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Abstract

Pervious concrete pavements have gained increasing attention as a sustainable stormwater
management solution due to their ability to reduce runoff volume and improve water qual-
ity through infiltration. This study investigates the stormwater runoff treatment potential
and performance efficiency of pervious concrete pavements incorporating industrial waste
materials, namely recycled concrete aggregate (RCA), ceramic waste (C), and waste tires
(T), as partial replacements for natural coarse aggregates. Concrete mixes were prepared by
replacing 10%, 20%, and 30% of the coarse aggregate volume with each waste material, and
the results were compared with normal pervious concrete. Stormwater runoff treatment
performance was evaluated by analyzing key water quality parameters, including total
suspended solids (TSSs), pH, turbidity, color, and electrical conductivity (EC), using col-
lected urban runoff samples. In addition, mechanical properties (compressive, tensile, and
flexural strength) and hydraulic properties (porosity and infiltration rate) were assessed to
ensure structural and functional suitability. The results demonstrate that pervious concrete
pavements incorporating industrial waste materials exhibit effective pollutant removal
while maintaining acceptable mechanical performance in accordance with ASTM standards.
Among the investigated pervious concrete types, pavements containing 10% recycled con-
crete aggregate and 10% ceramic waste showed superior reductions in TSS, turbidity, and
color compared to other waste-based and normal pervious concrete mixes. This study
demonstrated significant reductions in particulate pollutants (TSS, turbidity, and color),
while increases in pH and electrical conductivity highlighted early-age ion leaching from
the concrete matrix, underscoring both the treatment benefits and the need for long-term
monitoring under realistic deployment conditions. Overall, the findings highlight the
potential of industrial waste-based pervious concrete pavements as an environmentally
sustainable and effective solution for urban stormwater management.

Keywords: industrial waste utilization; pervious concrete pavements; runoff water quality;
stormwater runoff treatment; sustainable urban drainage

1. Introduction

Urban stormwater runoff poses significant challenges to the urban water environment.
This is mainly because it can transport loads of pollutants accumulated on different types
of urban impermeable surfaces such as roofs, roads, and parking lots into receiving water
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bodies, such as rivers and lakes, causing severe deterioration in the water quality and
many other adverse environmental and public health concerns. Saghaian et al. [1] and
Moore et al. [2] found that pollutants generated from different sources, such as vehicle
emissions, residential, industrial, agricultural, and commercial activities, contaminate
urban stormwater runoff and enter the stormwater drainage system. These contaminants
harm aquatic life, degrade water quality, and pose human health risks if ingested or used
recreationally after being washed into receiving water bodies. According to [3], major
contaminants in stormwater runoff include sediment, pathogens, heavy metals, nutrients,
and organic matter.

Traditional stormwater management practices often rely on storm drains and con-
veyance systems to transport runoff directly into nearby streams, rivers, and lakes. These
practices directly contribute to water pollution and exacerbate issues such as urban flood-
ing and erosion. As stated in [4], the increase in impermeable areas leads to a significant
increase in the amount of runoff because these surfaces prevent infiltration. Instead of infil-
trating into the ground, rainwater quickly flows over these surfaces, collecting and rapidly
transferring into drainage systems and bodies of water. This leads to increased runoff,
which can contribute to flooding and erosion by avoiding the soil’s natural absorption
and slow release of water. Also, traditional impermeable pavements further aggravate the
problem by increasing the speed of runoff, which can overload drainage systems, leading
to erosion.

Conversely, pervious concrete pavements have been promoted over time as an eco-
friendly stormwater management strategy because of their ability to allow water to pass
through the pavement surface and into the underlying soil layers, thereby reducing the
negative effects of stormwater runoff both in terms of quantity and quality [5,6]. Pervious
concrete pavements offer several environmental benefits compared to traditional concrete.
It helps manage stormwater pollution, reduces the need for water retention areas, and
minimizes overflow issues [7]. According to [8], pervious concrete pavements decrease
the amount and velocity of the runoff, replenishing the groundwater supplies through the
infiltration process and decreasing the risk of erosion and flooding. According to [9], the
high permeability of pervious concrete makes it suitable for a wide range of applications,
including base layers beneath heavy-duty pavements, parking areas, tennis courts, walk-
ways and pathways, road surfaces, golf courses, greenhouses, and as drainage media in
hydraulic structures.

Industrialization has undoubtedly led to economic growth and technological advance-
ments worldwide. However, it has also contributed to a considerable increase in the
production of waste. For example, waste tires, ceramics, plastics, glass, concrete aggregates,
and fly ash are among the various types of waste that have caused crucial concerns about
their environmental impact and disposal issues [10-12]. The uncontrolled disposal of such
industrial wastes contributes to severe degradation of the land, water, and air quality,
emphasizing the critical need for sustainable waste management techniques. Consequently,
with the integration of environmental management approaches over the past few years,
considerable attention has been given to utilizing industrial waste materials in various con-
struction applications to reduce environmental impact while also enhancing infrastructure
performance and sustainability. These materials provide the benefits of waste reduction
and resource conservation in construction projects because of their important qualities,
which include durability, thermal insulation, fire resistance, and often their capacity to be
recycled or repurposed.

