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A B S T R A C T   

In this study, construction and demolition waste (CDW) materials, including waste clay bricks, 
concrete, and glass, were used as aggregates of chip seal layers to enhance the reflectivity and 
reduce the temperature of asphalt pavements as an urban heat island (UHI) mitigation policy. UHI 
is an urban area that has a higher temperature in comparison to its suburbs. As considerable parts 
of cities are covered with asphalt pavements, their heat absorption and heat release can directly 
affect the UHI. Four types of chip seal layers, containing CDW aggregates were prepared in this 
study. The reflectivity and cooling effects of asphalt pavement coated with the developed chip 
seals were then evaluated with laboratory, field experiments, and computational fluid dynamics 
(CFD) simulation. Regarding the laboratory methods, UV-Visible-NIR spectrometer reflectance, a 
trident thermal properties measurement, and solar simulation cooling effect were used. Besides, 
the albedo and cooling effects of the developed chip seals were evaluated with a pyranometer and 
thermocouples through a field experiment. The indoor reflectance test showed yellow and red 
brick chip seals reflected almost 136 % higher than the aged asphalt pavement, followed by 
concrete chip seals with 80 % higher solar reflectance. Besides, the surface temperatures of yellow 
brick, red brick, and concrete chip seals were 23 %, 18 %, and 15 % cooler than the hot mix 
asphalt (HMA) specimens. More importantly, clay brick chip seals had the lowest nighttime heat 
release, followed by the concrete chip seal. The field test indicated that the albedo of yellow brick 
was 2 and 6 times higher than the aged and new HMA, causing 17 % and 27 % lower surface 
temperatures. The numerical models also revealed that using the yellow brick and concrete chip 
seals decreased the surrounding air temperature at least by 18 % and 14 % respectively. Overall, 
the numerical modeling, laboratory, and field tests showed similar results, indicating the benefits 
of using clay bricks and concrete aggregates for chip seal development, which can mitigate the 
UHI effectively.   

1. Introduction 

Asphalt pavement is one of the most common types of pavement due to its simple and fast implementation and maintenance. 
However, this type of pavement can cause some environmental issues. One of these issues is attributed to solar energy absorption. As a 
result, its temperature can reach up to 70 ℃ during summer days [1]. As a result, it releases the absorbed heat into the environment, 
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causing a phenomenon called the urban heat island (UHI) [2]. The UHI is an urban area whose temperature is higher than its rural area 
and surroundings. This temperature difference can be from 5 to 15 ℃ [3]. In general, for a certain urban area in the US, a considerable 
part of the city (29–39 %) is covered with pavement [4], showing the impact of pavements on the UHI. 

The UHI effects can be exacerbated by some factors, including heat emissions caused by humans, reduction of vegetation cover in 
cities, high heat absorption of construction materials, and dark surfaces of pavements [5]. As a result, residential water consumption, 
air quality, building energy consumption, and greenhouse gas (GHG) emissions are negatively affected [6]. It was also concluded that 
compared to rural places near London, the amount of CO2 emission will be approximately 4.5 % higher for hot urban areas in London 
by 2050 [7]. Besides, illnesses and deaths related to heat waves are associated with negative UHI effects [8,9]. Hence, it is necessary to 
find some solution for UHI mitigation. 

Among all contributing factors, the dark color of asphalt pavement is reported to be one of the main reasons for this high solar 
energy absorption, exacerbating the UHI effects [10]. When the asphalt pavement’s surface has high temperatures, it has a high energy 
absorption rate. Thus, some methods should be used to decrease this absorption rate [11]. One recommended way to decrease the solar 
absorption rate of asphalt pavements is to increase their reflectivity. It was concluded that when the albedo was raised by 0.1, the 
surface temperature dropped by 2.1 ℃ [12]. Therefore, some approaches are used to increase the reflectivity of asphalt pavements. 

Another environmental issue is related to construction and demolition waste (CDW) in the modern world. According to the sta
tistics, China generated a considerable amount of CDW (1704×106 tons) due to urbanization in 2018 [13]. Nevertheless, only less than 
10 % of this waste is currently recycled in China [14]. The CDW generations for the USA and Europe were approximately 600×106 and 
372×106 tons respectively [13]. This waste generation in Australia was around 27×106 tons which was 61 % higher than this amount 
in 2006 [15]. A considerable amount of CDW (27 % of municipal solid waste) is generated in Canada, discharging mostly into landfills 
[16]. Overall, more than 10 billion tons of CDW are annually generated in the world [17]. Waste concrete and bricks account for the 
largest proportions (almost 59 %) of building CDW materials which need practical solutions to recycle them [18]. Although the CDW 
recycling rates for Canada, the US, and the EU are higher than other countries such as China (below 10 %), the recycling rates of brick 
and concrete wastes, accounting for the largest proportions (almost 59 %) of building CDW materials, are not high. As a result, these 
building construction wastes are usually discharged to landfills [18–20]. Some of the waste clay bricks, kept in a landfill in Montreal 
(Canada), are depicted in Fig. 1. 

Asphalt pavement deteriorates due to the climate effects and traffic loads, and repairing and replacing the distressed pavement 
needs high budgets and can bring about environmental issues. Thus, using preventive or corrective maintenance methods such as chip 
sealing and microsurfacing is of major significance [21,22]. Chip seals are reported to be one of the most cost-effective types of 
bituminous surface treatments which can be used as a preventive maintenance method for both asphalt and concrete pavements [23]. 
Chip seals are comprised of a layer of bitumen emulsion (de-ionized water, 60–70 % asphalt cement, and an emulsifying agent) 
covered by one or multiple layers of aggregates compacted before the bitumen emulsion setting [24]. As chip seals are applied at the 
surface of pavements and aggregates are visible, it can be a practical method to increase the reflectivity of pavement using light 
color-recycled aggregates without making the pavement slippery. The mechanical properties, safety, and performance of chip seals 
developed with recycled clay bricks, concrete, and glass aggregates were evaluated in a recent study [25]. The reflectivity and cooling 
effects of these chip seals, which can alleviate the UHI effects, are of great importance. 

The main objective of this study is to propose a novel method to mitigate the UHI effects associated with pavements, using chip 
seals developed from recycled light color aggregates. The sub-objective of this research is to find this UHI mitigation method using 
CDW materials which can also be beneficial to recycle these waste materials. Unlike the previous UHI mitigation studies in which 
pigments and coating were applied on the asphalt pavement surface, reducing surface friction and increasing maintenance costs, this 
study proposes a new approach to increase the surface reflectivity and surface friction of asphalt pavement as well as sealing the 
surface cracks. For this purpose, 4 different CDW aggregates, including recycled concrete, yellow and red bricks, and glass were used to 
prepare chip seals and increase the surface reflectivity of the asphalt pavement. In our previously published articles, the mechanical 
properties, safety, and durability of these chip seals were evaluated and they met the standard requirements [25,26]. In this study, 
different laboratory and field experiments were used to measure the reflectivity and cooling effects of these chip seals. The laboratory 

Fig. 1. Waste clay brick materials (3RMCDQ landfill in Quebec).  
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part consists of tests with a spectrometer reflectance with ultra-violet (UV), visible, and near-infrared (NIR) wavelength (identified as 
UV-Visible-NIR in the text), measurement with a trident thermal properties instrument (C-Therm), and infrared solar simulation tests. 
Besides, the albedo measurement with a pyranometer, surface, and in-depth temperatures were monitored and recorded with an 
infrared camera and thermocouples through a field test. In addition to the field and laboratory tests, the ANSYS Fluent software 
package was used to carry out computational fluid dynamics (CFD) simulation for heat transfer inside the pavement and heat exchange 
with the environment. Finally, the effects of using these CDW materials on the UHI were examined and discussed. The outline of this 
study is demonstrated in Fig. 2. 

