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INTRODUCTION

Noise pollution has emerged as one of the 
most critical environmental challenges in modern 
urban societies, largely due to rapid industrializa-
tion, increasing traffic density, and the intensifi-
cation of human activities. Prolonged exposure 
to high noise levels has been linked to negative 
health impacts, including stress, sleep disturbanc-
es, and cardiovascular diseases, while also reduc-
ing the quality of life in residential and urban en-
vironments (Arenas et al., 2022). 

To address this issue, porous concrete has 
recently gained attention as a multifunctional 
material that can simultaneously serve as a road 
pavement (Mikhailenko et al., 2022; Shafabakhsh 
and Ahmadi, 2016) and a noise absorption fence 
(Wang and Zhao, 2015). The acoustic efficiency 

of porous concrete is largely governed by its pore 
ratio, tortuosity, thickness, and internal acoustic 
impedance, which collectively determine its abil-
ity to absorb and attenuate sound waves across 
various frequencies. The sound absorption coef-
ficient (SAC) of porous concrete has been studied 
by Kapicová et al. (2024), Su et al. (2023), and 
Zhang et al. (2020; 2020), highlighting its impor-
tance as a key acoustic parameter in evaluating 
porous concrete performance.

Another crucial factor in porous concrete is 
mechanical performance, particularly in relation 
to the stability of its pore network under long-
term service conditions. Mechanical abrasion and 
environmental weathering can cause aggregate 
dislodgement and mass loss, thereby reducing 
durability. The Cantabro test, widely applied to 
assess raveling resistance, has been emphasized 
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as an essential durability evaluation method by 
Gaedicke et al. (2014), Sandoval and Pieralisi 
(2023), and Sherfenaz et al. (2025).

From a materials perspective, fly ash (FA), a 
by-product of coal combustion, has been widely 
studied as a partial substitute for cement due to its 
pozzolanic activity and significant environmen-
tal benefits (Chen and Wang, 2022; Sai Giridhar 
Reddy et al., 2017). The use of FA in concrete has 
been reported by Ekaputri et al. (2024), Khankha-
je et al. (2023), and Saboo et al. (2019), dem-
onstrating its potential to enhance performance 
while reducing environmental impact. In addi-
tion, polypropylene (PP) fibers have been intro-
duced in concrete technology to improve tensile 
strength, crack resistance, and overall toughness. 
In porous concrete, PP fibers can enhance the 
binding capacity between aggregates and cement 
paste, mitigating aggregate dislodgement and im-
proving long-term durability under mechanical 
and environmental stresses (Liu et al., 2022).

Equally important in evaluating the feasibil-
ity of porous concrete noise barriers is the con-
sideration of environmental impacts through 
embodied energy and carbon footprint assess-
ment. Embodied energy refers to the cumulative 
energy required to extract, process, and manu-
facture construction materials, while carbon 
footprint accounts for the associated greenhouse 
gas emissions (Asdrubali et al., 2017). Cement 
production is known to be energy-intensive and 
a significant source of CO₂ emissions, whereas 
FA, as an industrial by-product, has substan-
tially lower embodied energy values (Chen and 
Wang, 2022). The substitution of cement with 
FA therefore reduces both energy consumption 
and environmental impact. Similarly, although 
PP fibers possess relatively high embodied en-
ergy, their low dosage in concrete mixtures min-
imizes their overall effect, while simultaneously 
extending the service life of porous concrete by 
improving durability.

In light of the above, this study seeks to ex-
plore the potential of porous concrete as a noise 
absorption fence by incorporating FA and PP fi-
bers into its mixture. The study aims to estab-
lish correlations between mass loss as raveling 
resistance derived from the Cantabro test, acous-
tic properties measured through impedance tube 
testing, and environmental performance assessed 
via embodied energy and carbon footprint analy-
sis, complemented with the efficiency indica-
tor that integrates durability and environmental 

impact. By bridging mechanical durability, 
acoustic efficiency, and sustainability evaluation, 
this investigation contributes to advancing the 
development of multifunctional porous concrete 
materials. The novelty of this study lies in the 
simultaneous integration of durability, acoustic 
performance, and environmental assessment into 
a unified framework, offering new insights into 
the design and optimization of porous concrete 
for noise barrier applications.