This study aimed to investigate the potential of pervious concrete pavements incorpo-
rating industrial waste materials, such as recycled concrete aggregate, crushed tires, and
ceramics, to enhance stormwater runoff quality management through improved pollutant
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removal. The study particularly targets the assessment of total suspended solids (TSSs),
turbidity, and color as they act as surrogate indicators of particulate and colloidal matter,
which are recognized as primary carriers of adsorbed contaminants. Furthermore, electrical
conductivity (EC) was monitored to assess the presence and potential reduction in dis-
solved ions and salts, which reflect the overall mineral and contaminant load in runoff. In
addition, pH was monitored to capture the changes in water chemistry and to identify the
potential risks associated with alkalinity shifts or ion release from the concrete matrix. Col-
lectively, these indicators are critically related to stormwater runoff quality risk endpoints.
For example, TSSs and turbidity relate to pollutant transport and ecological risks such as
sedimentation and reduced light penetration; color reflects dissolved organic matter and
industrial leachates that influence discharge suitability and ecological health; EC indicates
ionic strength and salinity risks relevant to aquatic species and regulatory compliance; and
pH captures chemical stability and potential mobilization of metals. Therefore, through
mapping onto pollutant transport, ecological health, human health, regulatory or discharge
risk endpoints, these indicators enable a comprehensive assessment of the effectiveness of
stormwater runoff treatment via waste-modified pervious concrete pavements.

Furthermore, the application of recycled concrete aggregate, waste tires, and ceramics
in pervious concrete pavement construction offers multiple advantages. Firstly, it provides
an environmentally sustainable alternative to conventional pavements, decreasing the
need for virgin materials and reducing the carbon footprint connected with construction
activities. Secondly, the incorporation of these waste materials may improve structural
and hydraulic performance as well as the pollutant removal efficiency of pervious concrete
pavements, resulting in more effective stormwater management strategies. The perfor-
mance improvements of waste-incorporated pervious concrete pavements compared to
those of normal pervious concrete pavements observed in this study are hypothesized to
arise from distinct mechanisms: Recycled concrete aggregate may enhance the infiltration
rate because of its porous structure while still maintaining structural stability [4]. Further-
more, its porous structure may trap suspended solids and colloidal matter more effectively,
whereas residual cementitious phases raise alkalinity that promotes precipitation of certain
dissolved contaminants and adsorption mechanisms, thereby further improving pollutant
removal. Crushed rubber, derived from waste tires, may enhance the mechanical resilience
of pervious concrete due to its elastic properties. The inclusion of crushed rubber can
increase void connectivity, thereby improving infiltration rate and facilitating the trapping
of pollutants, while its surface characteristics promote the adsorption of hydrophobic
contaminants [11]. On the other hand, crushed ceramic aggregates, derived from waste
tiles, are particularly suitable for pervious pavement applications because their rigid and
angular structure enhances mechanical stability while their porous microstructure supports
infiltration rate [11,12]. The rough surfaces of ceramic particles facilitate the filtration of
suspended solids and provide additional adsorption sites for dissolved contaminants. In
this study, these proposed mechanisms were evaluated using a dataset of mechanical and
hydraulic parameters and key water quality indicators, as explained in Sections 2.2.5-2.2.7.
For example, an improved infiltration rate and reduced turbidity would support the hy-
pothesized role of crushed rubber, whereas unchanged or elevated turbidity would falsify
it. Similarly, reductions in EC would support the role of recycled concrete aggregate in ion
removal, while stable or increased EC values would contradict this mechanism. By linking
hypothesized mechanisms to measurable outcomes, this study ensures that performance
claims are grounded in testable evidence, thereby reinforcing the scientific basis for indus-
trial waste incorporation in pervious concrete pavements as a sustainable and effective
stormwater management strategy.

https:/ /doi.org/10.3390/w18060675


https://doi.org/10.3390/w18060675

Water 2026, 18, 675

40f27

(a) Waste Tire (b) Ceramic (c) Recycle Concrete Aggregate

This study, therefore, seeks to establish an interconnection between stormwater man-
agement and industrial waste utilization, thereby supporting informed decision-making
for sustainable development.

2. Materials and Methods
2.1. Materials

In this study, three types of industrial waste materials, namely recycled concrete
aggregates (RCA), tire (T), and ceramic (C) were selected as substitutes for normal coarse
aggregates. All waste materials were crushed and sieved before use to obtain a particle size
range of 9.5-19 mm, consistent with the gradation specified in [13]. The same particle size
distribution was adopted for the normal coarse aggregate and all three waste materials to
ensure uniformity among the mixes. This approach was adopted to minimize the influence
of particle size distribution on pore structure and hydraulic performance, thereby ensuring
that the differences in the stormwater runoff treatment potential are primarily attributable
to material type rather than aggregate size effects. The crushed tire aggregates were sourced
from the middle portion of discarded tires, with all steel wires removed prior to use. This
preparation ensured that no residual iron was present in the specimens, thereby eliminating
the possibility of wire corrosion influencing water quality parameters such as electrical
conductivity. The samples of these crushed waste aggregates are shown in Figure 1.

