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Abstract: Pavement construction practices have evolved due to increasing environmental impact
and urban heat island (UHI) effects, as pavements, covering over 30% of urban areas, contribute to
elevated air temperatures. This study introduces heat-reflective pavements, by replacing conventional
black bitumen with a clear binder and pigment-modified clear binders. Titanium dioxide white,
zinc ferrite yellow, and iron oxide red pigments are used to give asphalt corresponding shades. The
asphalt and bitumen specimens were subjected to thermal analysis in heat sinks, under varying solar
fluxes. The pigment dosage was maintained at 4%, according to the weight of the total mix, for all
pigment types. The samples were heated and cooled for 3 h and 2 h, respectively. Mechanical testing
was conducted to ascertain the impact of temperature variations on both the neat clear binder (C.B)
and pigmented C.B and asphalt mixture samples. Wheel tracking and dynamic modulus tests were
conducted to evaluate their performance under high temperatures. The results indicate that non-black
asphalt mixtures exhibit significant temperature reductions, up to 9 °C, which are further enhanced
by pigmented binders, up to 11 °C. It was found that asphalt with a clear or transparent binder
demonstrated lower temperatures and faster heat dissipation in extreme conditions. Moreover, C.B
asphalt mixtures displayed a rut resistance of 15%, with the pigmented C.B asphalt mixture showing a
remarkable rut resistance of 73%, outperforming conventional asphalt. Non-black mixtures, especially
C.B + zinc ferrite, showed improved resistance to permanent deformation in dynamic modulus tests.

Keywords: clear binder (C.B); UHI effect; pigmented binder; solar flux; non-black asphalt mixture;
rut resistance

1. Introduction

Pavement construction practices, using advanced and innovative materials and tech-
niques, have been on the rise in recent years. This is to lessen the impact of infrastructure
on adjacent areas and to address environmental issues [1]. It is becoming increasingly
common for natural ground surfaces to be covered by pavements; pavements typically
account for over 30% of typical urban areas [2]. Compared to natural ground surfaces, the
higher thermal inertia and lower evaporation rate of pavements contribute to the formation
of urban heat islands. This phenomenon results in air temperatures in urban areas typically
being higher than those of surrounding rural regions, with temperature differences ranging
from 10 to 21 °C [3,4].

Asphaltenes are a class of crude oil compounds that are black in color, contributing
to the dark appearance of traditional bitumen [5,6]. Conventional bitumen, which has
a high tinting strength, is responsible for the black color of asphalt [7]. Studies have
demonstrated that the dark color of asphalt is the leading cause of pavement high surface
temperatures [8-11]. Furthermore, hot pavements significantly intensify the urban heat
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island effect [3]. The U.S. Environmental Protection Agency (U.S. EPA 2008) has defined low-
temperature intensive or cool pavements as a range of established and emerging pavement-
related solutions and technologies. These innovative pavement solutions have the potential
to significantly lower pavement surface temperatures and, consequently, reduce the amount
of heat released into the atmosphere when compared to conventional pavements [12].
Implementing these alternative pavement materials and technologies has the potential to
mitigate the urban heat island effect and provide substantial environmental benefits.

The extent of UHI depends on various factors, such as time, city dimensions, weather
conditions, urban layout, surface material composition, vegetation, and human activi-
ties [13-15]. In pavement engineering, it is important to highlight that the thermal proper-
ties of materials, including pavements, are markedly influenced by solar radiation, leading
to absorbed, reflected, and stored energies [16]. Historically, numerous early studies have
focused on employing thermally optimized solutions for paving, such as utilizing clear or
colored materials and porous surfaces [17-19].

Several strategies for reducing the surface temperature of pavements have been devel-
oped to alleviate the urban heat island (UHI) effect. These strategies include heat-reflective
pavements with surface coatings, evaporative pavements with porous surface layers,
thermally modified pavements, and pavements with phase-change materials for heat stor-
age [20-25]. As a result of the utilization of transparent bitumen by the asphalt industry,
roads may be constructed in any color [26]. Producing colored asphalt mixtures for road
pavements is essential to meet environmental, aesthetic, and functional requirements [27].
There are three different processes through which transparent bitumen can be produced,
as follows:

e The modification of bitumen, by removing the asphaltene responsible for its dark
color [6];

e  Synthetic binders produced using naturally transparent and special polymer materi-
als [28,29];

e  Proper resins combined with bio-oils or organic, renewable raw materials from veg-
etable sources [27,28]. While these materials are not bituminous, they display rheolog-
ical properties similar to bitumen, making them appropriate for the construction of
roads [6].

The literature has also demonstrated that clear binders and asphalt made with clear
binders perform similarly to conventional bitumen and the corresponding asphalt mixtures
(HMA) [30,31]. In addition, a recent study shows that clear binders and corresponding as-
phalt can dissipate heat faster and absorb heat slower than conventional black bitumen [32].
Moreover, studies have also shown that traditional binders and asphalts, when mixed
with metal oxide pigments, increased the thermal conductivity of the pavement, which
resulted in a significant enhancement of the high-temperature performance of the wearing
course [33]. Furthermore, researchers have investigated the feasibility of utilizing innova-
tive mixtures of clear and colored materials on pavement surfaces to mitigate the UHI effect
by increasing the albedo and reducing the surface temperature [34-36]. It has been shown
that clear mixtures reduce the temperature significantly compared to conventional black
surfaces. It has also been shown that the surface color influences the thermal response and
that oxide-modified mixtures exhibit promising mechanical properties, suggesting that
they may be utilized in residential areas with low traffic [37]. Hence, altering the color of
conventional black binders to any non-black color, or solely using a colorless binder, could
result in durable and cooler pavement structures.

Colored asphalt pavements primarily include light-colored pavements and pigmented
pavements [27]. In the former approach, the aggregates are covered and bound using trans-
parent bitumen instead of traditional black bitumen. In areas with a significant landscape
or areas of historical and cultural significance, these types of transparent bitumen enhance
the natural color of mineral aggregates. In the latter type, transparent bitumen is blended
with pigments in asphalt mixtures or artificially colored aggregates are incorporated into
the mix to create a specific aesthetic feature [27].
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During hot and sunny seasons, colored pavements display higher reflectance char-
acteristics than traditional asphalt pavements [37]. Hence, those surfaces are less likely
to absorb solar radiation and remain cooler when exposed to sunlight. As a result, the
air temperature in the surrounding areas decreases, because less heat is transferred from
the pavement to the air [11,38]. These pavements are also highly reflective, reducing the
likelihood of overheating during the summer, which increases pavement durability and
reduces damage [39]. It has also been demonstrated that transparent bitumen can lessen
illumination needs, thereby decreasing electricity costs [27]. As part of an effective traffic
management program, colored asphalt pavements might also be used to identify bus lanes,
sidewalks, crosswalks, and pedestrian areas [30].