MATERIALS AND METHODOLOGY

Materials

Coarse aggregate

Crushed stone derived from the mechanical 
crushing of boulders and stones sourced from the 
Jeneberang River in South Sulawesi, Indonesia, 
was utilized as coarse aggregate in all mixtures. 
The aggregate exhibited a bulk specific gravity 
(SSD) of 2.52, a water absorption capacity of 
1.47%, and an abrasion resistance of 26.03%.

Blended cement and fly ash

The primary cementitious material in all of the 
mixtures in this investigation was blended cement 
made by a national cement manufacturer using 
SNI 7064-2014 (Indonesian National Standard for 
Portland Composite Cement) (SNI 7064, 2014). 
The physical properties of blended cement had 
blaine fineness of 383 m²/kg. It achieved a 28-day 
compressive strength of 40.11 N/mm². The initial 
and final setting times were 132.4 and 197 min-
utes, respectively, within the acceptable range of 
45–375 minutes. Furthermore, the cement exhibit-
ed a normal consistency of 25.14%, an air content 
of 11.6%, and a specific gravity of 3.03.

The fly ash used in this study was acquired 
from one of the power plants operating in the 
province of South Sulawesi, Indonesia. The fly 
ash particles used in this study were able to pass 
the 200-sieve test. Table 1 shows the chemical 
compounds on the blended cement and fly ash 
used in this study.

Mix design

Table 2 presents the composition of four mix-
es formulated in this investigation. The reference 
mix (RM) was formulated using a combination of 
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cement, water, and coarse aggregate, aiming for a 
target compressive strength of 8 MPa. The second 
mix (M1) utilized polypropylene fiber. The third 
mix (M2) and fourth mix (M3) employed PP fiber 
with fly ash as a substitute for blended cement. 
Fly ash was utilized as a substitute for cement at 
15% and 30% in M2 and M3, respectively.

Raveling resistance test

The raveling resistance of concrete was as-
sessed using the Cantabro test, which provides 
a quantitative measure of material durability 
through the evaluation of mass loss. This method 
has been widely employed to simulate the me-
chanical abrasion and wear mechanisms that oc-
cur under actual service conditions, such as traf-
fic loading and environmental exposure (Thomas 
et al., 2016). The test was carried out with a Los 
Angeles abrasion device consisting of a rotating 
drum, where specimens were placed without steel 
balls to isolate the effect of abrasion from impact 
forces. The drum was rotated at a controlled speed 
of 30–33 revolutions per minute (rpm) for a fixed 
number of cycles. The percentage of mass loss in 
porous concrete was calculated using Equation 1.

	 Mass loss (%) = 𝑤𝑤1 − 𝑤𝑤𝑛𝑛 
𝑤𝑤1

 

 

𝛼𝛼0 = 4 ∙ 10∆𝐿𝐿 20⁄  
( 1 + 10∆𝐿𝐿 20⁄ )2 
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𝑛𝑛

𝑖𝑖=1
(3) 
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𝑛𝑛

𝑖𝑖=1
(4) 

	 (1)

where:	wn is the mass of the specimen after the n 
rotation (kg), and w1 is the initial mass of 
the specimen before testing (kg).

Sound absorption properties

Sound absorption was evaluated using the 
impedance tube method in accordance with 
ISO 10534-2, a standard widely recognized for 
precise acoustic characterization (Standardiza-
tion, 2001). The experimental setup as shown in 

Figure 1, consisted of a cylindrical tube where 
the specimen was tightly fitted at the middle 
part of tube. Sound waves ranging from 100–
3000 Hz were transmitted (Zhang et al., 2020a; 
2020b), and the sound level was measured us-
ing two noise intensity meter positioned 5 cm 
each before and after the specimen. The sound 
absorption coefficient (α₀) was calculated using 
Equation 2, where values near unity indicate 
high absorption.
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where:	α₀ represents the sound absorption coef-
ficient, and ΔL is the difference between 
the maximum and minimum noise inten-
sity pressure (dB).