Fig. 2. The research outlines.  
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2. Literature Review 

Different methods have been used to combat the negative UHI effects, stemming from the dark surface of pavements. Almost all of 
these studies were conducted based on three main principles, including increasing the pavements’ reflectivity, cooling down the 
pavement with water (evaporative pavements), and changing the pavements’ materials to alter the heat transfer rate of pavements [2]. 
Regarding reflective pavements, the main principle for them is to increase the pavement’s albedo, altering the pavement’s thermal 
inertia [27]. This is a nondimensional parameter that shows the ratio of the reflected radiation. New asphalt pavement has an albedo of 
0.05, meaning 95 % of the solar radiation is absorbed and only 5 % of it is reflected. [28]. 

The most common method for increasing the asphalt pavement albedo is using pigments and heat-reflective coatings. In a recent 
study, ten different coatings were used to increase pavement reflectivity. The test results showed that the pavements coated with these 
pigments could have visible light reflectance and near-infrared reflectance up to 60 % and 95 %, respectively [29]. Nanocomposite 
reflective coatings were also used for the same purpose and the results revealed that the pavement’s heat radiation and convection 
were reduced by 66 % and 50 %, respectively. This means that these materials could mitigate the UHI and increase the human body’s 
thermal comfort [30]. In another study, the effect of coating concrete and asphalt pavements with heat-reflective pigments on the air 
temperature was examined in different climate conditions. The results indicated that the air temperature surrounding the concrete and 
asphalt pavements coated with these pigments was 1 ℃ and 5 ℃ cooler, respectively [31]. Another heat-reflective coating was also 
developed with epoxy resin emulsion. Different functional fillers, including titanium oxide, diatomite, substrate, silicon dioxide, and 
fumed silica were added to the surface. The results revealed that the usage percentage of filler should be less than 30 % (by weight) of 
the coating, and the 2 % iron oxide for making light gray coating had the best cooling effect and visual comfort. When 0.8 kg/m2 of this 
coating was placed on the pavement, the surface temperature decreased by almost 10.4 ℃ [32]. 

Although using these kinds of pigments and coating can decrease the pavements’ temperatures and mitigate the UHI, they can 
negatively affect the drivers’ vision and skid resistance. To solve glare issues, some pigments, which were not white, with near-infrared 
reflection were used [33]. Despite these pigments looking dark, they could increase the asphalt pavement albedo from 0.4 to 0.7 [34]. 
Regarding the skid resistance reduction by using these pigments, ceramic particles, and special sand were used which increased the 
skid resistance by 50 % [35]. Besides, the performance of these coatings deteriorated over time under natural weathering conditions. 
Thus, anti-aging additives were added to these pigments. The results showed that the reflectance percentage change was less than 10 % 
for white coatings and less than 5 % for colorful coatings [36]. However, the durability of fillers and particles for increasing the skid 
resistance of pavements containing these coatings has been questionable, and some of these pigments have harmful chemical com
positions that are not environmentally friendly. More importantly, considering all requirements for pavements coated with these 
pigments with sufficient skid resistance and durability can increase pavement construction and maintenance costs. 

Researchers have also tried to recycle CDW and other wastes as pavement materials [37–41]. In a study, waste clay, ceramic, and 
mortar were used as concrete paving aggregates. The experimental tests revealed that these materials increased the concrete water 
absorption and apparent porosity, reducing the splitting tensile and compressive strengths. However, using these materials up to 50 % 
met the minimum strength of concrete paving [42]. In hot mix asphalt (HMA), natural aggregates were replaced with recycled concrete 
up to 30 %. The results of stiffness, permanent deformation, fatigue, and moisture sensitivity revealed that this material enhanced the 
HMA stiffness, moisture susceptibility, and rutting resistance. However, HMA containing recycled concrete showed a lower fatigue life, 
affecting the load transfer efficiency of asphalt pavement significantly [43–45]. The recycled concrete powder was also used as a filler 
for cold mix asphalt (CMA). The results showed that fatigue life, moisture sensitivity, tensile strength, abrasion loss, rutting resistance, 
and stability of CMA were improved after adding 1–3 % (by weight of the mixture) of concrete powder [46]. The CDW materials, 
including recycled clay masonry and concrete, were also used as base course aggregates up to 100 %. The numerical modeling showed 
that the rutting resistance and fatigue cracking of asphalt pavement constructed on the developed base course were improved [47]. The 
recycled glass was also used both as the granular base course and asphalt mixture materials. The results showed that using recycled 
glass up to 25 % and 10 % (by weight) had marginal effects on the mechanical properties of the base course layer and HMA 
respectively [48,49]. Consequently, despite a myriad of positive effects of CDW on pavement performance, these materials have not 
been used to develop chip seals for pavements. 

A numerical study was conducted using ENVI-met software to assess the air temperature of a parking area coated with light 
concrete, stone, bricks, grass, and wood instead of asphalt pavement. The result showed that the existing asphalt pavement caused the 
highest air temperature [50]. Therefore, using these kinds of materials as exposed materials on the surface of pavements, such as chip 
seals, can reduce the air temperature and mitigate the UHI effects. Besides, different waste materials have been used to develop chip 
seals in recent years. For instance, the natural aggregates of chip seal were replaced with crumb rubber in a study. The skid resistance 
and aggregate embedment were evaluated, and the results showed that these waste materials had sufficient embedment and skid 
resistance [51]. In another study, the natural aggregates of chip seals were replaced with reclaimed asphalt pavement (RAP). The chip 
seal mechanical test results revealed that RAP materials could meet the chip seal mix design standards [52]. Considering the skid 
resistance, chemical compositions, and durability issues of pigments used to increase the reflectivity of pavements, using CDW ma
terials as chip seal aggregates can not only be a practical method to recycle these materials, but it may be a suitable approach for raising 
the pavement surface reflectivity [25]. As the asphalt mixture layer plays the most important part in temperature distribution and heat 
transfer of asphalt pavement structure, modification of the surface reflectivity and thermal properties using materials with different 
properties can affect heat absorption and heat release dramatically. Considering the thermal properties of asphalt pavement, pre
diction models can be developed to estimate the pavement temperature containing materials with different thermal properties [53,54]. 
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3. Materials and Methods 

3.1. Materials 

Aggregates and bitumen emulsion form the chip seal. In this study, 4 different recycled materials, including concrete, yellow brick, 
red brick, and glass, were used as chip seals’ aggregates. These materials were provided from two recycling sites in Canada (The 
3RMCDQ and the RITMRG in Quebec). Firstly, the recycled aggregates were crushed with a laboratory crusher. They were then sieved 
to have certain ranges of aggregates. The aggregate sizes are depicted in Fig. 3. Only one range coarse aggregate (between 5 and 
10 mm) was chosen for both concrete and brick aggregates. The glass aggregates’ sizes were smaller (between 2.36 mm and 6.3 mm). 
The reason why this aggregate was smaller was to avoid flaky aggregates and tire wear. The physical properties of these aggregates are 
evaluated and reported in Table 1. 