2. Objectives and Experimental Approach

This study aims to evaluate the thermal characteristics and structural performance of
various non-black asphalt binders and mixtures, compared to conventional black bitumen
and asphalt. Specifically, we aim to evaluate the heat conductions, absorption, and the
rate of heating and cooling of pigment-modified and unmodified clear binders (C.B.)
and asphalt mixtures, in comparison to conventional black bitumen and asphalt. The
structural performance will be assessed using wheel tracking and dynamic modulus tests.
Temperature measurements will be taken at five different depths for all the modified
and unmodified binders and asphalt to analyze their thermal characteristics. Solar flux
densities will be used to calculate the corresponding power and voltage applied to a silicon
plate heater. The temperature measurements are recorded using a highly sensitive data
acquisition system and highly calibrated thermocouples.

3. Materials and Methods
3.1. Binders and Aggregates

For this study, a clear asphalt binder (provided in Figure 1a [1]) was imported from
China, which comprises thermoplastic bicomponent resins, whose color ranged from straw
yellow to amber orange [1]. While locally manufactured conventional bitumen (ARL 60/70
pen grade) was used, which is the most used bitumen grade across the country. However,
in this study, it was only used for a comparison. Our recently published research provides
the conventional properties of both binders [32]. The aggregates used in this research were
obtained from the Margalla quarry source. The aggregates from this quarry are limestone
(basic) in nature [40], as calcium carbonate is a substantial portion of this quarry. The
thermal properties, like the thermal conductivity and specific heat of the various materials
used in this research, are summarized in Table 1.

NHA Class-B gradation curve

—=®— 9% Passing Lower Limit

—/— % Passing Upper limit /
70

60 1 —k=Mid-Point Gradation

% Passing
n
=]
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Figure 1. (a) Thin layer of CB poured onto steel surface [1]; (b) mid-point gradation curve.
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Table 1. Thermal properties of pigments and other materials.
. Specific Heat Thermal Conductivity
Material g kg 1K-1) (Wm-1K-1)
Iron oxide red (Fe,O3) 650 [41] 3 (800 °C) and 8 (200 °C) 15 at room temperature [42]
Titanium dioxide white (TiO;) 683-697 [43] 11.7 at 25 °C [43]
Zinc ferrite yellow (ZnFepOy) 800 [44] 3.5-4.3 at 25-85 °C [45] 1-5 at room temperature [46]
Conventional asphalt 900 [9] 1.35 at room temperature [47] 0.8-2.0 [9]
Conventional bitumen 1850-3900 at 27-127 °C [48] 0.17-0.2 [49]

3.2. Pigments

For the thermal analysis, titanium dioxide white and zinc ferrite yellow were used.
However, iron oxide red was also used for mechanical testing, apart from titanium dioxide
and zinc ferrite. All these pigments were imported from China. The distinct properties of
all three types of pigments were extracted from their technical data sheets (TDSs) and are
provided below in Table 2.

Table 2. Distinct properties of pigments extracted from their technical data sheets.

Property Titanium Dioxide White Zinc Ferrite Yellow Iron Oxide Red
Heat stability (°C) 900-930 260-300 350400
Particle size 300 nm 0.1-0.6 pm 97% < 45 um
Particle shape Tetragonal Acicular Spherical
pH value 6.5-8.0 5-8 3-7
Density (g/cm?) 413 5.0-5.6 0.72-1.1
Chemical formula TiO, ZnFe;O4 Fe;O3-H,O
Tinting strength % >175 95-110 95-105
Moisture at 105 °C, % 0.5 Max 0.5 Max 1.0 Max
Oil absorption (mL/100 g) 19~22 25-45 15-25
Matter soluble in water % 0.5 Max 0.5 Max 0.5 Max

3.3. Material Mixing

The national highway authority’s (NHA) Class-B mid-point gradation (provided in
Figure 1b) was followed to prepare the asphalt mixtures, which is the finer gradation for
the asphalt wearing course. The maximum particle size in this gradation is 12.5 mm (about
0.49 in). After using the Marshall mix design method, 4.4% of optimum binder content was
found for both the conventional and clear binder. Previous studies recommend a pigment
concentration of 3-5% for asphalt coloring purposes [50,51]; however, a mean value of 4%
was adopted in this study. Hence, a ratio of 4.4:4 was used to mix the binders with the
pigments to make the pigmented binder samples. This was achieved using a mechanical
stirrer, equipped with a simple fan blade configuration.

Similarly, 4% pigment, according to the weight of the total aggregate mix, was used
for the asphalt mixture preparation. It was also ensured that the job mix formula (JMF)
was not disturbed, so the 4% pigment weight was subtracted from all the sieve size
aggregates corresponding to their percentage in the total mix. The aggregates were heated
at 130-140 °C, before mixing them with the pigments. The pigments were then mixed with
the aggregates for 60 to 90 s. To prevent pigment lumps or accumulations, a minimum
mixing time of 10 to 15 s was ensured [52].

4. Experimental Setup

This study is broadly classified into two phases of laboratory testing. The first is
thermal testing, and the second one is mechanical testing.
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Thermal Testing Setup

During the design and manufacturing process, two aluminum heat sinks were de-
signed and manufactured; the larger heat sink was intended for asphalt mixture analysis,
while the smaller heat sink was designed for binder analysis. The walls of each heat sink
were 5 mm (about 0.2 in) thick. The heat sink walls were lined with fiber block insulation to
ensure a one-dimensional heat flow. A 5 mm thick piece of acrylic glass was also mounted
on the top of each heat sink and tightened with screws on each side. The base of each heat
sink was provided with two slots, measuring 1.5 mm (about 0.06 in) in depth, to enable
the temperature measurements. K-type thermocouples were positioned in these slots. To
provide heat, silicon plate heaters from Omega Engineering USA [52] were installed at the
base of the heat sinks, as the energy source. Aluminum tape was used to secure the heaters
and to ensure that the entire assembly was stable and airtight. K-type thermocouples were
placed at five different depths within the heat sinks to measure the temperature at various
locations within the specimens. The Agilent 34972A data acquisition system was used to
monitor and record the temperature at these thermocouples. A DC power supply (Keysight
U8032A) was used to supply power to the silicon plate heaters. A cotton covering was
applied to the extended portion of the fiber block insulation on the heat sinks to prevent
unwanted heat loss. This measure was taken to ensure the accuracy and reliability of the
temperature readings.