Environmental assessment

The environmental performance of the po-
rous concrete mixtures was evaluated through 
the calculation of embodied energy (EE) and 
carbon footprint (CF). Embodied energy refers 
to the total primary energy required throughout 
the life cycle of material production, encom-
passing raw material extraction, processing, 
transportation, and manufacturing (Asdrubali et 
al., 2017). In parallel, the carbon footprint rep-
resents the greenhouse gas (GHG) emissions 
associated with these processes, expressed in 
terms of CO₂-equivalent emissions (Chen and 
Wang, 2022). The embodied energy and carbon 
footprint of each mixture was calculated using 
Equations 3–4, where the values of raw materi-
als were sourced from published databases and 
are summarized in Table 3.
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Table 1. Chemical compounds of binders
Compound SiO₂ Al₂O₃ Fe₂O₃ CaO SO₃ MgO LOI

Blended cement 18.41 5.17 3.16 61.81 1.83 1.01 4.63

Fly ash 58.69 17.11 10.29 5.09 0.60 4.49 0.73

Table 2. Mix design composition
Mix ID Coarse aggregate (kg) Blended cement (kg) Fly ash (kg) Water (kg) PP fiber (kg)

RM 1526.85 381.71 0.00 133.60 0.00

M1 1526.85 381.71 0.00 133.60 1.14

M2 1526.85 324.46 57.26 133.60 1.14

M3 1526.85 267.20 114.51 133.60 1.14
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where:	EEmix is the total embodied energy of mix-
i (MJ/m3), CFmix is the total carbon foot-
print of mix-i (kgCO2-eq/m3), EEi is the 
embodied energy value of each material 
(MJ/kg), CFi is the carbon footprint value 
of each material (kg CO2-eq), and wi is the 
weight of each material in 1 m3 (kg).

To further capture the efficiency of environ-
mental performance, an environmental efficiency 
index (EEI) was introduced by normalizing the 
durability performance against environmental 
impact values. This efficiency metric was ex-
pressed as the ratio of mass loss derived from rav-
eling resistance test to embodied energy or carbon 
footprint of mixtures.

RESULTS AND DISCUSSIONS

Visual observation

Figure 2 displays the visual appearance of 
porous concrete. There is no evidence of coarse 
aggregate segregation, paste bleeding, or exterior 
cracks in any of the specimens, as determined by 
visual examination. During the pouring and com-
pacting processes, it was discovered that the paste 
had the ability to retain the coarse aggregate and 
PP fiber in the appropriate manner, regardless of 

whether or not it included FA, which further pre-
vented any faults from forming.

Raveling resistance

Figure 3 shows the mass loss, which reflects 
the raveling resistance obtained from the Cantabro 
test of porous concrete specimens over the course 
of 250 rotations. At 50 rotations, all mixtures (RM, 
M1, M2, and M3) demonstrated comparable re-
sistance to mass loss, remaining below 25%. The 
respective mass loss percentages were 22.0% for 
RM, 12.7% for M1, 13.9% for M2, and 19.0% for 
M3. These results suggest that, in the early stages 
of abrasion, the incorporation of polypropylene fi-
bers and FA substitution had a minor yet positive 
effect on reducing the rate of mass loss, with M1 
and M2 exhibiting slightly improved performance 
compared to the reference mixture.

However, as the number of rotations in-
creased, particularly at the 100-rotation mark, 
more pronounced differences in mass loss pat-
terns began to emerge. As shown in Figure 4, M3, 
which included the highest level of FA substitu-
tion (30%), experienced substantial mass loss, 
reaching 70.4%. This decline sharply contrasted 
with the more stable performance of the other 
mixtures: RM exhibited a mass loss of 32.6%, M1 
recorded 19.6%, and M2 had 28.5%.

As the number of rotations reached 250, the 
deterioration of all mixtures continued, with M3 
undergoing the most severe damage, losing up to 
97.2% of its mass. By comparison, the reference 

Figure 1. Sound absorption testing setup

Table 3. Embodied energy and carbon footprint of materials
Material Coarse aggregate Blended cement Fly ash Water PP fiber

Energy (MJ/kg) 0.069 6.461 3.921 0.002 77.24
Carbon footprint 
(kgCO2-eq) 0.0041 1.17 0.362 0 3.1

Reference (Chen and Wang, 
2022)

(Chen and Wang, 
2022)

(Chen and Wang, 
2022)

(Kurda et al., 
2018)

(Liu et al., 
2022)
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mixture showed a mass loss of 77.9%, while M1 
and M2 demonstrated superior durability, with 
mass losses of 45.4% and 54.1%, respectively.

