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Featured Application: White water-based paints with high-volume solids and well-graded glass
beads, characterized by uniformity and curvature coefficients, improve pavement marking
service life.

Abstract: Pavement marking retroreflectivity, a critical factor for safe driving, depends on the charac-
teristics of both the paint and the embedded glass beads. However, traditional methods for predicting
pavement marking service life often overlook these materials properties. This study investigates the
influence of paint and glass bead characteristics on pavement marking retroreflectivity performance
and addresses the characterization of glass bead size distribution by the coefficient of uniformity and
curvature. Three field test sites on a Brazilian highway with various paint and glass bead combi-
nations were evaluated. A statistical model, GAMLSS (Generalized Additive Model for Location,
Scale, and Shape), was adjusted to evaluate the performance of the markings’ retroreflectivity as a
function of paint and glass bead characteristics. The model revealed that well-graded glass beads
increased retroreflectivity by around 10%, while paints with a higher volume of solids improved
service life around 65%. Therefore, the results show that acrylic water-based paints with higher
volumes of solids and well-graded glass beads with better shape characteristics should be preferred
to improve pavement markings’ retroreflectivity and service life. The statistical model identified the
key characteristics with the greatest impact on pavement marking retroreflectivity, offering valuable
insights for real-world applications, which will assist pavement marking practitioners and road
authorities in selecting appropriate materials to achieve enhanced durability.

Keywords: road markings; test sites; GAMLSS; particle shapes; gradation; volume solids

1. Introduction
1.1. Road Safety and Pavement Markings’ Retroreflectivity

During the last decades, traffic crashes have become a worldwide concern. The last UN
General Assembly established the Second Decade of Action for Road Safety 2021–2030 with
a target to reduce death and injuries caused by traffic by a minimum of 50% by the
year 2030 [1]. The report recommends ensuring safe road use by guaranteeing that road in-
frastructure considers the needs of all road users and is designed to facilitate safe behaviors,
including the use of clear and intuitive pavement markings [1].

Pavement markings are one of the most important features for roads due to their con-
tribution to road safety improvement. Due to their relatively low cost and broad availability,
pavement markings are a low-cost solution to reduce traffic crashes, especially in developing
countries [2]. However, adequate pavement markings must present visibility during the day by
the contrast of the marking material with the pavement surface, and their nighttime visibility
depends on the retroreflectivity provided by the glass beads in the pavement markings.

Appl. Sci. 2024, 14, 4205. https://doi.org/10.3390/app14104205 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14104205
https://doi.org/10.3390/app14104205
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-5260-1914
https://doi.org/10.3390/app14104205
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14104205?type=check_update&version=1


Appl. Sci. 2024, 14, 4205 2 of 17

Retroreflectivity is an engineering measure of the efficiency of the pavement mark-
ings’ ability to reflect the light from vehicle’s headlights back to the light source. Pave-
ment markings’ retroreflectivity is measured by the coefficient of retroreflected luminance
(RL, mcd/m2/lx) given by the ratio of the luminance (brightness to the driver from the
markings surface, mcd/m2) and the illuminance, in lux (lx), of the vehicles’ headlight
on the marking [3,4]. Retroreflectivity (RL) is most required in low-light and nighttime
conditions to improve the readability and perception of the information provided by
pavement markings.

The improvement and maintenance of pavement markings’ retroreflectivity correlate
to a reduction in traffic crash rates [3,5]. Higher values of retroreflectivity reduce the
detection distance of pavement markings, especially for elderly drivers [6], which improves
their reaction time. In addition, studies have shown that pavement marking retroreflec-
tivity values higher than 200 mcd/lx/m2 are related to a lower number of traffic crashes.
Moreover, the maintenance of pavement markings’ quality presents a positive effect on
road safety [7].

1.2. Performance of Pavement Markings’ Retroreflectivity

Pavement markings present retroreflectivity due to the glass beads applied on their
surface. The characteristics of the glass beads have a great influence on the retroreflectivity
levels. Smadi et al. [8] assessed the size distribution (gradation), color, shape, and air
inclusion of glass beads and evaluated the influence of these properties on the initial
retroreflectivity of laboratory and field samples. The authors evaluated 30 glass bead
samples and could not define a definitive relationship. However, the general trends
observed showed that samples with higher percentages of round and larger particles,
clearer beads, and low air inclusion tended to increase the initial retroreflectivity value.

Pavement markings’ retroreflectivity decreases over time. Frequent snow removal
activities, traffic, and dirt accumulation scratch the glass beads’ surface, which accelerates
the degradation rate of retroreflectivity due to the loss of a polished surface [9]. Moreover,
retroreflectivity degradation also occurs due to the loss of glass beads and dirt accumulation
on the pavement markings’ surface, which reduces the reflectorized area [10]. The glass
beads’ loss depends on the marking material used; the selection of the type of binder must
consider costs and performance [11]. In addition, materials’ characteristics are evaluated
by laboratory tests to guarantee their quality prior to application.

Retroreflectivity values and their rates of decrease depend on the traffic volume and
composition, as well as climatic conditions such as rain, solar radiation, and temperature.
Due to the difficulty of reproducing traffic and weather characteristics in the laboratory,
pavement markings’ performance are usually evaluated by field tests [12–20]. Experimental
test sites are expensive and require long periods to produce results, but they are necessary
for the proper evaluation of materials’ performance.