The bitumen emulsion used in this study was Cationic Rapid Setting type 2 (CRS-2). This is one of the most common bitumen 
emulsions for chip seal preparations, whose properties are mentioned in Table 2. The bitumen emulsion provider recommended using 
it at a certain temperature which was between 60 and 85 ℃. Thus, the bitumen emulsion temperature was 65 ℃ for all specimens. The 
water breaks out of bitumen emulsion for specimen curing was measured. The bitumen emulsion was placed at 35 ℃ and its weight 
loss was recorded for 48 hours. The weight loss trend is illustrated in Fig. 4. According to this diagram, because of the water breakout, 
its weight was reduced by 25 % and 30 % after 6 and 24 hours respectively. 

3.2. Chip Seal Mix Design 

There are some common methods used to design chip seals in North America, including Kearby, McLeod, modified Kearby, and 
modified McLeod approaches [68–70]. All these methods have the same aim which is the calculation of aggregates and binder 
application rates to have 50–80 % of median aggregate size embedment. In this study, the McLeod method was used in accordance 
with the Minnesota seal coat handbook [71]. According to this method, the aggregate application rate depends on physical properties, 
including gradation, aggregate shapes, and specific gravity. The binder application rate relies on aggregates’ shape and absorption, 
pavement surface conditions, traffic volume, and the binder’s asphalt content. The aggregate application rate is calculated with Eq. 1. 

C = [1 − 0.4V] × H × G × E (1)  

Where C is the aggregate application rate (kg.m− 2), V is void in the loose mix, H is the average least dimension (mm), G is the bulk 
specific gravity, and E is the wastage factor for traffic whip-off, which indicates the number of aggregates that will get thrown to 
roadway sides during chip seal curing under traffic loads. The wastage factor is assumed 5 and 10 percent for low-volume and high- 

Fig. 3. The recycled aggregates used in this.  
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volume traffic roads, respectively. The application rates of aggregates were calculated with Eq. 1 and experimental tests. Thus, the 
application rates of glass, concrete, yellow brick, and red brick aggregates were 4.85 kg/m2, 7.88 kg/m2, 6.11 kg/m2, and 6.02 kg/m2 

respectively. The binder application rate is also calculated with Eq. 2. 

B =
[0.4 × H × T × V] + S + A

R
(2)  

Where B is the binder application rate (L/m2), H is the average least dimension (mm), T is the traffic factor, V is the voids is loose 
aggregate, S is the surface condition factor (L/m2), A is the aggregate absorption factor (L/m2) and R is the residual asphalt content of 
binder. Considering the experimental tests and Eq. 2, The emulsion rates for glass, concrete, yellow brick, and red brick chip seals were 
1.44 L/m2, 1.50 L/m2, 1.88 L/m2, and 1.90 L/m2. Special molds were made with the average least dimension (ALD) height, and the 
relevant aggregates and bitumen emulsion were placed inside them and compacted to check the calculated application rates. The 
results showed that the mentioned application range exactly filled the molds, and due to almost 30 % water loss (Fig. 4), the aggregate 
embedment was almost 70 %. 

3.3. Asphalt Mixture Design 

The laboratory asphalt mixture specimens were prepared based on the Quebec standard [72]. The nominal aggregate size was 
10 mm (ESG-10 asphalt mixture), and PG 58–28 asphalt binder, modified with anti-stripping agents, was used to prepare the dense 

Table 1 
The physical properties of aggregates.  

Physical Properties Standard Concrete Yellow brick Red brick Glass 

Density (kg/m3) [55] 2370 1933 1907 2491 
Loose unit weight (kg/m3) [56] 1514 1117 1122 1486 
Water absorption (%) [55] 4.71 13.56 14.13 0.16 
Los Angeles (%) [57] 23.5 39.5 41.5 44.5 
Flakiness index (%) [58] 14 19 21 30 
Median particle size (mm) [59] 6.50 6.70 6.80 4.70  

Table 2 
The properties of bitumen emulsion.  

Tests Unit Test method Result 
For CRS-2 

Specifications 

Min Max 

Residue by distillation (weight) % [60] 69.1 65 - 
Oil Distillate, (volume) % [60] 0.32 - 3 
Demulsibility % [61] 85.1 40 - 
Saybolt Furol viscosity at 50 ◦C Sec [62] 223.4 100 400 
Settlement and storage stability, 1 day % [63] 0.312  Max 1 
Penetration, 25 ◦C, 100 g., 5 s. 0/1 mm [64] 153.3 100 250 
Particle Charge - [65] Positive - - 
Ductility, 4◦C, 5 cm/min cms [66] 75.1 40 - 
Solubility in TCE % [67] 99.51 98.5 -  

Fig. 4. The bitumen emulsion weight loss due to water breakout.  
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graded hot mix asphalt. The asphalt mixture and binder characteristics and aggregate gradation are depicted in Table 3 and Fig. 5, 
respectively. Based on the Quebec standard, the mixing temperature was 150 ℃, and the mixture was compacted using a gyratory 
compactor at 135 ℃ to prepare cylindrical specimens with 150 mm in diameter and 150 mm in height. 

3.4. The Laboratory and Field Tests 

3.4.1. Ultraviolet (UV)-Visible-Near Infrared (NIR) Spectrometer Test 
A UV-Visible-NIR spectrometer (Perkin Elmer- Lambda 750) was used to measure the reflectance and absorption of chip seals. This 

device can measure the absorbance and reflectance of wavelengths ranging from 175 nm to 3000 nm. The range of temperature can 
also be between 0 ℃ and 100 ℃ during the test. Although, the maximum dimension of solid samples for this device is 100×100 mm, 
the dimension of chip seal samples was 50×50 mm to have more accurate results and fewer errors. Consequently, the relevant amounts 
of aggregates and bitumen emulsion were used to prepare the specimens for this test. Therefore, approximately 12 g, 20 g, 15 g, and 
16 g of glass, concrete, yellow brick, and red brick aggregates were placed on 4 g, 4 g, 5 g, and 5 g bitumen emulsion respectively, 
followed by compaction with a 1 kg roller compactor. The specimens were then cured at 35 ℃ for 48 hours, followed by 48 hours of 
curing at the ambient temperature to break out the bitumen emulsion water. Two other specimens were cored and cut from new HMA 
and an aged HMA (after 3 years) for this experiment. The absorbance and reflectance of each specimen were measured five times while 
the specimens were rotated, their positions were changed before each measurement, and their averages were finally calculated. The 
Lambda 750 spectrometer and the specimens for this test are depicted in Fig. 6. 

