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This study examines the use of ceramic waste tiles as a partial substitute for natural coarse 

aggregates in pervious concrete to enhance sustainability without compromising 

functional performance. A series of experiments was conducted to use Portland cement 

and various proportions of processed ceramic waste aggregates. The compressive 

strength, density, water absorption and porosity of the mixes were evaluated to determine 

mechanical and physical properties. Seven mix designs were designed in order to study 

how the percentage of replacement affected structural and hydraulic behavior. The 

findings suggest that there is enough compressive strength with the controlled 

introduction of ceramic waste without losing the interconnecting pore structure necessary 

to the performance of drainage. The optimum mix exhibited a balance between 

mechanical stability and hydraulic activity, demonstrating the technical viability of 

waste-incorporated pervious concrete for light-duty pavement applications. Hydraulic 

performance was measured using the standard infiltration test procedure. Although the 

mechanical and physical short-term properties were thoroughly tested, long-term 

durability factors like freeze-thaw and clogging susceptibility were not experimentally 

tested and are identified as opportunities for future research. Overall, the results show 

that waste-based pervious concrete with ceramic form could be applied as a sustainable 

substitute for stormwater management to protect the resources, minimize construction 

waste and take a responsible approach to the development of cities. 
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1. INTRODUCTION

Fast urbanization has significantly covered the impervious 

surfaces, which interfere with the natural hydrological cycles 

and reduce the groundwater recharge. This has increased the 

urban flooding, the surface temperatures and made the urban 

heat island effect worse. At the same time, solid waste 

production in the world will be 3.4 billion tonnes in 2050 and 

the content of ceramic waste makes an important portion of 

this quantity since it includes high levels of rejection during 

manufacturing, transportation and construction processes [1, 

2]. The ceramic industry alone contributes to almost 30% of 

waste production that is not biodegradable and can be 

disrupted in the environment, as it is a tough one that is not 

easily disposed of over the long run [3, 4]. Simultaneously, the 

traditional concrete manufacturing method is one of the 

primary sources of CO2 emission in the world, about 7 to 8% 

[5], which once again confirms the necessity of developing 

sustainable construction materials that will involve waste 

valorisation and provide the function [6-8]. Pervious concrete 

could be a good alternative for storm water control in highly 

urbanized areas like Pune, India, where the waterlogging is a 

major problem due to the heavy rainfall and inefficient 

drainage systems [9-11]. It also has an interlocking pore 

structure, usually 15 to 30% pores, which allows quick passage 

and a high rate of runoff absorption, recharge of groundwater, 

and partial filtration of whatever pollutants are present [12, 

13]. The applicability of pervious concrete to structural 

applications is however limited by the natural strength to 

permeability trade-off that greater porosity increases hydraulic 

conductivity but decreases compressive strength because 

porous pervious concrete has lower paste and aggregate 

bonding and lower density [14-16]. The recent investigations 

have considered the recycled materials such as waste glass, 

plastics, fly ash and ceramic aggregates pervious concrete 

systems [17-21]. 

Although the ceramic wastes have shown good performance 

in conventional concrete, a methodical analysis of their graded 

integration and their effects on the strength-permeability 

interaction of pervious concrete has not been done extensively 

[22-25]. In that regard, the study examines the percentage of 

aggregate replacement in ceramic tiles of 10 to 40 % and their 

impact on compressive strength, hydraulic performance, 

density, and porosity of pervious concrete. The point of aim is 

to clarify the impacts of intrinsic characteristics of ceramic 

aggregates, such as decreased specific gravity and increased 

water absorption, on the effective ratio of water to cement, 

interconnectedness of pores, and the synergy of strength to 

permeability. Through the measurement of the change in 

performance with respect to replacement gradients, the study 
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determines the ideal level of replacement at which the 

structure is adequately built without sacrificing the capacity to 

infiltrate. The novelty of this work is: 

(i) Systematic Replacement Gradient: The use of an

organized replacement gradient (10%, 20%, 30%, 35%

and 40%) to identify threshold behaviour as opposed to

an individual substitution level.

(ii) Quantified Strength–Permeability Trade-Off:

Quantitative understanding of strength to permeability

interaction in order to specify an optimal performance

range.

(iii) Mechanistic Interpretation: The mechanistic impact of

ceramic aggregate characteristics on volumetric and

microstructural properties.

