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Road markings are essential traffic control devices that guide drivers,
particularly at night and under adverse weather conditions common in
tropical regions. In this study is investigated the performance of thermoplastic
road markings enhanced with phosphorescent phosphorus using rosin ester
as a binder. Laboratory experiments with varying phosphorus concentrations
were conducted to evaluate luminance, retroreflectivity, and skid resistance
under dry and wet conditions. The results show that a 30% phosphorus
content provides the best overall performance by improving the nighttime
visibility and retroreflective properties without compromising the skid
resistance. All measured parameters comply with the Indonesian SKh-1.M-
03 road marking standard. The proposed material demonstrates strong
potential to enhance the road marking visibility and driving safety in
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1 Introduction

Road markings are among the most crucial elements
in modern transportation systems, serving as indicators
for lane boundaries, stop zones, and vehicle movement
directions. Their presence is critical in supporting
the road safety, especially at night or during adverse
weather conditions. According to the World Health
Organization (WHO), more than 1.3 million people die
annually due to traffic accidents, with a significant
portion occurring during nighttime or in poor visibility
conditions. In Indonesia, data from the National Police
Traffic Corps (Korlantas Polri) show that over 50% of
accidents are caused by low visibility, particularly in
poorly lit areas.

The visibility of road markings is thus a vital
component of transportation infrastructure aimed at
improving the road user safety. Under conditions such
as heavy rainfall or nighttime darkness, adequate
visibility of road markings can be a determining factor in
preventing collisions. One common strategy to enhance
visibility is the use of thermoplastic road marking

paint, which is widely applied and regulated due to
its durability, abrasion resistance, and long-lasting
performance under various lighting conditions [1].

In recent years, phosphorescent pigments, especially
those based on strontium aluminate, have emerged as
promising additives for increasing the road marking
visibility. These materials can absorb energy from
sunlight or vehicle headlights and re-emit it gradually
in darkness, providing a glow-in-the-dark effect
without requiring external power sources [2-3]. Various
activation methods have been explored to optimize glow
performance in phosphorus-based luminescent systems,
including UV irradiation for persistent phosphors
and chemical oxidation routes in which phosphorus-
containing materials exhibit chemiluminescence when
exposed to oxidizers, such as hydrogen peroxide [4-5],
as well as thermal processing inherent to thermoplastic
road marking production and application [6].

Additionally, studies have shown that phosphate-
based or phosphorus-containing luminescent materials
with specific crystal structures can enhance glow
intensity and emission stability [7-8]. Furthermore, in
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a previous study [9] the chemiluminescent activation
of phosphorus-based compounds using oxidants such
as hydrogen peroxide, was investigated, demonstrating
potential applications in sensing, forensic detection, and
diagnostics.

Among various phosphorescent materials, strontium
aluminate-based pigments are widely recognized for
their high brightness and long afterglow duration,
outperforming older phosphorescent compounds such as
zinc sulfide [4-5]. To effectively incorporate these active
materials into the road markings, suitable binders are
required to ensure optimal adhesion and durability.
Rosin ester, a natural resin derivative, has been identified
as an effective binder due to its superior adhesion,
chemical resistance, and water resilience, compared to
conventional hydrocarbon resins [6]. Previous research
[7] demonstrated that modified rosin sources, such as
pine and tall oil rosin, can improve softening point,
UV resistance, and esterification efficiency, thereby
enhancing paint performance.

Several studies have investigated the use of
phosphorescent pigments in road markings. Earlier
studies [4-5] reported that incorporating phosphorescent
additives significantly increases reflectivity and
improves durability under extreme weather conditions.
Various concentrations of glow-in-the-dark phosphorus
powder were evaluated in [10], which reported that
a 30% content produced maximum luminance with
acceptable skid resistance, while [11] and [12] confirmed
improvements in reflective performance under nighttime
visibility conditions.

In addition to physical performance, some studies
have utilized spectroscopic techniques, such as Fourier
Transform Infrared (FTIR) and FT-Raman spectroscopy,
to characterize the chemical structure and microscopic
stability of thermoplastic materials. The methods
described in [13] were successfully applied to irradiated
starch, and similar analytical approaches can be
adopted in future studies to investigate the molecular
interactions between the phosphorus pigments and
binder matrices in road marking paints.

