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content after 12 months of natural outdoor exposure and under accelerated xenon-
arc UV ageing. Field trials under Nordic traffic and climate conditions assessed
retroreflectivity (R)), luminance coefficient (Qd), chromaticity coordinates, and skid
resistance in line with European standards. Initially, the 10% recycled formulation
met all requirements, while the 30% fell below the Qd threshold. After 12 months,
R, decreased mainly within wheel tracks due to traffic wear, whereas Qd increased
for both formulations, especially the 30%. Chromaticity coordinates remained within
the white region, indicating stable colour, and skid resistance increased over time.
Accelerated xenon-arc ageing caused minor Qd reductions and slight shifts in x, y
chromaticity coordinates, reflecting UV-induced binder oxidation without mechanical
wear, bead loss, or surface contamination. Comparison of natural weathering in
combination with traffic load and artificial ageing highlights the limited ability of
UV-only laboratory testing to replicate field-relevant degradation. Overall, the results
suggest that thermoplastic road markings containing 10-30% recycled material can
maintain performance levels approaching those of conventional materials, although
some parameters remained close to or slightly below specified thresholds. While
further validation is needed, the findings indicate potential for the use of recycled
thermoplastic road markings and highlight the need for comprehensive ageing
assessments. By demonstrating the technical viability and performance of recycled
thermoplastic road markings, this study supports the potential contribution of such
materials to SDGs 9, 11, 12, and 13. These relate to more resilient infrastructure,
improved road safety, efficient use of resources, and reduced environmental impacts
through the adoption of circular economy approaches, subject to further validation
through long-term and life-cycle assessments.
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1 Introduction

Road markings are a fundamental element of traffic infrastructure, playing a critical role
in road safety, traffic organisation, and efficient mobility [1, 2]. By providing continuous
visual guidance, they complement signs and signals to convey regulatory, warning, and
navigational information to all road users, including drivers, cyclists, and pedestrians [3,
4]. Clear and durable road markings are essential not only for human drivers but also
for automated driving systems, whose lane-keeping and lane-departure algorithms rely
on road markings to maintain high detection accuracies [5, 6]. To ensure effectiveness
under a range of environmental and traffic conditions, road markings must meet strict
performance standards related to coefficient of retroreflected luminance (R;), luminance
coefficient under diffuse illumination (Qd), chromaticity coordinates, skid resistance,
and durability [7-10].

A variety of road marking materials are in use worldwide, with regional preferences
shaped by climate, traffic density, regulatory frameworks, and historical practices. Glob-
ally, water-based paints dominate due to their low cost and ease of application [11]. In
contrast, Nordic regions predominantly use thermoplastic road-marking materials, as
they offer superior durability under harsh conditions such as studded-tire wear, repeated
freeze—thaw cycles, and intensive winter maintenance [3, 12]. From an environmental
perspective, thermoplastic road marking materials exhibit a significant carbon foot-
print, largely driven by energy-intensive production processes for key components such
as binders, glass beads, and titanium dioxide (TiO,) [13-16]. Emerging innovations,
including bio-based binders and modified natural resins, offer promising avenues for
reducing the environmental impact of thermoplastic formulations [11, 17, 18]. However,
these developments alone are not sufficient to achieve substantial emissions reductions.
A more immediate and impactful strategy is the recycling of thermoplastic road mark-
ings, which conserves raw materials, reduces greenhouse gas emissions, and supports
circular economy principles. This approach also aligns with multiple Sustainable Devel-
opment Goals by enhancing infrastructure sustainability (SDG 9 and SDG 11), reducing
reliance on virgin materials and energy use (SDG 12), and improving long-term dura-
bility to lower maintenance impacts (SDG 13). This work demonstrates how circular
economy approaches in road infrastructure can improve both safety and environmental
sustainability.

Road marking materials are exposed to both traffic wear and a variety of severe envi-
ronmental conditions [19]. These factors accelerate the ageing and degradation of the
materials, leading to colour fading, reduced brightness, and the formation of cracks [6,
20-22], indicating that ageing studies are essential for evaluating material durability
[23]. Two main approaches are commonly used: natural weathering in field trials, which
yields realistic degradation data under actual service conditions but requires long obser-
vation periods; and artificial (accelerated) ageing in the laboratory, where materials are
exposed to intensified stressors such as UV radiation, elevated temperature, and con-
trolled humidity to simulate long-term service in a shorter time. Xenon-arc UV testing

is widely used to replicate solar radiation and its effects on organic binders and pigments
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[24]. However, questions remain about the correlation between accelerated UV ageing
results and actual in-service performance, particularly for composite materials such
as thermoplastic road markings exposed to complex mechanical and environmental
stresses.