1.3. Degradation Models

The data collected from the experimental test sites provide information regarding
the decrease in retroreflectivity over time, and the results can be used to predict the
retroreflectivity value expected at a given time by statistical modeling. Statistical models
provide details regarding the service life of pavement markings based on the variables and
characteristics included to fit the data.

Prediction of the end of pavement markings’ service life started during the 1990s. The
initial approaches considered linear or logarithmic models to predict the retroreflectivity
as a function of age and initial RL [12,13]. The authors evaluated the retroreflectivity
data from pavement markings with different marking materials, considering paints, tapes,
thermoplastic, and others. Since then, statistical models and analyzed data have evolved
to more complex models using machine learning methods [20]. Table 1 presents several
studies from the literature that proposed statistical models with the data from experimental
test sites, including the main exploratory variables and the materials considered.
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Table 1. Summary of retroreflectivity prediction models in the literature.

Author/Year Exploratory Variables Included in the Model Materials

Zhang and Wu, 2010 [15] Age Tape, water-based paint, thermoplastic,
and experimental materials

Hummer et al., 2011 [16] Age and RL initial * Water-based paint

Robertson et al., 2013 [17]
Age, RL initial *, lane and shoulder width, difference and

RL percentage difference, and traffic volume
and cumulative traffic volume

Water-based and high-build paint

Sitzabee et al., 2013 [18] Age, RL initial *, traffic volume, glass bead type,
and line position Polyurea

Babić et al., 2019 [19] Age, RL initial *, line position, and winter maintenance Solvent-based paint, thermoplastic,
and cold plastic

* RL initial = initial retroreflectivity value.

Most of the studies presented in Table 1 predicted retroreflectivity as a function of age
and the initial retroreflectivity value. Traffic volume was also frequently included in the
models as a significative variable to the degradation rate of retroreflectivity. Furthermore,
with the exception of Sitzabee et al. [18], all the researchers evaluated at least two different
marking materials. However, Sitzabee et al. [18] evaluated the impact of glass bead variation
by comparing the performance of standard and highly reflective beads and comparing
their impact on the service life of pavement markings.

Despite all the studies including more than one material type as a source of variation,
none of them included an explanatory variable to describe the influence of distinct materials
on the degradation rate or on the retroreflectivity value predicted. The authors adjusted
different degradation models to evaluate the retroreflectivity and the degradation rate of
pavement markings using different materials.In addition, the authors grouped the data
based on the material type and did not present any differentiation regarding variations in
the same material type, for example, by manufacturer.

1.4. Objective

It is important to quantify the impact of different paints and glass beads. The choice
of different materials will change their properties and characteristics. However, existing
studies in the literature fail to discuss the influence of material properties or characteristics
on retroreflectivity value or pavement markings’ service life. Identifying and quantifying
material properties’ impact on retroreflectivity degradation is crucial during material
selection prior to application.

The objective of this paper is to identify the contribution of basic characteristics of
paints and glass beads, evaluated through laboratory tests, on the retroreflectivity perfor-
mance of pavement markings. This analysis is based on data collected at three experimental
test sites at a Brazilian highway and fitted to a statistical model. The results will assist
pavement marking practitioners and road authorities in selecting appropriate materials to
achieve enhanced durability.

2. Materials and Methods
2.1. Materials

In this research, seven white acrylic resin water-based paints were evaluated: A, B, C,
D, E, F, and G. All the paints were commercial paints, from distinct manufacturers. Paints
A, B, C, D, E, and G are traditional traffic paints, whereas paint F is expected to exhibit
superior performance, as indicated by the manufacturer.

The glass beads used in this study were from five distinct manufacturers: α, β, ω, δ, and
ε. Two glass bead gradations (IIA and IIC), following the guidelines of Brazilian standard
ABNT NBR 16184 [21], were selected from manufacturers α, β, ω, and ε. The glass beads
selected from manufacturer δ were two gradations (Type 2 and Type 3) according to AASHTO
M247 [22]. Figure 1 presents the grain size distribution ranges of the gradations used.
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Figure 1. Grain size distribution ranges of glass beads IIA and IIC from NBR 16184 (BRA) [21] and
Type 2 and Type 3 from AASHTO M247 (USA) [22].

2.2. Methods

All the paints were characterized regarding their consistency [23], specific gravity [24],
and volume solids [25]. These methods were selected based on the common practices of
Brazilian agencies for quality acceptance of traffic paints due to the simplicity of the tests.
The glass beads’ size distribution and shape characteristics were evaluated according to the
procedure described in AASHTO R98 [26].

2.3. Experimental Design

The retroreflectivity data used in this study were collected from three experimental
test sites where the pavement markings were subjected to the real weather and traffic
conditions. Test site 1, test site 2, and test site 3 were monitored from 2016–2017, 2018–2020,
and 2020–2022, respectively. All the test sites were constructed at the same road section
with the same characteristics and were subjected to similar climatic conditions. Figure 2
shows the toll plaza where the test sites were located.

Appl. Sci. 2024, 14, x FOR PEER REVIEW  5  of  17 
 

 

Figure 2. Experimental test site view [27]. 

