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Urbanization significantly reduces the natural permeability of land, 

which exacerbates issues related to surface runoff and drainage. 

Pervious concrete serves as a sustainable pavement solution that 

enhances water infiltration and helps mitigate urban flooding. This 

study aimed to develop and evaluate innovative mix designs that 

incorporate locally sourced ceramic and carbide-based pozzolans, 

along with polypropylene fibers. The optimal mix was identified as 

consisting of 5% ceramic pozzolan, 5% carbide pozzolan, and 

polypropylene fibers. This blend demonstrated exceptional properties, 

achieving a permeability rate of 140,947 mm/h, a compressive 

strength of 14.5 MPa, a flexural strength of 2.4 MPa, a porosity of 

34.8%, and a density of 1,799 kg/m³. When compared to baseline 

mixes, the pozzolanic blends not only improved mechanical 

performance but also maintained or enhanced permeability. These 

results highlight the proposed mix's substantial potential for cost-

effective and high-performance applications in sustainable urban 

drainage systems, ultimately contributing to improved stormwater 

management in urban settings. 
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1. Introduction 

The United Nations' World Urbanization Prospects shows that over half of the world's population has lived 

in cities since 2007, a number expected to reach 60% by 2030 and 70% by 2050, with about 95% of this 

growth occurring in developing countries [1]. This rapid urbanization places increasing pressure on natural 

land surfaces, reducing their permeability to stormwater. Consequently, surface runoff intensifies, 

overwhelming drainage systems and causing flash flooding with severe economic and social consequences 

[2,3]. The widespread use of impervious pavements exacerbates these issues by promoting waterlogging 

and water pollution during heavy rainfall, while simultaneously decreasing evaporation and contributing to 

the formation of urban heat islands [4,5]. 

To mitigate these impacts, urban planners and researchers have emphasized the need for efficient 

stormwater management systems. Permeable pavements play a critical role in controlling surface water 

runoff and supporting sustainable urban drainage systems [6,7]. These systems are especially beneficial for 

areas with inadequate natural drainage, contaminated soils, or where groundwater protection is essential 

[8,9]. 

Cost-effective implementation is crucial in pavement construction, especially in developing regions [10–

12]. Enhancing the permeability of pavement materials not only alleviates flooding but also improves 

resilience to environmental and biological stresses [13]. Among the various technologies developed, 

pervious concrete has attracted significant attention for its dual capacity to allow water infiltration and 

support structural loads [14]. 

Effective design of pervious concrete must consider multiple factors, including permeability [15], moisture 

content [16,17], water absorption [18], air void content [19], and mechanical properties such as compressive 

[20,21] and flexural strength [22,23]. Recent research has explored the substitution of conventional 

aggregates with alternative materials to identify optimal combinations that provide sufficient water 

permeability and mechanical durability [24–28]. 

Other approaches have focused on optimizing mix designs to improve permeability while maintaining 

structural integrity [29,30]. For example, incorporating natural and synthetic fibers has been shown to 

enhance both permeability and mechanical properties of pervious concrete [21,31]. Use of ultra-high-

performance concrete (UHPC) with fibers has led to notable improvements in strength and durability [32], 

while modeling of moisture diffusion coefficients has helped optimize performance under varying 

environmental conditions [33]. 

Despite these advancements, a notable research gap remains in optimizing the internal void structure and 

overall performance of pervious concrete using affordable, locally sourced materials. Many studies rely on 

imported or industrially processed admixtures, limiting the practical applicability of their findings in 

regions with resource constraints. While some efforts have explored fibers and supplementary cementitious 

materials, their combined effects—particularly when using readily available pozzolans and cost-effective 

fibers—remain underexplored [34]. 

Recent studies have also reported successful use of polypropylene fibers and pozzolanic materials to 

improve the mechanical strength, permeability, and durability of permeable concrete [35–37]. Similarly, 

natural additives and recycled materials like rice husk ash and biomass aggregates have enhanced the 

sustainability and compressive strength of concrete [38–40]. In parallel, the application of machine learning 

algorithms to predict and optimize the properties of pervious and geopolymer concretes is growing, 

contributing to more efficient mix design and environmental assessment [41,42]. 
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While permeable concrete is widely recognized for its role in sustainable urban drainage, few studies have 

explored the synergistic impact of locally available pozzolanic materials and polypropylene fibers on both 

hydraulic and mechanical properties [43–45]. Most existing research emphasizes industrially processed or 

imported admixtures, which can be costly and environmentally unsuitable for developing regions[46]. 

This study introduces a novel mix design that uniquely combines ceramic powder and calcium carbide 

residue—two abundant, low-cost pozzolanic materials—with polypropylene fibers. 

The core innovation lies in leveraging these locally sourced materials to create a permeable concrete that is 

not only structurally durable and highly permeable but also economically and environmentally sustainable. 

By focusing on cost-effective materials readily available in developing regions, this research proposes a 

practical and scalable solution for urban flood management, infrastructure resilience, and sustainable 

development—an area that remains underexplored in the current literature. 