Figure 1. Samples of waste materials used.

In the pervious concrete mixes, Ordinary Portland cement obtained from Tokyo
Cement (Lanka) PLC, Colombo, Sri Lanka was used as the main adhesive, meeting the
ASTM standards [14]. A water-reducing admixture called HYPERCRET-R, obtained from
Millennium Concrete Technologies (Pvt) Ltd., Colombo, Sri Lanka, was added to enhance
the workability and flowability of the pervious concrete mix. Retarding admixtures were
also included to control the cement’s hydration process, ensuring that the concrete cured
properly and that its strength developed effectively. This combination of materials helped
achieve the desired performance and durability of the pervious concrete mix.

2.2. Methodology
2.2.1. Mix Design

The mix design was selected based on previous studies [15,16], which compared
M15, M20, and M25 grades of pervious concrete with conventional concrete for designing
concrete specimens. From this comparison, the M20 grade was chosen for this study, as it
provided a suitable balance of strength and porosity for the intended application. The mix
proportions for the M20 grade are presented in Table 1.

https://doi.org/10.3390/w18060675


https://doi.org/10.3390/w18060675

Water 2026, 18, 675 5o0f 27

Table 1. Mix proportions for M20 grade of concrete [15,16].

Materials Proportions for No-Fine Concrete
Cement (kg/m?3) 380

Fine aggregate 0

Coarse aggregate (kg/m3) 1113.75

Water—cement ratio by mass 0.3

Admixture (ml) 76

2.2.2. Stormwater Runoff Collection

Stormwater runoff samples were systematically collected on four separate days over
two months from a road surface located in an urban area adjacent to the university using the
sheet flow sampling method. This method, recognized for its simplicity and standardized
application, was employed to manually collect stormwater runoff from street surfaces [17].
Runoff samples were collected within the first 5-10 min of the rainfall event to capture the
initial runoff, or “first flush”, because it contains the highest concentration of pollutants, as
it captures runoff from surfaces that have accumulated contaminants before the rain dilutes
the flow. This is supported by [8], which notes that 90% of the pollutants on sidewalks
are removed during the first flush of a storm, which is the first 25 to 35 mm of rainfall.
The collected samples were filtered through the pavement specimens uniformly using a
showerhead, and the filtrations were obtained. This procedure was repeated across four
different rainfall events to ensure the consistency and reliability of the data collected.

2.2.3. Test Specimen Casting

Following the specified mix design, three concrete mixes were prepared for each waste
material by replacing the normal coarse aggregate content by volume at levels of 10%, 20%,
and 30%. A control mix containing 100% normal coarse aggregates (NPC) was also cast and
used as a reference for evaluating the performance and suitability of the waste materials.
Therefore, in total, ten types of pervious concrete mixes were prepared for experimental
investigation in this study.

For experimental evaluation of water quality and mechanical and hydraulic parame-
ters, concrete specimens of different dimensions were prepared. These parameters were de-
liberately selected to test the hypotheses formulated in this study, as described in Section 1.
Ten pavement specimens measuring 150 mm x 100 mm X 50 mm were cast from each
concrete mix to study infiltration rate and water quality. Additionally, three cube specimens
of 150 mm X 150 mm x 150 mm were cast from each concrete mix for compressive strength
testing, while three beam specimens of 100 mm x 100 mm x 400 mm were cast from each
concrete mix for flexural strength testing, and three cylindrical specimens with dimensions
of 110 mm x 220 mm were cast from each concrete mix to assess tensile strength. Further-
more, three cube specimens of 150 mm x 150 mm x 150 mm were cast from each concrete
mix to determine porosity. All specimens were tested after a curing period of 28 days.

All materials were weighed and prepared according to the mix design. The mixing
process was carried out using a mixer, and each mold was filled in two equal layers. Each
layer was compacted with 20 blows using a standard proctor hammer to ensure proper
compaction. After casting, the samples underwent curing until the designated testing date.
The test specimens prepared can be seen in Figure 2a.

2.2.4. Test Setup Preparation

A glass box measuring 150 mm x 100 mm x 200 mm, open at the bottom, was used
to hold each pavement specimen during stormwater runoff filtration (Figure 2b). This
setup enabled the collection of the filtrate, which was subsequently analyzed to assess
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water quality and infiltration rate after passing the collected stormwater runoff through
the pavement specimen. After 7 days of curing, each casted pervious concrete pavement
specimen was placed in the glass box and securely sealed using a silicone waterproof sealant
to ensure a tight fit. The box was then positioned on top of a transparent tub to collect
the filtered water. As shown in Figure 2b, the water passing through the specimen was
gathered in the tub for subsequent testing. Precautions were taken to prevent contamination
by thoroughly rinsing the plastic tub with deionized water before each filtration cycle.
In addition, quality control checks of water quality parameters using deionized water
were performed to verify that the container did not introduce any contaminants into the
filtered samples.