In a previous work, we demonstrated that recycled thermoplastic road marking mate-
rial recovered via mechanical milling can be incorporated at 10-20% by weight into
new road marking formulations without compromising initial field performance at the
NordicCert field trials [25]. However, these results were limited to early-stage mea-
surements, and long-term performance remains unknown. As noted previously by
[6] and [22], maintaining long-term durability under real traffic conditions is critical,
because mechanical wear and environmental exposure can quickly reduce functional
performance.

This study examines the one-year performance of recycled thermoplastic road mark-
ings subjected to natural outdoor exposure and accelerated xenon-arc UV ageing. The
analysis focuses on visibility and retroreflective properties (R; and Qd), colour (chro-
maticity coordinates), and skid resistance, with the objective of identifying consistencies
and discrepancies between the two ageing regimes and evaluating the extent to which
accelerated UV testing can predict field performance of recycled materials. Building on
previous research, the study assesses the in-service durability of recycled thermoplas-
tic road markings after one year of field exposure and complements these findings with
laboratory-based accelerated ageing experiments conducted under controlled UV condi-
tions to simulate intensified environmental stress.

This is the first systematic real-world traffic conditions field study of thermoplastic
road markings containing recycled content, providing essential insights for the develop-
ment of sustainable road marking practices and supporting the implementation of circu-
lar material strategies in road infrastructure.

2 Method

2.1 Material formulations and applications on the field trials

The recycled thermoplastic materials investigated in the present study are the same for-
mulations as those used in the previous field trial by Fager et al. [25]. The materials con-
sisted of a white thermoplastic extrusion formulation incorporating 10%, 20%, and 30%
recycled material obtained by mechanical milling (MM) by weight, alongside a virgin
reference formulation. The recycled material formulations were benchmarked against a
reference material identical to the white thermoplastic road marking material used as
the base formulation.

The recycled MM material originated from a 15 cm-wide longitudinal road marking
removed after 12 months of service using a precision cold milling machine. After recov-
ery, particles >8 mm were cleaned, sieved, and melted into block format for addition into
new thermoplastic batches. The virgin base formulation met NordicCert specifications
for roll-over class P5 and was manufactured with a binder content of 18-20%, TiO, pig-
ment (5-6%), and a premix (glass beads + filler) content of ~75%.

The three formulations containing recycled thermoplastic road marking materials
were applied at the NordicCert road trials as 3 mm thick, flat (type I) markings using a
manual screed box. The materials were heated to the application temperature (~ 200 °C)

and held at this temperature for 1 h to fully homogenise before application. The process
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proceeded without any deviations, and the recycled materials performed equivalently
to formulations made entirely from virgin raw materials. No differences in viscosity or
other properties were observed between formulations with different amounts of recy-
cled content. A more thorough description of the materials and the application on the
road trial can be found in [25].

2.2 Natural weathering field trial

Natural weathering was carried out at the NordicCert field trial located in eastern Nor-
way, approximately 180 km northeast of Oslo, Fig. 1. The location is representative of
the predominant climate conditions across much of the land area of Norway, Sweden,
Iceland, and Finland (Koppen-Geiger classification Dfb) [26]. The field trial was estab-
lished in 2015 and evaluates and certifies road marking materials prior to approval for
the Nordic market.

The road at the field trial is a two-lane rural road with a posted speed limit of 90 km/h.
The road surface consists of a stone matrix asphalt (SMA11) that was installed in 2022,
and the surface texture is classified as roughness grade RG2, corresponding to a mean
texture depth (MTD) in the range of 0.60—0.90 mm. A more detailed description of the
test section has been previously published in [25] and [27].

The test section experiences an annual average daily traffic (AADT) in both wheel
tracks of approximately 3,200 vehicles, with heavy vehicles accounting for about 10% of
the total volume [28]. An estimated 50—55% of vehicles use studded tires during winter,
representative of typical driving conditions across Norway, Sweden, Iceland, and Fin-
land. During 2024-2025, the average annual temperature was approximately 6 °C, with
recorded extremes ranging from — 24 °C to 32 °C and annual precipitation averages
around 570 mm. During the winter months (December to March), snow cover persisted

Fig. 1 Location of the test section and a simplified illustration of the application of the road markings
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for approximately eight weeks, during which the road was maintained through 116
ploughing operations and 134 salting events [28].

The road markings were applied in September 2024, a detailed description of the
application procedure is available in [25], and monitored at baseline two weeks post-
application, (herein called initial measurements), after approximately 8 months (June
2025), and after 12 months (September 2025). Each material type was applied in nine
lines measuring 250 cm x 15 cm in the driving lane, oriented parallel to the direction of
traffic. An additional reference line was positioned outside the driving lane, beyond the
kerb line, (Fig. 1).