Under the Energy Sector Management Assistance Program (ESMAP), data was ob-
tained from the World Bank via ENERGYDATA. info [53]. Three flux densities of 800, 1000,
and 1200 W/m? were selected for analysis. After converting the flux density to power using
Ohm'’s law, the base area of the heat sink was considered to compute the corresponding
power. The conversion resulted in the respective voltage and current values for each flux.
A DC power supply was used to supply the corresponding power values (V x I) to the
heater and, then, to the asphalt binder/mixture sample.

The charge time was defined as three hours, during which the power was supplied.
The temperature was automatically recorded every 5 s during this period. The power
supply was disconnected after the 3 h charging period, and the temperature measurements
were continuously recorded during the following two hours, called the discharging period.
Analysis was conducted throughout the 5 h period, i.e., both the heating and cooling
cycles. To ensure consistency, the heating and cooling of the samples was performed in
identical conditions (room temperature). Table 3 shows the dimensions of the heat sinks,
the dimensions of the silicon heaters, and the locations of the thermocouples inside the
heat sinks.

Table 3. Heat sink and heater dimensions, along with thermocouple positioning.

Dimensions . X . . . . Thermocouple Positioning (mm)
Internal D1n31en51ons External Dlr?enswns Heater D1m3en510ns
Heat Sink (mm>) (mm>) (mm?>) T: T, T3 T Ts
Larger Heat Sink 100 x 100 x 50 110 x 110 x 55 100 x 100 x 1.5 Heat sink 0 10 30 50
b
Smaller Heat Sink 60 x 60 x 25 70 x 70 x 30 60 x 60 x 1.5 ase 0 5 15 25

The flow chart in Figure 2 illustrates the steps involved in preparing the binders
and mixtures, installing the thermocouples, and applying the heat (power) to them. It is
important to note that all of the pictures do not reflect the preparation of one sample type;
however, the images are combined randomly to reflect the sequential steps. Furthermore,
Figures 3 and 4 depict the schematics of the laboratory setup and 3D views of both heat
sinks, respectively.
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Figure 2. Steps involved in the preparation of binders and asphalt mixtures for thermal analysis.
(a) TiO; being mixed with dry aggregates. (b) Binder poured into the TiO, blended aggregates.
(c) Placement of a silicon heater at the base of the heat sink. (d) Heat sink inside the fiber block
insulation, with installed thermocouples and heater. (e) White pigmented (TiO,) clear binder poured
into a container. (f) TiO,-modified CB under experimentation. (g) Conventional asphalt inside the
large heat sink, with installed thermocouples and heater. (h) White pigmented asphalt mixture before
the start of the test.

Software display ]
(Temp. vs Time) | DaisToser ’
TiO, + C.B-Modified
Asphalt Mixture

Thermocouples ‘

Acrylic Glass |

l Screws | Heater | Insulated Block | \ Heater Wires ‘ | DC Power Supply |

Figure 3. Schematics of laboratory setup.
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Figure 4. Three dimensional views, with labeled dimensions (mm), of (a) larger heat sink, and
(b) smaller heat sink.

5. Results and Discussion

Eight combinations were prepared and evaluated for each of the three heat fluxes.
The first four samples were asphalt mixture samples, while the remaining four were
corresponding bitumen samples. It should be noted that all the tests were conducted
at room temperature and that the cooling of all the samples was accomplished through
natural convection.

5.1. Thermal Analysis of Asphalt Mixtures

Conventional asphalt, a clear binder (C.B), and the pigmented C.B-modified asphalt
(white and yellow) specimens were meticulously prepared and placed into a large heat sink
for thermal analysis. Each asphalt mixture was subjected to flux densities of 1200, 1000,
and 800 W/m? for three hours (heating time). The specimens were subsequently allowed
to cool for two hours (cooling time). Before applying heat, the samples were cooled to room
temperature. During the 5 h temperature cycle, the heat storage and dissipation behavior of
the pigmented modified and clear binder asphalt mixtures were compared to conventional
black asphalt. The goal was to observe whether there was any enhancement in the heat
dissipation and diminutions in the heat storage behavior between the conventional and
modified asphalt mixtures.

Figure 5a—d shows the temperature curves for the five-hour test period of all four
asphalt mixtures at 1200 W/m?. T1-T5 represents the temperature at the five thermocouples
from the heat sink’s base to the top (50 mm), respectively. Also, the average curve “Avg”
was drawn, showing the average temperature of the entire 50 mm sample. As the heat
source is applied to the mixtures, the temperature increases w.r.t time. Figure 5a shows
three significantly different temperature readings at the five thermocouples. The T4 and T5
readings almost overlap until half of the heating time has elapsed. Similarly, there is no
significant difference in the temperature readings for T1 and T2 in the first 20 to 30 min.
The overlapping region indicates similar heat absorption at that specific time. However,
the temperature curve for thermocouple T3 significantly differs from the four neighboring
thermocouples. It is also worth noting that, although the curves are parabolic, they are
more inclined towards linear behavior. The maximum surface temperature of asphalt (T2)
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is close to 65 °C, which is almost the same as the actual pavement surface temperature
during peak summer [24], and the temperatures closer to 70 °C are responsible for the
UHI effect [54]. The higher temperature curves, seen in Figure 5a, also indicate lower
thermal conductivity and higher specific heat of conventional asphalt, which traps the
heat in the asphalt for extended periods, elevating the overall temperature of the structure.
The average “Avg” curve represents the average temperature of the 50 mm thick asphalt
mixture sample and, in the first case, it almost overlaps with the temperature curve for T3.

Hence, we can conclude that the average temperature of the 50 mm thick conventional
asphalt lies at a depth of 10 mm (about 0.39 in).