(iv) Regional Adaptation: Changing the experimental

structure to suit Pune’s climatic and other

infrastructural settings. This study, therefore,

hypothesizes an optimization framework of ceramic

waste incorporated in pervious concrete that promotes

pavement design and development of urban structures

that are sustainable and climate resistant.

2. LITERATURE REVIEW

Pervious concrete has become a leading research topic in 

sustainable pavement engineering because it has the ability to 

be applied in managing storm water concurrently, reducing 

urban heat islands, and conserving resources. Its mechanical, 

hydraulic, and environmental performance properties have 

been well researched, especially this is in the context of 

optimization of pore structure and use of recycled materials or 

waste materials. The current literature review is used to 

synthesize the research on the pervious concrete and waste 

material integration conducted in the past to establish the 

findings, limitations and gaps in research that guide the aim of 

the existing study. 

2.1 Pervious concrete 

Pervious concrete is a very porous cementitious composite, 

which is meant to permit water to bypass into its interlocked 

cellular structure [1, 26, 27]. Its behavior can be controlled by 

a series of properties of pore structure such as porosity, 

connectivity, tortuosity and pore size distribution, which 

depend on aggregate grading, compaction energy, water-

cement ratio and addition of other supplementary materials 

[28-31]. Pervious concrete is usually there with 15 to 30% 

interconnected voids as a result of low or undeveloped fine 

aggregates, resulting in high permeability that can be used in 

groundwater recharge and attenuation of runoff [1, 32-35]. 

Nevertheless, porosity also means compressive strength, and 

thus structural use is usually limited only to low-traffic 

pavements. 

In addition to hydraulic performance, pervious concrete has 

the benefits of lower surface temperature, caused by 

evaporation cooling, better skid resistance caused by surface 

texture and potential use of industrial by-products and 

recycled materials [36-41]. However, the porosity to 

compressive strength relationship is always a critical design 

issue where the mix proportioning strategies must be 

optimized in such a way that structural and hydraulic 

performance are balanced [42-45]. 

2.2 The waste material in construction 

One of the most common ways to improve the concept of 

sustainability has been the introduction of waste products, 

meaning recycled glass, plastics, fly ash and slag in pervious 

concrete to promote the utilization of natural aggregates [17, 

19, 46-51]. These materials are capable of enhancing the 

desired performance qualities such as durability, workability 

and toughness when applied in the optimum combination. 

Additionally, the alternative solutions decrease landfill wastes, 

decrease environmental impact and promote principles of the 

circular economy [29, 52-57]. The overall life cycle 

assessment framework of ceramic waste utilization in pervious 

concrete is illustrated in Figure 1. 

Though the studies have proved the viability of the 

incorporation of waste, most of them seem to study the isolated 

mechanical parameters or durability of the structure, but not to 

compare the synergy of the strength and hydraulic 

performance. As a result, future studies are needed to measure 

the tradeoffs in terms of performance in conditions of 

controlled replacement gradients and develop performance-

driven optimization frameworks of sustainable pervious 

concrete deployment. 

Figure 1. Circular life cycle assessment of ceramic waste-

based pervious concrete 

3. MATERIALS AND METHODS

The experimental study is aimed at testing pervious 

concrete with the replacement of natural coarse aggregates 

with ceramic waste aggregates 10 to 40%. The foundations of 

the methodology are systematic characterization of the raw 

materials, proportioning of the mixes in control, standardized 

specimen preparation and mechanical, physical and hydraulic 

performances. The overall process adopted for mixing 

pervious concrete is illustrated in Figure 2. 

3.1 Raw materials 

3.1.1 Cement 

An ordinary Portland cement (OPC 53 grade) that met the 

requirements of IS 12269 was deployed as the binding 

material. The tests of standard consistency and preliminary 

and terminal setting time were done in accordance with IS 

4031 to confirm adherence to specifications. The cement has 

been purchased locally in Pune, India. 

3.1.2 Natural coarse aggregate 

Crushed granite aggregate with angular particles and a 
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particle size ranging from 8 to 12.5 mm was used. All tests 

were conducted in accordance with IS 2386. The measured 

properties are as follows: specific gravity of 2.70, water 

absorption of 0.5%, aggregate crushing value of 12.86%, and 

aggregate impact value of 20.2%. 