2.3 Performance measurements at the field trial section

Performance measurements were carried out according to EN 1824 [9] and EN 1436 [8]
and included coefficient of retroreflected luminance (R;), luminance coefficient under
diffuse illumination (Qd), chromaticity coordinates (x, y), and skid resistance (SRT).

2.4 Measurements of R, and Qd

R; and Qd were measured under dry conditions using a portable dynamic retroreflec-
tometer (Delta LTL3500, Denmark) in accordance with EN 1436 [8]. Measurements
were taken at three points along the centreline of each road marking, and the reported
value for each line corresponds to the average of these measurements. The road mark-
ings were not cleaned or washed prior to measurement. However, if a substantial por-
tion of the measurement area was affected by abnormal contamination (e.g., oil stains),
the instrument was repositioned along the longitudinal axis to the nearest unaffected
area. The performance requirements for white Type I markings are R; > 150 mcd/m?/Ix
and Qd > 130 mcd/m?*/Ix according to NordicCert requirements [28].

2.5 Measurement of chromaticity coordinates

The chromaticity coordinates were measured using a portable spectrophotometer (Kon-
ica Minolta CM-25cG, Japan) with measurement geometry 45°/0°, D65 illuminant, and
2° observation angle, and the results were expressed in CIE (x, y) coordinates. Measure-
ments were taken at a single point located at the centreline of each marking. The mark-
ings were not cleaned prior to measurements. Chromaticity coordinates are required to
fall within the colour boxes specified in EN 1436 [8].

2.6 Measurement of skid resistance

Skid resistance was measured on wet road markings using a Portable Friction Tester
(Coralba PFT version 4, Sweden) along the centreline of each marking. The PFT acquires
a measurement point approximately every 1.9 cm, resulting in roughly 70 measure-
ments per line, and the skid resistance for each line is calculated as the average of all
measurement points. The PFT units were converted to SRT units using an established
relationship [29]. The same conversion relationship from PFT to SRT units was applied
uniformly to all measurements. The NordicCert skid resistance requirement is > 50 SRT.
If notches, joints, or other surface irregularities were present, the measurement area
was either reduced or shifted to avoid measurements in the affected regions. Skid resis-
tance measurements were conducted after measurement of R;, Qd, and chromaticity
coordinates.
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2.7 Measurement uncertainty and data variability

Measurement uncertainty for R;, Qd, chromaticity coordinates, and skid resistance
arises from both instrument performance and the inherent spatial variability of road
marking surfaces. Instrument-related uncertainty is considered low for all methods used
in this study, based on manufacturer specifications and information in Wilivaara et al.
[29]. In comparison, the dominant source of uncertainty is the spatial heterogeneity of
the road marking surfaces, including variations in texture, binder distribution, and glass
bead exposure. To mitigate this, multiple measurement points were collected along each
marking section, resulting in a combined uncertainty typically in the order of approxi-
mately 5% for R, Qd, and chromaticity coordinates.

For skid resistance measurements, uncertainty is more difficult to quantify due to the
combined influence of surface condition, test speed, water film thickness, and equip-
ment-surface interaction. Although the friction device is regularly calibrated and oper-
ated according to standard procedures, the overall uncertainty is primarily governed by
surface variability and test-to-test repeatability under field conditions and is estimated
to be below 10%.

2.8 Artificial xenon-arc ageing
Test panels were fabricated using the same material formulations as those applied in the
field trials (MM10% and MM30%). The road marking materials were applied to stain-
less steel substrates. Artificial ageing was conducted in a xenon-arc weathering cham-
ber (Atlas Suntest XXL+, USA) equipped with daylight filters to simulate the outdoor
daylight UV spectrum in accordance with ISO 4892-2 Method A [30], using broadband
irradiance. Method A comprises two consecutive cycles: (i) 102 min of dry exposure at
an irradiance of E = 60 + 2 W/m? (irradiance control from 300 nm to 400 nm), a black
standard temperature (BST) of 65 °C, a chamber temperature of 38 + 3 °C, and relative
humidity (RH) of 50 + 10%; followed by (ii) 18 min of water spray at the same irradiance,
with all other parameters inactive. The combined cycle duration was 120 min and was
repeated to achieve a total exposure time of 168 h.

The selected exposure duration was intended for comparative artificial weathering of
the formulations and should not be interpreted as corresponding to a specific period of

field exposure.