However, research specifically evaluating
the integration of strontium aluminate-based
phosphorescent pigments, with rosin ester binders in
thermoplastic road marking formulations, remains
limited, particularly under tropical environmental
conditions characterized by high rainfall and limited
street lighting. Previous studies have predominantly
focused on epoxy or polyurethane-based systems [14-
15], while the practical application and performance
evaluation of phosphorescent thermoplastic paints
incorporating natural resin binders for improving road
safety in developing regions has not been extensively
explored [16-17]. Therefore, in this study is addressed
this gap by evaluating the novel combination of strontium
aluminate-based phosphorescent pigment with rosin
ester binder in thermoplastic road marking paint. The
effects on luminance intensity, retroreflectivity, and skid

resistance under both dry and wet tropical conditions
were quantitatively examined, aiming to develop safer,
more durable, and environmentally conscious road
marking materials to improve nighttime driving safety
in regions with limited lighting.

2 Research methodology

In this section are outlined the procedures for data
collection, material formulation, sample preparation,
testing, and data analysis conducted to evaluate the
safety performance improvements of thermoplastic road
markings enhanced with phosphorescent phosphorus
additives.

2.1 Research location

The research was conducted in the Highway
Engineering Laboratory at the Faculty of Engineering,
Syiah Kuala University, Banda Aceh, Indonesia.
This laboratory is equipped with facilities to perform
experimental studies in transportation materials,
including equipment for visibility and skid resistance
testing under controlled conditions.

2.2 Research approach

A quantitative experimental approach was
employed to assess the effects of phosphorus addition
on the visibility and surface safety performance of
thermoplastic road markings. The independent variable
was phosphorus concentration (0%, 10%, 20%, 30%),
while the dependent variables included luminance
intensity, retroreflectivity, and skid resistance. This
approach is categorized as experimental research,
involving the collection of empirical data through direct
observation and manipulation of variables within
controlled environments [18]. In addition, a quantitative
approach was utilized to gather data in numerical or
measurable form, which was subsequently analyzed
statistically to identify specific patterns, relationships,
or trends [19]. Such an analysis provides a deeper
understanding of the direct impact of phosphorus
additives on driving visibility, ultimately contributing
to improved traffic safety. Experiments were carried out
under controlled laboratory conditions simulating field
environments to ensure systematic, reproducible, and
measurable outcomes. This approach enables rigorous
evaluation of how phosphorus additives influence the
road marking performance and potential contributions
to traffic safety improvement [9].

The phosphorus concentration range of 0-30%,
adopted in this study, was determined based on
previous findings [10], which indicated that a 30%
phosphorus content yielded the highest luminance while
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maintaining adequate skid resistance. Concentrations
below 10% showed minimal improvement in glow
intensity, whereas higher proportions reduced mixture
uniformity and surface smoothness. Therefore, this
range was selected to verify and extend earlier results
under tropical conditions using rosin ester as a natural
binder, representing the main research gap addressed
in this study.

2.3 Materials and testing equipment

All materials were sourced from local suppliers
in Banda Aceh, Indonesia. The material descriptions
were based on established standards and manufacturer
specifications, including:
¢ Glow-in-the-dark  phosphorus powder, a

phosphorescent additive based on strontium

aluminate, containing SrAl,O,:Eu?",Dy®,

¢ Thermoplastic road marking paint, containing a
rosin ester binder with a main composition of
approximately 20.05% binder, 39.68% glass beads,

10.11% TiO, (titanium dioxide), and 30.16% CaCO,

with inert fillers,

e Glass beads, used as a standard reflective additive
for road markings.

The equipment utilized for testing comprised:

*  Lux meter, for measuring luminance intensity,

* British Pendulum Tester, for evaluating skid
resistance,

*  Thermometer and oven, for temperature control
during sample preparation,

e Digital balance, with a precision of 0.01 g, for
accurate material weighing,

* Beakers and impact testing apparatus, for sample
preparation and testing.

All testing procedures were conducted in accordance
with standard laboratory safety protocols to ensure
researcher protection and environmental compliance.
Illustrations of the materials and preparation procedures
are presented in Figures 1 and 2.