The mass loss findings for M2 and M3, elevat-
ing the proportion of cement substitution with FA 
resulted in a consistent reduction in the raveling 
resistance of porous concrete. A plausible ratio-
nale for this decrease in raveling resistance is that 
the quantity of calcium hydroxide in the cement 
paste becomes inadequate to bind the pozzolanic 
silica (Tural et al., 2024), potentially resulting in 
diminished bonding strength between the cement 
paste and coarse aggregate.

Sound absorption coefficient

Figure 5 illustrates the sound absorption coef-
ficient (SAC) of the mixtures (RM, M1, M2, and 

M3) across the frequency range of 100–3000 Hz. 
The results indicate that all mixtures achieved 
relatively high absorption in the mid-to-high 
frequency domain, with notable peaks between 
630 Hz and 2000 Hz. The highest SAC values 
were recorded at 0.985 for M1 at 800 Hz, 0.874 
for M2 at 630 Hz, 0.903 for M3 at 630 Hz, and 
0.876 for RM at 630 Hz. In comparing the mix-
es, M1, which incorporated polypropylene fiber, 
demonstrated the most favorable acoustic re-
sponse overall, especially at mid-tohigh frequen-
cies. Conversely, M2 and M3, which included fly 
ash as a cement substitute at 15% and 30% re-
spectively, generally exhibited lower SAC values 
than M1 and in several cases also lower than RM. 
For example, at 100 Hz, the SAC of M2 (0.035) 
and M3 (0.119) was below that of RM (0.109), 
whereas M1 remained lower at 0.085. Despite 

Figure 2. Visual of specimen for each mixture: (a) RM, (b) M1, (c) M2, and (d) M3

Figure 3. Mass loss of porous concrete for each mixture
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these differences, all mixes achieved comparable 
peak SAC values above 500 Hz, where the per-
formance gap narrowed. It is also worth noting 
that the porosity values of the mixtures, reported 
as 28.33% for RM, 33.71% for M1, 30.77% for 
M2, and 29.96% for M3, followed a similar trend 
with SAC, reinforcing the relationship between 
mixture composition and acoustic behavior.

A key observation is that the addition of PP 
fiber alone in M1 significantly enhanced SAC, 
as evidenced by its superior performance at criti-
cal frequency ranges such as 800 Hz (0.986) and 
630 Hz (0.920), compared to RM at the same 
frequencies (0.686 and 0.876, respectively). This 
improvement can be attributed to the role of 
PP fibers in increasing the heterogeneity of the 

Figure 4. Degradation of porous concrete specimen over time

Figure 5. Sound absorption coefficient
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concrete matrix and facilitating multiple internal 
reflections of sound waves, thereby improving 
dissipation. However, when PP fiber was com-
bined with FA in M2 and M3, the SAC values 
decreased compared to M1. The combination 
appears to reduce the efficiency of acoustic en-
ergy absorption, suggesting that while PP fibers 
enhance sound absorption, the simultaneous in-
corporation of FA counteracts this effect by modi-
fying the pore structure and diminishing effective 
pathways for sound dissipation through the filler 
action of FA (Bright et al., 2023).

Environmental assessment

Figure 6 presents the results of the environ-
mental assessment in terms of carbon footprint 
(CF), embodied energy (EE). The reference mix 
recorded a total CF of 452.86 kgCO₂-eq/m³ and 
EE of 2571.85 MJ/m³. Incorporation of PP fiber 
in M1 slightly increased the CF to 456.39 kgCO₂-
eq/m³, representing a rise of 0.78% compared 

to RM, while EE also rose to 2659.90 MJ/m³, 
equivalent to an increase of 3.42%. In contrast, 
the partial replacement of cement with FA in M2 
reduced the CF to 410.14 kgCO₂-eq/m³ (a de-
crease of 9.42%) and EE to 2514.53 MJ/m³ (a 
decrease of 2.23%). The most notable improve-
ment was observed in M3, with CF declining to 
363.87 kgCO₂-eq/m³ (a reduction of 19.63%) and 
EE decreasing to 2369.05 MJ/m³ (a reduction of 
7.88%) relative to RM. These results clearly in-
dicate that the synergistic use of FA and PP fiber 
contributes to mitigating environmental burdens 
across the mixtures.

