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Abstract
Introduction: The utilization of colored roller compacted concrete (RCC) for pavements in order to mitigate the urban heat 
island effect is a popular approach: increasing solar reflectance can reduce the effect. The paper explores the possibility of 
applying the reverse mechanism for regions with cold climates. The purpose of the study was to evaluate the mechanical, 
durability and solar reflectance properties of roller compacted concrete with coal powder (CP) and basalt fiber (BF) additives 
for pavement. Methods: an UV-Vis-NIR spectrophotometer was utilized for the albedo measurements. Consistency of the 
specimens was determined with Vebe consistometer. Compressive, flexural, and splitting tensile strengths were recorded 
at 7, 28 and 90 days. Frost resistance of the specimens was also investigated. Result: The combined utilization of 5% CP 
and 0.5% BF showed great performance for the roller compacted concrete pavements. Furthermore, the obtained albedo 
values also have the potential to increase the ambient temperature in cold climates.
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Introduction
One of the most widely used forms of carbon is 

coal, which was produced in the United States alone 
to the tune of 756.2 million tons in 2018 (Masi et al., 
2021). In addition to being used for the production 
of thermal energy, city heating, and coal chemical 
conversion (Ren et al., 2022), coal currently meets 
41% of the world’s electricity needs (Xu et al., 
2022). Along with providing heat for the wallboard, 
aluminum, and cement industries, significant 
amounts of coal are also used in metallurgical 
processes, gasification, the cement industry, and as a 
source of activated carbon and many other common 
and industrial chemicals (Dai and Finkelman, 2018). 

Basalt fibers (BF) are renowned for their ability 
to absorb energy, to bond with the matrix, to resist 
mechanical and chemical properties, and to exhibit 
significant acoustic and thermal characteristics 
(Vinotha Jenifer et al., 2023). Compared to glass 
fibers, basalt fiber has a better tensile strength 
and is more affordable. In terms of resistance to 
fire, chemical attack, sudden load, and good strain 
capacity, basalt fiber outperforms carbon fiber 
(Meesaraganda et al., 2023). To create basalt fiber-
reinforced concrete (BFRC), BF can be incorporated 
into concrete as chopped fibers. The impact of 
using BF in BFRC on compressive strength varies 
across studies. With a specific dosage of BF, the 
compressive strength increased in some studies, 
decreased or did not show any significant effect in 
others (Al-Rousan et al., 2023).

Compared to other naturally occurring surfaces 
like vegetation and the earth, man-made or built-up 
surfaces like concrete and asphalt absorb more heat 
from sunlight. The urban heat island (UHI) effect is 
caused by the air being heated by the heat stored 
in the pavements. Because it is light gray instead of 
black, concrete has a much higher initial albedo than 
asphalt. However, over time, due to weathering and 
the buildup of dirt, the albedo of concrete decreases. 
Albedo’s typical starting value for fresh concrete is 
0.35 to 0.40, and for weathered concrete it is 0.25 to 
0.30 (Reza and Boriboonsomsin, 2015).

Concrete materials have high thermal inertia and 
they are gray in color. They absorb a lot of solar 
radiation and then release it into the air as sensible 
heat, which helps create urban heat islands. The 
solar reflectance of building walls, roofs, and 
streets — the large proportion of which are made of 
hardened Portland cement concrete — determines 
the intensity of urban heat islands. Increasing the 
solar reflectance, or albedo, of building and street 
surfaces would reduce the urban heat island effect 
by decreasing heat convection from these surfaces 
to the air (Qin et al., 2019).