Experiments  on  highways  require  special  attention  because  they  involve  several 

safety aspects. The experiment used  the  lines  transversal  to  traffic as recommended by 

NTPEP [28]. This experimental setup presents the following advantages: all stripes can be 

placed close together in a short length of highway, which allows for the quick measure-

ment of retroreflectivity; all materials are subjected to the same conditions of traffic and 

weather; and all the stripes are hit by vehicles, which accelerates the experiment. Although 

transversal stripes do not represent the real condition of markings, since they are applied 

longitudinally [5], transversal stripes provide similar results to overall pavement mark-

ings’ degradation [29,30]. Figure 3a shows one example of the test site on the day of ap-

plication and Figure 3b shows the stripes after being subjected to traffic for 11 months. 

   

(a)  (b) 

Figure 3. Experimental test site 2: (a) day of construction; (b) 11 months after construction (zoomed 

in on the right lane). 

Due  to  the  high  traffic  volume  of  the  highway,  traffic  interruptions  for  frequent 

retroreflectivity measurements would cause speed reductions and safety  issues. There-

fore, the test sites were constructed in a toll plaza rather than a free rolling section because 

drivers are aware and warned of a speed reduction, which avoids misunderstandings and 

safety issues. All the test sites were placed after the toll cabin and were subjected to the 

effect of vehicles’ acceleration. The  test  sites were  located on highway BR-381  (an  im-

portant road in the southeastern region of Brazil with very heavy traffic of 2.27 × 107 ESALs 

for a 10-year project). The traffic volume at this road section is approximately 17,000 vehi-

cles/day, of which 35% are heavy vehicles. 

The retroreflectivity values were collected several times during the monitoring pe-

riod and the intervals between the measurements were random due to limitations on traf-

fic  interruption or wet surfaces caused by  rain.  In case of  rain,  the data collection was 

rescheduled to at least 24 h after the rain ended. The measurements were collected only 

Figure 2. Experimental test site view [27].

Experiments on highways require special attention because they involve several
safety aspects. The experiment used the lines transversal to traffic as recommended by
NTPEP [28]. This experimental setup presents the following advantages: all stripes can
be placed close together in a short length of highway, which allows for the quick measure-
ment of retroreflectivity; all materials are subjected to the same conditions of traffic and
weather; and all the stripes are hit by vehicles, which accelerates the experiment. Although
transversal stripes do not represent the real condition of markings, since they are applied
longitudinally [5], transversal stripes provide similar results to overall pavement markings’
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degradation [29,30]. Figure 3a shows one example of the test site on the day of application
and Figure 3b shows the stripes after being subjected to traffic for 11 months.
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Figure 3. Experimental test site 2: (a) day of construction; (b) 11 months after construction (zoomed
in on the right lane).

Due to the high traffic volume of the highway, traffic interruptions for frequent retrore-
flectivity measurements would cause speed reductions and safety issues. Therefore, the
test sites were constructed in a toll plaza rather than a free rolling section because drivers
are aware and warned of a speed reduction, which avoids misunderstandings and safety
issues. All the test sites were placed after the toll cabin and were subjected to the effect of
vehicles’ acceleration. The test sites were located on highway BR-381 (an important road in
the southeastern region of Brazil with very heavy traffic of 2.27 × 107 ESALs for a 10-year
project). The traffic volume at this road section is approximately 17,000 vehicles/day, of
which 35% are heavy vehicles.

The retroreflectivity values were collected several times during the monitoring pe-
riod and the intervals between the measurements were random due to limitations on
traffic interruption or wet surfaces caused by rain. In case of rain, the data collection was
rescheduled to at least 24 h after the rain ended. The measurements were collected only
during the day on a dry surface with a portable retroreflectometer with 30 m geometry, as
prescribed by ASTM E1710 [4]. The equipment measurement error was ±5.0%, according
to the manufacturer. The retroreflectivity was measured at the positions of the right and left
wheel paths and the value considered herein is the average value between both readings
for each stripe. These positions were selected due to their accelerated degradation since
the retroreflectivity at the wheel path tends to present values around 50% lower than the
center and edges [31].

Each experimental test site used different paints, glass beads, and glass bead applica-
tion rates (ARs), which generated several material combinations, as shown in Figure 4. All
the paints were applied with a wet thickness of 500 µm, and no anti-skid was used.

Test site 1 was constructed in July 2016 and the retroreflectivity data were collected for
11 months until June 2017. During this period, the retroreflectivity was measured 30 times,
which generated over 6500 data points. The materials evaluated were two commercial
paints, A and B, and two application rates of glass beads from three different manufacturers
(α, β, and ω). This study used the gradations IIA and IIC from ABNT NBR 16184 [21]
(Figure 1). The selected glass bead application rates (GB-ARs) were 70% IIA + 30% IIC
(7030Br) and 100% IIA (100Br), regarding the total mass of glass beads applied at a rate
of 400 g/m2. For the application at the test site, the two paints were combined with
the beads available, which resulted in 12 different material combinations,
as shown in Figure 4.
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Test site 2 was constructed in September 2018 and the retroreflectivity data were
monitored over 24 months until October 2020. The retroreflectivity was measured 39 times,
generating over 7000 data points. The materials evaluated were two commercial paints,
C and D, and three different application rates of two glass bead gradations from the same
manufacturer (δ). The paints were provided by a resin manufacturer. The glass beads
conformed to the AASHTO M247 [22] requirements. This study used the Type 2 and
Type 3 gradations (Figure 1). The selected glass bead application rates (GB-ARs) were: 70%
Type 2 + 30% Type 3 (7030T), 50% Type 2 + 50% Type 3 (5050T), and 30% Type 2 + 70%
Type 3 (3070T), regarding the total mass of glass beads applied at a rate of 600 g/m2. For
the application at the test site, the two paints were combined with the three application
rates, resulting in 6 different combinations, as shown in Figure 4.