2.4 Physical properties testing

The physical properties of thermoplastic road
marking paint were evaluated to assess their compliance
with the Indonesian National Standard SNI 06-4826-
1998 [20] and the Ministry of Public Works guideline
SKh-1.M.03 [21]. The paint formulations tested included
a control sample without phosphorus additive and
experimental samples with phosphorescent phosphorus
powder added at concentrations of 10%, 20%, and 30%
by total weight. All samples were formulated using a
rosin ester binder as the main adhesive component.
The phosphorus powder was thoroughly mixed into
the thermoplastic paint before heating to ensure
homogeneity. Each formulation was then heated, molded
into standardized test specimens, and cooled to room
temperature before testing. This preparation ensured
consistency and allowed direct comparison between the
baseline (control) and phosphorus-enhanced samples to
evaluate the effect of the additive on physical and optical
performance. The physical tests conducted included:

T

Figure 2 Phosphorus addition to road marking paint and heating of thermoplastic paint
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Table 1 Composition and distribution of test specimens
Thermoplastic paint (g) Phosphorus powder (g) Luminance test Skid resistance Reflectivity test
400 - 2 2 2
400 40 2 2 2
400 80 2 2 2
400 120 2 2 2

Total specimens: 8 (per test type) — Total: 24 specimens

1. Specific gravity

Samples (400 g) were heated at 218 + 2°C for 4

hours, stirred for 10 seconds, then poured into a

container for vacuum treatment to remove trapped

air. After the cooling, specific gravity was calculated
by weighing samples in air and water, following
standard immersion methods.

2.  Drying time

Paint was heated to 211 + 7°C, poured to a thickness

of 3.2-4.8 mm at 32 + 2°C, and drying time was

recorded using tack-free tests conducted at 60-second
intervals until the paint surface no longer deformed
or adhered to the testing tool.

3. Low-Temperature crack resistance

Samples were heated (400 g, 218 + 2°C for 4 hours),

stirred, and molded to a thickness of 3-5 mm.

After reaching the room temperature, they were

stored in a freezer at -9.4 + 2°C for 24 hours and

subsequently inspected for cracks under uniform

indirect lighting from a distance of 305 mm.

4. Softening point

Test specimens were mounted with steel balls in a

glass vessel containing distilled water at 5 + 1°C.

After the temperature stabilization for 15 minutes,

the vessel was heated at 5°C per minute, and the

softening point was recorded when the specimen
deformed under the ball load, in line with standard
ring-and-ball test procedures.

5. Flow resistance

Heated samples (400 + 0.1 g at 218 + 2°C for 4

hours) were stirred and immediately placed on a

45° inclined surface. Residual material was weighed

to calculate flow resistance as a percentage of the
original sample mass.
6. Flow resistance with overheating

Similar to the standard flow resistance test, but

samples were heated for 8 hours, stirred after 6

hours, and then tested to assess material stability

under prolonged heating.

This integrated testing approach allowed for
systematic evaluation of specific gravity, drying time,
low-temperature crack resistance, softening point, and
flow resistance of thermoplastic road marking paint
formulations with varying phosphorus concentrations.
Results from these tests provided a comprehensive
assessment of how the addition of phosphorescent
phosphorus influenced the durability and surface
characteristics of the road marking materials under
standardized testing conditions.

2.5 Sample preparation and formulation

Four different formulations were prepared with
phosphorus powder concentrations of 0%, 10%, 20%, and
30% by weight, maintaining a constant thermoplastic
paint weight of 400g for each sample. These formulations
allowed for direct comparison between the control (0%)
and phosphorus-enhanced samples. Samples were
prepared by thoroughly mixing the thermoplastic paint
and phosphorus powder in a container, followed by
heating for 4 hours at 218 + 25°C. After the heating,
the mixture was stirred rapidly with a spatula for 10
seconds and poured onto tin plates (75 mm diameter) to
form test specimens. The specimens were then cooled to
room temperature before testing. Specimen distribution
is shown in Table 1.

Specimen preparation began by mixing the
thermoplastic paint with phosphorus powder according
to the specified percentages. The mixture was placed
in a container and heated for 4 hours at 218 + 25 °C.
After the heating, the mixture was quickly stirred with
a spatula for 10 seconds and poured onto a tin plate (75
mm diameter), then cooled to room temperature.

2.6 Visibility and safety performance testing

Three primary performance tests were conducted
to evaluate the practical safety benefits of phosphorus
addition:

1. Luminance intensity measurement

Luminance measurements assessed phosphorescent

performance under both clear and rainy conditions.