In light of these considerations, this study presents a novel and practical approach to pervious concrete 

design, aiming to balance permeability, mechanical strength, and material sustainability. The paper's 

structure is as follows: Section 2 describes the materials, experimental procedures, and mix design 

methodology. Section 3 presents the results of permeability, compressive and flexural strength, porosity, 

and density tests. Section 4 offers a critical discussion of the findings, contextualized within current 

literature and practical applications. Finally, Section 5 concludes the study, highlighting its contributions 

and suggesting directions for future work, particularly in the areas of long-term performance, environmental 

assessment, and economic feasibility. 

2. Methodology 

This study followed a systematic approach to develop and evaluate pervious concrete mixtures 

incorporating locally available pozzolanic materials and polypropylene fibers. The methodology consisted 

of four main stages: (1) selection and testing of raw materials including aggregates, cement, pozzolans, and 

fibers; (2) formulation of multiple mix designs with varying proportions of ceramic powder, calcium 

carbide residue, and two aggregate types; (3) laboratory testing of the prepared concrete samples to assess 

mechanical and physical properties such as compressive strength, flexural strength, permeability, air void 

content, and density; and (4) statistical analysis to identify the optimal mix design. Various specimen 

geometries were used for specific tests, ensuring accurate and standard-compliant measurements. The 

overall methodological framework is illustrated in Fig. 1. 

2.1. Materials 

A comprehensive range of materials was utilized for the design and fabrication of the pervious concrete 

mixtures, including cement, aggregates, water, ceramic powder, calcium carbide residue, and 

polypropylene fibers. Each material was selected based on local availability, compliance with standards, 

and its functional performance in permeable concrete systems. 

2.1.1. Cement 

Type II Portland cement, manufactured by Shargh Mashhad Cement Company, was used as the primary 

binder. The chemical composition and physical characteristics of the cement comply with the requirements 

of ASTM C150 [47], as outlined in Table 1. The cement exhibited appropriate strength, fineness, and setting 

time, suitable for hydraulic applications in permeable pavements. 
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Fig. 1. Flowchart of the experimental methodology, including material selection, suggested mix design with 

variable components (ceramic powder, calcium carbide, fibers, and aggregates), sample preparation, and 

performance testing. The results were analyzed statistically to identify the optimal mix design based on 

permeability and mechanical properties. 

Table 1. Chemical and physical properties of Type II Portland cement used in the mix (ASTM C150 compliant). 

Property Test Method Result ASTM C150 Requirement 

Chemical Composition    

Silicon oxide (SiO2), max % ASTM C114 21 Min: 20 

Aluminum oxide (Al2O3), max, % ASTM C114 5.8 Max: 6 

Ferric oxide (Fe2O3), max, % ASTM C114 3.9 Max: 6 

Calcium oxide (CaO), max % ASTM C114 63.1 — 

Magnesium oxide (MgO), max, % ASTM C114 3.2 Max: 6 

Sulfur trioxide (SO3), max, % ASTM C114 2.4 Max: 3 

weight loss due to heat ASTM C114 1.2 Max: 3 

Insoluble residue ASTM C114 0.25 Max: 1.5 

Tricalcium silicate (C3S) , max, % ASTM C114 53.4 — 

Dicalcium silicate (C2S) , min, % ASTM C114 19.9 — 

Tricalcium aluminate (C3A), max, % ASTM C114 7.7 Max: 8 

Chemical Composition    

Autoclave expansion, % ASTM C151 0.04 Max 0.8 

Compressive strength (3-day), Ib/in2 ASTM C109 2240 — 

Compressive strength (7-day), Ib/in2 ASTM C109 2823 — 

Compressive strength (28-day), Ib/in2 ASTM C109 4200 ≥ 4000 (typical) 

Density (g/cm³) ASTM C188 3.14 — 

Fineness, specific surface (m²/kg) ASTM C204 290 Min 260 

Setting time (initial), min ASTM C191 185 Min 45 

Setting time (final), min ASTM C191 260 Max 375 

 

2.1.2. Aggregates 

Two types of natural coarse aggregates—Type 1 (medium-grained) and Type 2 (coarse-grained)—were 

sourced from quarries along the Mashhad-Kalat Road. Their gradation met the specifications of ASTM 

C33/C33M–13 [48]. The physical and mechanical properties, such as wear resistance, water absorption, 

and density, were characterized through standardized tests and are presented in Table 2. 
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Table 2. Physical properties of coarse aggregates used in the mix (Type 1: medium-grained, Type 2: coarse-

grained). 

Property Test Method Aggregate Type 1 Aggregate Type 2 

Granulation type — C B 

Number of revolutions (rpm) ASTM C131 500 500 

Wear (Los Angeles Abrasion), % ASTM C131/C131M 24 21 

Sulfate resistance (Na₂SO₄), % loss ASTM C88 0.9 1.0 

Shape characteristics    

Elongation (%) BS 812 2.3 35 

Flakiness (%) BS 812 9.0 12 

Density and water absorption    

Bulk specific gravity (SSD), g/cm³ ASTM C127, C128 2.721 2.712 

Apparent specific gravity, g/cm³ ASTM C127, C128 2.677 2.665 

Water absorption, % ASTM C127, C128 0.6 0.7 

Unit weight    

Unit weight (dense), g/cm³ ASTM C29 1.57 1.60 

Unit weight (loose), g/cm³ ASTM C29 1.43 1.47 

 

Fig. 2 illustrates the particle size distribution curves for the two aggregate types, obtained through sieve 

analysis. Corresponding passing percentages for each sieve size are provided in Table 3, ensuring 

reproducibility of the mix designs. 