3.4.2. Thermal Properties Measurement 
As these waste materials are exposed to direct solar radiation and they form the top surface of the pavement, their thermal 

properties are of great importance. A trident thermal conductivity instrument (C-Therm) was then used to measure the heat transfer of 
these materials separately, which works based on the ASTM Standard [73]. This device has different sensors, all of which work based 
on the transient heat transfer method. In this study, the modified transient plane source (MTPS) sensor was used for thermal con
ductivity and thermal effusivity measurements, which is recommended for solid materials. The minimum diameter of the solid sample 
for this sensor is 18 mm, and the sample should have a flat surface. Since having this requirement for prepared chip seals was not 
possible due to the aggregate sizes (5–10 mm with rough surfaces), this test was conducted on the aggregates before crushing. Indeed, 
these 4 waste materials and new and aged asphalt pavement were cut (50×50) to have smooth and flat surfaces for thermal property 
measurements. To have sufficient contact between the materials and the MTPS sensor, a special paste (provided by the C-Therm 
supplier) was then used to fill the voids, and each specimen was loaded with a 500 g weight. The C-Therm device had some reference 
samples on which this thermal paste was used, and the measured thermal properties remained unchanged before and after using this 
agent. Finally, the thermal conductivity of each specimen was measured 5 times on different spots of each specimen. The C-Therm 
device and specimens are demonstrated in Fig. 7. 

3.4.3. The Indoor Solar Simulation Test 
An experimental setup was developed to simulate an indoor test for evaluating the one-directional heat transfer in the asphalt 

mixtures coated with chip seals. A 175 W tungsten iodide (infrared) lamp with a wavelength, ranging from 300 nm to 3000 nm, was 
used to simulate the solar radiation for specimens. A transparent pipe with the same diameters of asphalt mixture (150 mm) was also 
used to minimize the airflow and ventilation at the top of the specimens. The pipe was also used to concentrate the heat and reach a 
certain temperature for the control HMA specimen. The highest possible surface temperature of asphalt pavement in Canada was the 
target of the test since the UHI effects are more important during hot weather. Therefore, considering the highest pavement tem
peratures in Canada [74], the height of the lamp was determined (85 cm) with trials and errors. In the first step, the control asphalt 
mixtures were placed in the setup shown in Fig. 8, and the infrared lamp was lit for 15 hours until the asphalt mixture surface tem
perature reached 63 ℃. The lamp was then turned off for 9 hours to record the temperatures and the reverse heat transfer from the 
specimens to their surroundings. In each sample, 7 thermocouples were placed and held with bitumen depicted in Fig. 8. These 
thermocouples and an air temperature sensor were connected to a data logger to record the temperatures during the receiving and 
releasing heat procedures. The surface temperatures of specimens were also monitored and recorded with an infrared camera during 
the test. All specimens were also surrounded with liquid foams to minimize the heat transfer from their sides and bottom with their 
surroundings. 

Table 3 
Asphalt mixture and asphalt binder characteristics.  

PG 58–28 asphalt binder properties Values ESG-10 asphalt mixture Properties Values 

Density at 25 ℃ (g/cm3)  1.025 Gmm (g/cm3)  2.538 
Viscosity at 135 ◦C (Pa⋅s)  0.247 Binder (%) by weight  5.45 
Viscosity at 165 ◦C (Pa⋅s)  0.075 Absorbed binder (%) by volume  1.02 
G*/sin δ at 58 ℃ for virgin binder (kPa)  1.254 Effective binder (%) by volume  12.2  
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Fig. 5. The aggregate gradation of asphalt mixture specimens.  

Fig. 6. Specimens for the reflectivity test (left): (a) concrete, (b) glass, (c) new HMA, (d) yellow brick, (e) red brick, (f) aged HMA, and the Lambda 
750 spectrometer device (right). 

Fig. 7. The thermal conductivity measurement of materials: (a) yellow brick, (b) aged HMA, (c) new HMA, (d) concrete, (e) red brick, and (g) the 
MTPS sensor with the contact paste. 
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3.5. The Field Test for Solar Reflection 

The solar spectrum has different wavelengths, ranging from 200 nm to 2500 nm (approximately 96.3 % of the total irradiance) [2]. 
Although tungsten lamps are reported as one of the most practical methods to simulate solar energy for pavements [75], their color 

Fig. 8. The solar simulation test: (a) thermocouple placement, (b) thermocouples’ locations, (c) concrete, (d) yellow brick, (e) red brick, (f) glass 
chip seals, (g) the data logger and computer, (h) the insulated sample and lamp. 

Fig. 9. The field reflection test details: (a) concrete, (b) yellow brick, (c) glass, (d) red brick chip seals, (e) new HMA, (f) aged HMA, (g) the data 
logger, (h) the thermocouple placement, (I) the pyranometer and cloudless sky. 
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temperatures are 3200k. However, the solar spectrum brightness temperatures range from 5600k to 6000k. Thus, the shortwave visible 
output and low UV can differentiate between solar radiation and the simulation approach [76]. Considering all these factors, the 
albedo and cooling effects of chip seals were evaluated with an outdoor test. Therefore, 4 different circular asphalt pavement areas 
with diameters of 4 m were covered with bitumen emulsion and waste aggregates, including yellow and red bricks, concrete, and glass. 
Moreover, the albedo and temperatures of two other circular areas, including newly constructed and aged asphalt pavements (with the 
same diameters) were investigated. The albedo measurement test was carried out based on ATSM E1918 (2021) [77]. According to this 
standard, the albedo should be measured in a cloudless weather condition when the sun’s angle to the normal of the pavement surface 
is lower than 45⁰. Indeed, if the surface is low-sloped or horizontal, this test should be done between 9 a.m. and 3 p.m. local time. In 
winter, however, as the solar incidence has a lower angle, the test should be performed between 10 a.m. and 2 p.m. local standard 
time. As this test was conducted on 30/09/2022 in Orford (Quebec, Canada) which was cloudless and sunny, the reflection was 
measured three times for each area from 11 a.m. to 2 p.m. local time. According to a previous study, the air temperature and wind 
speed do not affect the albedo [78]. The reflection values should be constant for at least 10 s for each reading, and three pairs of 
readings were recorded for incoming and reflected solar incidence in 2 minutes. The distance of the albedo meter was 500 mm from 
the surface and when the incoming radiation was recorded, it was flipped down to measure the reflected radiation for each area. 
Besides, 6 different thermocouples were placed in the center of each area at 25 mm depth to record the asphalt pavement temperatures. 
All these thermocouples, the pyranometer, and an air temperature sensor were connected to a data logger which transferred all data to 
a computer. Moreover, the surface temperature was also monitored and recorded with an infrared camera. The data logger and air 
temperature sensor were hidden from the sun to minimize the error during the test. The field test section and its details are depicted in  
Fig. 9. 

3.6. The Computational Fluid Dynamics (CFD) Simulation 

The heat transfer between solid and gas should be evaluated with finite element software which can analyze the behavior of the 
flow of gases and fluids. Compared to other software used for microclimate research, ANSYS Fluent works based on CFD algorithms 
which is suitable for modeling fluid dynamics, thermal reactions, heat transfer through Reynolds-averaged Navier Stokes (RANS) 
equations, and k-epsilon (k-ε) turbulence model [79]. As the UHI stems from the released heat from the pavement to the air, the heat 
transfer from the pavement to the air should be assessed with fluid dynamic equations. Hence, the ANSYS Fluent software package was 
utilized to evaluate the heat transfer inside the asphalt mixture and the heat exchange with the environment. Different models were 
developed for both asphalt mixture and chip seal samples to examine not only the heat transfer rate for each sample but also the air 
temperature reduction after using chip seals. Therefore, the experimental data for the chip seal which provided the cooler surface and 
control HMA was used for this simulation. Thus, all types of heat transfer, including radiation, convection, and conduction were 
involved in the simulation, and all required thermal parameters were obtained from the indoor solar simulation test. 