Measurements were conducted between 18:30 and

19:30 at 15-minute intervals using a calibrated lux

meter positioned perpendicularly above the sample

surface at a fixed distance in a completely dark
room. All the samples were pre-exposed to natural
sunlight to activate phosphorescence before testing.

Control samples were included for comparative

analysis.

2. Skid resistance test

Skid resistance was evaluated under both dry

and wet conditions using a British Pendulum

Tester. Wet conditions were simulated by uniformly

spraying water onto the sample surfaces. The British

Pendulum Number (BPN) was recorded for each

condition to assess slip resistance and surface safety

characteristics, following standard procedures [22].
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Table 2 Physical properties of thermoplastic paint

No. Tested parameter Unit Test Result SKh-1.M-03 Standard
1. Specific gravity - 2.02 Max. 2.15

2. Drying time Min 5 Max. 10

3. Softening point °C 101 102.5 £+ 9.5

4. Low-Temp crack resistance - No cracks No cracks

5. Flow resistance %ores 7.36 Max. 18

6.  Flow resistance with overheating %ores 11.54 Max. 28

Table 3 Physical properties with phosphorus addition (10%, 20%, 30%)

No. Tested parameter Unit Testllz;sults e — SKh-1.M-03 Standard
1. Spesific gravity - 2.08 2.10 2.13 Max. 2.15

2. Drying time min 5 5 5 Max. 10

3. Softening point °C 101 105 107 1025+ 9.5

4.  Low-Temp crack resistance - No cracks No cracks No cracks No cracks

5. Flow resistance % res 9.11 11.63 14.42 Max. 18

6. [low resistance after % res 14.42 15.96 19.21 Max. 28

overheating

3. Retroreflectivity test
Retroreflectivity measurements
effectiveness of markings under the nighttime

assessed the

driving conditions. Tests were performed using a lux
meter with vehicle headlights as the illumination
source, directed at a 30°-45° incidence angle to
simulate real driving scenarios. Wet conditions
were simulated by spraying water over the sample
surfaces for 30 seconds before measurement.
According to SNI 06-486-1998 and SKh-1.M.03, the
minimum retroreflectivity requirements are > 200
mcd/m? for dry surfaces and 100-150 mcd/m? for wet
surfaces.

2.7 Data analysis technique

In this study, the effect of phosphorus concentration
on the performance of thermoplastic road markings
utilizing a rosin ester binder derived from natural
pine resin was investigated. The experimental design
includes two primary variables: the independent
variable is the phosphorus concentration, varied at
0%, 10%, 20%, and 30%; and the dependent variable
is the overall performance of the thermoplastic road
marking material. Performance evaluation focuses
on three key parameters: luminance, reflectivity, and
skid resistance. Those indicators were quantitatively
measured to determine how the addition of phosphorus
influences the visibility and safety characteristics of the
road marking under both dry and wet conditions. The
findings aim to support the development of improved
road marking materials, particularly suited for tropical
climates that experience high rainfall and limited night-
time illumination. Moreover, this research contributed

to the sustainable use of natural resources by promoting
rosin ester, a renewable binder derived from pine resin,
as a key component in the thermoplastic formulation.

3 Results and discussion

In this section are presented and discussed the
results obtained from the experimental evaluation of
thermoplastic road marking paints formulated with
varying phosphorus additive concentrations. The
analysis covers their physical properties, visibility
performance under different weather conditions, and
safety-related characteristics, aiming to determine
compliance with national standards and to assess their
potential benefits for road safety applications.

3.1 Physical properties of thermoplastic paint

Tests included specific gravity, drying time, low-
temperature crack resistance, softening point, flow
resistance, and flow resistance after overheating. Table
2 shows that all the tested parameters met the SKh-1.M-
03 standard.

3.2 Physical properties with phosphorus
addition

Tests with 10%, 20%, and 30% phosphorus showed
compliance with SKh-1.M-03 standards. Results are
detailed in Table 3.