  

a b 

Fig. 2. Particle size distribution curves for (a) Type 1 – medium-grained and (b) Type 2 – coarse-grained 

aggregates. 

Table 3. Sieve analysis results for Type 1 (medium-grained) and Type 2 (coarse-grained) aggregates. 

Sieve Size (mm) % Passing (Type 1) % Passing (Type 2) 

12.5 100.0 100.0 

9.5 95.2 89.1 

4.75 62.3 47.6 

2.36 35.8 25.7 

1.18 18.9 12.4 

0.60 9.1 5.6 

0.30 3.7 2.1 

0.15 1.4 0.7 
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2.1.3. Water 

Potable water obtained from Mashhad City's municipal supply was used for all mixing and curing processes, 

ensuring consistency and compliance with standard water quality requirements for concrete production. 

2.1.4. Pozzolanic materials 

Two types of locally sourced pozzolanic materials were incorporated as partial cement replacements to 

improve sustainability and performance: 

• Calcium carbide residue (CaC₂), a by-product obtained from the Acetylene Gas Company on the 

Mashhad-Kalat Road, was selected for its latent hydraulic properties. 

• Ceramic powder, a fine industrial waste generated from tile manufacturing facilities in the industrial 

zones of Mashhad, was used as a reactive pozzolan. It reacts with calcium hydroxide during cement 

hydration to form additional calcium silicate hydrate (C–S–H), thereby enhancing the strength and 

durability of the cement. 

2.1.5. Polypropylene fibers 

Polypropylene fibers were employed as internal reinforcement to improve crack resistance and toughness 

while maintaining porosity. Due to the corrosion risks associated with conventional steel reinforcement in 

pervious systems, polypropylene fibers were chosen for their non-corrosive nature, cost-effectiveness, and 

ease of dispersion in the mix. The specifications of the fibers are listed in Table 4. 

Table 4. Technical specifications of polypropylene fibers. 

Parameter Description 

Manufacturer MANA Fiber Ltd., Delijan, Iran 

Raw Material 100% Virgin Polypropylene 

Thickness 3 Denier 

Fiber Length 12 mm 

Diameter 40 µm 

Tensile Strength ≥ 400 MPa 

Melting Point 160–170 °C 

Density 0.91 g/cm³ 

Shape Monofilament 

Surface Coated for improved dispersion 

 

2.2. Experimental setup and environmental conditions 

All experimental procedures, including mixing, specimen preparation, and testing, were conducted 

following the outlined mix design methodology. Throughout these stages, environmental conditions were 

carefully controlled and maintained at a temperature of 21 ± 2°C and a relative humidity of 55 ± 5%, 

ensuring consistency in curing and testing conditions. 

2.3. Equipment and apparatus 

This section describes the major apparatus and instruments used in the experimental testing of pervious 

concrete properties. 

2.3.1. Permeability testing setup 

Permeability was assessed using a penetration ring conforming to ASTM C1781/C1781M–21 [49]. This 

ring is a watertight steel cylinder with a diameter of 300 mm and a height of 220 mm, open at both ends. 



M. TaghdisiElli et al. Journal of Rehabilitation in Civil Engineering 14-2 (2026) 2265 

7 

Its bottom edge is leveled to ensure uniform surface contact. Two reference lines, positioned 10 mm and 15 

mm from the lower edge, are marked inside the ring to guide water depth and measurement consistency 

during infiltration testing. 

2.3.2. Compressive strength testing setup 

Compressive strength was measured using a CO160 hydraulic compressive testing machine (manufactured 

by Azmoon Co.), compliant with ASTM C39. The device has a maximum load capacity of 200 tons and 

features a digital display for force monitoring. Specimens were weighed using a precision Amput Electronic 

Scale (capacity: 5000 g, accuracy: 0.1 g). Before testing, all cylindrical specimens were surface-leveled 

using mechanical capping to ensure parallel ends, promoting uniform axial load distribution during failure. 

During the test, cylindrical specimens were aligned within the machine's loading frame, and an axial load 

was applied at a constant rate of 0.5 kN/s until failure occurred. The maximum load recorded was taken as 

the ultimate compressive strength of the material. 

2.3.3. Flexural strength testing setup 

Flexural strength was evaluated using an STD1000 Universal Testing Machine, in compliance with ASTM 

C78 for concrete beam specimens. The apparatus includes a 100-ton load cell and adjustable third-point 

loading configuration. Beam specimens (100 × 100 × 400 mm) were tested with a span length of 300 mm 

and a loading rate of 0.2 mm/min. The failure load and corresponding deflections were recorded to calculate 

the modulus of rupture. 

2.4. Mix design methodology 

A total of eleven pervious concrete mixtures were developed based on the guidelines of ACI 211 for 

pervious concrete [50], with necessary adaptations to accommodate hydraulic performance, fiber 

reinforcement, and pozzolanic material integration. The mix design procedure accounted for both 

mechanical and permeability requirements relevant to urban drainage applications. 