3 Results and discussion
3.1 Initial measurements (baseline performance)
Initial measurements were conducted in September 2024, two weeks after the applica-
tion. Both the 10% and 20% MM formulations met the NordicCert requirements for
white 3 mm thick, Type I markings (R; > 150 mcd/m?/Ix; Qd > 130 mcd/m?/Ix; chroma-
ticity coordinates within the white box; and SRT >50), with measured values of R; = 224
and 214 mcd/m?%/Ix, Qd =144 and 135 mcd/m?/Ix, and SRT =53 for both formulations.
The 30% MM formulation met the requirements for R; (200 mcd/m?/Ix) and chroma-
ticity, and achieved SRT =53, but failed to meet the Qd requirement, with a measured
value of 111 mcd/m?/Ix compared to the threshold of > 130 mcd/m?/Ix.

However, the MM20% sample exhibited a non-homogeneous, sticky surface, which
resulted in substantial accumulation of road dust and particles at the field trials (Fig. 2)
after 12 months. The same material batch was found to have an abnormally high binder
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Fig. 2 MM20% formulation after 12 months at the field trial with significant surface contamination, accompanied
by distinct tire marks

Reference

Fig. 3 Photographs taken after 8 months at the field trials. The top image shows the reference material (without
recycled content), the middle image shows MM10%, and the bottom image shows MM30%
content and elevated softening point, indicating a likely formulation-related deviation
[25]. This was, however, not known at the time of application, and the 20% MM formu-
lation did not behave differently compared to the 10% MM and 30% MM formulation.
Together, these observations suggest that the deviation is most likely related to material
formulation rather than the application process. As a result, MM20% was considered
unrepresentative and was excluded from further analyses to ensure the validity and reli-
ability of the study’s findings.

Figure 3 shows photographs of the road markings after 8 months at the field trials. The
top image shows the reference material, followed by MM10% and MM30%. The visual
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differences between the reference material and MM30% are less pronounced than at the
initial measurements, where colour contrasts were more distinct. This is likely due to
a combination of factors: the reference material has become less white over time due
to abrasion, particulate deposition, and traffic wear, while MM10% and MM30% have
become slightly brighter as a result of UV exposure and weathering.

3.2 Natural weathering and traffic-induced wear at NordicCert field trial section (12
months)

Table 1 presents the measured R;, Qd, and skid resistance values for the virgin reference
and recycled-content materials at the initial measurements and after one year of natu-
ral exposure. All materials exhibited reductions in R; compared to baseline. The reduc-
tion was largest for the reference material (190 units), followed by MM10% (78 units)
and MM30% (46 units). Daylight visibility, as measured by Qd, improved with increases
compared to baseline for MM10% and MM30%, and a minor reduction for the reference
material. The higher skid resistance recorded after 12 months, compared with initial
measurements, can be attributed to the progressive changes in surface texture caused
by traffic loading and environmental exposure. Immediately after application, thermo-
plastic road markings often exhibit a relatively smooth surface, as anti-skid aggregates
are partially embedded within the binder and may be covered by a thin binder-rich film.
With continued traffic loading, abrasion of the thermoplastic matrix occurs, leading
to the exposure of embedded aggregates and the removal of the initial smooth surface
layer, thereby increasing surface micro-texture, which is a key contributor to skid resis-
tance. In addition, weakly bonded particles are selectively removed during early service
life, resulting in a surface increasingly dominated by durable, skid-resistant aggregates
[31-33]. Over time, these processes produce a more stable and roughened surface con-
dition, explaining the higher skid resistance values typically observed after one year of
field exposure.

Figure 4 presents the variation of R values between lines that are exposed to different
numbers of wheel passages. Line 1 (located outside the driving lane, see Fig. 1) is not
exposed to traffic and is therefore excluded from the evaluation according to Nordic-
Cert procedure. The error bars indicate the maximum and minimum values, while the
coloured lines represent the average value. Under NordicCert evaluation, compliance is
assessed per roll-over class using measurements from a single representative line within
each class (not averaged across lines). A representative line for each roll-over class is
selected based on wheel passage measurements. For the purpose of this study, mean val-
ues are reported for each line to enable evaluation of R; and Qd variability in relation to
differences in wheel passage exposure across the driving lane. The wheel tracks (lines 3,

Table 1 Initial performance parameters R, (mcd/m%/Ix), Qd (mcd/m?/Ix), chromaticity coordinates
(%, y), and skid resistance (SRT units) and corresponding values after 12 months of natural weathering
and traffic-derived wear at NordicCert field trials

Material R, initial R 12mo Qdinitial Qd12mo SRTinitial SRT12mo AR, AQd ASRT

Reference 372 182 227 218 51 69 -190 -9 +13
MM10% 224 146* 144 150 53 64 —7/8 +6 +11
MM20% 214 114* 135 143 52 67 —-100 +8 +14
MM30% 200 154 11 132 53 63 —46 +21 410