The test results showed an increase in specific
gravity from 2.02 (without phosphorus) to 2.11 (with
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Table 4 Regression summary (clear and rainy conditions)

Condition Time Intercept Slope (per %) R? p-value (slope) F-statistic
18:30 2.5 12.35 0.9929 0.00354 280.6302
18:45 -19 1141 0.9944 0.00279 356.9731
Rainy 19:00 94 10.66 0.9946 0.00273 365.1530
19:15 -13.9 9.26 0.9820 0.00902 109.3440
19:30 -14 7.4 0.9722 0.01402 69.8469
18:30 2.6 17.91 0.9999 0.00007 14130.7533
18:45 0.9 16.79 0.9985 0.00077 1288.9991
Sunny 19:00 2.1 15.59 0.9981 0.00095 1053.5245
19:15 -15.9 14.66 0.9921 0.00396 251.0110
19:30 -11.2 11.88 0.9868 0.00660 150.01531
Sunny Conditions Rainy Conditions
& 600 z 600 ‘
2 500 \\\ £ 500
E g 400 E 2 400
g E 200 - £ E 200 T
E 100 T E 00 | s
— 0 = 0

18:30 18:45 19:00 19:15 19:30
time
==0% ——10% ——20% ——30%

18:30 18:45 19:00 19:15 19:30
time
——0% ——10% ——20% ——30%

Figure 3 Phosphorus content versus luminance intensity

30% phosphorus), remaining below the maximum
limit. Drying time remained consistent at 5 minutes.
Softening point increased, from 101°C to 107°C, but
stayed within the acceptable range. All the variations
showed good low-temperature crack resistance. The flow
resistance residue rose from 7.36% to 14.42%, and after
overheating, from 11.54% to 19.21%, both remaining
within limits. These results confirm that phosphorus
can be added up to 30% without compromising paint
quality.

3.3 Road marking performance

In this section, the performance evaluation of
road markings enhanced with phosphorus additives
is presented. The tests focused on two key parameters
affecting the visibility of road markings, namely
luminance and retroreflectivity, under various weather
conditions. The detailed results for each parameter are
described below.

3.3.1 Luminance of road markings
This experiment was aimed at assessing the

influence of phosphorus additive concentration on the
luminous intensity of thermoplastic road markings

under two distinct weather conditions: clear (sunny) and
rainy. Measurements were conducted periodically using
a lux meter to compare the luminance of samples with
varying phosphorus concentrations. The measurement
results are presented in Figure 3.

Based on measurements using a lux meter, it was
observed that the addition of phosphorus significantly
increased the luminance intensity. On clear days, the
luminance increased with higher phosphorus content,
from 185 mcd/m?2 (10%) to 538 mcd/m? (30%). On rainy
days, although the overall luminance intensity was
lower, a similar upward trend was observed, with
luminance rising from 120 mcd/m? (10%) to 362 mcd/m?
(30%). This indicates that phosphorus possesses strong
light-emitting properties, particularly under clear
conditions, and can retain a substantial portion of its
luminance even under less favorable conditions (rain).

On clear days, the peak luminance was recorded
between 18:30 and 19:00, after which it tended to
decline. Higher phosphorus content (30%) consistently
produced greater luminance intensity compared to lower
concentrations (0% and 10%) until 19:30. A similar trend
was observed on rainy days, despite the lower overall
light levels compared to clear weather, the decline in
luminance was more pronounced in samples with lower
phosphorus concentrations.

To validate these observations, statistical regression
analyses were conducted separately for clear and
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Figure 4 Phosphorescence intensity of phosphorus
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Figure 5 Effect of phosphorus content on reflectivity

rainy conditions, as well as using a pooled model with
interaction terms. The results confirmed a strong linear
relationship between the phosphorus concentration and
a luminance intensity. The statistical outcomes of these
regression analyses are summarized in Table 4.

The regression analysis confirmed a strong and
statistically significant linear relationship between the
phosphorus concentration and a luminance intensity
under clear and rainy conditions. Under rainy conditions,
the slopes ranged from 12.35 mecd/m? per % at 18:30 to
7.4 mcd/m?2 per % at 19:30, with R2 values between 0.9722
and 0.9946, indicating that phosphorus concentration
explains more than 97% of the luminance variability
at all observation times. All slopes were statistically
significant (p < 0.05), and F-statistics ranged from
approximately 69.8 to 365.2, confirming the robustness
of the linear relationships. The progressive decrease
in slope across time reflects the gradual decline of
luminance intensity as the evening progressed, though
the phosphorus-induced enhancement remained evident
throughout the wet surface condition.