Roller compacted concrete (RCC) is a zero-slump 
concrete that is made of sand, Portland cement, 
dense-graded aggregate, and water. It is typically 
laid out using an asphalt paver and compacted using 
regular vibratory roller compactors (Modarres and 
Hosseini, 2014). Compared to traditional concrete, 
RCC contains more aggregate, less cement, and 
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less water. To increase its densification, compaction 
energy must be applied (Lam et al., 2017; Meddah 
et al., 2014). To achieve the desired density and 
homogeneous surface pavement, it is placed using 
a standard or high-density asphalt-type paver 
equipment and compacted by vibratory rollers. 
When compared to conventional rigid pavement or 
asphaltic pavement, RCC can reduce the cost of 
pavement construction by 15% to 30% while also 
allowing for an earlier opening to traffic (LaHucik et 
al., 2017; Mohammed and Adamu, 2018).

This study explores the mechanical and durability 
behaviors of RCC with basalt fiber and coal powder 
additives. The objective was to obtain better albedo 
results in RCC with these additives. The main 
purpose of this study was to determine: (1) the 
mechanical properties of RCC with basalt fiber and 
coal powder additives; (2) the durability properties 
of RCC with basalt fiber and coal powder additives; 
(3) the effect of adding coal powder in RCC to albedo 
characteristic. The results of this study can provide 
a possibility of replacing lower albedo traditional 
concrete with coal powder RCC to increase UHI in 
urban areas.

Methods
In the experimental study, crushed limestone and 

silica sand (SS) were used as coarse aggregate 
(CA) and fine aggregate (FA), respectively. Organic 
content of the aggregates was removed after the 
air-drying process. Maximum aggregate size was 
selected as 20 mm for preventing any possible 

segregation and its effects. Combined gradation 
curves of the aggregates are presented in Fig.  1. 
CEM II type (42.5R) white cement (WC) conforming 
to BS EN 197(British Standard Institution BSI, 2011) 
standard was also used. Commercially available 
coal powder (CP) was utilized as filler and cement 
replacement material. Cement replaced with CP at 
the ratios of 5%, 10%, 15% and 20% by the weight of 
cement. Chemical compositions of the CP and WC 
are given in Table 1. Basalt fibers (BF: 8 mm length) 
were utilized with the ratios of 0.25%, 0.5%, 0.75%, 
and 1% by volume of the mixtures. Water-to-cement 
ratios were selected between 0.40 and 0.44 in order 
to meet the requirements of ACI 207.R-11 (ACI, 
2011) regarding permissible compaction and water 
content limits. Utilized CP, BF and WC are given 
in Fig. 2. According to the ASTM C1435 standard, 
a compactor was used to compact the mixtures in 
three layers at blow counts of 1000 and 1850 r/min 
(10 kg of surcharge). The optimal water content 
values of the prepared mixtures were well within the 
limits.

Albedo values of the specimens were measured 
with an UV-Vis-NIR spectrophotometer (Fig. 3). 24 
mm x 24 mm x 5 mm rectangular specimens were 
prepared for this measurement (Fig. 4). Wavelengths 
between 200–2500 nm were investigated to 
determine albedo properties. Mean reflection 
percentages were measured and albedo values of 
each specimen were determined according to the 
measurement of the spectrophotometer.

Fig. 1. Combined aggregate gradation curves
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Table 1. Chemical ingredients of WC and CP 
(provided by the supplier)

Component (%) WC CP
Fe2O3 3.5 3.82
CaO 60.48 0.49
Al2O3 4.32 14.47
MgO 2.37 0.85
SiO2 - 33.9
Free CaO 1.69 -
SO3 2.61 -
Na2O - 0.25
K2O - 2.32
MnO - 0.02
TiO2 - 0.941

Fig. 2. Basalt fiber, coal powder and white cement

The mixtures were blended using a pan mixer 
(60 L) with a constant rate of 250 r/min. The 
consistency of all mixtures was recorded with a Vebe 
test device according to the ASTM C1170 (ASTM, 
2014) standard. Compressive strength tests and 
splitting tensile tests were conducted on the 150 
mm x 300 mm cylindrical specimens as per the 
guidance of ASTM C39 (ASTM, 2016), ASTM C496 
(ASTM, 2011) for 7, 28 and 90 days, respectively. 
100 mm x 100 mm x 500 mm rectangular specimens 
were prepared for the flexural strength test. And 
the loading rate kept constant at 0.9 MPa/min in 
accordance with ASTM C39 (ASTM, 2016). Frost 
resistance of the specimens (100 cycles) was also 
determined as per ASTM C666 (Morgan, 1991).