Figure 7 shows environmental efficiency in-
dexes (EEI-CF and EEI-EE). When comparing 
the EEI values, the introduction of PP fiber alone 
in M1 markedly reduced EEI-CF and EEI-EE to 
0.00099 and 0.00017, respectively, compared to 
0.00172 and 0.00030 in RM. This indicates an ap-
parent improvement in environmental efficiency 
despite the higher CF and EE totals, suggesting 

Figure 6. (a) embodied energy, and (b) carbon footprint of porous concrete
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that PP fibers enhance performance sufficiently 
to offset the added energy demand. However, in 
M2, EEI-CF and EEI-EE increased moderately 
to 0.00132 and 0.00022. Conversely, M3 exhib-
ited the highest EEI-CF (0.00267) and EEI-EE 
(0.00041), implying that while its absolute CF 
and EE values were lowest, the efficiency index 
penalized the larger cement reduction combined 
with PP fiber, possibly due to the disproportionate 
weighting of energy-intensive fibers.

The observed trends can be explained by 
material-level mechanisms. The increase in CF 
and EE with PP fiber addition (M1) originates 
from the high production energy and carbon in-
tensity of synthetic polymers, which outweighed 
the savings achieved through enhanced durability 
and performance (Yin et al., 2016). On the other 
hand, the substitution of cement with FA in M2 
and M3 significantly reduced both CF and EE, as 
cement is the most carbon- and energy-intensive 
constituent in concrete production (Chen and 
Wang, 2022; Meshram and Kumar, 2022; Shen et 
al., 2015; Worrell et al., 2001).

CONCLUSIONS 

Based on the experimental results and analy-
ses, several key findings can be highlighted:
1.	The addition of polypropylene fibers signifi-

cantly improved durability, reducing Cantabro 
mass loss by up to 42% compared to the refer-
ence mix.

2.	PP fibers enhanced acoustic performance, with 
the sound absorption coefficient reaching 0.92 
at 630 Hz, indicating superior mid-frequency 
absorption.

3.	Fly ash substitution at 15–30% reduced embod-
ied energy from 2571.8 MJ/m³ (RM) to 2369.0 
MJ/m³ (M3) and lowered carbon footprint 
from 452.9 to 363.9 kgCO₂-eq/m³, achieving 
up to 19.6% improvement in environmental 
performance.

4.	Despite these environmental benefits, FA sub-
stitution decreased durability, as indicated by 
increased Cantabro mass loss relative to the 
fiber-only mix, and reduced SAC values in the 
630–800 Hz range (0.83–0.87).

5.	The combination of PP fibers and FA mini-
mized environmental burdens but introduced 
trade-offs, lowering both raveling resistance 
and acoustic efficiency.

6.	Overall, PP fibers provided mechanical and 
acoustic benefits, whereas FA contributed to 
environmental sustainability. 

Acknowledgements

The author would like to express sincere 
gratitude to the Eco-material Research Labora-
tory, Department of Civil Engineering, Faculty 
of Engineering, Universitas Hasanuddin for the 
valuable support and facilities provided through-
out this research. The resources, and guidance 
received were essential to the successful comple-
tion of this study.

Figure 7. Environmental efficiency index of porous concrete



331

Ecological Engineering & Environmental Technology 2025, 26(11), 323–332

REFERENCES

1.	 Arenas, C., Ríos, J. D., Cifuentes, H., Vilches, L. 
F., Leiva, C. (2022). Sound absorbing porous con-
cretes composed of different solid wastes. European 
Journal of Environmental and Civil Engineering, 
26(9), 3805–3817. https://doi.org/10.1080/196481
89.2020.1824817