Figure 2. Experimental procedure for mixing and preparation 

of pervious concrete specimens 

3.1.3 Ceramic waste aggregate 

Discarded glazed ceramic floor tiles were sourced from tile 

manufacturing industries and construction waste sites in Pune. 

The tiles were manually crushed using a mechanical hammer 

and subsequently sieved to obtain particle sizes ranging from 

4 to 12 mm, ensuring compatibility with the gradation of the 

natural aggregates. The ceramic aggregates revealed the 

following properties: specific gravity of 2.11, water absorption 

of 2%, aggregate crushing value of 14.33%, and aggregate 

impact value of 24.2%. 

The physical and mechanical properties of the natural 

coarse aggregate and crushed ceramic tile aggregate are 

summarized in Table 1. 

Due to the lower specific gravity and higher water 

absorption of the ceramic aggregates, an influence on the 

effective water-to-cement ratio and pore connectivity of the 

pervious concrete matrix was to be expected. 

Gradation Analysis: 

The sieve analysis results for ceramic tile aggregates are 

presented in Figure 3. 

Figure 3. Ceramic tile aggregate sieve analysis (4 mm to 8 

mm size range) 

The gradation characteristics of ceramic tile aggregates in 

the 8 mm to 12 mm size range are shown in Figure 4. 

Figure 4. Ceramic tile aggregate sieve analysis (8 mm to 12 

mm size range) 

The sieve analysis confirmed that the majority of particles 

fell within the 4 mm to 12 mm range, ensuring a uniform 

particle size distribution as required by the selected mix 

design. 

3.2 Raw material characterization 

The characterization of raw materials using their normal 

intensity will also be performed. Characterization of raw 

materials in the form of normal intensity will be conducted as 

well. 

Before the mix preparation, a test of quality control was 

made on all materials: 

● Specific gravity and absorption of water: IS 2386.

● Crushing and impact value: IS 2386.

● Consistency and time of setting cement: IS 4031.

● Gradation verification Sieve analysis.

These tests were used in ensuring uniformity, reliability and

standard specifications prior to mix proportioning. 

The variation in the quantity of natural aggregates and 

ceramic tile replacement used in different concrete mixes is 

illustrated in Figure 5. 

Figure 5. Quantity of aggregates vs. ceramic tiles 

replacement in concrete mixes 
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Table 1. Aggregate test results 

Material 
Specific 

Gravity 

Water Absorption 

(%) 

Surface 

Moisture 

Crushing Value 

(%) 

Impact Value 

(%) 

Coarse aggregate 2.7 0.5 Nil 12.86 20.2 

Crushed waste ceramic 

tiles 
2.11 2 Nil 14.33 24.2 

Table 2. Mix design 

Mix 

Design 

No. 

No. of 

Cubes 

Total 

Concrete 

Volume 

Cement-

Aggregate 

Ratio 

Cementitious 

Materials 
Aggregates Water-

to-

Cement 

Ratio 

Water 

Content 
OPC 53 Fly Ash 

Coarse 

Aggregate 

Coarse 

Aggregate 

Ceramic 

Tiles 

(10-12 mm) (8-12 mm) (8-12 mm) 

1 9 0.003 m3 18/82 28.3 kg NA 54.5 kg NA NA 0.45 2.710 kg 

2 9 0.003 m3 18/82 8.025 kg NA 45.3 kg NA NA 0.35 2.808 kg 

3 9 0.003 m3 18/82 7.623 kg 
0.401 kg 

(5%) 
45.3 kg NA NA 0.35 2.668 kg 

4 9 0.003 m3 18/82 8.025 kg NA NA 45.3 kg NA 0.35 2.808 kg 

5 9 0.003 m3 18/82 8.025 kg NA 31.71 kg NA 
9.060 kg 

(30%) 
0.45 3.611 kg 

6 9 0.003 m3 18/82 8.025 kg NA 34.73 kg NA 
10.57 kg 

(35%) 
0.55 4.413 kg 

7 9 0.003 m3 18/82 8.025 kg NA 37.75 kg NA 
7.55 kg 

(25%) 
0.43 3.611 kg 

3.3 Mix proportioning 

Mix design was established in pursuance of IS 10262 as 

well as IS 456. Seven mix designs were made depending on 

the different combinations of ceramic aggregate replacement 

(10%, 20%, 25%, 30%, 35% and 40%). Aggregate-to-cement 

ratios were between 18:82 and 30:70 and water-cement ratios 

were between 0.35 and 0.55 in order to adjust to the greater 

absorption of the ceramic aggregates. The mix proportions and 

material quantities adopted for the different concrete mixes are 

presented in Table 2. 