Test site 3 was constructed in December 2020 and the retroreflectivity data were
monitored over 18 months until August 2022. The retroreflectivity was measured 15 times,
generating over 5500 data points. The materials evaluated were three commercial paints,
E, F, and G, and one application rate of glass beads from one manufacturer (ε) applied at the
same application rate. The glass beads followed the recommendation of Brazilian standards
ABNT NBR 16184 [21] and this study used the gradations IIA and IIC in Figure 1. The
selected glass bead application rate (GB-AR) was 70% IIA + 30% IIC (7030Br), regarding the
total mass of glass beads applied at a rate of 400 g/m2. For the application at the test site,
the three paints were combined with the glass beads available, which resulted in 3 different
material combinations, as shown in Figure 4.

3. Material Characterization Results
3.1. Paint Characterization

The paints were characterized regarding their consistency [23], specific gravity [24],
and volume solids [25] prior to the application, and Table 2 presents the results.

Table 2. Basic characterization of paints.

Parameter Limits *

Paint

Test Site 1 Test Site 2 Test Site 3

A B C D E F G

Consistency (KU) 80 ≤ KU ≤ 95 97 89 96 101 92 89 90
Specific gravity (g/cm3) ≥1.59 1.74 1.70 1.75 1.71 1.70 1.70 1.70

Volume solids (%) ≥62.0 63.8 64.2 62.0 60.5 66.0 65.0 65.0

* Limits according to ABNT NBR 13699 [32].

The consistency results in Table 2 show that paints B, E, F, and G were in accordance
with the limits required, while paints A, C, and D were out of the range. Although they
are considered inadequate for use based on the specification ABNT NBR 13699 [32], the
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materials were used for research purposes and applied at the test sites to identify the impact
of such characteristics on the paint performance. Regarding the specific gravity, all the
paints were in accordance with the required value, which indicates that the paints presented
adequate balance and formulation. Considering the volume solids, the parameter evaluates
the percentage of the paint’s volume without the volatile fraction, therefore representing
the dried paint’s thickness as a percentage of the wet thickness.

3.2. Glass Bead Characterization

The glass beads’ size distribution and shape characteristics were evaluated according
to the procedure of AASHTO R98 [26]. Figures 5–7 present the grain size distributions,
thickness-to-length distributions, and sphericity distributions, respectively, for each glass
bead composition and application rate.
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The size distributions of the glass beads (Figure 5) present a large variation due to their
gradations or manufacturers. The glass bead compositions δ-7030T, δ-5050T, and δ-3070T
present larger particles than the other compositions. Regarding the other compositions,
β-100Br and ω-100Br present the smallest particles, but all the compositions present similar
size distributions.

The distributions of the thickness-to-length ratio (b/l) in Figure 6 show that compositions
δ-7030T, δ-5050T, and δ-3070T present the same distribution of thickness-to-length ratio, with
around 78% of round particles (b/l higher than 0.85), as required by AASHTO R98 [26]. The
compositions ε-7030Br and ω-100Br present 70% and 65% of particles with b/l higher than
0.85, while the other compositions present less than 50% of round particles.

Regarding the sphericity distribution in Figure 7, all glass beads present poor shape
properties considering the threshold of sphericity required by AASHTO R98 [26] to classify
the particles as round (SPHT > 0.93), since all the compositions present less than 10% of
round particles. Therefore, the lack of sphericity that all these glass beads present may lead
to low retroreflectivity values when they are applied on the pavement markings [8,33].

Since the results of the glass bead characterization are distribution curves, the analysis of
results is mainly qualitative. However, to compare the glass beads’ composition and use their
characteristics as variables in the statistical model, some parameters were obtained from the
distributions of the grain size, thickness-to-length ratio, and sphericity to discretize the results.

The size distribution of glass beads was evaluated considering whether the compo-
sition is well graded, or not, by the coefficients of uniformity (CU) and curvature (CC)
commonly employed in soil mechanics for analyzing granular materials [34,35]. The
coefficient of uniformity is defined by Equation (1):

CU =
D10

D60
, (1)

where D10 and D60 correspond to the diameter (particle size) at which 10% and 60%
of particles are smaller, respectively. The coefficient of uniformity (CU) evaluates the
uniformity of a granular material. The material is considered uniform if CU is lower than 2,
i.e., the particles’ size distribution is concentrated at one size range. The coefficient of
curvature (CC) is described by Equation (2):

CC =
D10

2

D10 × D60
, (2)

where D30 corresponds to the diameter (particle size) at which 30% of particles are smaller. The
coefficient of curvature (CC) identifies whether the particles’ size distribution of the granular
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materials is continuous or not, i.e., presents a proportional percentage of several particle
sizes. The material presents a continuous distribution if CC is between 1 and 3. Continuous
distribution characterizes well-graded sands and aggregates because it presents particles
with several diameters that cause interlock and package between grains since the smaller
particles will fill the voids between the larger particles [36]. This behavior is interesting for
glass beads because a well-graded glass bead composition will present several embedment
depths, which will improve the pavement markings’ service life [33].