Under sunny conditions, the relationship was even
stronger. The slopes started at 17.91 mcd/m2 per % at
18:30 and gradually decreased to 11.88 mcd/m?2 per % at
19:30. All the regressions exhibited very high R2 values
(0.9868 - 0.9999), with F-statistics ranging from 150.0
to 14,130.8 and p-values well below 0.01, indicating
highly significant effects. The higher slopes under
sunny conditions compared to rainy conditions highlight

the superior luminance performance of phosphorus-
enhanced markings in dry environments, particularly
during the earlier evening hours when ambient light is
still present.

Overall, these results demonstrate that phosphorus
concentration is a dominant predictor of luminance in
both weather scenarios, with consistently strong linear
fits. However, the magnitude of the effect (slope) is
notably greater under sunny conditions, suggesting that
the reflective and luminance-enhancing properties of
phosphorus are maximized on dry surfaces. This finding
supports the potential application of phosphorus-
enhanced thermoplastic markings to improve the night-
time visibility, especially in dry weather.

The addition of phosphorus to road markings,
particularly at a concentration of 30%, significantly
improves lighting and illumination performance under
both clear and rainy conditions. This confirms that
phosphorus is a highly promising material for enhancing
the visibility and effectiveness of road markings in
accordance with established standards. The luminance
intensity of the samples is presented in Figure 4.

3.3.2 Retroreflectivity of the road markings
The results of the road marking reflectivity test,

or light reflectance of the markings, with phosphorus
additions of 10%, 20%, and 30% are shown in Figure 5.
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Table 5 Regression summary (dry vs wet conditions with interaction)

Condition Intercept Slope (per %) R? F-statistic p-value (slope)
Dry 411.10 101.00 0.999 1457.0 0.001
Wet 295.40 74.00 0.996 456.3 0.002

Table 6 Regression summary - skid resistance (dry vs wet)

Condition Intercept Slope (per %) R? F-statistic p-value (slope)
Dry 50.90 0.290 0.984 120.1 0.008
Wet 4710 0.210 0.969 63.0 0.016

Dry Conditions £ Wet Conditions

E o6 S 754

= A = Ay -

.Egﬁo y=29x+50.9 T8
=7 i B

EE 56 s £25 y=21x+47.1

< g 2 E 2=(.9692

Z E52 T =48

& 2

48 46
0% 10% 20% 30% 40% 0% 10% 20% 30% 40%

percentage of phosphorus (%)

percentage of phosphorus (%)

Figure 6 Effect of phosphorus content on skid resistance

The test results graph shows the effect of phosphorus
addition on the reflectivity of road markings. Under the
dry conditions, reflectivity tests revealed that increasing
phosphorus content led to higher retroreflective values.
Without phosphorus (0%), the retroreflectivity was 411
mcd/m2, while the addition of 30% phosphorus raised
it to 441 med/m2. All the values exceeded the minimum
standard for road marking retroreflectivity (200 mcd/
m?), indicating that phosphorus-enhanced markings
have excellent reflectivity under dry conditions.

Under the wet conditions, phosphorus addition
continued to improve retroreflectivity, though values
were lower than those under dry conditions. At 0%
phosphorus, retroreflectivity measured 295 mcd/m?,
increasing to 317 mcd/m? with 30% phosphorus. All
the measurements remained above the minimum
requirement (200 mcd/m?), proving that phosphorus-
enhanced markings remain effective even in rainy
conditions.

The incorporation of phosphorus in road marking
materials significantly enhances the light reflectance
under both dry and wet conditions. This demonstrates
that phosphorus improves visibility, which is essential
for driving safety, particularly at night or during the
rain. Although the retroreflectivity values are lower
under the wet conditions, all samples met the minimum
standard, which is reasonable since water typically
reduces light reflection. Thus, all phosphorus variations
tested fulfill the required retroreflectivity standards,
making them suitable for road marking applications.

The statistical regression analysis further confirmed
the consistency of these trends,
in Table 5.

as summarized

The regression analysis confirmed a strong linear
relationship between the phosphorus concentration and
retroreflectivity under both dry and wet conditions.
In dry conditions, retroreflectivity increased sharply
with phosphorus addition (slope = 101 med/m? per 1%,
R?=0.999), whereas under wet conditions the slope was
lower (= 74 mcd/m? per 1%, R? = 0.996) but remained
highly significant. The interaction term further
demonstrated a statistically significant difference
between the two conditions, indicating that the positive
effect of phosphorus on retroreflectivity was attenuated
under wet surfaces. All measured values were well above
the international minimum standard of 200 mcd/m?2,
demonstrating that phosphorus-enhanced thermoplastic
road markings are highly effective for ensuring visibility
and road safety, even under adverse weather conditions.