All mixes were separated into cubes of specimens, 3 cube 

specimens, which were tested after 7, 14, and 28 days. All the 

figures were converted to a normalized level on a per cubic 

meter basis. 

3.4 Specimen preparation 

The following standard procedure was applied to the 

specimen: 

Step 1: Dry mixing 

Cement, natural aggregates, and ceramic aggregates were 

dry mixed for 2 min. The selected size range of coarse 

aggregates and crushed ceramic waste aggregates used in the 

experimental study are shown in Figure 6. 

Figure 6. The size of coarse aggregate and ceramic waste 

aggregate chosen 

The in-house mixing process of cement and aggregates 

during specimen preparation is illustrated in Figure 7. 

Figure 7. In-house picture of mixing of cement 

Step 2: Addition of water 

Water was added gradually in small increments to achieve 

a homogeneous consistency. 

Step 3: Casting 

The fresh concrete was cast into greased 150 mm cube 

moulds in two layers. Light hand compaction was applied to 

preserve an interconnected porous structure while ensuring 

adequate bonding. The prepared pervious concrete cube 

specimen used for experimental testing is shown in Figure 8. 

Figure 8. Pervious concrete cube 
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The in-house prepared pervious concrete cube specimens 

after casting and curing are presented in Figure 9. 

Figure 9. In-house pictures of a pervious concrete cube 

Step 4: Demoulding  

Demoulding of the specimen took place after 24 hours.  

Step 5: Curing 

The water curing was performed on 7, 14, and 28 days at 

temperatures of 27+ or -2 ℃. 

3.5 Testing protocol 

Standards of testing adhered to in the present study are as 

follows: 

The Indian Standards (IS), ASTM standards, and ISO codes 

followed in the present experimental investigation are 

summarized in Table 3. 

After curing, the specimens were subjected to both 

mechanical and physical tests, which included: 

● Compressive strength measured on 150 mm cubes.

● Dry density (hardened mass-to-volume ratio).

● Total porosity determined in accordance with ASTM

C1688.

● Surface permeability (hydraulic conductivity) 

measured using the constant-head method in 

accordance with ASTM C1701/C1701M. 

It should be noted that this study did not investigate long-

term durability aspects, such as freeze-thaw resistance and 

clogging behavior. These are identified as objectives for future 

research. 

The overall process and methodology adopted in the present 

research work are illustrated in Figure 10. 

Table 3. Standards followed in the experimental study 

Sr. 

No. 
IS Code ASTM Code Description 

1. 
IS 

1727:1967 
NA 

Indian standard for 

casting of pervious 

concrete. 

2. IS 383:1970 NA 

Indian standard for 

specification of 

aggregates for 

concrete. 

3. NA
ASTM 

C1688/C1688M 

Method of test for 

porosity and density 

of freshly mixed 

porous concrete. 

4. 
ISO 17785-

1:2016 
NA 

Procedure for 

determining the 

permeability of 

hardened pervious 

concrete. 

5. NA

ASTM 

C1747/C1747M-

13  

Method of test for 

evaluating resistance 

to degradation of 

porous concrete via 

impact and abrasion. 

6. NA

ASTM 

C1701/C1701M-

09 

Standard method for 

measuring the 

permeability of in-

place porous 

concrete. 

Figure 10. Process diagram of research work 

4. RESULTS AND DISCUSSIONS

4.1 Hardened dry density 

The hardened dry density of the pervious concrete was on a 

decreasing tendency as the replacement of the ceramic 

aggregate increased. It is mostly explained by the fact that the 

specific gravity of ceramic aggregates (2.11) is much less in 

comparison to natural granite aggregates (2.70). The higher 

the content of the ceramic, the lower would be the unit weight 

389



of the composite, which showed growth in the amount of void 

organization within the composite. 

The change of the density prior to and after casting is shown 

in Figure 11. They are seen to reduce in density following 

casting and this can be explained by the entrapping of air, the 

stabilization of pores as the compaction happens and also the 

redistribution of moisture as the casting process goes through 

drying. The difference between theoretical and hardened 

densities can affirm the existence of the interconnected voids, 

which is vital towards functioning in the hydraulic way, but 

has a bearing on structural capability. Density cast values 

exhibited a range of 1848 to 1893 kg/m3 of mixes on a volume 

of ceramic tiles and thus with features of lightweight compared 

to the traditional concrete, although with the fundamental and 

viable properties of structural strength in pervious concrete 

systems. 