To characterize the thickness-to-length ratio curve, the parameters considered were bl20,
bl50, and bl80, which correspond to the thickness-to-length ratio at which 20%, 50%, and 80%
of the particles, respectively, are lower than that value. Analogously, the characterization of the
sphericity distribution curve considers the parameters SPHT20, SPHT50, and SPHT80. Table 3
presents the results of the parameters used to characterize the glass beads’ compositions.

Table 3. Characterization parameters for the glass beads’ compositions.

Glass Bead
Parameters

D10 * D30 * D60 * CU CC bl20 bl50 bl80 SPHT20 SPHT50 SPHT80

α-7030Br 0.368 0.489 0.625 1.698 1.040 0.62 0.84 0.93 0.53 0.75 0.82
α-100Br 0.335 0.450 0.557 1.663 1.085 0.61 0.82 0.92 0.51 0.74 0.81
β-7030Br 0.348 0.457 0.577 1.658 1.040 0.60 0.84 0.94 0.59 0.76 0.83
β-100Br 0.323 0.415 0.520 1.610 1.025 0.57 0.81 0.93 0.56 0.75 0.82
ω-7030Br 0.305 0.430 0.553 1.813 1.096 0.67 0.91 0.98 0.62 0.74 0.78
ω-100Br 0.270 0.494 0.518 1.919 1.745 0.67 0.91 0.98 0.62 0.74 0.78
δ-7030T 0.447 0.620 0.810 1.812 1.062 0.81 0.93 0.97 0.71 0.77 0.82
δ-5050T 0.485 0.698 0.886 1.827 1.134 0.83 0.93 0.97 0.71 0.77 0.82
δ-3070T 0.568 0.805 0.928 1.634 1.229 0.85 0.93 0.97 0.71 0.77 0.82
ε-7030Br 0.348 0.457 0.577 1.658 1.040 0.60 0.84 0.94 0.59 0.76 0.83

* Diameter in mm.

The glass beads are fine granular materials with their particles’ size distribution inside
a small size range. Therefore, glass beads present uniform size distribution with CU values
varying from 1.6 to 2.0. The glass beads also present well-graded (continuous) gradation,
confirmed by the CC, which is desirable for proper retroreflectivity performance over time.

4. Test Site Results: Statistical Analysis

The data collected at experimental test sites 1, 2, and 3 yielded over 19,000 retroreflectivity
values, encompassing the characteristics of paints, glass beads, and the test site itself.
Relying solely on graphical analysis for evaluating pavement markings’ performance would
introduce bias into the qualitative analysis results. To ensure a robust results analysis and
to quantify the impact of each variable on retroreflectivity values and pavement markings’
performance, statistical analysis was conducted.

In this section, the Generalized Additive Models for Location, Scale, and Shape
(GAMLSSs) are implemented due to their flexibility in addressing a wide range of dis-
tributions and incorporating random effects to account for data correlation [37,38]. The
GAMLSSs can be understood as an extension of the Generalized Linear Models (GLMs).
The model was adjusted and its parameters were estimated using the gamlss library of the
software R version 4.2.2 [39].

In the descriptive analysis, it was observed that the distribution of retroreflectivity is
positively skewed. Therefore, a Weibull distribution was considered in this study to be
suitable for modeling the positive random variable (retroreflectivity) representing values
until the end of service. It is worth noting that the normal distribution did not fit the
data well, as expected based on the data distribution. Let y′

ijk be a vector representing
the retroreflectivity observed for i paint characteristics during a j time period of days after
painting at the k test site. Conditional on the random effects u, assume that the elements of
y are independent and follow a Weibull distribution.
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Thus, the Weibull regression model considered is described by Equation (3):

Yij
∣∣u ∼ Weibull(.)

ln
(
µijk

)
= (θ0 + uk) +

8
∑

j=1
θ1,jXt,j + θ2Xv.sol + θ3Xbl50 + θ4XCU + θ5XCC + θ6Xspht20

+
8
∑

j=1
θ7,jXt,j×v.sol + θ8XCU×CC,

(3)

where µijk is the mean of the response variable related to the explanatory variables through
the logarithm link function. The explanatory variables considered in this study are paints’
volume solids (Xv.sol), glass beads’ coefficient of uniformity (XCU), coefficient of curvature (XCC),
and shape characteristics (Xspht20 and Xbl50

)
, and the dichotomous time variables Xt,1 = (0, 20],

Xt,2 = (20, 40], Xt,3 = (40, 60], Xt,4 = (60, 80], Xt,5 = (80, 100], Xt,6 = (100, 200], Xt,7 = (200, 300], and
Xt,8 = (300, 800), which represent the time periods (days elapsed since the test site construction)
during which retroreflectivity was observed. Note that parentheses brackets indicate an open
interval, not including a start point, while a closed interval includes the end point and is denoted
with the square brackets, as a mathematical notation. Thus, if Xt,j = 1, the retroreflectivity
was mensurated in the first 20 days of application of the pavement marking; the other time
variables assume a value of zero in this case. Categorizing the time variable helps to evaluate
changes in the degradation rate of pavement markings over time, which is not linear. It is
important to highlight that the variable time accounts for the effect of traffic and weather on
the pavement marking degradation.