(a) Casted specimens (b) Test setup
Figure 2. Test specimens and stormwater runoff filtration process.

2.2.5. Testing of Water Quality Parameters

Laboratory experiments were conducted to analyze the quality of both the raw water
(runoff) and the filtrates obtained from each pervious concrete pavement. Based on the
findings of the literature review, all of the samples were analyzed for the key water quality
parameters listed below.
pH.

Electrical conductivity (EC).
Total suspended solids (TSSs).
Turbidity.

Color.

Water quality analysis was carried out according to the methods specified in the
Standard Methods for the Examination of Water and Wastewater [18]. All parameters were
evaluated by treating each storm event as an independent replicate.

2.2.6. Testing of Hydraulic Properties
Infiltration Rate

The infiltration rate for each pervious concrete pavement was assessed by measuring
the volume of water that passed through each pervious concrete pavement specimen over
a set period. The infiltration rate (i) was determined using Equation (1).

1%

i= M)

where i = the infiltration rate (mm/s), V = the volume of water that infiltrated (mm?),
A = the cross-sectional area of the specimen (mm?), and ¢ = the time taken for the measured
volume of water to pass through the concrete(s).
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Porosity

As mentioned in Section 2.2.3, porosity tests were conducted on ten pervious concrete
mixes, with three pervious concrete (PC) specimens prepared for each mix design, in
accordance with guidelines provided in [19]. The volume of solids was calculated by
dividing the difference between the dry weight and submerged weight by the density of
water (p,,). Finally, porosity (1) was calculated using Equation (2) [20].

= (1 -~ (—M‘;Z:V]S\/Iw)> x 100 @

where # = porosity (%), My = weight under water (kg), M; = oven-dried weight (kg),
Vs = sample volume (m?3), and p,, = density of water (kg/ m?).
Sample calculation for RCA 20% pervious concrete mix:

e Volume V; = 0.003375 m?>.
e  Dry mass (My) =5.74 kg.
e  Submerged mass (My) = 3.28 kg.

_(,  5738-328
= 1000 x 0.003375

> x 100 = 27.24%

2.2.7. Testing of Mechanical Properties

Compressive strength

As discussed in Section 2.2.3, the compressive strength of ten pervious concrete mix
designs was evaluated using cube-shaped specimens of 150 mm x 150 mm x 150 mm. For
this purpose, three cubes from each mix design were prepared and tested after 28 days of
curing. A universal material testing machine was utilized to perform a compression test on
the specimen (refer to Figure 3a). The test was load-controlled, and the loading rate was set
in accordance with [21].

(a) Cmpresive Stgth (b) Flexural strength (c) Tensile strength

Figure 3. Testing of mechanical properties.

Flexural strength

As mentioned in Section 2.2.3, the flexural strength of ten pervious concrete mix designs
was determined using beam specimens, each with dimensions of 100 mm x 100 mm x 400 mm
after 28 days of curing. The test was carried out using three specimens prepared for each
concrete mix using the standard test methods outlined in [22] (refer to Figure 3b), ensuring a
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consistent and reliable procedure for measuring flexural strength. As per the testing procedure,
the specimens were subjected to uniform loading at a rate of 0.03 kN/s.

Tensile strength

As mentioned in Section 2.2.3, the tensile strength of ten pervious concrete mix designs
was determined using cylindrical elements with a 110 mm diameter and a height of 200 mm.
Similar to the other parameters, the test was carried out using three specimens prepared
for each concrete mix. After 28 days of curing, all samples were subjected to a split tensile
strength test in accordance with [23] (refer to Figure 3c). As per the testing procedure, the
loading rate was about 0.4 kN/s.

2.2.8. Data Analysis

Data analysis was performed mainly in three steps. Firstly, the variation in each
water quality parameter relative to the raw stormwater runoff quality was analyzed to
assess the individual treatment performance of each pervious concrete pavement speci-
men. Secondly, changes in hydraulic and mechanical properties were evaluated using the
average values obtained for each parameter across the different mix designs, and these
results were compared with those of NPC and the minimum recommended standards. In
addition, correlations between the parameters were also analyzed to identify the potential
interdependencies. All these analyses were performed using univariate statistical methods
in Microsoft Excel (Microsoft 365).

Thirdly, a comprehensive performance assessment was conducted to identify the pervi-
ous concrete mix demonstrating the overall best performance, considering both stormwater
runoff quality improvement and compliance with civil engineering requirements. For this
purpose, a multi-criteria decision-making (MCDM) technique, the Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS), was employed [24]. This method
allowed for the simultaneous evaluation of multiple water quality and strength parameters
and enabled the ranking of pervious concrete mixes based on their overall performance
relative to the ideal solution.

Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), originally
developed by Hwang and Yoon (1981) [25], is a well-established approach for solving
MCDM problems with many alternatives. Since its development, it has been enhanced and
adapted by various researchers through extensions such as fuzzy formulations and hybrid
models that integrate the TOPSIS with other techniques, notably the Analytic Hierarchy
Process (AHP) [26]). As a multi-attribute decision-making (MADM) technique, the TOPSIS
facilitates practical decision-making by systematically assessing, comparing, and ranking
competing options. The method identifies the most appropriate option based on its relative
proximity to the ideal solution while considering multiple evaluation criteria [25,27].

According to [27], the procedure for the TOPISIS can be expressed in a series of steps
as follows:

Step 1: Construct the Decision Matrix

X:[xij]mxn,izl,z,...,m; j:1,2,...,n (3)

xj; = the value of criterion j for alternative i.
Assign criteria weights:

n
W = (wy,ws,...,wy), ) wj=1 (4)
j=1
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Step 2: Normalize the Decision Matrix
Vector normalization is used to remove unit differences:

xl‘]'

tij = —F— (5)

m 2

i=1"ij
Normalized matrix:

R = [rij]

Step 3: Construct the Weighted Normalized Matrix
vij = w] X Ti]' (6)
V = [vj]

Step 4: Determine Ideal Solutions
The positive ideal solution represents the optimal performance level for each parameter
and is defined as follows:

AT ={vf,05,..., 05}

v =

L {max (vij)  For parameters where higher values indicate better performance.
]

min (v;;)  For parameters where lower values indicate better performance.

The negative ideal solution represents the least desirable performance for each param-
eter and is defined as follows:

A™ ={v],05,...,0, }

o

_ { min (v;;)  For parameters where lower values indicate worst performance.
;=

max (v;;) For parameters where higher values indicate worst performance.

Step 5: Calculate Separation Distances
Distance from positive ideal:

SH= )
Distance from negative ideal:
S; = (8)
Step 6: Calculate Relative Closeness
f= ol ©)
LSt S”
where:
0<Cf <1

Step 7: Rank the Alternatives
Alternatives are ranked based on C;.
Higher C — better performance.
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3. Results and Discussion
3.1. Analysis of Water Quality Parameters

Water quality analysis was carried out for four raw stormwater runoff samples col-
lected and for the filtrates obtained from each pavement specimen during each test round
for the selected set of key water quality parameters, as described in Section 2.2.5. Data anal-
ysis of water quality parameters was performed using two sets of graphical representations.
The first set illustrates the variation in each parameter across the sample sets for individual
storm events and for each pervious concrete mix. The second set presents the average vari-
ation in each parameter across all storm events, together with the corresponding removal
efficiencies calculated relative to the raw water baseline.

Pollutant removal efficiency (%) was determined for parameters that decreased after
filtration, which include TSSs, turbidity, and color as a removal percentage (Removal %),
using Equation (10). For parameters that increased after filtration such as electrical conduc-
tivity, the percentage increase (Increment %) was calculated using Equation (11).

Average of raw water value — Average Value
o/
Removal % = ( Raw Wator Value > % 100 (10)
Average Value — Average of raw water value
o/ —
Increment % = ( Raw Water Value ) x 100 (11)

where Average Value = the average of the filtered stormwater samples and
Raw Water Value = the average value of the parameter in the raw water sample.

3.1.1. pH Variation

The pH of stormwater runoff is a critical indicator of the quality of receiving water
bodies as it indicates the overall health and ecological stability of the aquatic environment.
Urban areas contribute a great deal of pollutants generated from various anthropogenic
activities into stormwater runoff. These will easily shift the pH of runoff to either more
acidic or more alkaline values, with many negative consequences for the local water bodies
and their aquatic ecosystems. Acidic runoff or alkaline runoff can be toxic to life in the water,
damage natural habitats, and disrupt the delicate ecosystem’s balance, which is dependent
upon a specific pH range for its optimal functioning [28]. The pH levels measured in the
raw stormwater runoff and the filtrate for each day are presented in Figure 4.

Raw water

ESJNPC
E—JRcA10%
T RCA20%

pH Level
DO OO

X XXX XXX XXX XX XX

KX

No of samples

Figure 4. Variation in pH.

Figure 4 shows that the raw stormwater runoff has an average pH level of approxi-
mately 8, which increases noticeably in the filtrates obtained from all the pervious concrete
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pavements across all storm events. This elevation occurs because the concrete components
are inherently alkaline, with cement containing calcium hydroxide that dissolves and
increases the hydroxide ion concentration in water. When stormwater runoff infiltrates
the pervious concrete, it interacts with the cementitious phases, releasing alkaline com-
pounds that raise the pH. Previous studies examining the impact of pervious concrete on
water quality have reported similar findings [16,28,29]. However, the filtrate pH values
presented here reflect measurements taken at relatively early curing ages, when the release
of alkaline constituents is most pronounced. Over weeks to months, continued hydration
and carbonation reduce the availability of free calcium hydroxide and other soluble ions,
leading to a gradual decline in pH toward more neutral values [30]. This ageing effect has
important implications for field deployment. In realistic long-term conditions, the initial
elevation in filtrate pH may diminish, reducing the risk of sustained alkalinity impacts
on receiving waters. At the same time, monitoring is necessary to ensure that early-age
leaching does not pose short-term ecological risks. To strengthen sustainability framing,
future field-scale investigations should incorporate longitudinal monitoring of filtrate pH
under natural storm events, capturing both early-age alkaline release and the subsequent
stabilization trend. Such evidence would enable a more balanced interpretation of the
stormwater runoff treatment potential and performance efficiency of pervious concrete
pavements under realistic deployment conditions.