The values are presented as mean values from the nine road marking lines for each material. Values marked with * do
not fulfil the NordicCert requirements for white 3 mm thick, Type | markings (R, = 150 mcd/m?/Ix; Qd =130 mcd/m?/Ix;
chromaticity coordinates within the white box; and SRT = 50)
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4, 8, 9) are clearly distinguishable, as R values decrease more within than outside the
wheel tracks (lines 2, 5, 6, 7, 10), where the road markings are subjected to less traffic.
This behavior is consistent with previous field observations showing that the retrore-
flectivity commonly deteriorates during winter due to intensified mechanical wear from
studded tires, which impose highly concentrated contact stresses on the marking surface
[34]. Aggressive abrasion accelerates surface wear, including fracture, dislodgement, or
embedment of glass beads that are critical for retroreflection [35, 36]. In addition, the
road marking surface may become polished or covered by wear debris, such as rubber
and asphalt particles, further reducing optical performance [34, 37]. Mean R, values for
lines in between wheel tracks (lines 6,7, and 8) improved for both MM10% and MM30%
after 12 months compared with 8 months. This can be explained by a change in the wear
regime; when traffic transitions to non-studded summer tires, lower abrasion intensity
combined with shear-dominated friction promotes removal of surface contaminants and
gradual cleaning of the marking [34]. This is most pronounced for lines that are exposed
to a medium amount of traffic. Furthermore, thermoplastic extrusion road marking
systems contain glass beads distributed throughout the material, allowing previously
embedded beads to become exposed as the surface layer is worn [35]. Elevated tempera-
tures and precipitation during spring and summer further facilitate glass bead exposure
and surface cleaning, leading to a partial restoration of retroreflective performance [37].

For MM30%, R; values in-between the wheel tracks returned to levels comparable to
the initial measurements. Lines located directly within the wheel tracks still exhibited
values below the threshold (dashed line) for both MM10% and MM30%. A clear cor-
relation between the reduction in R; and the cumulative number of wheel passages was
observed for each marking line, as presented in Table 2, and is visually evident in Fig. 4.
This relationship becomes particularly pronounced after 12 months of service, indicat-
ing that traffic-induced mechanical wear is a dominant factor governing the long-term
retroreflective performance of markings positioned within the wheel tracks.

Linear regression analysis was performed using one-year R, values for each line (2-10)
in relation to the number of wheel passages. The analysis revealed a strong and statisti-
cally significant negative relationship between traffic loading and RL (R? ~ 0.70, p <0.01
for both materials), indicating that RL decreases as the number of wheel passages
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Table 2 Mean values and standard deviations for R and Qd values for MM10% and MM30% at
initial measurement, after 8 months, and after 12 months [28]

Line no. 10 9 8 7 6 5 4 3 2
Initial R, (mcd/m?/Ix) 210+10 220+3 200+ 204+ 221+ 249+ 230 234 247
measurements  MM10% 10 17 54 41 +1 +2 +4
Qd (mcd/m?/Ix)  152+4 144+4 145 158+ 148+ 153+ 136 137+ 123
MM10% +6 15 17 25 +8 11 +3
R, (mcd/m?/Ix) 224+7 153+6 203 180+ 185+ 180+ 236 211+ 230
MM30% +9 15 14 22 +5 30 +2
Qd (mcd/m%/Ix)  122+4 106+17 105+ 120 119+ 113+ 105 101 106
MM30% 11 +4 11 14 +3 +7 +8
After8 months  R_ (mcd/m?/Ix) 156+7 125+3 129 145 141+ 144 135+ 117 124
MM10% +5 +4 11 +2 15 +1 +2
Qd (mcd/m?/lx)  172+3  166+5 165 178 166 179 178 166+ 161
MM10% +3 +3 +9 +5 +4 10 +3
R, (mcd/m?/Ix) 167+3 131+3 142 147 132 150 131 132 141
MM30% +2 +5 +6 +5 +6 +5 +2
Qd (mcd/mz/lx) 155+ 9 153+6 147 £ 141 150 160 149 142 131
MM30% 12 +6 +9 +9 +6 +3 +7
After 12 months  R_(mcd/m?/Ix) 172+13 12246 137 162+ 176 164 126 115 140
MM10% +3 22 +1 +1 +1 +2 +3
Qd (mcd/m%/1x)  160+10 155+9 150+ 150+ 148 172+ 149+ 139+ 149
MM10% 12 15 +8 10 12 10 +12
R (mcd/m?/Ix) 191+8 121+9 142 187 186 168 126 122 143
MM30% +3 +5 +3 +3 +6 +6 +2
Qd (mcd/m?/Ix)  132+12 132+3 127 135+ 127 147 133 127 131
MM30% +4 11 +1 +2 +7 +4 +7

increases. The regression model suggests that each additional 100,000-wheel passages
reduces R; by approximately 10—13 units. A repeated-measures analysis of R; at the ini-
tial, 8-month, and one-year time points showed a statistically significant effect of time
for both materials (p<0.05). R;, decreased markedly during the first 8 months, followed
by a partial recovery or stabilisation between 8 months and one year. This pattern was
consistent across both MM10% and MM30%. Overall, the results indicate that R; deg-
radation is both strongly time-dependent and significantly influenced by traffic load-
ing. Additionally, the difference in performance between the two materials appears to
decrease over time.