The continuous variables Xv.sol, XCU, XCC, and Xbl50 represent the values of these prop-
erties obtained from the characterization tests. On the other hand, the variable Xspht20 is di-
chotomous and assumes a value of one when the SPHT20 of the paint is higher than 0.59, or
zero otherwise. Finally, the θ

′
= (θ0, . . . , θ8) vector represents the fixed parameters to be es-

timated using maximum likelihood [37,38], and the random intercept ukwithk = 1, 2, 3 was
considered to deal with the variability of the measurement at a distinct test site.

During the model selection process, other variables, such as paint consistency and
density, were considered. However, these variables were insignificant to the model
(p-value > 0.05). Therefore, only variables contributing to the model significance were
included in Equation (3). In addition, interactions between explanatory variables were also
considered. Interactions evaluate whether the association between the target variable and
the independent variable varies based on the value of another independent variable. The
interactions between all variables were considered in the model.

The final model presented in Equation (3) includes the variables and interactions
selected using a stepwise algorithm based on the Akaike information criterion (AIC) [37,38].
The interpretability of the final model was also considered during the selection process. It
is worth noting that a data cleansing process was conducted on the retroreflectivity dataset
with the intention of removing any typos or outliers. Retroreflectivity values lower than
70 mcd/m2/lx were also excluded from the dataset to simulate an experiment, using as the
interruption criteria the end of service life as considered by the MUTCD [40].

4.1. Model Adjustment

The data was adjusted to the model proposed in Equation (3), and the parameters
were estimated using the gamlss library of the software R [39]. Table 4 presents the estimates
of the parameters, their standard errors, and the p-values. All variables were found to be
significant at a 5.0% significance level. Despite the variable Xv.sol not being significant, it
was kept in the model due to its significant interaction with time.

To validate the adequacy of the fitted model, a residual analysis was run, and Figure 8
presents the diagnostic plots of the normalized randomized quantile residuals [41]. The di-
agnostic plots in Figure 8 show that there is no violation of the model assumptions, and the
residuals are normally distributed, confirming the adequacy of the fitted data to the model.
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Table 4. The model’s estimated parameters.

Variable Parameter Estimate Standard Error p-Value

Main effects

Intercept θ0 −7.330 0.362 <0.001
Xt,2: (20, 40] θ1,2 −5.850 0.640 <0.001
Xt,3: (40,60] θ1,3 −8.822 0.587 <0.001
Xt,4: (60,80] θ1,4 −8.281 0.720 <0.001
Xt,5: (80,100] θ1,5 −10.195 0.612 <0.001

Xt,6: (100,200] θ1,6 −11.199 0.421 <0.001
Xt,7: (200,300] θ1,7 −11.308 0.590 <0.001
Xt,8: (300,800] θ1,8 −88.414 0.627 <0.001

V.sol θ2 −0.003 0.005 0.404
bl50 θ3 0.011 0.005 <0.001
CU θ4 6.652 0.113 <0.001
CC θ5 9.055 0.150 <0.001

SPHT20 θ6 0.186 0.054 <0.001

Interactions

V.sol × Xt,2: (20, 40] θ7,2 0.090 0.010 <0.001
V.sol × Xt,3: (40,60] θ7,3 0.133 0.009 <0.001
V.sol × Xt,4: (60,80] θ7,4 0.118 0.011 <0.001

V.sol × Xt,5: (80,100] θ7,5 0.148 0.010 <0.001
V.sol × Xt,6: (100,200] θ7,6 0.159 0.007 <0.001
V.sol × Xt,7: (200,300] θ7,7 0.156 0.010 <0.001
V.sol × Xt,8: (300,800] θ7,8 0.120 0.010 <0.001

CU × CC θ8 −4.841 0.078 <0.001
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4.2. Results Analysis

Given the model results, the coefficients obtained may be interpreted to analyze the
variables’ impact on the average retroreflectivity. It is worth mentioning that in the time
variable, the category Xt,1 = (0, 20] is the reference category. Therefore, the effects of the
other time variables are interpreted in comparison to Xt,1.
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Regarding the covariates without interactions, it is noteworthy that the parameter
estimates for the Xbl50 and Xspht20

variables are positive, indicating that an increase in
their values is associated with an increase in the mean retroreflectivity. Enhancing the
roundness of glass beads (Xbl50) by 0.1 results in an average increase of 11.59% in retrore-
flectivity because exp

(
θ3 × Xbl50

)
− 1 = exp(0.011 × 0.1 × 100)− 1 = 0.1159. Analogously,

the impact of glass beads’ sphericity on the pavement markings may be calculated as
exp

(
θ6 × Xspht20

)
− 1 = exp(0.186 × 1)− 1 = 0.205, i.e., pavement markings with glass

beads with a sphericity higher than 0.59 present retroreflectivity, on average, 20.5% higher
when compared to pavement markings with glass beads with sphericity lower than 0.59.
These parameters characterize the glass beads’ shape, and the results confirm the impor-
tance of shape to retroreflectivity [8].

To analyze the impact of CU and CC on retroreflectivity, it is necessary to consider the
interaction between these variables. The size and gradation of glass beads also impact the
retroreflectivity. However, an evaluation of glass beads’ size and gradation beyond the
granulometric curves or even the quantification of different beads’ gradation on retroreflec-
tivity was not found in the literature. Therefore, the evaluation of the coefficients related to
CU and CC is important to understand the grain size distribution contribution to retrore-
flectivity. Since there is an interaction between CU and CC, their impact on retroreflectivity
must be evaluated simultaneously.