3.6.1. Geometry and Mesh Generation 
Two different models were developed with sufficient widths and lengths to simulate the real field situation. Indeed, the dimensions 

of the control HMA and chip seal models were 8 m ×10 m × 0.15 m and 8 m ×10 m × 0.16 m, respectively. Besides, a certain volume 
of air at the top of the pavements (10 m height) was included in the models. The pavement meshes were structured and the air meshes 
were both structured and unstructured. The first layer of air elements’ size at the top of the pavement surface was 1 mm to have a 
suitable accuracy. The air element sizes then grew in a structured shape with a 1.2 growth rate for the next 20 layers. The unstructured 
elements were also used for the upper layers of air in the models. Overall, each model consisted of 2,071,300 elements. The details of 

Fig. 10. The chip seal model; (a) Geometry and (b) meshing details.  
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geometry and meshes for the chip seal model are demonstrated in Fig. 10. The HMA models had similar geometry and meshes, except 
for the chip seal layer. 

3.6.2. The Simulation Conditions 
The transient heat transfer was used for this simulation. The standard k-ϵ model was employed to have air turbulence effects at the 

top of the pavement. The boundary conditions comprised the necessary temperatures, interface properties, and wind details. The air 
inlet and outlet velocity, pressure, and temperature were also defined based on the obtained experimental results. The left, right, and 
top sides of the model were assumed to be symmetric. These sides and the bottom of the pavement were also assumed to be adiabatic, 
preventing heat exchange with the model’s surroundings. The inflow wind boundary conditions were applied with an expression to 
have leading wind at 10 m height with 2 m.s− 1 speed, which represents summer. Besides, the interface of chip seal and asphalt mix 
temperature and contact specifications, and surface and in-depth temperatures, obtained from the laboratory tests were involved in the 
model’s boundary conditions. The details of wind velocity and the model’s airflow are illustrated in Fig. 11. In this figure, the wind 
speed equation is depicted, where U (m.s− 1) is the wind speed and Y is the height (m). The inlet and outlet airflow over the pavement is 
shown in Fig. 11 (b). 

3.6.3. Input Thermal Parameters 
The transient heat conduction, altering the temperature during the time with other thermal parameters, was performed based on 

Eq. 3. 

ΔT =
1
α .

∂T
∂t

(3)  

Where ΔT represents the temperature difference, α is the thermal diffusivity (m2.s− 1), and t is the time (s). The other heat transfer 
mode, convection, was performed based on Newton’s law to simulate the heat transfer between the asphalt mix surface and sur
rounding air, shown in Eq. 4. 

Qconvection = h(TS − Tair) (4)  

Where TS represents the surface temperature (K), Tair is the air temperature (K), and h is the convective exchange coefficient (W.m− 2. 
K− 1). The radiation heat transfer was also performed in the simulation process, based on Eq. 5. 

QRadation = εσ(T4
sur − T4

air) (5)  

Where Tsur represents the pavement surface temperature (K), Tair indicates the ambient air temperature (K), ε is the emissivity of the 
surface, and σ is the Stefan–Boltzmann constant (5.67×10− 8 W.m− 2.K− 4). 

4. Results and Discussion 

4.1. The Spectrometer Reflectance Radiations 

Each object generally shows three different responses to incident energies, including absorbing, reflecting, and transmitting. Eq. 6 
shows the relationship between these parameters[80]. 

Fig. 11. (a) The wind velocity details and (b) the model’s inlet and outlet airflow.  
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ρ+ ε+ τ = 1 (6)  

Where ρ is the reflectance rate, ε is the absorption, and τ is the transmittance. As asphalt pavement and chip seals are not transparent, τ 
is equal to zero [80]. Accordingly, higher reflectivity and lower absorption are the main goals to reduce the surface temperature. 
Considering the solar spectrum, the irradiance with lower than 300 nm wavelengths is mostly absorbed by O3, and approximately half 
of the solar irradiance energy (43 %) is in the Visible (wavelengths between 400 and 780 nm) and almost 52 % of its energy is in the 
near-infrared (NIR) (wavelengths from 800 to 2500 nm) region, demonstrated in Fig. 12 [81,82]. Direct normal irradiance (DNI) is the 
received radiation at the Earth’s surface perpendicular to the Sun, and this irradiance excludes diffuse solar radiation (radiation that is 
reflected or scattered by atmospheric components). 

The results of reflectance for different wavelengths ranging from 300 nm to 2000 nm, obtained from the UV-Visible-NIR spec
trometer, are also illustrated in Fig. 13. As can be seen, the chip seal made from yellow bricks had the highest reflectance for all 
wavelengths. Red brick and concrete chip seals’ reflection was ranked second and third, followed by aged HMA, glass chip seal, and 
new HMA. The combinations of reflection data and the solar spectrum were analyzed to have a better comparison for each region. As a 
result, the reflectance of different chip seals, aged, and new HMA for solar spectrum (Fig. 13) for each region was calculated with Eq. 7, 
which is obtained from an ASTM standard [81]. 

Rs =

∫λ1

λ2

R(λ)E(λ)dλ

∫λ1

λ2

E(λ)dλ

(7)  

Where Rs is the solar reflectance of chip seals, aged and new HMA (%), R(λ) is the measured spectral data from samples and E(λ) is the 
solar spectral irradiance. Thus, the solar reflectance of chip seals and HMA, categorized for each region, is depicted in Table 4. As can 
be seen, the UV reflectivity of all chip seals, aged and new HMA is less than 6 % percent and they have marginal differences. The yellow 
chip seal and new HMA had the highest and lowest reflection in the UV region, 5.33 %, and 3.23 %, respectively. Aged HMA and other 
chip seals ranged from 4.07 % to 5.02 %. Because the UV reflection of construction materials is low due to their surface texture and 
chemical compositions which were also observed in previous studies [83,84]. Similarly, the same trend was observed for the visible 
(VIS) region whose reflectance is much more significant than UV regions since it accounts for almost 43 % of solar light, except for the 
glass chip seal [82]. Indeed, the yellow brick chip seal reflected around 22.58 % of solar radiations in this region, followed by red brick 
and chip seals, 16.15 % and 14.19 %, respectively. Although the glass chip seal had a good UV reflection, this chip seal and new HMA, 
however, reflected 32 % and 55 % less than Aged HMA in this region. These reflection percentages are attributed materials’ colors. 
Therefore, as clay brick and concrete have lighter colors, they could reflect more visible light, especially near their colors’ wavelengths. 
These results were comparable to other previous studies in which different colors of coatings were used to change the reflectivity of 
asphalt pavements and surfaces with coatings and measured the reflection of construction materials [84–87]. Lastly, although the NIR 
reflection (52 % of total solar energy is in this region) of all specimens had a downward trend, the overall NIR reflection of them was 
more than the VIS region. Similarly, the yellow brick chip seal also reflected the highest NIR radiation, 26.45 %. The NIR reflection 
orders of other chip seals were similar to the VIS region, and the glass chip seal and new HMA reflected the least NIR radiations, 

Fig. 12. The solar spectrum energy (direct normal irradiance) [81].  
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5.75 %, and 4.70 % respectively. These results are attributed to the chemical composition, molecular structure, surface roughness, and 
color of chip seals’ aggregates, and the results were comparable to previous studies related to increasing the NIR reflection of coatings 
[88–90]. Considering the total reflections, clay bricks, and concrete chip seals reflected much more solar radiation in comparison to the 
aged HMA, contributing to the cooler pavement surface and mitigation of the UHI effects substantially. 