3.4 Skid resistance performance of road
markings

The results of the skid resistance test, conducted
using a Skid Resistance Tester with phosphorus
additions of 10%, 20%, and 30%, are shown in Figure 6.

The skid resistance testing was carried out under
two surface conditions: dry and wet, with phosphorus
addition variations of 0%, 10%, 20%, and 30%. The test
result table shows the effect of phosphorus addition on
the skid resistance values of the road markings, all of
which exceed the minimum standard for road marking
skid resistance (Min. 45). The increase in values
indicates that the addition of phosphorus significantly
contributes to the improvement of the road marking’s
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grip performance. Under the dry conditions, the increase
in skid resistance is more significant compared to wet
conditions. This may be due to differences in interaction
between the marking material and water, which tends to
reduce friction. Nevertheless, the skid resistance values
under the wet conditions remained above the required
minimum threshold.

Table 6 presents the regression summary of skid
resistance responses to phosphorus concentration under
both dry and wet surface conditions. The regression
analysis indicates that the skid resistance increases
with phosphorus concentration under both dry and wet
conditions. In dry surfaces, the slope was approximately
0.290 SRT per 1% phosphorus (R? = 0.984), while
in wet surfaces the slope was about 0.210 SRT per
1% phosphorus (R? = 0.969). The interaction term
(ConcentrationxWet) was -0.080 with p = 0.099,
suggesting that the difference in slopes between dry and
wet conditions is not statistically significant at the 5%
level (marginal at the 10% level).

4 Discussion

The findings of this study demonstrate that
incorporating up to 30% phosphorus into thermoplastic
road marking paint with rosin ester binder significantly
enhanced marking visibility, particularly under low-
light conditions. Visibility parameters tested luminance
intensity, retroreflectivity, and skid resistance, all
improved consistently with increasing phosphorus
content. Regression and interaction analyses further
confirmed that these improvements were statistically
significant under both dry and wet conditions, with
slightly lower effects observed in wet conditions.

This study results supported the findings of Ismail
and Nazri [10], who reported that glow-in-the-dark
phosphorus could produce luminance up to 6 cd/m?2in dry
conditions, with skid resistance and reflectivity meeting
international standards. The maximum reflectivity in
this study reached 441 mcd/m? (dry) and 317 mcd/m?
(wet), surpassing the global minimum threshold of
200 mcd/m2. These results are consistent with earlier
research [4], which confirmed that phosphorus is a more
effective additive than conventional glass beads.

Previous studies [12] reported that the phosphorus-
based resins exhibit high reflectivity performance across
various light wavelengths relevant to nighttime visibility.
Similarly, research [15] developed polyurethane-based
road marking paint with phosphorus that showed the
improved weather resistance and stable luminance
throughout the observation period. Another study [5]
reported that phosphorus enhances the mechanical
durability of road markings under extreme weather
conditions such as rain and cold.

Moreover, integration of the current findings with
recent studies [14] highlights that aluminate-based
luminescent materials such as strontium aluminate

(SrAl,O,:Eu*,Dy*) have significant potential for road
marking due to their long-lasting glow capability.
Moisture-related degradation challenges were
successfully addressed using dual organic-inorganic
coating techniques that enhance hydrothermal
durability.

The study [23] authorsexamined active luminescent
phosphorus-based road marking paint and found that
a layer thickness of 500 pm resulted in an initial
luminance of 4.38 cd/m? with optimal abrasion resistance,
even under high temperatures. This strengthens the
experimental rationale that controlling the composition
and thickness of the coating directly impacts its optical
and functional performance.

The improvement in luminance and surface
performance can be attributed to the physicochemical
interactions between the phosphorescent phosphorus
compound and the rosin ester binder. The rosin ester,
primarily composed of abietic acid derivatives, forms
a hydrophobic polymeric network that encapsulates
SrAlL,O,:Eu*,Dy3* particles. This structure prevents
excessive moisture penetration and protects the phosphor
particles from hydrolysis, which is a major factor reducing
luminescence stability. During the thermoplastic
melting and mixing process, partial interfacial bonding
occurs between ester functional groups and the phosphor
particle surfaces, enhancing particle dispersion within
the binder matrix. This uniform dispersion improves the
photon absorption and energy release, leading to a more
stable and prolonged afterglow performance under the
dark conditions. Furthermore, the viscoelastic property
of rosin ester supports mechanical flexibility and
microtexture retention on the pavement surface, which
maintains sufficient skid resistance while improving
optical brightness. These combined mechanisms explain
how the phosphorus rosin ester system effectively
enhances both luminance and surface performance,
confirming the synergistic interaction between optical
and structural properties of the composite material.