Conventional Asphalt at 1200 W/m? C.B-Modified Asphalt Mixture at 1200 W/m?
65 Tl 65 - Tl
2 —T2
60 —T3 60 —13
. — 14 ——T4
~ 55 T5 _ 554 TS
o ) &)
<50 Avg 50 - —Avg|
o g
E 454 E 45
g g
2 40 iE’ 40
354 35 4
30 o 301
Cooling 25 | Heating Cooling
25 & 4 2 : . T T T T T T
0 2 3 4 5 0 1 2 3 4 5
Time (hr) Time (hr)
(a) (b)
C.B + TiO,-Modified Asphalt Mixture at 1200 W/m? C.B + ZnFe,0,-Modified Asphalt Mixture at 1200 W/m?
65 1 65 - Tl
—T2
60 60 — T3
— T4
55 i
o _— TS
2 50 - < 50 Avg
° 2
2 E
T 45 = 45
5 5]
=9 (=9
£ 40 + £ 40
15 o
= =
35 4 35
30 30
25 4 Heating Cooling 25 | /4 Heating Cooling
T T T T T T T T T T T
0 2 3 4 5 0 1 2 3 4 5
Time (hr) Time (hr)
(c) (d)

Figure 5. Heating and cooling temperature curves at 1200 flux for: (a) conventional asphalt mixture;
(b) asphalt mixture prepared with neat clear binder; (c) asphalt mixture prepared with titanium
dioxide-blended clear binder; and (d) asphalt mixture prepared with zinc ferrite-blended clear binder.

The heating trend is pretty much different in the rest of the three asphalt mixture
combinations, as seen in Figure 5b—d. Unlike conventional asphalt, the curves overlap
only between T3 and T4 during almost the whole first hour of heating. However, in part
(d) of Figure 5, there is no significant overlapping of the temperature curves. It means
that all the modified asphalt mixture combinations distribute the heat evenly down the
structure. Hence, the chances of heat accumulation are less. Moreover, the average curve
for all the modified combinations is just above the T3 curve; thus, the average temperature
of modified asphalt mixtures lies at a depth of less than 10 mm. This makes heat dissipation
easier and faster for these mixtures, than for conventional asphalt. It is also worth noting
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that the gap between the T2 and T5 curves, representing the surface and 50 mm (about
1.97 in) temperatures, respectively, is significant for all the modified combinations compared
to conventional asphalt. The gap between the T2 and T5 curves represents around a 4 °C
gap in the temperature for the traditional black asphalt, while it is 7-8 °C for the other
modified combinations. The maximum temperatures for all three combinations are around
52-53 °C in the modified mixtures. Therefore, it is easier for them to dissipate heat quickly.

Also, these combinations are less likely to participate in UHI augmentation, as their
maximum absorbed temperature is far less than 70 °C. Many researchers have studied
UHI mitigation by introducing pigments into asphalt mixtures. There was a maximum
difference of 11 °C and an average of 7.5 °C between yellow pigment-modified asphalt
pavement samples and conventional asphalt mixtures [55]. Similarly, pigments have also
been found to cool the internal structure and surface of the pavement, making solar heating
reflective coating layers (SHRCLs). Studies have reported a 10 & 2.5 °C difference between
unmodified asphalt and SHRCL surfaces [56]. Also, the internal temperature of asphalt
was reduced by 11.5 °C and 13 °C with pigment G and pigment Y blends, respectively [35].

Figure 6a,b represents the mean temperature of all four asphalt mixture combinations
at 1000 and 800 W/m?. The starting temperatures of the titanium dioxide and zinc ferrite
C.B-modified samples are a little higher than room temperature; however, it does not affect
the objectives of this study, as we aim to observe the maximum temperature absorbed by a
sample at the end of the heating phase. Again, there is a massive difference between the
conventional and modified mixtures at the end of the heating phase. The pigmented C.B
mixtures have almost the same temperature throughout the heating and cooling phases
at both fluxes. However, the neat C.B. asphalt mixture temperature is between that of the
conventional and pigmented mixtures.

Mean Temperature of Asphalt Mixtures at 1000 Flux

Temperature (°C)
P £
<
!

Conv Black Mix
Neat C.B Asphalt Mix
C.B + TiO, Asphalt Mix

C.B + ZnFe,0, Asphalt Mix|

Mean Temperature of Asphalt Mixtures at 800 Flux

j—— Conv Black Mix
C.B Asphalt Mix
C.B +TiO, Asphalt Mix
|——C.B + ZnFe,0, Asphalt Mix

Heating Cooling - Heating Cooling

50

&
bry
1

Temperature (°C)
5
1

T T T T 20 T T T T T T
2 3 4 5 0 1 2 3 4 5

Time (hr) Time (hr)

(a) (b)
Figure 6. Mean temperature of 50 mm thick asphalt mixtures at (a) 1000 W/ m? and (b) 800 W/m?2.

5.1.1. Thermal Analysis of Binders

Like Figure 6, a similar discussion applies to Figure 7a-d, which illustrates the heating
and cooling behavior of conventional black bitumen, the neat clear binder, the titanium
dioxide-modified clear binder, and the zinc ferrite-modified clear binder, respectively.
Compared to Figure 6a, Figure 7a exhibits an almost identical pattern of overlapping
curves; however, in the second half of the heating phase, the average curve does not
overlap with T3, indicating a lower average temperature than the asphalt mixtures. The
“Avg” curve indicates the mean temperature of a 25 mm (about 0.98 in) thick binder sample,
which is close to the temperature at a depth of 6-7 mm. The most significant difference
between all four samples is the temperature gap between T1 and T2. Unlike conventional
asphalt, which allows the surface base of the heater to reach 72 °C (approx.), the C.B. and
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Conventional Binder at 1200 W/m?

pigmented C.B. binder absorb and dissipate heat effectively, limiting T1 to 62 °C and below.
As an additional point of interest, both virgin binders (black and transparent) exhibit
similar temperature distributions between T2 and T5 (except for the actual temperatures).
However, both pigmented C.B binders resist heat transfer and storage at the bottommost
part (25 mm) of the sample. This could be attributed to the efficient heat dissipation
capability of the pigments. Overall, the lower specific heat and higher thermal conductivity
of pigments enable the corresponding samples to quickly dissipate heat back into the walls
of the container (environment). This results in the samples staying at lower temperatures
for an elongated period, thus decreasing the time required to cool down.