In addition, while pH provides a useful overall indicator of alkalinity, it does not
differentiate between pollutant removal and ion release from the concrete matrix. To
strengthen technical clarity, future investigations should therefore incorporate ion-specific
analyses (e.g., Ca%*, Nat, K+, Mg2+), as well as metals, nutrients, and dissolved organic
carbon (DOC) measurements. Such evidence would enable a more accurate distinction
between true pollutant removal benefits and potential release risks, ensuring that early-age
leaching effects are properly contextualized in long-term field performance.

Although the water quality parameters described in Section 2.2.5 involved the analysis
of percentage variation for each parameter, this analysis was not performed for pH because
this parameter represents the logarithmic measure of hydrogen ion concentration and
calculating percentage changes in pH is mathematically inappropriate. In addition, the pH
of stormwater typically exhibits significant natural fluctuations [31].

3.1.2. Electrical Conductivity (EC) Variation

Analysis of EC in stormwater runoff is very relevant for water quality assessment
and pollutant detection. EC measures the ability of water to conduct electricity; thus, it
is directly related to the concentrations of dissolved ions such as salts, metals, and many
other contaminants. EC analysis allows for the monitoring of changes in water quality, the
identification of pollution sources, and the implementation of measures aimed at the most
economically viable mitigation of environmental impacts. EC analysis is thus important in
the effective management of water resources and protection of the environment. Figure 5a
presents the EC measurement results for the raw stormwater runoff and filtration collected
each day. Figure 5b illustrates the percentage change in EC relative to raw stormwater
runoff, along with the average EC values for each type of pervious concrete pavement.

Figure 5a indicates that the EC of the filtrate samples in all types of pervious concrete
pavement specimens is much higher than that of the raw stormwater runoff, which shows
an average EC value of 117.6 uS/cm. Concrete is made up of a variety of components,
including cement, aggregates, and optional additions, each with its own mineral compo-
sition. When water flows through pervious concrete, it reacts with minerals, dissolving
and introducing components such as calcium (Ca%"), potassium (K*), magnesium (Mg2+)
and sodium (Na*) into the water as ions. It should be noted that while EC provides a
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useful overall indicator of ionic strength, the elevated values observed in filtrates also
reflect ion leaching from the concrete matrix. Future work should therefore combine EC
measurements with ion-specific analyses (e.g., Ca?*, Na*, K, Mg2+) as well as metals,
nutrients and dissolved organic carbon (DOC) to distinguish pollutant removal from ion
addition and provide a more complete assessment of treatment performance.
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Figure 5. Variation in EC.

As shown in Figure 5b, most pervious concrete pavement specimens containing waste
materials exhibit a lower percentage increase in EC compared to normal pervious concrete,
with the exception of the specimen incorporating 20% recycled concrete aggregates, which
demonstrates a higher increase. It can thus be inferred that the addition of waste materials
generally depresses the leaching of ions into the filtrate, hence moderating the EC levels
compared to NPC. However, the 20% recycled concrete aggregate sample deviates from
this trend, perhaps due to the different composition or high ion concentration in this
blend. Among all pervious concrete types, those containing tire aggregates show the
lowest increase in EC, whereas the filtrate obtained from the 20% tire aggregate pavement
specimen shows the smallest increase in EC. It seems that the presence of tire aggregates
could stabilize EC, possibly due to less leaching of ions from the matrix compared to other
materials. It should also be noted that as mentioned in Section 2.1, the tire aggregates used
in this study were sourced from the middle portion of discarded tires, with all steel wires
removed before use. This ensured that the observed EC trends were not influenced by iron
release from tire wires but rather by the intrinsic leaching behavior of the concrete matrix.
This lower increase in EC for pervious concrete with the use of tires indicates its potential
application in reducing the conductivity of stormwater runoff.