Figure 11. Concrete density before and after casting 

4.2 Compressive strength 

The compressive strength in 28 days ranged from 10.56 

MPa (Mix 1: control) and 4.25 MPa (Mix 6: increased 

replacement level). The greatest strength was observed with a 

30% replacement (Mix 5) of ceramic tiles containing a mix 

that produced a strength of 8.25 MPa.  

The variation in compressive strength of different pervious 

concrete mixes is illustrated in Figure 12. 

Figure 12. Compressive strength of concrete mixes 

Compressive strength was seen to constantly decrease 

above 30% replacement. The above behaviour indicates the 

progression of the power of internal porosity, as well as the 

decreased tendency of load transfer among the aggregate 

particles with growing ceramic content. Strength Trend 

Analysis: Compressive strength was at an acceptable level of 

low traffic pavement at up to 30% replacement. Above 30%, a 

major drop in the strength was registered, up to 4.25 MPa, with 

higher replacement levels. This is because the enhanced 

performance at 30% replacement was due to moderate 

absorption of ceramic aggregates (2%) of water that 

minimized effective free water and locally sharpened the 

structure of the paste. Morphology of the particles which 

improve mechanical interlocking at area of transition at the 

interface. Even connectivity of pores without unnecessary 

disconnectivity of load bearing aggregate skeleton. Beyond a 

replacement level of more than 30%, too much ceramic 

addition enhances vacuity and aggregate lack of interlocking, 

which leads to strength wearing out.  

The compressive strength and density results obtained for 

different concrete mixes are summarized in Table 4.

Table 4. Summary of strength and density results 

Mix Design No. No. of Cubes 
Total Concrete Volume 

(m3) 
Compressive Strength (N/mm2) 

Density 

Before Casting 

(kg/m3) 

(Theoretical) 

Density 

After Casting 

(kg/m3) 

(Post Casting) 

1 9 0.003 10.56 2350.14 2100.92 

2 9 0.003 6.75 2214.23 1864.44 

3 9 0.003 4.52 2070.00 1848.89 

4 9 0.003 5.33 1977.45 1872.95 

5 9 0.003 8.25 1985.87 1872.96 

6 9 0.003 4.25 2135.00 1876.66 

7 9 0.003 6.25 2106.70 1893.33 

4.3 Hydraulic surface permeability 

The hydraulic performance also increased as the content of 

ceramic aggregates increased because the interconnected pore 

structure was better and because the density of the composite 

had decreased. A higher capacity to infiltrate was made easier 

by greater porosity. The replacement mix 30% obtained an 

1800 mm/hr infiltration, which is higher than the suggested 

replacement pavement systems more than >1000 mm/hr of 

concrete sidewalks and parking lots. The replacement of more 

than 35% led to only a small increment of infiltration and a 

significant decrease in compressive strength. This implies 

declining hydraulic gains with reference to the structural 

losses at increased replacement levels.  

4.4 Strength permeability trade-off 

The obtained outcomes indicate that there is an obvious 
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negative correlation between compressive strength and 

permeability, Ceramic content, porosity, and infiltration. 

Ceramic content, Density, Compressive strength. The 

correlation is, however, nonlinear. The 30% replacement level 

is an ideal performance range whereby: Compressive strength 

is 8.25 MPa and Permeability 1800 mm/hr, Stable density 

1873 kg/m3. This balance thinks that the incorporation of 

ceramic waste should be optimal instead of being maximal. 

Over replacement does not represent the hydraulic benefit of 

the skeleton proportionally.  

4.5 Application feasibility 

A performance-based evaluation was conducted by 

correlating the experimental results with practical pavement 

requirements. Mix 1 (10.56 MPa) meets the requirements for 

pedestrian pavements and low-volume vehicle applications. 

Mix 5, with a compressive strength of 8.25 MPa at 30% 

replacement, falls below the lower-bound requirements for 

light-duty parking areas and internal roads. Mixes with 

compressive strengths below 5 MPa are suitable only for non-

load-bearing drainage layers or landscaping applications. 