Neat Clear Binder at 1200 W/m?

704 70 —
e T2
65 9341 T3
60 - 60 1 = 14
s s ——1T5
S 554 9551 Avg
() o
350 590
& &
245 24
£ 5
= 40 =4
35
354
30
304
Heating Cooling 25 - Heating Cooling
25 T T T T T T T T T T T
0 2 3 4 5 0 1 2 3 4 o)
Time (hr) | Time (hr)
(a) (b)
C.B + TiO, at 1200 W/m? C.B + ZnFe,0, at 1200 W/m?
70 4 —TI 704
65 rz 65
T3
60 — T4 60 4
— —T5 —~
‘EL_), ] Avg ot)/ 55
D o o
E 50+ é 50 4
=
E 45 4 545 -
E £
S 40 2 40
35 354
30 304
25 - Heating Cooling 254 Heating Cooling
T T T T T T T T T T T
0 2 3 4 5 0 1 2 3 4 5
Time (hr) Time (hr)
(c) (d)

Figure 7. Heating and cooling temperature curves at 1200 flux for: (a) conventional black bitumen,
(b) neat clear binder, (c) clear binder-modified with titanium dioxide pigments, and (d) clear binder-
modified with zinc ferrite pigments.

The shape of the curves in Figure 7 appear to be more bent during the heating phase, as
opposed to the heating pattern of the asphalt mixture. Consequently, the change in heat over
time is not linear, since binders, being viscoelastic, are highly susceptible to temperature
changes [57]. The graphs demonstrate that the samples with pigment modifications tend
to retain heat more in areas close to the heat source, leading to a faster dissipation of
heat (when the heat supply is turned off). However, neat binders evenly distribute heat,
resulting in higher temperatures at the end of the heating phase. The cooling behavior in
almost all the graphs is identical; however, for conventional binders, T1 shows an abrupt
cooling pattern similar to that of heating.
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Figure 8a,b illustrates the mean temperature of all four binder combinations at 1000
and 800 W/m?2. The starting temperature of the zinc ferrite C.B-modified sample is a little
higher than the other samples; however, it does not affect the objectives of this study, as we
aim to observe the amount of heat absorbed and dissipated at the end of the heating and
cooling phase, which is independent of a difference of 2-3 °C in the initial temperatures. As
is evident from the above comparison, there is a significant difference between the modified
and conventional binders in terms of the absorbed temperature at the end of the heating
phase. Pigmented C.B binders maintain, approximately, the same temperature at both flux
levels throughout the heating and cooling phases. However, the neat C.B temperature
is slightly higher than the pigmented binder temperature. On the other hand, the black
binder appears to have absorbed the maximum temperature. The results of a similar study,
in which the heat dissipation and energy storage capabilities of nano-modified binders
were studied using the same test conditions, also support our findings. Nano-modified
binders were reported to stay 8-10 °C cooler than unmodified binders [58].

Mean Temperature of Binders at 1000 Flux Mean Temperature of Binders at 800 Flux
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Figure 8. Mean temperature of 25 mm thick bituminous samples at (a) 1000 W/ m? and (b) 800 W/m?2.

5.1.2. Heating and Cooling Trends

Another factor that requires discussion in this study is the variation in the heating rate,
in addition to the change in the elevated temperature. Since we are primarily concerned
with asphalt mixtures as the actual materials used for road paving, the scope of this analysis
is limited to asphalt mixtures only. We set a target temperature range of 45-50 °C (heating
time) and 5045 °C (cooling time) for every sample. The calculations are shown for a flux
density of 1200 W/m? for the heating and cooling phases, which is the extreme case in this
study. The heat maps show the time each sample took to attain the designated temperature.
As a point of clarification, both the heating and cooling rates were measured against the
average curve, which reflects the overall temperature of a 50 mm sample.

Figure 9a shows the variation in heat intensity over time and the time each sample
took to reach the designated temperature, i.e., 50 °C. The heat map of the heating time
(Figure 9a) shows that the conventional asphalt mixture reached the target temperature
in 0.4 h, while the neat clear binder took slightly less than twice the time to achieve
50 °C. Moreover, both C.B-pigmented asphalt mixtures took over an hour to attain the
target temperature. However, the titanium dioxide-modified mixture proved to be the
most resistant asphalt mixture to temperature absorption. Pigmented mixtures are highly
thermally conductive, so they conduct heat to the outside and take longer to reach the same
temperature. This property results in a faster heat dissipation rate in pigmented mixtures,
resulting in cooler pavement structures. In addition, it also contributes to reducing the UHI
effect and increasing the resistance to permanent deformation.
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Figure 9. Heat map against Avg. curve of the asphalt mixtures, showing (a) heating time from
45-50 °C and (b) cooling time from 5045 °C.

Similarly, Figure 9b shows the comparative cooling time of the asphalt mixture com-
binations. The time taken by all the mixtures (from 50 °C to 45 °C) was observed and
used to draw heat maps. Also, the heat maps indicate the change in temperature for each
mixture over time. The heat maps display a significant difference in the time taken by all
the asphalt mixtures to attain 45 °C. Conventional asphalt took almost 0.45 h to drop its
temperature to 5 °C. Similarly, asphalt prepared with a neat clear binder took nearly 0.35 h
to drop its temperature. Adding pigments to the C.B asphalt mixtures made the cooling
process even quicker. Hence, titanium dioxide C.B-prepared asphalt took the shortest time
to reduce its temperature, while zinc ferrite took around 0.31 h to drop to 5 °C. Therefore,
the heating and cooling analysis reflects the material’s thermal conductivity and specific
heat values (from Table 1). Consequently, non-black asphalt mixtures are preferred over
conventional asphalt due to their cooling behavior. Additionally, the cooling analysis has
demonstrated that pigmented asphalt mixtures conduct more heat and effectively dissipate
heat. This property could be directly attributed to UHI mitigation and a lower pavement
temperature. The heat energy dissipation, in a similar study, also reported 8% to 9% of heat
being dissipated by nano-modified bitumen, while the corresponding asphalt mixtures
dissipated 14-16% of the absorbed heat [58].