4.2. Thermal Properties of Chip Seal Aggregates 

The average thermal effusivity and thermal conductivity of CDW materials, aged and new HMA, are reported in Table 5. Thermal 
effusivity indicates the surface material’s ability for heat exchange with its immediate surroundings [91]. Accordingly, as aggregates 
form the surface of chip seals with direct contact with the environment, the thermal effusivity of chip aggregates plays an important 
role in UHI mitigation since it can either transfer heat to the environment rapidly or hinder this heat transfer. Considering Table 5, 
yellow and red bricks had the lowest thermal effusivity, 1270.38 and 1381 W. s1/2. m− 2. K− 1, respectively. It means that after receiving 
the solar energy, clay brick aggregates have the lowest heat exchange with the environment, which can alleviate the UHI effects. This 
lower thermal effusivity can be associated with their porous textures and lower density, decreasing the effusivity due to air existence 
and fewer atoms for transferring heat [92]. Glass aggregates had a little higher thermal effusivity (1472.55 W. s1/2. m− 2. K− 1) emitting 
less heat to their surroundings in comparison to HMA and concrete aggregates. Aged, new HMA and concrete aggregates had the 
highest thermal diffusivity, exchanging more heat to the environment after receiving solar energy. Therefore, compared to yellow 
bricks which had the lowest thermal effusivity, the thermal effusivity of aged, new HMA, and concrete was 48 %, 43 %, and 70 % 

Fig. 13. The spectral reflectance of different chip seals, aged and new HMA.  

Table 4 
The solar reflectance of different chip seals, aged and new HMA.  

Type of surface Reflectance (%) 

UV VIS NIR Total (based on wavelengths) 

Yellow brick chip seal  5.33  22.58  26.45  24.36 
Red brick chip seal  4.57  16.15  23.36  20.61 
Concrete chip seal  4.20  14.19  19.20  17.18 
Glass chip seal  5.20  5.71  5.75  5.71 
Aged HMA  4.07  8.38  10.36  9.54 
New HMA  3.23  3.76  4.70  4.40  

Table 5 
Thermal properties of CDW materials and HMA.  

Aggregates & 
mixtures 

Thermal conductivity 
(obtained from experiments) 

Thermal effusivity 
(obtained from experiments) 

Specific heat 
capacity 
(J. kg− 1. K− 1, 
calculated) 

Thermal 
diffusivity 
(mm2.s− 1, 
calculated) Avg values 

(W. m− 1. 
K− 1) 

Standard 
deviation 
(SD) 

Coefficient of 
variation (CV %) 

Avg values 
(W. s1/2. 
m− 2. K− 1) 

Standard 
deviation 
(SD) 

Coefficient of 
variation (CV %) 

Yellow brick  0.95  0.01  1.13  1270.38  9.40  0.74  876.84  0.56 
Red brick  1.03  0.02  2.13  1381  12.87  0.93  967.61  0.56 
Concrete  2.45  0.05  1.90  2162.05  24.33  1.13  806.46  1.29 
Glass  1.19  0.00  0.18  1472.55  1.77  0.12  729.74  0.66 
Aged HMA  1.91  0.02  1.00  1875.97  10.42  0.56  808.48  1.04 
New HMA  1.65  0.02  1.26  1815.22  14.67  0.81  872.97  0.82  
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higher. The reason is attributed to the different structure and chemical composition of these materials. Furthermore, compared to 
concrete which is a crystalline solid, glass is a non-crystalline solid with a disordered and random molecular structure [93,94]. Thus, 
the thermal effusivity of glass is lower. 

e = (k.ρ.Cp)
1
2 (8) 

In addition to thermal diffusivity, another important measured parameter was thermal conductivity. Regarding Table 5, the 
thermal conductivity of materials was similar to the thermal effusivity results. Moreover, yellow and red bricks had the lowest thermal 
conductivity (0.95 and 1.03 W. m− 1. K− 1), followed by glass aggregates (1.19 W. m− 1. K− 1). Similarly, aged and new HMA and 
concrete aggregates had higher thermal conductivity, 1.65, 1.91, and 2.45 W. m− 1. K− 1. The reason is similarly attributed to the 
different densities of clay bricks, chemical compositions, and molecular structure of glass and concrete. Therefore, concrete aggregates, 
as conductive materials, transfer the absorbed heat to the asphalt mixture and base course, providing a cooler surface and less thermal 
gradient between the surface and the environment during the day. However, bleeding and raveling (aggregate loss) are the most 
common chip seal deteriorations. These deteriorations stem from some reasons, including aggregate abrasion, traffic loads, and hot 
weather. Also, the bitumen stiffness is reduced in hot weather, resulting in aggregate movement and less aggregate-bitumen adhesion 
[95,96]. Thus, if the thermal conductivity of chip seal aggregates is lower, such as clay bricks and glass, less heat is transferred to the 
underneath bitumen which prevents chip seal degradation in hot seasons. Besides, the specific heat capacity of CDW materials, aged, 
and new HMA was calculated with Eq. 8 [80].Where e represents the thermal effusivity (W. s1/2. m− 2. K− 1), k is the thermal con
ductivity (W. m− 1. K− 1), ρ is the material’s density (kg.m− 3), and Cp is the specific heat capacity (J. kg− 1. K− 1). The specific heat 
capacity is the amount of heat (J) that can increase the one-unit weight of the material’s temperature by 1 ℃ (Mirzanamadi et al., 
2018). If the surface materials have higher Cp, more heat energy is required to increase the surface temperature by 1 ℃. However, the 
specific heat capacity changes at different temperatures, and different results may be achieved if this parameter is chosen as an 
influential factor on the UHI. For instance, increasing temperatures can increase the specific heat capacity of most crystalline solids, 
such as concrete [97]. In this study, thermal parameters were measured at room temperature (around 24 ℃), and the specific heat 
capacity of different materials and mixtures had little differences, ranging from 729.74 to 967.61 J. kg− 1. K− 1 for glass and red brick 
aggregates, respectively. Another thermal parameter, which was calculated from the experimental data, is thermal diffusivity. This 
parameter shows how fast the absorbed heat spreads in the material. As a result, using a material with high thermal diffusivity in
creases the internal temperature [98]. The thermal diffusivity was calculated with Eq. 9 [80]. 

α =
k

Cpρ (9)  

Where α represents the thermal diffusivity (m2.s− 1), k is the thermal conductivity (W. m− 1. K− 1), Cp is the specific heat capacity (J. 
kg− 1. K− 1) and ρ is the density of the material (kg.m− 3). Thermal diffusivity has a direct relationship with thermal conductivity [80]. 
Regarding Table 5, the values of thermal diffusivity follow the same order as thermal conductivity. Indeed, clay bricks and glass 
aggregates had the lowest thermal diffusivity, 0.56 and 0.66 mm2.s− 1, and concrete aggregates’ thermal diffusivity was more than 
double (1.29 mm2.s− 1) of these materials. These values are also attributed to the chemical composition, molecular structure, and 
density of these materials [93,94]. Although higher thermal diffusivity of asphalt mixture cools down the surface of asphalt pavement 
which is desirable for UHI alleviation [99], it can increase the temperature of chip seal’s bitumen, contributing to bleeding and 
raveling deterioration in hot seasons, and the effect of albedo should not be neglected. Finally, all measured and calculated values of 
thermal parameters in this section were comparable with previous studies in which similar materials were investigated [100–105]. 