For Qd, the values increased over time, an effect that was particularly pronounced for
MM30%, Fig. 5. MM30% exhibited values below the requirement at the initial measure-
ment, but clearly exceeded the requirement after 8 months, and remained above or close
to the limit after 12 months. MM10% consistently showed values well above the require-
ment at all measurement occasions. The statistical analysis demonstrated that both
materials (MM10% and MM30%) experienced significant changes in Qd over time. This
indicates a clear temporal effect on Qd development for both materials. However, linear
regression analysis of the one-year Qd values showed no statistically significant correla-
tion with wheel passages for either material. This suggests that traffic load alone cannot
explain the observed variation in Qd, and that other factors, such as environmental con-
ditions, surface characteristics, or material-specific ageing mechanisms are likely con-
tributing to the changes over time.

In contrast to R, the influence of line position (wheel track, between wheel tracks,
or road edge) was less distinct for Qd. This is consistent with the fact that the Qd value

Page 10 of 18
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is governed by how efficiently incident daylight is reflected back toward the observer,
which depends strongly on the microscale surface geometry of the road marking rather
than on directional traffic loading effects [8, 38]. Surface roughness affects Qd primarily
through its influence on diffuse reflection and light scattering behavior. The observed
improvement in Qd value with time is likely associated with photo-oxidative ageing of
the binder, which alters the surface characteristics of the marking material. Ultravio-
let radiation promotes oxidation reactions within the polymers in the binder, leading
to hardening and embrittlement of the surface layer [39, 40]. As the binder becomes
stiffer and more brittle, its ability to flow, smear, or re-level the surface under thermal
or mechanical loading is reduced. In addition, UV-induced degradation may result in
micro-cracking and subtle surface roughening, thereby modifying the surface texture at
the microscale.

These ageing-related changes can be explained by photo-oxidative reactions within the
polymeric binder, where ultraviolet radiation promotes chain scission and oxidative deg-
radation of the polymer network. Such processes increase the stiffness and brittleness of
the surface layer and cause gradual development of micro cracks and surface heteroge-
neities. The resulting surface evolution alters the light scattering behaviour of the road
marking surface, increasing diffuse reflection, and thereby contributing to higher Qd
values over time.

Studies on polymer surface ageing have shown that UV irradiation can significantly
alter surface characteristics, producing e.g., microscale grooves, cracks, and surface
particulates that increase the surface roughness [40]. Such roughening promotes more
diffuse reflection by redistributing incident light over a wider range of angles, thereby
increasing the proportion of reflected light directed toward the observer. In contrast,
a smooth, binder-rich surface tends to produce predominantly specular reflection,
directing light away from the observer and resulting in lower Qd values [41, 42]. Con-
sequently, UV-driven surface ageing processes can lead to improved daytime luminance
performance.

The chromaticity coordinates are presented in Fig. 6. The figure to the left shows
natural weathering, while the figure to the right shows artificial ageing. For natural
weathering, both the reference material, MM10%, and MM30% remain well within the
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Fig. 6 To the left: chromaticity coordinates for the reference material (circles), MM10% (squares) and MM30%
(triangles) after the initial measurement, after 8 months, and after 12 months of natural weathering at the field
trials. To the right: chromaticity coordinates for MM10% (squares) and MM30% (triangles) before and after 168 h
artificial ageing

specified chromaticity region for white road markings at all measurement occasions. The
observed differences are minimal, both between the three materials and across the dif-
ferent measurement periods. This indicates stable colour characteristics over time and
suggests that increasing the proportion of recycled material does not adversely affect the
chromaticity coordinates of the road markings. For artificial weathering, the chromatic-
ity coordinates for all samples remained well within the defined chromaticity region for
white road markings. Prior to UV exposure, MM30% displayed a slightly more yellowish
tone (higher x and y value) compared with MM10% (both before and after UV expo-
sure). After UV ageing, however, MM30% exhibited chromaticity values similar to those
of MM10%, indicating that UV exposure reduces both yellow and red tones and shifts
the colour toward a whiter appearance. This change may be attributed to surface oxida-
tion and slight erosion of the binder, which exposes more TiO, particles at the surface.
The increased exposure of TiO, enhances light scattering, leading to higher perceived
whiteness, despite ongoing binder degradation. The magnitude of this effect depends on
the crystal form of TiO,, rutile is UV-stable and minimizes polymer breakdown, whereas
anatase can accelerate degradation through its higher photocatalytic activity [43—45].