3.1.3. Total Suspended Solid (TSS) Variation

Total suspended solids (TSSs) play a vital role in assessing stormwater quality, as they
represent the concentration of particles suspended in the water. These particles can include
sediment, organic material, debris, and various pollutants that wash off surfaces during
rainfall. High TSS levels in water bodies often indicate a greater presence of contaminants,
which can harm aquatic ecosystems by reducing light penetration, clogging fish gills, and
transporting harmful substances. Monitoring TSSs in stormwater runoff not only helps in
understanding the pollution load carried by stormwater runoff but also informs strategies
for improving water quality and protecting the health of rivers, lakes, and other natural
water bodies. Figure 6a presents the total suspended solid (TSS) values obtained for both

https://doi.org/10.3390/w18060675


https://doi.org/10.3390/w18060675

Water 2026, 18, 675

13 of 27

TSS (mg/L)

1200

the raw stormwater runoff and the filtrate samples for each day. Meanwhile, Figure 6b
illustrates the average TSS levels in the filtrates from each type of pervious pavement
specimen, along with their removal efficiency compared to the raw stormwater runoff.
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Figure 6. Variation in TSS.

Figure 6a shows that total suspended solid (TSS) levels in the filtrate are consistently
lower across all types of pervious concrete compared to the raw stormwater runoff. This
reduction highlights the effectiveness of pervious concrete in filtering out suspended
particles from stormwater runoff. By allowing water to pass through its interconnected
pore structure, the pervious concrete traps particles and debris, thereby reducing TSS
concentrations in the filtrate.

Figure 6b shows that almost all types of pervious concrete pavement specimens with
partial replacements of coarse aggregate demonstrate greater TSS reduction compared to
NPC. Notably, as shown in Figure 6b, the mix with 30% ceramic aggregate replacement
(C30%) achieves the highest TSS reduction, reaching 45.89%. This suggests that ceramic
aggregate is particularly effective in enhancing the filtration capability of pervious concrete,
likely due to its texture and structure, which may better trap suspended particles. Figure 6b
also indicates a general trend as the replacement level of coarse aggregate increases and
TSS reduction efficiency improves. This trend is consistent across most types of waste
materials, except recycled concrete aggregates at the 30% replacement level, which show a
slightly lower TSS reduction than expected. This deviation may be attributed to the specific
characteristics of recycled concrete aggregates, which, at higher concentrations, might not
create the same porous structure or particle capture efficiency as other materials.

Research findings by Yu et al. [32] have also demonstrated that pervious concrete
can achieve a high suspended solids removal efficiency. The porosity and structure of the
concrete play a key role here, as they create a physical barrier that captures particles while
allowing water to pass through. This process makes pervious concrete an excellent choice
for improving stormwater runoff quality by effectively reducing pollutant loads, which
ultimately contributes to cleaner water bodies and healthier ecosystems.

3.1.4. Turbidity Variation

Turbidity can be used as a measure of water clarity; normally, high values of turbidity
are associated with increased levels of colloidal particles, which can have negative impacts
on aquatic ecosystems, reduce penetration of light, and disrupt photosynthetic activities in
aquatic vegetation. Moreover, high turbidity is frequently associated with pollutants that
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bond to sediment particles and pose a threat to the environment and public health, such as
bacteria, nutrients, and heavy metals. Therefore, it is imperative to monitor the turbidity
of stormwater runoff to identify the sources of pollution, evaluate the effectiveness of
filtering systems, and implement effective pollution mitigation strategies. This study’s
observations of turbidity in the raw stormwater runoff and the filtrates for each day are
shown in Figure 7a below. Figure 7b illustrates the average turbidity levels of the filtrates
for each type of pervious concrete pavement specimen, along with their removal efficiency
relative to the raw stormwater runoff.
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Figure 7. Variation in turbidity.

Figure 7a illustrates that all filtrates obtained after passing through different types
of pervious concrete pavement specimens exhibit reduced turbidity compared to the raw
stormwater runoff. This decrease in turbidity implies that the porous concrete effectively
removes most of the colloids responsible for turbidity. This makes the porous structure of
concrete act like a filter, trapping larger suspended solids as well as some finer particles
as water passes through it. Figure 7b reveals that the pervious concrete mix with 10%
replacement of recycled concrete aggregates achieved the highest reduction (41.4%) in
turbidity among all the specimens tested. An increase in the percentage replacement
of coarse aggregates with waste materials results in a noticeable reduction in turbidity
removal efficiency. At higher replacement levels, the pore structure of the concrete becomes
more open and interconnected, leading to increased porosity. While enhanced porosity
facilitates water infiltration, it reduces the effectiveness of physical filtration by limiting the
retention of fine suspended and colloidal particles within the pore network. As a result,
higher aggregate replacement ratios lead to reduced turbidity removal efficiency.

3.1.5. Color Variation

Color is also an important indicator of water quality, as it provides fast visible in-
dications of pollution levels and the existence of certain compounds. Color analysis is
particularly significant because the pollutants that contribute to color, such as organic chem-
icals and suspended particles, can have serious environmental and health consequences if
not addressed [33]. As a result, color can influence the aesthetic value of natural water bod-
ies, affecting public perception and recreational use. Figure 8a presents the color variation
obtained for both the raw stormwater runoff and filtrates for each day. Figure 8b displays
the average color of filtrates from each type of pervious concrete pavement specimen, along
with the removal efficiency in comparison to the raw stormwater runoff.
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Figure 8. Variation in color.