Fig. 14. The comparison of the chip seals’ surface temperatures.  
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4.3. The Indoor Cooling Effect Evaluation 

The indoor solar simulation tests revealed the surface and in-depth temperatures of chip seals and HMA. The comparison of surface 
temperatures of different chip seals and HMA is illustrated in Fig. 14. Regarding this Figure, the surface temperature of HMA coated 
with the yellow brick chip seal after 15 hours of exposure to the tungsten infrared lamp was the coolest, around 48 ℃, which was 23 % 
lower than the HMA without chip seals (almost 63 ℃). The second and third cooler surfaces were red brick and concrete chip seals, 
18 % and 15 % lower than the HMA. The cooler surfaces of these chip seals are attributed to their lighter colors and higher VIS/NIR 
reflectivity which was explained in Section 4.1. Hence, these chip seals absorbed less heat, resulting in lower surface temperatures. 
This was also observed in previous studies about reflective coatings which reduced the asphalt pavement temperature [85–87]. In 
contrast, although the surface temperature of the glass chip seal was a little lower than the HMA in the first 7 hours, it reached a peak of 
63.79 ℃ after 15 hours of heating with the lamp. The reason is related to the transparency of glass aggregates through which the light 
passes and the black color of bitumen absorbs the light, increasing the chip seal temperature. Besides, glass aggregates have a low 
thermal diffusivity and conductivity, tending to keep the heat rather than transferring it to the layers below. 

When the tungsten lamp was turned off (night simulation), the specimens released their heat to the environment from their surfaces 
since they were insulated with liquid foams. As can be seen in Fig. 14, the concrete chip seal lost its heat much faster than other chip 
seals and its temperature was even lower than the red brick. In the first hours, this temperature reduction was faster due to the high 
thermal gradient between the chip seal and air temperature. However, yellow brick, red brick, and glass chip seals reduced their 
temperatures slowly. These different heat release rates are attributed to the thermal conductivity and thermal effusivity of chip seal 
aggregates which was reported in Table 5. Therefore, clay bricks and glass aggregates tend to keep the heat rather than release the 
heat, and concrete aggregates and the HMA tend to release heat faster to reach the thermal equilibrium with their surroundings. 
Therefore, the HMA and concrete chip seals released more absorbed heat at night. This night heat release of conductive materials was 
also observed in previous studies [27]. However, the heat absorption and heat release of the concrete chip seal was much less than the 
HMA due to its higher reflectivity. As the specific heat capacity of chip seal aggregates at the same temperature was in a similar range 
(Table 4) and the heat exchange has a direct relationship with the temperature change [80], the more temperature reduction is 
observed in the specimen, the more heat is released by the specimen to its surroundings. Considering Fig. 14, yellow and red brick chip 
seals had the lowest temperature change after the 7 hours in the ambient temperature, 40 % and 41 %, followed by concrete (44 %) 
and glass (46 %) chip seals. Although the thermal conductivity and effusivity of glass aggregates were lower than concrete aggregates, 
this higher temperature change is attributed to its higher thermal gradient with the ambient air, around 41 ℃, in comparison to the 
concrete chip seal’s thermal gradient (30 ℃). The highest heat release was also related to the HMA due to the 51 % temperature 
reduction. 

In addition to the surface temperature, the 25 mm-depth temperatures of chip seals and HMA during 24 hours are demonstrated in  
Fig. 15. As the trends of temperature change in different depths of HMA coated with chip seal and uncoated HMA were similar and only 
the temperature values were different, only 25 mm-depth temperatures are discussed. As can be seen, the temperature values’ order for 
different chip seals is similar to the surface temperature comparison. However, there are some slight differences. Compared to surface 
temperatures, the 25 mm-depth temperatures of yellow and red bricks were much lower than the concrete chip seal after 15 hours of 
heating. This difference is because of the lower thermal conductivity and diffusivity of clay brick which acts as an insulation layer at 
the top of the HMA, transferring less heat to the HMA. Besides, the 25 mm-depth temperature of the glass chip seal was almost equal to 
the HMA after 15 hours. This means that less heat penetrated the HMA coated with this chip seal due to the lower thermal conductivity 
and diffusivity of glass aggregates. These results were comparable with previous research in which insulation and conductive materials 
were used as HMA materials [106,107]. 

4.4. The Outdoor Cooling Effect and Albedo Assessment 

The albedo of six different areas, including yellow brick, red brick, concrete, and glass, new and aged HMA was measured and 
recorded 3 times in 3 subsequent hours as explained in Section 3.5. The average of albedo, incident, and reflected solar radiation for 
these six areas is reported in Fig. 16. Regarding the error bars for these parameters, the measurements had negligible differences. As is 
seen, the trend of albedo is similar to the UV–VIS–NIR spectrometer results. So, the yellow brick chip seal had the highest albedo, 0.24, 
which was approximately 2 and 6 times more than the aged and new HMA respectively. Similarly, the second and third highest albedo 
were related to the red brick chip seal and concrete chip seal, 0.22 and 0.21, respectively. However, the glass chip seal and new HMA 
repeatedly had the lowest albedo, both around 0.05. The higher albedo of clay brick and concrete chip seals is attributed to the lighter 
color and chemical composition of aggregates, and the low albedo of glass chip seal and HMA is because of their dark colors which 
absorb most solar wavelengths. The higher albedo of aged HMA, in comparison to new HMA, is related to its lighter color due to 
weathering, stemming from the chemical reaction of asphaltene after solar and other environmental factors exposure [36]. These 
results were consistent with the previous findings related to the construction materials and coatings albedo [78,108]. Pavement’s 
albedo plays a significant role in heat output. As Chen et al. (2017) proved, pavements with higher albedo release more heat during the 
day (due to higher reflectivity) and less heat at night, which can alleviate the UHI effects. The reflected radiation has a marginal effect 
on the overall heat release during the day if there are not many high-rise buildings around the pavement [12]. Accordingly, clay bricks 
and concrete chip seals can mitigate the UHI dramatically due to their higher albedo. 

The surface and 25 mm-depth temperatures of chip seals, aged and new HMA at the end of the albedo test, when all areas reached 
their maximum temperatures, are depicted in Fig. 17. As is seen, the results were similar to the indoor tungsten lamp test. Indeed, the 
yellow brick had the coolest surface and in-depth temperatures, 25.1 ℃ and 21.2 ℃. Compared to the aged and new HMA, the yellow 
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brick had 17 % and 27 % cooler surface respectively. Similarly, red brick and concrete had the second and third cooler surface and in- 
depth temperatures, 23 %, and 19 % lower surface temperatures compared with the new HMA. The glass chip seal surface temper
ature, however, was 3 ℃ higher than the aged HMA, and it was almost the same as the new HMA. The cooler surface and in-depth 

Fig. 15. The comparison of the chip seals’ 25 mm-depth temperatures.  