3.3 Artificial xenon-arc ageing
Figure 7 summarises the results of xenon-arc artificial ageing conducted under con-
trolled laboratory conditions. Changes in Qd were compared before and after ageing.
In these laboratory samples, no drop-on material was present on the surface and the
glass beads embedded within the thermoplastic material remained largely unexposed
due to the absence of traffic-induced wear or abrasion. Consequently, R; measurements
were not considered representative under these conditions as R| is strongly dependent
on bead exposure and retroreflection geometry that develops under mechanical wear in
service. Therefore, R; was excluded from the artificial ageing analysis, and Qd was used
as the primary indicator of surface optical changes.

Measurements of Qd show that both MM10% and MM30% exhibit values well above
the specified requirement both prior to, and following, artificial ageing. The boxplots
are based on ten measurements, where the box boundaries represent the 25th and 75th
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Fig. 7 Qd-values for MM10% (blue boxes) and MM30% (grey boxes) before and after xenon-arc artificial ageing.
The requirement, Qd > 130 mcd/m?/Ix is marked with a dashed line

percentiles, the whiskers indicate the 10th and 90th percentiles, and the line within each
box denotes the median value. Both MM10% and MM30% show a slight decrease in Qd
after ageing, inconsistent with the results from the natural weathering.

3.4 Comparison between natural weathering and xenon-arc artificial ageing

Despite identical TiO, content in MM10% and MM30% formulations, natural weather-
ing for 12 months caused an increase in Qd for both materials, with a slightly larger
increase for MM30%. This could potentially be explained by differences in polymer
matrix properties or pigment dispersion [46] but is not examined further, as it falls out-
side the scope of this study. In contrast, artificial xenon-arc ageing resulted in slight
decreases in Qd, reflecting polymer oxidation and yellowing, without significant expo-
sure of TiO, [43]. These results highlight the different mechanisms of long-term outdoor
weathering with traffic exposure versus short-term, high-intensity laboratory UV expo-
sure (without mechanical wear) and the role of the polymer binder in controlling diffuse
reflectance.

Natural weathering combines UV radiation, moisture cycles, temperature fluctuations,
and abrasive wear from traffic and winter maintenance. This complex stress environment
leads to accelerated glass bead loss, surface roughening, and contamination by rubber
particles and dust [35, 36]. Xenon-arc artificial ageing primarily targets photodegrada-
tion and thermal oxidation of the binder and pigments, but lacks mechanical abrasion,
so bead embedment remains intact and surface contamination is absent. These differ-
ences are important because retroreflectivity loss in the field can be dominated by bead
loss and surface contamination rather than pure UV-induced optical degradation [47].
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The data also indicate that natural weathering has minimal effect on the (x, y) chro-
maticity coordinates, indicating stable colour over time for both MM10% and MM30%.
In contrast, artificial xenon-arc ageing caused a slight shift toward lower x and y val-
ues, particularly for MM30%, reflecting a minor reduction in yellow and red tones and a
slightly whiter appearance. This difference is likely due to rapid UV-induced binder oxi-
dation and limited TiO, exposure under laboratory conditions, whereas gradual binder
erosion during outdoor exposure preserves colour stability.

The differences observed between natural and accelerated ageing highlight the limita-
tions of laboratory xenon-arc UV exposure as a stand-alone predictor of in-service per-
formance of thermoplastic road markings. While artificial ageing can effectively reveal
the susceptibility of thermoplastic binders to photodegradation and minor changes in
colour and Qd, it does not account for key field-relevant factors such as mechanical bead
loss, surface contamination from traffic wear, or the full effects of moisture and tem-
perature variations. Consequently, predictions of long-term performance based solely
on short-term laboratory UV exposure may underestimate or misrepresent actual field
performance, particularly for recycled thermoplastic formulations where matrix proper-
ties and binder-pigment interactions can differ from virgin materials. Previous research
has highlighted that artificial weathering methods, such as xenon-arc exposure, often
simulate a high-noon UV scenario but do not adequately reproduce field conditions
involving moisture, temperature cycles, and mechanical abrasion, leading to potential
misrepresentation of service-life performance when used in isolation [48—50]. Moreover,
comprehensive multi-factor ageing studies have shown that combined environmental
stresses affect durability and optical performance in ways that xenon-arc ageing alone
cannot capture [51, 52]. The first version of EN 1871 [53] included a method where
Troger wear abrasion was evaluated after UV exposure, reflecting an awareness that
both photochemical degradation and mechanical wear contribute to field ageing of road
marking materials. However, no standardised multi-factor accelerated ageing protocol is
currently available that fully reproduces the combined environmental and traffic-related
stresses experienced under real service conditions. Our findings highlight the need for
an artificial ageing protocol that combines UV exposure with mechanical abrasion, sub-
zero temperature cycling, and relative humidity variations from approximately 50—00%
with frequent periods near saturation, relevant for Nordic conditions. Such an approach
would provide a more robust basis for assessing the durability and visibility of recycled
road markings and help establish more reliable correlations between laboratory ageing
results and real-world performance, ultimately guiding formulation and specification
decisions for sustainable marking materials. By demonstrating the technical feasibility
and performance of recycled thermoplastic road markings, this study highlights their
potential role in supporting more sustainable material strategies within road infrastruc-
ture systems. These findings suggest possible alignment with several United Nations
Sustainable Development Goals, including SDG 9 (Industry, Innovation, and Infrastruc-
ture) through more resilient transport systems, and SDG 11 (Sustainable Cities and
Communities) via improved road safety and mobility.