Thus, these research results are not only consistent
with previous studies but also align with the latest global
findings. The main contribution of this study lies in its
innovative combination of phosphorus and natural rosin
ester binder, an area rarely explored systematically.
This formulation significantly enhances visibility and
addresses sustainability by utilizing environmentally
friendly materials. Therefore, the approach offers
strong potential as a technical solution for improving
traffic safety, especially in poorly lit or tropical rainy
environments. The role of road markings in reducing
the crash frequency has been further supported by
recent field safety audits and predictive safety studies.
Inadequate road markings and the absence of reflective
devices have been identified as dominant contributors
to blackspot formation on highways, while improved
visibility and surface markings have been shown to
effectively reduce accident rates. Hence, enhancing
the luminance and durability of thermoplastic road
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markings, as confirmed in this study, aligns with
global efforts to reduce visibility-related traffic crashes
and supports evidence from recent safety audits and
predictive analyses worldwide [24-25].

In practical terms, the adoption of higher phosphorus
concentrations has not yet been standardized in current
road marking specifications. Most commercial products
still rely on conventional glass beads for cost efficiency
and regulatory acceptance [26]. From an economic
perspective, the introduction of phosphorus-based
thermoplastic paint may increase initial production
costs compared with conventional markings, primarily
due to the higher price of phosphorescent pigments.
However, these additional expenses could be offset
by performance benefits, such as improved nighttime
visibility, extended service life, and reduced repainting
frequency, which ultimately contribute to more favorable
long-term life-cycle costs [27]. These findings align with
broader evidence on sustainability from previous studies.
As reported in [28], advanced road marking systems
reduced glass bead consumption by approximately 54%,
paint usage by 63%, and organic solvent emissions by
97% over a 10-year life cycle. This supports the economic
and environmental arguments presented in this study,
confirming that the high-performance materials, such
as phosphorus-based thermoplastic markings, can
simultaneously enhance safety and resource efficiency.
The economic and environmental discussions in this
paper are based on theoretical assessments and
literature evidence; further experimental validation is
recommended.

In terms of environmental aspects, the
phosphorescent additive SrAlO,:Eu?,Dy®* is generally
considered chemically stable and largely insoluble in
water, which minimizes the risk of leaching and offers
a safer profile compared to the conventional heavy-
metal-based phosphors. However, previous studies
have shown that prolonged exposure to moisture may
induce partial hydrolysis, thereby reducing luminescent
performance [29]. To address this issue, surface coating
and modification techniques, such as silica or fluoride
layers, have been reported to significantly improve
water resistance and long-term stability [30-31]. These
findings suggest that while the environmental risks of
leaching are relatively low under normal conditions,
further long-term durability and environmental impact
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studies are necessary to ensure sustainable use of road-
marking materials.

Overall, those results confirm that the phosphorus
additives enhance luminance, retroreflectivity, and skid
resistance of thermoplastic road markings under both
dry and wet conditions. Nevertheless, one limitation
of this study is the absence of the long-term durability
data and field validation. Future research should
therefore include expanded testing, such as extended
durability evaluation under real traffic and weather
conditions, to validate and strengthen the laboratory
findings.

5 Conclusion

Based on the findings, adding phosphorescent
phosphorus to thermoplastic road marking paint with
rosin ester binder significantly improves both visibility
and surface safety performance. A concentration of 30%
yielded the highest light emission intensity (538 mcd/
m? under clear conditions), enhancing nighttime and
rainy-weather visibility for drivers. All the modified
samples met the SKh-1.M.03 technical specifications
and maintained safe skid resistance values on both
dry and wet surfaces, with maximum readings of
60 and 53, respectively. Therefore, incorporating up
to 30% phosphorus is recommended as an effective
safety improvement strategy to reduce accident risks by
ensuring clearer and safer road markings under low-light
or adverse weather conditions, without compromising
paint quality.
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