWI. The initial tread was 8.0 to 9.4 mm, while the TWI was 1.6 to
1.8 mm. Table A2 gives, in more detail, the calculated TWI height (difference in the tread
depth measurement at the grooves or on the TWI) and the variation in the values (on the
order of 0.1 mm), which was calculated from the average of three grooves at four positions
around the tyre (separated by 90 degrees).
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Figure A3. Start tread depth and estimated tread wear indicator height.

Table A2. Calculated TWI height of the tested C2 tyres.

TWI (mm) 1a 1b 1c 2a 2b 2c

Start n/a n/a n/a 1.84 (±0.08) 1.61 (±0.14) 1.79 (±0.13)
End 1.69 (±0.13) 1.71 (±0.17) 1.72 (±0.08) 1.81 (±0.14) 1.60 (±0.15) 1.76 (±0.16)

The service life indices (Equations (5) and (6)) estimated by the groove measurements
and assuming a 1.6 mm remaining tread depth, or by the groove measurements on the
TWI and assuming 0 mm tread depth remaining, were within ±4% for the three tyres of
convoy 2 (Table A3).

Table A3. Differences in the service life index measured at the groove (assuming the reference value)
or on the TWI.

2a 2b 2c

2.3% 0.5% −4.0%
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