Considering both mechanical strength and high infiltration 

capacity, the 30% ceramic replacement mix exhibits the most 

favorable balance for permeable pavement applications under 

light-traffic conditions. 

4.6 Mechanistic interpretation of optimal replacement 

This theory explains the success and failure of the 

replacement methodology. The optimal performance observed 

at the 30% replacement level is attributed to the following 

factors: 

• A widened downward shift in the effective water-to-

cement ratio (2%);

• Improved interfacial bonding due to the rough and

angular surface texture of the ceramic aggregates;

• Maintenance of stability and a load-bearing skeleton,

while avoiding excessive skeletal densification through

controlled pore connectivity.

Beyond the 30% replacement threshold, excessive porosity 

within the ceramic aggregates undermines aggregate 

interlocking, resulting in a reduction of compressive strength 

to 4.25 MPa. The findings support the fact that the strength 

permeability interaction is nonlinear and is governed by 

aggregate absorption properties, pore structure development 

and volumetric stability. 

5. CONCLUSIONS

This study demonstrates that waste ceramic tiles can be 

successfully used as a partial replacement for natural coarse 

aggregates in pervious concrete, with an optimal replacement 

level of 30%. The experimental findings confirm that, at this 

replacement level, the structural capacity is maintained with 

minimal adverse effects on the functional and mechanical 

performance of the pervious concrete. 

The 30% replacement mix attained a compressive strength 

of 8.25 MPa, but also a high hydraulic performance of 1800 

mm/hr. infiltration capacity, which means that there is a 

balanced interaction between strength and permeability. 

Replacement above 30%, the strong compressive strength was 

found to be much lower, as low as 4.25 MPa, which proves 

that with a high level of ceramic incorporation, the 

interlocking and load transfer process between the aggregates 

is weakened by high internal porosity. 

The given findings make it clear that the incorporation of 

the ceramic waste should be optimized, not maximized. At the 

estimated performance window, without overstepping the 

performance limits that are deemed acceptable, it is possible 

to achieve environmental advantages such as waste diversion 

and improved management of stormwater. The findings 

promote the use of the performance-based optimization 

framework for sustainable pervious concrete design. 

5.1 Summary of findings 

● Compressive strength remained generally satisfactory

when up to 30% of natural coarse aggregates were

replaced with ceramic waste.

● A higher ceramic content increased porosity and

hydraulic conductivity due to enhanced pore

connectivity.

● The strength-permeability relationship was non-linear,

governed by aggregate absorption characteristics and

pore structure development.

● The 30% replacement level offered the best

compromise between structural adequacy and drainage

performance.

5.2 Practical implications 

The use of ceramic waste in the pervious concrete also leads 

to sustainable construction, and this aspect of the construction 

scenario has made sure to shift the industrial waste off the 

landfills and has reduced reliance on virgin natural aggregates. 

The method would assist in the circular economy principles of 

pavement engineering. 

The optimized mix can be used in low-volume roads with 

low-level infiltration capacity and high mechanical strength, 

which would be suitable for the application of sidewalks, 

pedestrian pavements, parking, and low-volume roads. It 

could be noted that the implementation of such systems of 

permeable pavements can enhance urban resilience by 

improving the mitigation of stormwater runoff, localized 

flooding, and providing a contribution towards moderating 

surface temperatures. 

Pervious concrete has been widely used all around the world 

in countries such as the United States, Japan, and other 

European countries in the completion of works like parking 

lots, sidewalks, and low-traffic pavements. The results of the 

current research can justify analogous applications in the 

booming cities where drainage systems do not yet follow the 

needed standards. 

5.3 Scope and limitations 

This experiment is restricted to the short-term mechanical 

and hydraulic performance testing under laboratory-controlled 

conditions as laboratory controlled. Resistance to long-lasting 

strength factors, such as freeze-thaw resistance, clogging 

attribute, abrasiveness, and results of exposure to the 

environment, was not experimented. 

Differences in the composition of waste material, 

compaction energy and gradation can have a considerable 

effect on pore connectivity and mechanical behavior. Further 

studies should thus concentrate on: 
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● Durability evaluation over a period of time under cyclic

environmental conditions.

● Hydraulic performance field validation.

● Interfacial transition zones microstructural 

examination.

● Clogging and maintenance assessment.

The subsequent research on the hybrid waste mixtures and

optimization of the gradation can be considered a potential 

performance improvement without compromising the 

structural performance. 
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