A higher coefficient of uniformity indicates a large range of sizes for glass beads, while
higher coefficient of curvature indicates the equivalent distribution of several particles’
sizes. The increase in retroreflectivity related to higher CU and CC values shows the
importance of selecting well graded glass beads. The improvement of retroreflectivity
occurs due to the distribution of several glass bead sizes on the pavement markings’ surface
since the larger particles fall on the paint surface first, and then the smaller particles fill the
voids between the larger beads, which expands the area of the markings covered with glass
beads. Thus, there is a higher area available to reflect light and improve the night visibility
of pavement markings [10].

Supposing a glass bead sample with XCU = 1.700, an increase in XCC by 0.1 will im-
prove the retroreflectivity, on average, by 8.71%. The difference between the RL before
(XCC1 = 1.0) and after the CC increase (XCC2 = 1.1) may be calculated as exp [(θ4 × XCU+
θ5 × XCC2 − θ8 × XCU × XCC2 ) − (θ4 × XCU + θ5 × XCC1 − θ8 × XCU × XCC1 )] − 1 =
exp [(6.652 × 1.700 + 9.055 × 1.1 − 4.841 × 1.700 × 1.1)− (6.652 × 1.700 + 9.055 × 1.0−
4.841 × 1.700 × 1.0)]− 1 = 8.71%.

Regarding the paint’s characteristics, the effect of the variable Xv.sol on the retroreflec-
tivity is analyzed considering the different time periods in which the retroreflectivity was
measured. An increase of one unit in the volume of solids leads to an average decrease
in retroreflectivity of 0.23% when measured within 20 days after the application of the
pavement marking. However, this decrease is not statistically significant (p-value = 0.404).

The volume solids of paints are associated with pavement markings’ durability. The esti-
mates of the parameters of the time intervals obtained at the model adjustment show that the
decrease in retroreflectivity over time depends on the volume solids. Supposing a pavement
marking using a paint with V.sol = 62.0, the retroreflectivity decreases, on average, by 24.38%
(exp(θ4 ×Xt,2 + θ7,2 ×Xt,2 ×XV.sol)−1 = exp(− 5.850× 1+ 0.090× 1× 62)− 1 = 0.2438)
at the time interval Xt,2= (20, 40] when compared to the initial time interval. Analogously,
the time interval Xt,3 = (40, 60] presents, on average, 43.50% lower retroreflectivity val-
ues. Regarding the other time intervals, the reduction in retroreflectivity is, on average,
62.36% for Xt,4 = (60, 80], 63.51% for Xt,5 = (80,100], 74.08% for Xt,6 = (100,200], 80.30% for
Xt,7 = (200,300], and 74.64% for Xt,8 = (300,800). The volume solids is an important charac-
teristic because it evaluates the percentage of paint’s volume without the volatile fraction,
thus representing the percentage of the dried paint’s thickness compared to the wet thick-
ness. Therefore, this parameter influenced the retroreflectivity over time instead of the
initial retroreflectivity.
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Retroreflectivity decreases progressively over time, but the model’s estimated param-
eters show that the reduction over time is not linear. There is a severe decrease for the
first 100 days (until Xt,5) and a relative continuous reduction for the other time intervals.
However, the retroreflectivity reduction is more intense for the time interval Xt,7 than the
time interval Xt,8, which shows that the estimated retroreflectivity is higher for interval
Xt,8 than Xt,7. This occurs because the evaluation of time as an interval accounts for the
seasonal variation of retroreflectivity, which may present higher values after rain due to
surface cleaning, as reported by Salles et al. [42].

Considering a one-unit increase in the volume solids of paints, the retroreflectivity im-
proves by 9.15% when it shifts from being measured within the time interval Xt,1 = (0, 20] to
being measured within the interval Xt,2 = (20, 40]. Analogously, the average retroreflec-
tivity improvement is, on average, 14.0%, 12.3%, 15.7%, 17.0%, 16.6%, and 12.6% for time
intervals Xt,3, Xt,4, Xt,5, Xt,6, Xt,7, and Xt,8, respectively.

The positive contribution of volume solids to the average retroreflectivity shows that
the retroreflectivity decreases slower for paints with higher volume solids, i.e., higher
volume solids paints reduce the degradation rate of pavement markings’ retroreflectivity.

An increase in paints’ volume solids contributes to the occurrence of the retroreflec-
tivity peak and improves the expected service life of pavement markings. The V.sol is
responsible for the thickness of the paints’ film on the pavement surface after the drying
of paint. Higher V.sol leads to higher dry paint thickness compared to lower V.sol paints
if they are applied at the same wet thickness. Therefore, the glass beads present higher
embedment depths that will require more wear to remove the particles from the markings’
surface, which improves the service life of pavement markings.

Finally, random effects were incorporated into the model to deal with the variability
between the test sites. The random effect in the intercept for the variable uk refers to
each test site, in which u1 = −0.1097 for test site 1, u2 = −0.0082 for test site 2, and
u3 = 0.1179 for test site 3. The intercepts indicates that the retroreflectivity values were, on
average, higher for test site 3, followed by test site 2 and test site 1, respectively. The results
show that, even with the higher concentration of glass beads at test site 2 (600 g/m2), the
retroreflectivity values were most impacted by material characteristics.