2.	 Asdrubali, F., Ferracuti, B., Lombardi, L., Guat-
tari, C., Evangelisti, L., Grazieschi, G. (2017). A 
review of structural, thermo-physical, acoustical, 
and environmental properties of wooden materi-
als for building applications. Building and Envi-
ronment, 114, 307–332. https://doi.org/10.1016/j.
buildenv.2016.12.033

3.	 Bright, S., Murugan, M., Chellapandian, M., Dixit, 
S., Bansal, S., Kumar, K. S., Gupta, M., Maksudovna, 
K. (2023). Effect of fly ash addition on the mechani-
cal properties of pervious concrete. Material Today : 
Proceedings September. http://www.sciencedirect.
com/science/article/pii/S2214785323048460

4.	 Chen, X., Wang, H. (2022). Life-cycle assessment 
and multi-criteria performance evaluation of per-
vious concrete pavement with fly ash. Resources, 
Conservation and Recycling, 177(October 2021). 
https://doi.org/10.1016/j.resconrec.2021.105969

5.	 Ekaputri, J. J., Ruitan, X. D. E. A., Petrus, H. T. B. M., 
Anda, M., Purbawinasta, L. H., Laory, I., Setiamarga, 
D. H. E., Chijiwa, N., Fujiyama, C. (2024). Utilization 
of high-volume fly ash in pervious concrete mixtures 
for mangrove conservation. Resources, Conservation 
and Recycling Advances, 21(February). https://doi.
org/10.1016/j.rcradv.2024.200204

6.	 Gaedicke, C., Marines, A., Miankodila, F. (2014). 
Assessing the abrasion resistance of cores in virgin 
and recycled aggregate pervious concrete. Con-
struction and Building Materials, 68, 701–708.

7.	 Kapicová, A., Bílý, P., Fládr, J., Šeps, K., Chylík, R., 
Trtík, T. (2024). Development of sound-absorbing 
pervious concrete for interior applications. Journal 
of Building Engineering, 85(February). https://doi.
org/10.1016/j.jobe.2024.108697

8.	 Khankhaje, E., Kim, T., Jang, H., Kim, C. S., Kim, 
J., Rafieizonooz, M. (2023). Properties of pervious 
concrete incorporating fly ash as partial replacement 
of cement: A review. Developments in the Built En-
vironment, 14(February). https://doi.org/10.1016/j.
dibe.2023.100130

9.	 Kurda, R., Silvestre, J. D., de Brito, J. (2018). 
Life cycle assessment of concrete made with 
high volume of recycled concrete aggregates and 
fly ash. Resources, Conservation and Recycling, 
139(July 2018), 407–417. https://doi.org/10.1016/j.
resconrec.2018.07.004

10.	Liu, J., Zhang, W., Li, Z., Jin, H., Tang, L. (2022). 
Mechanics, hydration phase and pore development 

of embodied energy and carbon composites based 
on ultrahigh-volume low-carbon cement with lime-
stone calcined clay. Case Studies in Construction 
Materials, 17, e01299. https://doi.org/10.1016/j.
cscm.2022.e01299

11.	Meshram, R. B., Kumar, S. (2022). Comparative 
life cycle assessment (LCA) of geopolymer cement 
manufacturing with Portland cement in Indian con-
text. International Journal of Environmental Sci-
ence and Technology, 19(6), 4791–4802. https://doi.
org/10.1007/s13762-021-03336-9

12.	Mikhailenko, P., Piao, Z., Kakar, M. R., Bueno, M., 
Athari, S., Pieren, R., Heutschi, K., Poulikakos, L. 
(2022). Low-Noise pavement technologies and 
evaluation techniques: a literature review. Inter-
national Journal of Pavement Engineering, 23(6), 
1911–1934. https://doi.org/10.1080/10298436.202
0.1830091

13.	Saboo, N., Shivhare, S., Kori, K. K., Chandrappa, A. 
K. (2019). Effect of fly ash and metakaolin on pervi-
ous concrete properties. Construction and Building 
Materials, 223, 322–328. https://doi.org/10.1016/j.
conbuildmat.2019.06.185

14.	Sai Giridhar Reddy, V., Ranga Rao, V., Shafa-
bakhsh, G., Ahmadi, S. (2017). Eco-friendly 
blocks by Blended Materials. International Jour-
nal of Engineering, Transactions B: Applications, 
29(5), 636–642. https://doi.org/10.5829/idosi.
ije.2016.29.02b.08