The rate of heating and cooling of the binder combinations was also studied apart from
observing the heating and cooling trends of the asphalt mixtures. Figure 10a demonstrates
the time all the four binder combinations took to get from 45 °C to 55 °C. The time at 45 °C
is considered the starting time, while the time corresponding to 55 °C is regarded as the
final time. As binders are more temperature sensitive, a temperature bracket of 10 °C was
considered to observe the heating and cooling time. The conventional binder reached the
target temperature in less than half an hour, while the neat clear binder took twice the
time, i.e., one hour. Adding pigments to the clear binder further increased the heating time,
making it more resistant to absorbing higher temperatures. There is no relatively significant
difference in the cooling time between the binders, as seen in Figure 10b. However, the neat
C.B and pigmented binders took less time than conventional black binders to cool down
from 55 °C to 45 °C.
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Figure 10. Heat map against Avg. curve of bituminous binders, showing (a) heating time from
45-55 °C and (b) cooling time from 55-45 °C.

5.1.3. Heat Maps

Although previously discussed graphs present the temperature behaviors of different
asphalt binders and mixtures, it is essential to visualize the relative heating and cooling be-
haviors over time. Figure 11 illustrates the heat maps of all four combinations at 1200 W/m?,
and these graphs depict the temperature intensities of the average curves, which is the
overall temperature of the 50 mm (mixtures) and 25 mm (binders) thick samples. The most
significant difference, as seen in both the images in Figure 11a,b, for the asphalt mixtures
and bituminous binders, respectively, is the temperature intensity. However, in the asphalt
mixtures, the conventional black asphalt maintains the highest temperature level absorbed
for up to 20-30 min, even after turning off the power supply (cooling time). Moreover, at
45 °C and above, the temperature is expanded from the second to the fourth hour of the
test duration.
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Figure 11. Heat map showing the temperature variations over time for (a) asphalt mixtures and
(b) bituminous binders.

In contrast, apart from the much lower temperature intensities, the neat clear binder
and pigment-modified clear binder mixtures depict a higher temperature expansion for a
maximum of two hours. The pigment-modified mixtures have nearly the same temperature
pattern over the 5 h test cycle, except for titanium dioxide, which is more efficient during
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the cooling period. Furthermore, from the scale used, the difference in the maximum
absorbed temperature between the black and non-black mixtures is around 15 °C.
Maintaining the highest temperature absorbed during the start of the cooling period
can also be seen in the case of conventional black bitumen, as seen in Figure 11b. However,
the clear binder and pigmented clear binders showed immediate cooling after switching
off the power supply. The final cooling temperature is much higher for the clear and
pigmented binders than for black bitumen. The difference in the maximum temperature
between the black and non-black binders is also around 12-13 °C. The heat maps indi-
cate that conventional black asphalt stores the highest temperature and stays at elevated
temperatures for extended periods, which significantly aids the UHI effect [59].

5.2. Performance Analysis of Asphalt Mixtures

Performance tests were also performed in this study to observe the reflectance of ther-
mal enhancement on the functional/structural performance of the corresponding asphalts.

5.2.1. Rut Resistance of Asphalt

According to the BS EN 12697-25 [60] standard, the Cooper wheel tracking test (CWTT)
was performed to determine the resistance of various asphalt mixtures to permanent defor-
mation or rutting. A slab measuring 300 x 300 x 50 mm? was prepared and compacted
using a Cooper roller compactor to perform the test. A wheel with a load between 700 and
740 N was used to pass each sample 10,000 times, and the rut depth was measured. A wheel
with a diameter of 8 inches and a thickness of 2 inches was used. In addition, the machine
ran at 26.5 rpm at 55 °C. Figure 12 shows the results of the CWTT. The rutting potential of
five asphalt mixture combinations was measured, including conventional black asphalt,
asphalt prepared with the neat clear binder, and pigment (red, white, orange)-modified
C.B asphalts.

Cooper Wheel Tracking Test at 55 °C

Rut Depth (mm)
1

()
1

=& Conventional black asphalt mix
Neat C.B asphalt mix
p=de—C B + Fe,0; asphalt mix

asphalt mix

, asphalt mix

0 2x10° 4x10° 6x10° 8x10° 1x10*

No. of Passes

Figure 12. Cooper wheel tracking test (CWTT) of asphalt mixtures at 55 °C.

From the graph (Figure 12), it is clear that the neat C.B asphalt and all pigmented C.B
asphalt mixtures demonstrated a significant increase in rut resistance over conventional
black asphalt. It is evident that the rut value has decreased by 5 mm, which means that the
rut resistance has increased. The maximum rut depth of around 5.8 mm was observed for
conventional asphalt. In contrast, rut depths of 5.1 mm, 5 mm, 3.5 mm, and 1.8 mm were
recorded for the neat C.B, iron oxide red, titanium dioxide white, and zinc ferrite orange
asphalt mixtures. Hence, it can be concluded that the maximum rut depth was observed
for conventional asphalt; however, the neat C.B, red, white, and orange-pigmented asphalt
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mixtures showed lesser rut depths. The zinc ferrite orange asphalt mixture was the most
resistant to ruts, followed by titanium dioxide. Furthermore, one of the objectives of
this research was to enhance the high-temperature performance by adding pigments and
replacing the black binder, which was also achieved during the thermal analysis.

As demonstrated by the permanent deformation analysis, the increase in stiffness
of the asphalt mixtures at higher temperatures indicates an improvement in the colored
binder’s elastic response. This improves the performance of the asphalt mixtures at high
temperatures. Additionally, the observed reduction in the pavement temperature, even by
as little as 5 °C, can notably enhance the dynamic stability and rut resistance of asphalt,
particularly as temperatures rise [61], apart from the reduction in heat islands. Furthermore,
the high viscosity of colored asphalt is identified as a contributing factor to increased rut
values [62]. This highlights the multifaceted nature of colored asphalt’s performance
characteristics.