The binder system consisted of Portland cement (Type II) combined with locally available pozzolanic 

additives, specifically ceramic powder (Ce) and calcium carbide residue (Ca). Pozzolan replacement levels 

were systematically varied at 0%, 10%, and 15%, and one group incorporated a synergistic combination of 

5% Ce and 5% Ca. 

To ensure standardization, all mixes were prepared using the same type of cement, water-to-cement ratio, 

and identical curing conditions. A constant dosage of polypropylene fibers (1 kg per 60-liter batch, ~0.25% 

of the binder mass) was selected based on previous studies demonstrating that this dosage improves 

mechanical integrity and clogging resistance while maintaining good workability and fiber dispersion. 

Preliminary trials were conducted to determine optimal aggregate ratios, ensuring adequate void structure, 

compressive strength, and hydraulic conductivity. The detailed mix proportions, including all cementitious 

and aggregate components, are listed in Table 5. 

2.5. Mixing procedure and specimen casting 

Concrete production began by dry mixing aggregates with polypropylene fibers, followed by the gradual 

addition of the cementitious materials (cement, ceramic powder, and calcium carbide residue). Finally, 

water was incrementally added to complete the mixing process using a 140-liter drum mixer (Azmoon Ltd.) 

operating at 35 rpm. 
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Table 5. Mix proportions of pervious concrete mixtures (per m³). 

Mix ID Description 
Cement 

(kg/m³) 

Ceramic 

Powder 

(Ce) 

(%) 

Calcium 

Carbide 

(Ca) 

(%) 

Fiber 

(kg/m³) 

Water 

(kg/m³) 

Aggregate 

Type 1 

(kg/m³) 

Aggregate 

Type 2 

(kg/m³) 

PC-1 
A2 + Ca 5% + 

Ce 5% + Fiber 
200 5 5 1 66.78 – 1678.2 

PC-2 
A1 + Ca 10% 

+ Fiber 
200 – 10 1 72.38 1692.04 – 

PC-3 
A1 + Ce 10% 

+ Fiber 
200 10 – 1 – 1703.5 – 

PC-4 
A1 (Control, 

no additives) 
222.22 – – – 72.56 1701.43 – 

PC-5 
A2 (Control, 

no additives) 
222.22 – – – 72.63 – 1708.1 

PC-6 
A2 + Ca 10% 

+ Fiber 
200 – 10 1 72.45 – 1698.7 

PC-7 
A2 + Ce 10% 

+ Fiber 
200 10 – 1 68.5 – 1702 

PC-8 A2 + Ce 15% 200 15 – – 73.14 – 1694.8 

PC-9 
A2 + Ca 15% 

+ Fiber 
200 – 15 1 67.2 – 1694.8 

PC-10 
A1 + Ce 15% 

+ Fiber 
200 15 – 1 71.1 1688.18 – 

PC-11 
A1 + Ca 15% 

+ Fiber 
200 – 15 1 73.1 1688.18 – 

• A1 = Aggregate Type 1 (medium-grained) 

• A2 = Aggregate Type 2 (coarse-grained) 

• "–" indicates that the component was not used in that specific mix 

 

Fresh concrete was cast into cylindrical molds (100 mm × 200 mm) for compressive and porosity testing, 

and into beam molds (100 mm × 100 mm × 400 mm) for flexural testing. Specimens were covered with 

plastic sheets for 24 hours post-casting to prevent moisture loss and were then cured in water until their 

designated testing age. The process of fabricating pervious concrete based on the mix design is illustrated 

in Fig. 3. 

 

Fig. 3. Process of fabricating pervious concrete based on the designed mix procedure. 
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2.6. Testing procedures 

2.6.1. Permeability test 

The water infiltration capacity of the pervious concrete mixtures was evaluated according to the standard 

procedures outlined in ASTM C1781/C1781M–21 [49]. The test was designed to simulate realistic 

pavement conditions and quantify the infiltration rate (I) by measuring the infiltration time (T) and the mass 

of water (M) that passed through the specimen during testing. 

A cylindrical steel infiltration ring, open at both ends and featuring an internal diameter of 305 mm, was 

used for the procedure. The ring was placed on the surface of a 600 mm × 600 mm × 120 mm slab specimen, 

ensuring watertight contact along the bottom edge. Water was poured into the ring to a predetermined 

height, and the time required for infiltration was recorded. The mass of infiltrated water was also measured 

for each test. The test configuration is shown in Fig. 4. 

The infiltration rate was then calculated using the following equation: 

𝐼 =
𝐾 × 𝑀

(𝐷2 × 𝑇)
 (1) 

 

𝐼 denotes the infiltration rate, expressed in millimeters per hour (mm/h); 𝑀 is the mass of water that 

infiltrated through the specimen, measured in kilograms (kg); 𝐷 represents the internal diameter of the 

infiltration ring in millimeters (mm); 𝑇 is the time required for water infiltration, measured in seconds (s); 

and 𝐾 is the unit conversion constant, with a value of 4,583,666,000 in SI units (or 126,870 in inch-pound 

units). 

This method provided a standardized and reproducible evaluation of surface permeability for each concrete 

mix. 

 

Fig. 4. Permeability test setup using a steel infiltration ring placed on the surface of a pervious concrete slab. 