The albedo values of the specimens were 
measured at the first step during the experimental 

���

Basalt Fiber Coal Powder White Cement (42.5 R)

Fig. 3. UV-Vis-NIR spectrophotometer

Fig. 4. CP added specimens

studies after 28 days of curing. Each specimen’s 
spectral reflectance was measured three times. The 
mean of the three measurements was recorded. 
Afterwards, mechanical and durability tests were 
carried out. The mix design proportions and flow 
chart of the experimental studies are given in Table 2 
and Fig. 5, respectively.

Results and discussion
The calculated albedo values of the prepared 

specimens are presented in Fig.  6. Test results vary 
between 0.28 and 0.16. Reference mixture with no CP 
and BF content showed the highest albedo of 0.28, as 
expected (Kaloush et al., 2008). This lowest result can 
be attributed to ingredients of the reference mixture 
since the albedo of concrete is generally correlated with 
the albedo of cement and aggregates (Levinson and 
Akbari, 2002). Albedo decreased with the increasing 
CP content (Emery et al., 2014). Albedo of the concrete 
specimens increased with the increasing water-
to-cement ratios (Qin et al., 2019) due to the more 
possible formation of Ca(OH)2 as a hydration product 
(Chaussadent et al., 2000). However, this phenomenon 
is not valid for color-incorporated concrete according to 
the albedo test results.

Vebe test results are presented in Fig. 7. The test 
results showed that Vebe time increased with the 
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Table 2. Mixture proportions
Mixture 
code

WC
(kg/m3)

CP
(kg/m3)

BF
(%)

FA
(kg/m3)

CA
(kg/m3)

W/C Optimum water 
content (%)

R 270 - - 750 1130 0.41 5.31
P1 256.5 13.5 0.25 750 1130 0.42 5.45
P2 243 27 0.5 750 1130 0.43 5.92
P3 229.5 40.5 0.75 750 1130 0.44 6.27
P4 216 54 1 750 1130 0.45 6.43

Fig. 5. Flow chart of the experimental studies

�

increasing CP replacement levels and BF contents. 
The Vebe time was 48 s for the control mix, and 69 s 
for the P4 specimen. For such mixtures, this increase 
was related to the higher water absorption rate of 
coal powder (Argiz et al., 2018; Singh et al., 2020) 
and increased BF content that holds the mixture 
and slow aggregate settlement (Kirthika and Singh, 
2018).

Compressive strength test results are presented 
in Fig. 8. The reported compressive strength values 
were calculated by the mean of the three specimens. 
Except P4, all specimens met the requirements of ACI 
325 (ACI, 2001) (min. 27.6 MPa for 28-day strength). 
The use of 5% CP together with the 0.25% BF was 
found to increase the compressive strength by 10.1% 
and outperformed other mixtures. The results also 
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Fig. 6. Albedo values of the specimens

Fig. 7. Consistency of the mixtures

Fig. 8. Compressive strength test results
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showed that increasing the CP replacement level 
by more than 5% reduced the compressive strength 
(Hesami et al., 2016). The compressive strength was 
reduced by approximately 50% by utilizing 20% CP 
and 1% BF at 28 days. This reduction is attributed to 
the low cement (Radović et al., 2021) and high BF 

contents of P4. Higher amount of BF (Liang et al., 
2021) could lead to poorer interfaces between fibers 
and cement matrix (Algin and Ozen, 2018).