Fig. 16. The average of albedo, incident, and reflected solar radiation.  

Fig. 17. The surface and 25 mm-depth temperatures of chip seals, aged and new HMA.  
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temperatures of clay bricks and concrete, and higher temperatures of glass are attributed to their albedo. This means that higher albedo 
brings about lower surface and in-depth temperature which was comparable with previous studies [12]. Besides, clay bricks and glass 
chip seals decreased the in-depth temperatures effectively due to the lower thermal conductivity and thermal diffusivity of their 
aggregates. 

4.5. Model Validation 

Since the pavement’s temperature is usually higher than the air temperature at night in summer, the CFD simulation was performed 
for the nighttime (9 hours), based on the indoor solar simulation test, to evaluate the UHI effects. As yellow brick and concrete chip 
seals showed suitable performance in terms of UHI mitigation, HMA covered with yellow brick and concrete chip seals and control 
HMA were compared in terms of heat release and increasing the air temperature at night. A vertical plane in the center of each model 
was chosen to determine the temperature difference in the pavement’s depths and air, as demonstrated in Fig. 18. 

The surface and 25 mm-depth temperatures of yellow brick chip seals and HMA, obtained from the laboratory tests and developed 
models, were compared to verify the numerical results. This comparison is illustrated in Fig. 19. Considering these results, the data 
obtained from the laboratory test and modeling had marginal differences, indicating the high precision of the model. For example, the 
HMA surface temperature achieved from the experiment had only around 1–3 ℃ differences. Similar precision was observed for 
surface and in-depth temperatures during the 9-hour nighttime heat release, and the temperature difference was always less than 3℃. 
Therefore, this model can be used to investigate the effect of the developed chip seal on the air temperature reduction as this parameter 
was difficult to measure with experimental methods. 

4.6. The Nighttime Heat Release Simulation 

After finishing the 9-hour nighttime simulation, yellow brick and concrete chip seals and HMA temperature contours were ob
tained, and the yellow brick and HMA temperatures are depicted in Fig. 20. As the inlet and outlet air temperatures of the models were 
assumed to be constant, the most heat exchange occurred at the top of the pavements where the highest temperature gradients were 
observed. Regarding this figure, the pavement and its surroundings’ air temperatures were lower than the HMA. This lower pavement 
temperature after using chip seals was also observed in the laboratory and field test, which is attributed to the higher reflectivity of 
bricks, reducing the heat absorption during the day. It was concluded that when a lower surface temperature is available, less heat 
release occurs due to the lower thermal gradient between the pavement and air. Although at the beginning of the nighttime, the yellow 
brick chip seal and HMA surface temperatures had a large difference, 14 ℃, they had a marginal difference after 9 hours of heat 
release, showing much higher heat output of HMA. 

Measuring the air temperature variation at the top of pavements with experimental tests would be challenging due to some pa
rameters such as airflow and control chamber complexity. Thus, air temperature increase due to the heat release of pavements was 
evaluated using CFD simulation, depicted in Fig. 21. Additionally, with the boundary condition and simulation assumptions, the air 
temperature in the model was assumed to be 22.60 ℃, which was the same temperature as inlet and outlet air. Moreover, considering 
the huge dimensions of the models and wind velocity based on the input expression, only air temperature up to a height of 55 cm was 
increased due to the pavements’ heat release at night. As the same wind velocity and airflow were assumed for yellow brick and 
concrete chip seals and HMA models, using yellow brick and concrete chip seal reduced the surrounding air temperature from 33 ℃ to 

Fig. 18. The vertical plane position in the models for temperature determination.  
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Fig. 19. The experimental and numerical temperature data comparison.  

Fig. 20. The (a) yellow chip seal and (b) HMA temperature contours after 9 hours of heat release.  

Fig. 21. The yellow brick and concrete chip seals and HMA’s surrounding air temperature variation at heights.  
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27 ℃ and 28.5 ℃ respectively. Increasing the height, however, reduced this air temperature difference due to higher wind velocity, 
huge model dimensions, and constant inlet and outlet air temperature assumption. Therefore, as the air temperature is not constant at 
different heights in actual situations, the air temperature reduction at higher altitudes cannot be achieved with the model’s as
sumptions. The results of the CFD simulation revealed that using clay brick and concrete chip seals can also decrease the pavement’s 
surrounding air temperature effectively. 

5. Conclusion 

The dark surface of asphalt pavements is reported to cause a serious environmental issue for cities called urban heat islands (UHI). 
Besides, construction and demolition waste (CDW) generations have been increasing due to urbanization and population growth all 
over the world. Accordingly, this study offers a novel approach to not only recycle high quantities of these materials with low costs but 
also reduce the negative impact of asphalt pavements on the UHI effects. For these purposes, yellow and red clay bricks, concrete, and 
glass were used as chip seals’ aggregates to increase the pavement reflectivity and decrease its temperature and heat emissions. 

Regarding the laboratory tests, UV-Visible-NIR spectrometer results indicated that the solar reflectance of yellow brick, red brick, 
and concrete chip seals was approximately 2.5, 2, and 1.8 times higher than aged HMA. This higher reflectivity was attributed to the 
chemical composition and lighter color of these materials. The solar simulation test depicted that the surface temperatures of yellow 
brick, red brick, and concrete chip seals were 23 %, 18 %, and 15 % lower than the HMA surface, respectively. As the surface tem
perature change can be a good indicator of heat release into the environment, the clay bricks and concrete chip seals had the lowest 
temperature changes. This means that these materials absorbed less energy due to their higher reflectivity during the day, and clay 
brick chip seals emitted even less heat to the environment at night because of their lower thermal effusivity. 

Turning to the field test results, albedo, which represents the surface reflectivity, revealed similar results. The yellow brick albedo 
was about 2 and 6 times more than the aged and new HMA, followed by red brick and concrete. This lower albedo reduced both surface 
and in-depth temperatures. As a result, the surface temperature of the yellow brick was 27 % and 17 % cooler than the new and aged 
HMA. Since higher albedo can decrease the surface and in-depth temperatures, the clay brick and concrete chip seals release less heat 
at night, which can alleviate the UHI effects dramatically. Furthermore, some numerical models revealed beneficial results regarding 
the air temperature reduction at night. Assuming constant air temperature in the height and summer wind conditions, the results 
revealed that using clay brick and concrete chip seals decreased the air temperature at least by 18 % and 14 % respectively, alleviating 
the UHI effects successfully. 

Overall, the numerical modeling, laboratory, and field tests revealed similar trends, indicating the benefits of using clay bricks and 
concrete aggregates for chip seal preparation, which can mitigate the UHI and reduce cities’ temperatures effectively. One important 
advantage of using these chip seals is that they can even increase the skid resistance which is the weakness of similar reflective 
pavement methods based on reflective coatings. The other environmental benefit is recycling these waste materials and decreasing the 
demand for virgin materials. According to the test results, glass chip seals could not reduce the HMA and air temperature due to high 
solar radiation absorption. Therefore, glass aggregates are not recommended for chip seal preparation as a UHI mitigation approach. 
Finally, as the mechanical properties, safety, and durability of concrete and brick chip seals were tested in another study [25], the 
suitable chip seal aggregate can be chosen based on the traffic volume of the road. 
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