2.6.2. Compressive strength test 

The compressive strength of the pervious concrete mixtures was evaluated following ASTM C39/C39M 

[51], using cylindrical specimens with dimensions of 100 mm in diameter and 200 mm in height. The test 

was conducted at 28 days of curing, which is the standard age for assessing the structural performance of 

concrete. 

Before testing, the end faces of the specimens were mechanically ground to produce smooth and parallel 

surfaces, ensuring uniform stress distribution during load application. This grinding method, instead of 

sulfur or neoprene capping, complies with ASTM C39 requirements for end preparation. The test setup and 

procedure are illustrated in Fig. 5. 
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Fig. 5. Compressive strength testing of cylindrical specimen under axial loading at standard rate. 

2.6.3. Flexural strength test 

Flexural strength (modulus of rupture) was evaluated using ASTM C78/C78M-22 methodology [52]. Beam 

specimens (100 × 100 × 400 mm) were tested under third-point loading after 28 days of curing. The modulus 

of rupture (R) was calculated as: 

𝑅 =
𝑃 × 𝐿

𝑏 × 𝑑2
 (2) 

𝑅 represents the modulus of rupture in megapascals (MPa); 𝑃 is the maximum applied load at failure, 

measured in newtons (N); 𝐿 denotes the span length between the supports in millimeters (mm); 𝑏 is the 

average width of the specimen at the point of fracture (mm); and 𝑑 is the average depth at the fracture 

location (mm). 

2.6.4. Porosity and density test 

The air void content was measured following ASTM C1754/C1754M – 12 [53]. Specimens were oven-

dried at 38°C for 24 hours until a constant dry mass (A) was achieved. They were then submerged in water 

for 30 minutes, with agitation to release trapped air, and the submerged mass (B) was recorded. 

Density and void content were calculated using the following formulas: 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐾 × 𝐴

𝐷2 × 𝐿
 (3) 

Void Content = (1 −
𝐴

𝐴 − 𝐵
) × 100 (4) 

𝐾 is a constant with a value of 1,273,240 in SI units; 𝐴 represents the oven-dry mass of the specimen in 

grams (g); 𝐵 is the submerged mass of the specimen in grams (g); 𝐷 denotes the specimen diameter in 

millimeters (mm); and 𝐿 is the specimen length in millimeters (mm). 

Fig. 6 illustrates the setup and procedural steps involved in the porosity testing process, emphasizing the 

precise measurement techniques used to determine the air void content of the specimens. 
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Fig. 6. Porosity measurement using buoyancy method and submerged weight apparatus.  

2.7. Data analysis 

To evaluate the statistical significance of the influence of different mix designs on the mechanical and 

physical properties of pervious concrete, standard inferential statistical methods were employed. A one-

way analysis of variance (ANOVA) was conducted to determine whether the observed differences among 

group means were statistically significant for key performance indicators, including permeability and 

flexural strength. 

Following the ANOVA, Tukey's Honest Significant Difference (HSD) post-hoc test was applied to perform 

pairwise comparisons among the different concrete mixtures. This approach allowed for the identification 

of specific group differences while effectively controlling the family-wise error rate. The analysis included 

the computation of F-values, degrees of freedom (df), and p-values for each variable, as well as confidence 

intervals and mean differences derived from the Tukey HSD procedure. 

The results of these statistical analyses are presented in the Results section through summary tables 

designed to facilitate clear interpretation and enhance reproducibility. 

3. Results 

3.1. Permeability performance 

The permeability of each pervious concrete mixture was assessed as outlined in the Methodology section. 

Table 6 presents the test results, including the mass of infiltrated water, average infiltration time, and the 

calculated infiltration rate (I) for each mix design. These results reflect the influence of varying pozzolan 

content and fiber inclusion on the hydraulic performance of the concrete. 

Table 6. Permeability test results for pervious concrete mixtures. 

Mixed design Water ( kg) Avg. Time (s) Infiltration Rate, 𝑰 (mm/h) 

A2Ca.Ce 5% 18.25 6.38 140946.88 

A1Ce. 10% 18.1 7.12 125259.84 

A1Ca.Ce 10% 18.2 7.28 123183.71 

A1 18.1 7.265 122759.82 

A2 18 6.13 144685.60 

A2Ca. 10% 18.2 7.925 113158.04 

A2Ce. 10% 18.1 6.025 148024.91 

A2Ce. 15% 18.15 10.295 86868.75 

A2Ca. 15% 18.17 7.92 113042.83 

A1Ce. 15% 18.12 11.19 79788.70 

A2Ca.Ce 5% 18.14 10.59 84402.36 

• Mix Design: Label for each specific pervious concrete formulation. 

• Water (kg): Mass of water infiltrated through the specimen. 

• Avg. Time (s): Average time required for infiltration. 

• 𝐼 (mm/h): Calculated infiltration rate based on ASTM C1781/C1781M–21. 
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As shown in Table 6 and illustrated in Fig. 7, the permeability rates varied significantly, ranging from 

79,788.70 mm/h to 148,024.91 mm/h across all mixtures. The base mixtures—A1 and A2—demonstrated 

infiltration rates of 122,759.82 mm/h and 144,685.60 mm/h, respectively. 