Fig.  9 shows the flexural strength test results. 
According to Fig.  8, the recorded flexural strength 
varied in the range of 3.1 and 5.34 MPa. The 
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combined utilization of 0.5%  BF and 10% CP 
enhanced the flexural test results up to 20% 
compared to the reference mixtures at 28 days. 
These results also agree with the earlier studies 
(Haido et al., 2021; Hesami et al., 2016; Liang et 
al., 2021; Modarres et al., 2018), which showed that 
the CP replacement level of more than 10% and 
the BF exceeding 0.5% in volume fraction reduced 
the flexural strength. The flexural to compressive 
strength ratios at 28 days varied within the range of 
14.85 and 23.1 MPa. This finding was also reported 
in the paper by Hesami et al. (2016), which stated 
that the ratios were calculated as higher values 
compared to the traditional concrete.

Splitting tensile strength test results are given in 
Fig.  10. The results show that the splitting tensile 
strength varied between 2.41 and 3.84 MPa. The 
splitting tensile to compressive strength ratios of 
this study were calculated within the range of 6.8% 
and 11.9%, which are consistent with data obtained 
in earlier studies (Choi and Yuan, 2005; Gaedicke, 

Fig. 9. Flexural strength test results

2016). Another finding is that the splitting tensile 
strength decreased by increasing CP and BF content 
by more than 5% and 0.5%, respectively.

Compressive strength losses after 100 freezing & 
thawing cycles at 90 days are given in Fig. 11. The 
compressive strength losses of this research were 
measured between 4.2% and 26.7%. P4 specimen 
performed the worst with 26.7 % strength loss. This 
can be attributed to the excessive BF and CP content, 
which hindered the connections of the cementitious 
materials (Yuan et al., 2020). P1 showed the best 
performance with 5% CP and 0.5% BF content. The 
order of the specimens from strong to weak was 
obtained as P1 > R > P2 > P3 > P4.

Conclusion
In this study, coal powder added roller compacted 

concrete reinforced with basalt fiber was evaluated 
in terms of its solar reflectance, mechanical and 
durability properties. The combined effect of basalt 
fiber and coal powder was investigated as well. The 
main conclusion of the study can be drawn as follows:

Fig. 10. Splitting tensile strength test results

�

�
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•	 Basalt fiber additives and the partial replacement 
of cement by coal powder produce higher optimum 
moisture content, Vebe times and water-to-cement 
ratio.

•	 The combination of 5% CP and 0.5% BF 
enhanced the mechanical properties of the roller 
concrete specimens.

•	 The potential replacement of CP in roller 
compacted concrete production was also investigated 

Fig. 11. Compressive strength losses after 100 cycles
�

and the utilization of CP as cement supplementary 
material up to 5% can lead to a greener concrete 
design.

•	 Inclusion of 5% CP and 0.5% BF improved 
the frost resistance of concrete specimens after 100 
cycles.

•	 According to the albedo within the scope of the 
study, future concretes can be designed to reduce or 
increase the urban heat island effect.
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Аннотация
Введение: Использование цветного уплотненного катком бетона (УКБ) для дорожных покрытий с целью смягчения 
эффекта городского острова тепла является популярным подходом: увеличение отражения солнечной энергии 
может уменьшить эффект. В статье исследуется возможность применения обратного механизма для регионов с 
холодным климатом. Целью исследования была оценка механических и прочностных свойств, а также свойств 
отражения солнечной энергии УКБ с добавлением угольной пыли (УП) и базальтового волокна (БВ) для дорожных 
покрытий. Методы: для измерения альбедо использовался спектрофотометр UV-Vis-NIR. Консистенцию образцов 
определяли на консистометре Вебе. Прочность на сжатие, изгиб и раскалывание регистрировали через 7, 28 и 
90 дней. Также была исследована морозостойкость образцов. Результат: Сочетание 5% УП и 0,5% БВ показало 
отличные характеристики для бетонных дорожных покрытий, уплотненных катком. Кроме того, полученные 
значения альбедо также могут повысить температуру окружающей среды в холодном климате.

Ключевые слова: угольная пыль, базальтовое волокно, альбедо, бетон, уплотненный катком бетон.