5.2.2. Dynamic Modulus Test

Various asphalt mixtures, including conventional asphalt and asphalt mixtures pre-
pared with different combinations of clear binders (C.B) and pigments, namely, iron oxide
red, titanium dioxide white, and zinc ferrite orange, were tested for dynamic modulus to
determine their resistance to permanent deformation. A Superpave gyratory compactor
was used to prepare cylindrical specimens, with a diameter of 150 mm and a height of
170 mm. Moreover, 600 kPa of pressure at 160 °C was applied to achieve the specified
specimen height. From the compacted samples, specimens with a diameter of 101.6 mm
and a height of 150 mm were extracted. The dynamic modulus was measured at frequencies
ranging from 25 to 0.1 Hz, under various loading conditions, namely 1050, 525, 195, and
52.5 kPa. The AASHTO TP 62 [63] guidelines were followed for sample preparation and
testing. To account for the regional climatic conditions, the tests were conducted at both
40 °C and 55 °C. Figure 13 illustrates the dynamic modulus test results. Also, Figure 14
shows the five colored cylindrical samples before and after cutting.
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Figure 13. Dynamic modulus of asphalt mixtures at (a) 55 °C and (b) 40 °C.

The dynamic modulus directly indicates a material’s resistance to permanent deforma-
tion, commonly known as rut resistance [64]. It can be seen from the graph (Figure 13) that
the conventional asphalt has a lower dynamic modulus than asphalt mixtures prepared
with a clear binder only and those containing red iron oxide pigments, white titanium diox-
ide pigments, and orange zinc ferrite pigments, particularly at higher temperatures. The
dynamic modulus of pigmented asphalt mixtures appears to be higher for a range of fre-
quencies, indicating a better performance when compared to pigmented asphalt mixtures.
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(b)

Figure 14. Dynamic modulus samples (a) after core cutting and (b) before core cutting.

In particular, the zinc ferrite orange-pigmented clear binder (C.B) asphalt exhibits the
highest dynamic modulus and, therefore, the highest rutting resistance of all combinations.
Asphalt prepared with C.B modified with Fe,O3 takes second place, while TiO,+C.B-
pigmented asphalt takes third place. On the other hand, the neat clear binder (C.B) asphalt
exhibits the lowest dynamic modulus and rut resistance compared to the colored mixtures.
However, it still shows increased resistance than conventional black asphalt mixtures. It is
evident that the higher the value of dynamic modulus, the higher the resistance against
permanent deformation and vice versa, which means that it is a direct measure of rut
resistance [64].

All the mixtures generally exhibited a higher dynamic modulus at lower temperatures
(i.e., 40 °C). However, it was lower at higher temperatures (55 °C). This indicates that
asphalt is a highly temperature-dependent material, indicating greater rut susceptibility
at higher temperatures [65]. Overall, these dynamic modulus test results suggest that
the addition of pigments, specifically zinc ferrite orange, significantly improves asphalt
resistance to permanent deformation at higher temperatures, demonstrating the potential
benefits of these pigment additives when it comes to improving the durability and per-
formance of asphalt pavements. It is evident from these findings that pigment additives
are essential for enhancing rut resistance in asphalt pavements under a variety of climatic
conditions. These findings have significant implications for the design and construction of
asphalt pavements. Furthermore, it has also been reported that adding pigments to asphalt
mixtures improves the mixture’s high-temperature performance by reducing its surface
and internal temperatures, while not compromising its fatigue life [33].

5.3. ANOVA (Analysis of Variance) Analysis

Based on the thermal testing results, the ANOVA analysis in Table 4 shows significant
differences between conventional and other binders. The F-statistic indicates a statistically
significant difference between the binder groups compared to a p-value of 0 (rounded).
A significant F-statistic demonstrates different heating rates between the binder groups.
The ANOVA results do not explicitly provide statistics about the cooling behavior; if the
heating behavior differs significantly between the groups, we can infer that binders will
also display different cooling behavior. We can examine the ANOVA results between the
binder groups to understand how the clear binder (C.B) compares to the conventional
binder (conv. black asphalt). The thermal test results indicate that the clear binder is slower
to heat up than the conventional black asphalt (i.e., average for clear binder = 41.1069,
average for conv. black asphalt = 49.0344).
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Table 4. Statistical and ANOVA analysis of thermal testing.
Statistics
Groups Count Sum Average Variance
Conv. Black Asphalt 3601 176,572.9325 49.0344 69.7382
Neat C.B Asphalt 3601 155,958.9918 43.3099 54.0948
CB + TiOy 3601 148,025.9923 41.1069 47.0287
C.B + ZnFe; Oy 3601 148,432.8170 41.2199 46.0895
ANOVA Results for thermal testing
Source of Variation SS df MS F p-Value F crit
Between Groups 149,366.1305 3 49,788.7102 917.9705 0 2.6055
Within Groups 781,024.4668 14,400 54.2378
Total 930,390.5973 14,403
Similarly, conventional asphalt (conv. black asphalt) may also cool down slower than
clear asphalt, indicating a similar trend for cooling. These binder groups can be applied
differently in different scenarios because of their significant differences in heating and
cooling behaviors. A clear binder may be better than a conventional binder if slow heating
and rapid cooling rates are desired. Considering the specific temperature requirements
and performance expectations of various engineering projects, these findings can assist in
optimizing the selection of binder materials.
The ANOVA results for measuring the rut depth in Table 5, using a wheel tracker,
for the five binders (clear binder, red, white, yellow, and conventional) clearly show a
different rut depth for at least two binders. Statistically significant differences in the rut
depth of the binders are indicated by an F-statistic of 9.631 with a p-value of 6.271 x 10~°
(remarkably close to 0). Based on the small p-value, at least two binder groups perform
differently, suggesting that the null hypothesis should be rejected. As we intend to compare
the performance of the clear binder with that of the conventional binder, we will focus on
the two relevant groups of binders. The wheel tracking test result for the conventional
binder was 4.2781, while for the clear binder it was 3.7627. Compared to the conventional
binder, the clear binder performs better, on average, due to its lower average penetration
by the wheel tracker. Based on the ANOVA results, the clear binder performs significantly
better than conventional binders in terms of its structural performance.
Table 5. Statistical and ANOVA analysis of rutting test.
Statistics
Groups Count Sum Average Variance
Conventional 12 47.0586 42781 3.1557
Clear binder 12 41.3900 3.7627 24111
C.B + Fe;O3 12 42.6500 3.5542 2.1059
C.B + TiO, 12 27.3700 2.2808 1.0498
C.B + ZnFe,O4 12 15.8300 1.3192 0.3082
ANOVA Results for rutting analysis
Source of Variation SS df MS F p-value F crit
Between Groups 68.1594 4 17.0398 9.6311 0.0000 2.5463
Within Groups 93.7708 53 1.7693
Total 161.9301 57

The normal probability plot, as shown in Figure 15a, clearly shows that our sample
percentile is an evenly distributed pattern of data points compared to the conventional
binder. The data points follow some skewness for the initial points. Still, the remaining
points are perfectly normally distributed, which indicates a normally distributed dataset
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that validates the reliability of our analysis. Figure 15b—d shows the line fit plots of neat
C.B asphalt, C.B + ZnFe;O4, and C.B + TiO, with conventional black asphalt. By observing
the line fit plots closely, it is clear that the conventional binder tends to attain higher
temperatures than the clear and pigmented binders and asphalts, indicating its ability to
dissipate heat faster.
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Figure 15. (a) Normal probability plot. (b) Line fit plot for neat C.B asphalt. (c) Line fit plot for
C.B + ZnFeyOy. (d) Line fit plot for C.B + TiO, with conventional black asphalt.