Mixtures incorporating 15% pozzolan replacement (e.g., A2Ce 15%, A1Ce 15%) exhibited a statistically 

significant reduction in permeability (p < 0.05) compared to their respective base mixes. This reduction 

suggests that higher pozzolan content may partially obstruct the pore network or reduce effective void 

connectivity. In contrast, mixes containing 10% pozzolan replacement, such as A1Ce 10% and A1Ca.Ce 

10%, demonstrated permeability values statistically comparable (p > 0.05) to the control group A1, 

indicating that moderate pozzolan incorporation can maintain effective water infiltration. Similarly, the 

A2Ca.Ce 5% mix—combining 5% ceramic powder and 5% calcium carbide residue—also showed 

permeability close to that of the A2 base mix, suggesting that a balanced dual-pozzolan approach can 

preserve hydraulic performance. 

 

Fig. 7. Infiltration rates of pervious concrete mixtures with various pozzolan contents and aggregate types. Bars 

represent the mean infiltration rate values, and the error bars indicate the standard deviation based on multiple 

replicate measurements for each mix design. 

3.2. Compressive strength performance 

The compressive strength of each pervious concrete mix was evaluated at 7 and 28 days following ASTM 

C109. Table 7 presents the mean values and standard deviations for each mix design, highlighting the effects 

of pozzolanic materials and polypropylene fiber reinforcement on mechanical performance. 

Table 7. Compressive strength results for pervious concrete mixes (Mean ± SD) . 

Mix Design 7-day Strength (MPa) 28-day Strength (MPa) 

A2Ca.Ce 5% 10.2 ± 0.4 14.5 ± 0.6 

A1Ce.10% 9.8 ± 0.5 13.2 ± 0.7 

A1Ca.Ce 10% 10.1 ± 0.3 14.0 ± 0.5 

A1 9.7 ± 0.4 12.8 ± 0.6 

A2 10.5 ± 0.6 15.1 ± 0.7 

A2Ca.10% 10.0 ± 0.5 13.9 ± 0.6 

A2Ce.10% 9.6 ± 0.4 12.7 ± 0.5 

A2Ce.15% 8.9 ± 0.3 11.5 ± 0.4 

A2Ca.15% 9.5 ± 0.4 12.9 ± 0.5 

A1Ce.15% 8.5 ± 0.3 11.0 ± 0.4 

A2Ca.Ce 5% 10.3 ± 0.5 14.4 ± 0.6 
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The 28-day compressive strengths for all mixes exceeded the minimum threshold typically recommended 

for pervious concrete pavements, as indicated by the red dashed line in Fig. 8. Notably, the highest 

compressive strength was observed in the A2Ca.Ce 5% and A2Ca 10% mixtures, reaching 14.5 MPa and 

13.9 MPa, respectively. These results suggest that moderate substitution of cement with calcium carbide 

residue and ceramic powder—either individually or in combination—can enhance compressive strength 

without compromising material performance. 

In contrast, mixtures with higher pozzolan replacement levels (15%), such as A1Ce 15% and A2Ce 15% 

exhibited reduced strength values, indicating that excessive substitution may adversely affect the load-

bearing capacity. The performance trend highlights the importance of optimizing pozzolan dosage to strike 

a balance between sustainability and mechanical performance. 

Fig. 8 provides a graphical comparison of 28-day compressive strengths across all mix designs. The results 

demonstrate the mechanical benefit of incorporating optimized amounts of local pozzolanic materials and 

fiber reinforcement into pervious concrete. 

 

Fig. 8. Compressive strength of pervious concrete mixtures at 28 days. The red dashed line indicates the minimum 

strength requirement for pavement applications. 

3.3. Flexural strength performance 

Flexural strength testing was performed to evaluate the tensile performance of the pervious concrete 

mixtures under bending conditions, following the procedures outlined in ASTM C78/C78M. Beam 

specimens with dimensions of 100 × 100 × 400 mm were tested using a third-point loading configuration. 

The results are presented in Table 8, along with standard deviations to reflect variability among replicate 

samples. 

Table 8. Flexural strength of pervious concrete mixes (Mean ± SD) . 

Mix Design Flexural Strength (MPa) 

A2Ca.Ce 5% 2.4 ± 0.1 

A1Ce.10% 2.2 ± 0.1 

A1Ca.Ce 10% 2.3 ± 0.1 

A1 2.1 ± 0.1 

A2 2.5 ± 0.2 

A2Ca.10% 2.3 ± 0.1 

A2Ce.10% 2.0 ± 0.1 

A2Ce.15% 1.8 ± 0.1 

A2Ca.15% 2.1 ± 0.1 

A1Ce.15% 1.7 ± 0.1 

A2Ca.Ce 5% 2.4 ± 0.1 
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As illustrated in Fig. 9, flexural strength varied noticeably across the different mix designs. Mixes 

incorporating 15% pozzolan replacement exhibited a significant improvement in flexural strength (p < 0.05) 

when compared to the control mixes (A1 and A2). Among these, the mix A2 achieved the highest average 

value at 2.5 MPa, while the 15% pozzolan mixes, such as A2Ca.15% and A2Ce.15%, also demonstrated 

performance exceeding baseline values. 