In addition, the reduced reliance on virgin materials indicates potential contribu-
tions to SDG 12 (Responsible Consumption and Production) by enabling more efficient
resource use within a circular economy framework. The long-term durability and per-
formance of recycled materials also suggest relevance to SDG 13 (Climate Action), as
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improved material longevity may reduce maintenance frequency and associated envi-
ronmental burdens. However, these contributions should be interpreted cautiously, as a
comprehensive life-cycle assessment and full-scale implementation studies are required
to quantitatively confirm the environmental and sustainability benefits of the proposed
approach.

4 Conclusions

Based on the results of this study, the incorporation of recycled thermoplastic road
marking material represents a promising approach for reducing the use of virgin raw
materials without compromising traffic safety or functional performance. Thermoplastic
road markings containing 10% and 30% mechanically milled recycled material generally
demonstrated performance close to the specified requirements after one year of expo-
sure under real-world Nordic traffic and climate conditions, although some parameters
showed values at or below threshold levels. By demonstrating the technical feasibility of
reducing reliance on virgin materials and enabling the circular use of resources, these
findings support the potential for more sustainable material strategies in road marking
systems. Such approaches are aligned with the objectives of the SDGs related to resilient
infrastructure, sustainable cities, responsible consumption, and climate action, pending
confirmation through future life cycle and large-scale implementation studies.

Natural weathering led to a reduction in the coefficient of retroreflected luminance
(R;) for all materials, primarily governed by traffic-induced mechanical wear, glass bead
loss, and surface contamination. At the same time, the luminance coefficient under dif-
fuse illumination (Qd) increased for the recycled formulations, particularly for MM30%,
which is attributed to gradual surface ageing, micro-scale roughening, and enhanced
diffuse light scattering under combined UV exposure, moisture, temperature variations,
and abrasion. Chromaticity coordinates remained stable during natural exposure, con-
firming that increased recycled content did not adversely affect colour performance. All
field-applied formulations also met the performance requirements for skid resistance
after one year.

In contrast, accelerated xenon-arc UV ageing produced different degradation pat-
terns. While both recycled formulations remained within the specified limits for Qd
and chromaticity, slight decreases in Qd and minor shifts toward lower x and y values
(for MM30%) were observed. These changes reflect UV-driven photodegradation of the
binder under laboratory conditions, but the absence of mechanical abrasion, bead loss,
and surface contamination limits the ability of xenon-arc ageing to reproduce field-rele-
vant degradation mechanisms. Consequently, accelerated laboratory testing alone would
have underestimated certain degradation modes observed during natural ageing.

Overall, the results confirm that recycled thermoplastic road markings with 10% and
30% recycled content can maintain acceptable performance over at least one year of ser-
vice, supporting their suitability for practical implementation. This study provides the
first systematic evidence from real-world traffic conditions demonstrating the technical
feasibility of circular use of thermoplastic road marking materials within the transporta-
tion sector.

Beyond material performance, successful large-scale implementation will require fur-
ther development in logistics, recycling infrastructure, and coordination between road
authorities, contractors, and material producers. Future work should include full-scale



Fager et al. Discover Sustainability (2026) 7:1095 Page 16 of 18

validation of milling and recycling processes, optimization of sorting and quality con-
trol methods, and evaluation of formulations with recycled contents exceeding 50%.
Long-term performance should be assessed using combined laboratory and field ageing
protocols, and a comprehensive life cycle assessment (LCA) is needed to quantify the
environmental and economic benefits of recycled thermoplastic road markings relative
to virgin materials.
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