Table 6 shows the correlation matrix of all four binders, by showing the effectiveness
of the modified binders compared to the conventional black binder. The high correlation
coefficients observed, among the variables, indicate strong linear relationships between
the asphalt mixtures. By conducting correlation analysis, we aim to pinpoint which charac-
teristics of the modified binders, such as the pigment content or clear binder composition,
contribute most significantly to the observed differences in thermal performance com-
pared to conventional black asphalt. This understanding will provide valuable insights for
optimizing asphalt mixture design and performance in future applications.

Table 6. Correlation matrix of all four mixtures.

Conv. Black Asphalt Neat C.B Asphalt C.B + TiO, C.B + ZnFe;04
Conv. Black Asphalt 1
Neat C.B Asphalt 0.9994 1
C.B + TiO, 0.9976 0.9965 1
C.B + ZnFe; 0y 0.9984 0.9978 0.9997 1
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6. Conclusions

This study aimed to introduce a clear binder and pigment-modified clear binders
to replace black bitumen in the asphalt mixture, with a non-black and solar-reflective
pavement surface that could help reduce the UHI effect. The following are the key findings
in this study:

e  Asphalt prepared with neat C.B displayed an average 9 °C lower temperature than
the conventional black asphalt mixture. The temperature was further reduced by 2 °C
by adding pigments, resulting in an overall temperature difference of 11 °C.

e  Significant temperature differences between black and non-black asphalt mixtures
were observed at 1000 and 800 W/m?, with gaps of 7 °C and 10 °C at 1000 flux and
2 °C and 5 °C at 800 flux, indicating a higher efficiency of non-black pavements at
extreme temperatures.

e The average temperature absorbed by the conventional black binder at 1200 W/m?
was just above 65 °C, while the neat clear binder displayed a 7 °C lower temperature.
Similarly, pigmented binders further lowered the temperature to 1-2 °C. At the lower
fluxes, i.e., 1000 and 800, the difference in the average absorbed temperature between
the black bitumen and clear binder (C.B, pigmented C.B) was 5-7 °C and 2-3 °C,
respectively.

e  The neat C.B asphalt mixture took 75% longer to reach the target temperature than
conventional black asphalt, with the pigmented mixtures taking an additional 170%
(zinc ferrite mix) to 180% (titanium dioxide mix) longer. It indicates a higher resistance
to heat absorption and prolonged cooling.

o  The cooling rate revealed that conventional asphalt took the longest (approx. 0.45 h)
to cool down to 45 °C, while the neat C.B mix took 27% less time (approx. 0.33 h) to
return to the target temperature. The pigmented mixture further lessened the cooling
time up to 33% (0.3 h) and 31% (0.31 h) for TiO, and ZnFe,;O4 mixtures, respectively.

e  The heat maps indicated significant heat accumulation in conventional asphalt mix-
tures and binders over a wide period. However, the neat and pigment-modified C.B
mixtures appeared more relaxed over the entire heat cycle.

e  The neat C.B asphalt mixture exhibited around 15% more resistance to rut depth than
conventional asphalt, with red, white, and orange-pigmented mixtures showing 20%,
43%, and 73% rut resistance, respectively.

e  All the non-black mixtures performed slightly better than conventional black mixtures
in the dynamic modulus test. A maximum resistance to permanent deformation
of 15% was noted in the C.B + ZnFe;O4 mixture compared to conventional black
asphalt mixtures.

Overall, thermally conductive materials with a lower specific heat are preferred for
heat harvesting and cool pavement applications, since they enhance the efficiency of heat
transfer and storage. This helps harness thermal energy for various purposes, creating
more excellent surfaces and mitigating urban heat issues.

Thermal analysis, in this study, was carried out assuming fixed solar flux densities
(800, 1000, and 1200 W/ mz) to simulate solar radiation; however, solar radiation varies
considerably over time and geographical locations. Moreover, despite the efforts to ensure
a one-dimensional heat flow and minimize transverse heat dissipation during the charging
phase, it is recognized that achieving perfect insulation and heat confinement within heat
sinks is challenging. This could introduce slight inaccuracies in the observed temperatures,
particularly at higher heat flux levels. Additionally, variations in sensor placement (i.e.,
inaccurate height, other than specified) could impact the reliability of our temperature
readings, or result in inaccurate temperature measurements at certain depths. Furthermore,
the continuous heat dissipation during the charging phase and subsequent cooling period
could slightly impact the observed maximum temperatures.

The authors recommend the strategic application of these mixtures in urban areas
with high percentages of paved surfaces, specifically in densely populated streets, from a
UHI mitigation perspective. They can be utilized in bicycle lanes, pedestrian walkways,
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tennis courts, running tracks, and bus stops, for thermal comfort. Colored pavements can
also reduce lighting requirements, so their application in tunnels is also suggested. From a
structural performance perspective, the authors suggest performing thermal analysis for at
least 1-2 ft? slabs under direct sunlight over 24 h to compare the performance of asphalt
prepared with pigmented clear binders. After that, some correlations should be made for
future reference to lab tests. Additionally, the adhesion properties of C.B and pigmented
asphalt are worth investigating to understand their interaction and potential impact on
pavement performance. Moreover, investigating the cracking resistance of these mixtures to
assess their durability and long-term performance under various environmental conditions
would be an interesting study for the future. After all these findings, constructing test
tracks of up to a few hundred feet long of such materials for normal traffic to assess their
durability and rut resistance at higher temperatures would be worth testing before scaling
up to larger roadway constructions of such materials.
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