In contrast, mixes with 10% pozzolan replacement—specifically A2Ca.Ce 5%, A1Ca.Ce 10%, and 

A1Ce.10%—achieved statistically similar flexural strength (p > 0.05) to the baseline designs, suggesting 

that moderate pozzolan content can maintain bending performance. However, A2Ce.10%, despite 

containing 10% pozzolan, exhibited a slight reduction in flexural strength compared to the control. 

 

Fig. 9. Flexural strength of pervious concrete mixtures after 28 days of curing. 

These findings indicate that while a higher pozzolan dosage can enhance flexural strength, the type and 

combination of pozzolanic materials, along with fiber integration, play a critical role in influencing 

mechanical behavior under flexural loading. 

3.4. Failure pattern analysis 

The failure modes observed during the compressive and flexural strength tests were documented through 

visual inspection to assess the structural behavior of each mix under load. Most concrete specimens 

containing 10% pozzolan replacement, such as A2Ca.Ce 5% and A1Ca.Ce 10%, exhibited a typical cone-

shaped failure pattern under compression. This mode indicates a favorable stress distribution and stable 

fracture propagation, reflecting the material's ability to absorb and transfer loads efficiently. 

In contrast, several mixes incorporating 15% pozzolan replacement, including A1Ce.15% and A2Ce.15%, 

predominantly experienced brittle failure modes, such as shear fractures or splitting failures. These types 

of failures indicate reduced energy dissipation and a tendency toward abrupt material breakdown, which is 

undesirable in pavement applications where gradual failure and post-crack stability are crucial for optimal 

performance. 

These observations underscore the importance of optimizing pozzolanic content not only to enhance 

strength but also to promote ductile and predictable failure behavior. Achieving such a balance is essential 

for ensuring the long-term durability and safety of pervious concrete pavements under service loads. 
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3.5. Porosity and density performance 

The air void content of the pervious concrete mixtures is illustrated in Fig. 10, with values ranging from 

29.81% to 39.83% across the different mix designs. Each bar represents the mean value, accompanied by 

its standard deviation, which reflects the inherent variability in the experimental results. 

 

Fig. 10. Air void content of pervious concrete mixtures, including standard deviation bars. 

Aggregate gradation and pozzolan dosage had a notable influence on porosity, although their interactive 

effects were not statistically significant. Among the baseline mixes, A2Ce 10% exhibited the highest 

porosity, reaching 39.83%, suggesting that higher ceramic pozzolan content may contribute to increased 

void formation. Conversely, designs with balanced or lower pozzolan content, particularly those using Type 

1 aggregates (A1 series), generally demonstrated reduced air voids, indicating improved packing density. 

Fig. 11 displays the bulk density values of the tested mixtures. The results reveal considerable variation, 

primarily influenced by the mix design, pozzolan content, and aggregate type. The highest density was 

recorded in A2Ca.Ce 5%, with a value of 1798.81 kg/m³, indicating a relatively dense and compact 

structure. In contrast, the lowest density was observed in A2Ce 10%, measured at 1592.26 kg/m³, consistent 

with its high air void content. 

 

Fig. 11. Bulk density of pervious concrete mixtures across different mix designs. 
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These trends reinforce the inverse relationship between porosity and density, underscoring the need to 

balance these properties to ensure adequate mechanical strength while preserving the permeability of 

pervious concrete. 

4. Discussion 

This study presents a novel approach to the mix design of pervious concrete, aiming to enhance its 

performance in sustainable urban stormwater management. By integrating locally available pozzolanic 

materials and polypropylene fibers, the research successfully balances permeability enhancement with 

mechanical performance, contributing to both environmental and structural objectives. 

The incorporation of supplementary cementitious materials aligns with previous findings on sustainable 

construction practices [54], reinforcing the importance of tailoring mix designs to meet specific 

performance requirements [55,56]. The results demonstrate a trade-off between permeability and 

mechanical strength. For instance, the A2Ce 10% mix, which included a 10% replacement with ceramic 

powder, exhibited one of the highest permeability and porosity values—features desirable for stormwater 

infiltration. However, this gain in permeability was accompanied by a reduction in flexural strength, 

highlighting the need to balance performance parameters according to the intended application. 

Among all tested mixes, A2Ca.Ce 5% emerged as a well-balanced formulation. It achieved enhanced 

permeability while maintaining compressive strength and flexural performance comparable to the control 

mixes. Furthermore, its lower porosity and higher density values suggest better structural integrity. This 

composition offers a practical compromise for field applications where trade-offs between mechanical and 

hydraulic properties are acceptable within specified design tolerances. 

According to ACI 522R-10 guidelines [57], typical permeability values for pervious concrete range from 

2,000 to 20,000 mm/h, depending on mix composition, compaction, and porosity levels [50]. The 

substantially higher infiltration rates observed in this study—reaching up to 148,024.91 mm/h—highlight 

the exceptional drainage performance of the proposed mixes. This enhancement is attributed to the 

optimized aggregate gradation, well-structured void network, and the synergistic use of local pozzolanic 

materials and polypropylene fibers, which effectively preserved the pervious structure without significant 

clogging. The observation that 15% pozzolan replacement did not lead to significant permeability 

improvements warrants further investigation. These mixes may still offer benefits in terms of durability, 

resistance to chemical attack, or economic and environmental advantages, such as lower embodied carbon. 