15.	Sandoval, G. F. B., Pieralisi, R. (2023). Sustain-
able aggregate impact on pervious concrete abrasion 
resistance. Results in Engineering, 20(September), 
0–5. https://doi.org/10.1016/j.rineng.2023.101384

16.	Shafabakhsh, G., Ahmadi, S. (2016). Evaluation of coal 
waste ash and rice husk ash on properties of pervious 
concrete pavement. International Journal of Engineer-
ing, Transactions B: Applications, 29(2), 192–201. 
https://doi.org/10.5829/idosi.ije.2016.29.02b.08

17.	Shen, W., Cao, L., Li, Q., Zhang, W., Wang, G., 
Li, C. (2015). Quantifying CO2 emissions from 
China’s cement industry. Renewable and Sustain-
able Energy Reviews, 50, 1004–1012. https://doi.
org/10.1016/j.rser.2015.05.031

18.	Sherfenaz, A., Ahmad, S. I., Salauddin, M. (2025). 
Sustainable use of induction furnace slag as coarse 
aggregate in pervious concrete: Strength and hy-
drological properties. Case Studies in Construction 
Materials, 22(April). https://doi.org/10.1016/j.
cscm.2025.e04653

19.	SNI 7064. (2014). SNI 7064-2014 Semen Portland 
Komposit. In Peraturan.

20.	Standardization, I. O. for. (2001). Acoustics – Deter-
mination of sound absorption coefficient and imped-
ance in impedance tubes –  Part 2: Transfer-function 
method. In ISO 10534-2. International Organization 
for Standardization.



332

Ecological Engineering & Environmental Technology 2025, 26(11), 323–332

21.	Su, R., Qiao, H., Li, Q., Su, L. (2023). Study on 
the performance of vegetation concrete prepared 
based on different cements. Construction and Build-
ing Materials, 409(July). https://doi.org/10.1016/j.
conbuildmat.2023.133793

22.	Thomas, B. S., Kumar, S., Mehra, P., Gupta, R. C., 
Joseph, M., Csetenyi, L. J. (2016). Abrasion resis-
tance of sustainable green concrete containing waste 
tire rubber particles. Construction and Building 
Materials, 124, 906–909. https://doi.org/10.1016/j.
conbuildmat.2016.07.110

23.	Tural, H. G., Ozarisoy, B., Derogar, S., Ince, C. (2024). 
Investigating the governing factors influencing the poz-
zolanic activity through a database approach for the de-
velopment of sustainable cementitious materials. Con-
struction and Building Materials, 411(August 2023). 
https://doi.org/10.1016/j.conbuildmat.2023.134253

24.	Wang, P., Zhao, C. (2015). Study on reducing railway 
noise by porous concrete sound-absorbing panel. Mate-
rials Research Innovations, 19(April), S51156–S51160. 
https://doi.org/10.1179/1432891714Z.0000000001269

25.	Worrell, E., Price, L., Martin, N., Hendriks, C., Mei-
da, L. O. (2001). Carbon dioxide emissions from the 
global cement industry. Carbon, 26, 303–329. http://
www.annualreviews.org/doi/abs/10.1146/annurev.
energy.26.1.303

26.	Yin, S., Tuladhar, R., Sheehan, M., Combe, M., Collis-
ter, T. (2016). A life cycle assessment of recycled poly-
propylene fibre in concrete footpaths. Conservation 
Letters, 112(4), 2231–2242. https://doi.org/10.1016/j.
jclepro.2015.09.073

27.	Zhang, Y., Li, H., Abdelhady, A., Du, H. (2020a). 
Laboratorial investigation on sound absorp-
tion property of porous concrete with differ-
ent mixtures. Construction and Building Ma-
terials, 259, 120414. https://doi.org/10.1016/j.
conbuildmat.2020.120414

28.	Zhang, Y., Li, H., Abdelhady, A., Yang, J. (2020b). Ef-
fect of different factors on sound absorption property 
of porous concrete. Transportation Research Part D: 
Transport and Environment, 87(September), 102532. 
https://doi.org/10.1016/j.trd.2020.102532