5. Discussion

This research evaluated three experimental test sites of pavement markings in a
Brazilian road and proposed a statistical model to assess the quantitative impact of the
characteristics of the water-based paints with acrylic resin and the characteristics of the
glass beads used on the retroreflectivity value over time for the test sites. The analysis of the
coefficients’ estimates was important to quantify the impact of each materials’ characteristic
on the retroreflectivity and on the pavement markings’ service life.

5.1. Glass Bead Characteristics

The glass beads’ shape has a strong impact on the initial retroreflectivity of the pave-
ment markings [8]. Regarding the coefficients of the properties of shape, both bl50 and
SPHT20 present a positive impact on the retroreflectivity; however, the SPHT20 has a
stronger contribution to the retroreflectivity improvement than bl50. In addition, the glass
beads evaluated in this research present poor shape properties considering the threshold of
sphericity to classify the particles as round (SPHT > 0.93), while a much larger percentage of
particles for all glass beads may be classified as round considering the thickness-to-length
ratio (b/l > 0.85). Therefore, considering the glass beads evaluated herein, they meet
the requirements of shape, b/l > 0.85, more easily than the requirements for sphericity,
SPHT > 0.93. Moreover, SPHT is harder to achieve and has a higher impact on the retrore-
flectivity. Thus, it is recommended that the glass beads evaluated herein should present
better shape characteristics, mainly sphericity.

The previous study reporting the impact of glass bead gradation on pavement mark-
ings’ retroreflectivity also discretized the size distribution, but evaluated it as a rank
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between the samples evaluated [8]. This research calculated and attributed two coefficients
commonly used to classify granular materials in soil mechanics, the coefficients of uni-
formity (CU) and curvature (CC), to characterize the size distribution of each glass bead
sample. The results of both coefficients are in a short range, which might indicate the need
of proposing a specific classification range for glass beads. Ultimately, the estimates of
the model’s coefficients showed that the improvement of glass beads’ gradation by CC is
more important than the uniformity (CU). The coefficients could evaluate, discretize, and
differentiate the glass beads’ size distributions.

Based on the results, the expected coefficient of uniformity for glass beads must range
around 1.5 to 1.9 to guarantee the absence of fine particles that reduce the retroreflectivity
or larger particles that will cause a lack of embedment depth and premature failure of
pavement markings. Regarding the coefficient of curvature, the results obtained range
around 1.05 to 1.20; this may be an adequate range to guarantee a well-graded glass bead
to improve RL. It is important to highlight that these ranges are only premises based on
the results obtained herein. However, it is recommended to calculate the CU and CC for
other glass beads to observe how they impact the retroreflectivity and evaluate whether
the coefficients can be used to create a new range or not.

5.2. Paint Characteristics

The paints were evaluated regarding their consistency, specific gravity, and volume
solids. In order to fit the data to the statistical model proposed in this research, the only
significant variable was the volume solids. An increase in this variable causes a non-
significant reduction in the initial retroreflectivity; however, considering the interaction
with time, an increase in volume solids reduces the degradation rate of retroreflectivity
over time, i.e., improves the service life of pavement markings.

Despite the limitation of using only the volume solids as a paint characteristic, the
model captured the expected tendency of retroreflectivity. It is important to highlight that
other characteristics of paints impact pavement markings’ retroreflectivity. The results
obtained by the analysis of the model’s coefficients show that using white water-based
paints with acrylic resin and higher volume solids could improve pavement markings’
performance, i.e., considering commercial paints with similar characteristics, in which it is
not possible to adjust the formulation, the one with higher volume solids should be chosen
because it may present a better performance over time.

6. Conclusions

This research analyzed the retroreflectivity data collected from pavement markings
at Brazilian test sites under real traffic action subjected to tropical climate conditions. It
adjusted a statistical model to evaluate the influence of paint and glass bead characteristics
on pavement markings’ service life.

The research demonstrated the importance of the proper characterization of paints and
glass beads before field application. Paints’ volume solids are an important characteristic
for pavement markings’ durability since higher values of volume solids in paints were
found to enhance pavement markings’ durability. Regarding the glass beads, the results
emphasize the importance of their shape on the initial retroreflectivity. Moreover, the
research addresses the characterization of glass beads’ size distribution as a discrete value,
facilitating comparison based on gradation.

The research findings offer guidance for pavement marking practitioners and road
authorities in selecting materials. By understanding the impact of paint characteristics
and glass bead properties on retroreflectivity, practitioners can make informed choices
regarding suitable paint and glass beads. Moreover, improving pavement markings’ service
life reduces the maintenance frequency and, consequently, reduces road safety issues.

From the results obtained, it is possible to conclude that white water-based paints
with higher volume solids are preferable for improving pavement markings’ service life.
In addition to the importance of glass beads’ shape characteristics regarding sphericity
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(SPHT) and thickness-to-length ratio (b/l), it is also recommended to characterize the glass
beads’ grain size distribution by the coefficients of uniformity and curvature.

It is important to emphasize that this research does not aim to reduce or replace the
characterization tests of paints and glass beads. Rather, it evaluates which parameters
most significantly affect the retroreflectivity to improve the acceptance limits of these
materials. Furthermore, the results obtained herein are based on a restricted number of
materials subjected to specific climate conditions and traffic. Therefore, the application
of this research must be carefully conducted, considering only white acrylic water-based
paints and glass beads with characteristics similar to those evaluated herein.
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