Additionally, the role of polypropylene fibers merits further exploration, particularly concerning their 

effects on crack control, erosion resistance, and long-term mechanical performance under repeated loading. 

Given the increasing focus on environmental sustainability, it is essential to consider the mechanical and 

structural performance, as well as the water consumption and permeability characteristics, of the developed 

mixes. The amount of water used for each mix design remained consistent, ranging from 18.0 to 18.25 

kilograms. However, notable variations were observed in infiltration times and rates. For example, the 

A2Ce.10% mix had the shortest infiltration time (6.025 seconds) and the highest infiltration rate 

(148,024.91 mm/h), indicating superior permeability performance. Conversely, the A1Ce.15% mix had the 

longest infiltration time (11.19 seconds) and lowest infiltration rate (79,788.70 mm/h), indicating reduced 

porosity or blockage within the matrix. These differences underscore the significant influence of pozzolanic 

content and type on the hydraulic behavior of the mixes. Such data is valuable for urban applications, as 

rapid water infiltration is essential for reducing surface runoff and mitigating flood risks. Therefore, 
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evaluating water usage and permeability parameters, in addition to mechanical properties, provides a more 

comprehensive understanding of the environmental performance of the mixes. 

This research also aligns with broader trends in sustainable construction, where innovations in materials 

science—such as the use of high-volume fly ash concrete [58,59], alternative water sources [60], and nano-

silica additives [61]—demonstrate the potential to enhance both environmental and mechanical 

performance. Similarly, advancements in strengthening techniques, such as Basalt Fiber Reinforced 

Polymers (BFRP), have shown promise in enhancing structural elements like T-beams under flexural stress 

[62,63]. These developments collectively support the notion that sustainable material design must consider 

a range of structural and environmental performance metrics [64]. 

Despite the promising results of this study, its limitations must be acknowledged. The experiments were 

conducted under controlled laboratory conditions, with a focus on short-term performance. In real-world 

applications, pervious concrete is subjected to a variety of environmental stressors, such as freeze-thaw 

cycles, ultraviolet radiation, deicing salts, and clogging from organic debris [65,66]. These factors can 

significantly influence the long-term performance of the material. Therefore, future studies should 

incorporate field trials and accelerated durability testing to validate the laboratory findings under realistic 

service conditions. 

A critical next step involves conducting a Life Cycle Assessment (LCA) to evaluate the environmental 

footprint of the proposed mix designs from raw material extraction through to end-of-life disposal [67,68]. 

Such an assessment would quantify the sustainability benefits of incorporating locally sourced pozzolans 

and synthetic fibers [69], while also considering impacts such as reduced stormwater runoff, maintenance 

requirements, and energy consumption. Moreover, calculating the carbon footprint associated with the 

proposed mix design compared to conventional alternatives could offer insight into its contribution to 

climate change mitigation efforts [70,71]. 

To facilitate real-world implementation, a comprehensive life-cycle cost analysis (LCCA) is also necessary. 

This analysis should account for material costs, including the availability and processing of local pozzolans, 

as well as potential savings from improved durability, reduced maintenance, and faster installation 

processes [72,73]. Economic viability will be a key factor in determining the practical adoption of these 

formulations. Future research should thus explore the cost-benefit dynamics of the proposed mixes in 

comparison to traditional pervious concrete systems, considering both environmental and economic 

performance over time [74]. 

Lastly, the adaptability of these optimized mixes to different climatic conditions and traffic loading 

scenarios should be evaluated to extend the applicability of findings across diverse urban contexts. By 

addressing long-term performance, economic feasibility, and regional adaptability, this line of research can 

significantly advance the development of pervious concrete as a high-performance, sustainable solution for 

modern urban infrastructure. 

5. Conclusions 

This study examined the effect of pozzolanic replacements and the incorporation of polypropylene fibers 

on the performance characteristics of pervious concrete. The findings demonstrated that permeability values 

ranged from approximately 79,789 to 148,025 mm/h, with the A2Ca.Ce 5% mix achieves the highest 

infiltration rate. Mixes containing 10% pozzolan substitution-maintained permeability levels statistically 

similar to the baseline (p > 0.05), indicating their suitability for maintaining hydraulic functionality. 

Compressive strength results exceeded the minimum threshold required for pavement applications across 
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all mixtures, with the highest value recorded at 89.18 kg/cm² in the A2Ca.Ce 5% mix. Flexural strength 

was significantly enhanced (p < 0.05) in the 15% pozzolan replacement designs; however, a notable 

exception was observed in the A2Ce 10% mix, which exhibited reduced flexural strength relative to the 

control. 

The air void content varied between 29.81% and 39.83%, influenced by both pozzolan dosage and 

aggregate type, while the density values ranged from 1,592 to 1,799 kg/m³, notably for the A2Ca.Ce 5% 

mixture not only exhibited the highest density but also demonstrated a favorable balance across all key 

performance metrics. Taken together, these results identify A2Ca.Ce 5% as a promising mix design, offering 

an optimal combination of high permeability, mechanical strength, and structural integrity. This balanced 

performance highlights its potential for practical application in sustainable pervious concrete pavements, 

particularly in urban environments requiring both efficient stormwater management and long-term 

durability. 
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