According to Figure 8a, the majority of the filtrates obtained from different types of
pervious pavement specimens show a color reduction compared to the raw stormwater
runoff. This reduction in coloration means that the pervious concrete filters the water
effectively to remove the discoloration of substances and particles. In the porous structure
of pervious concrete, organic molecules, suspended particles, and other chromatic chemicals
get trapped through both physical and chemical filtration. This reduction in color intensity
of the filtered water can be due to the adsorption of these impurities either onto the external
surface or entrapment within the concrete matrix. Figure 8b indicates that all types of
pervious concrete achieve a color intensity reduction of over 25%, compared with the raw
water, which shows a strong filtration effect in all waste-based pervious concrete pavements.
The most notable color reduction is observed in the pervious concrete with 20% recycled
concrete aggregate, which achieves the highest percentage reduction among the materials
studied. This clearly indicates that the addition of recycled concrete aggregate in the mix
will improve the concrete mix’s ability to remove color-causing substances or particles from
the water.

3.2. Analysis of Mechanical Properties
3.2.1. Compressive Strength

Figure 9a illustrates the 28-day compressive strength of the various pervious concrete
mix designs composed of the selected waste materials in comparison with NPC. Indeed, as
depicted, pervious concrete made of waste aggregate shows a relatively lower compres-
sive strength than NPC. Interestingly, mixes containing 10% recycled concrete aggregate
(RCA 10%) and 10% ceramic aggregate (C10%) have shown compressive strength fairly
close to that of NPC. This similarity might indicate that these lower replacement levels
do not considerably affect the structural integrity of the concrete. Despite the differences,
it is reassuring to see that all of the tested mixes fall within the allowable range of com-
pressive strength according to [13], which is 2.8 to 28 MPa. This means that even with
waste-derived materials, these concrete mixes meet the essential strength requirements,
demonstrating their structural adequacy from a civil engineering perspective while also
offering environmentally sustainable alternatives.

As shown in Figure 9a, the compressive strength decreases with increasing replace-
ment levels of waste materials. Similar results have been observed in previous stud-
ies [34-37]. When these waste materials are used, the reduction in compressive strength
may arise from multiple contributing factors. The pervious concrete mixes containing
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recycled aggregates often exhibit greater variability in physical and mechanical properties
compared with those of coarse aggregates [16]. Such variability can adversely affect the
density and uniformity of the concrete matrix, leading to weaker interfacial bonding be-
tween the aggregates and the cement paste. As the replacement level increases, a larger
proportion of weaker, irregularly shaped, recycled aggregates is introduced, which further
compromises the structural integrity of the concrete and contributes to a reduction in
compressive strength.
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Figure 9. Compressive strength of tested concrete samples.

Furthermore, the pervious concrete mixes containing tire aggregate have the lowest
compressive strength of all the mixes containing waste materials, and the 30% tire (T30%)
replacement results in the lowest, which is 5.33 MPa. Ref. [38] showed that replacing coarse
aggregate with waste tire rubber in pervious concrete significantly reduces compressive
strength due to the weak bond and low stiffness of rubber particles, with strength dropping
from 23.4 MPa (control) to as low as about 6.5 MPa at higher rubber contents. This is
probably because rubber particles are elastic and have a low density, which prevents
them from having the stiffness required to support compressive loads efficiently. Concrete
becomes flexible but less able to resist compression when tire particles replace a sizable
amount of the aggregate; this leads to significantly lower strength ratings [11].

Compressive Strength and Porosity Relationship for Pervious Concrete

Figure 9b illustrates the relationship between compressive strength and porosity in
pervious concrete mixtures. The linear regression analysis indicates a statistically significant
inverse relationship between porosity and compressive strength (R? = 0.915, p < 0.05).

The high coefficient of determination indicates that 91.5% of the variability in com-
pressive strength is attributable to changes in porosity, confirming porosity as a primary
governing parameter influencing mechanical performance. As porosity increases, the
concrete contains more voids, which disrupts the continuity and density of the mate-
rial. These voids reduce the bonding between aggregate particles and the cement paste,
weakening the concrete’s internal structure. Consequently, the concrete’s resistance to
compressive loads declines as its porosity rises. This pattern aligns with the findings of
previous research [39,40], which also observed a reduction in compressive strength as
porosity increased in pervious concrete.
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3.2.2. Flexural Strength

Figure 10a demonstrates that the flexural strength of pervious concrete depends
upon the type and percentage of the waste material used to replace coarse aggregates.
Compared to NPC, pervious concrete containing waste materials exhibits higher flexural
strength. On the other hand, the flexural strength steadily decreases as the percentage of
each type of waste replacement, such as recycled concrete aggregate, ceramic, and tire,
increases. The observed reduction in flexural strength correlating with the high replacement
levels can be attributed to several factors. Primarily, high replacement ratios increase the
porosity of the concrete matrix, as discussed in Section 3.3.1. In addition, this increases
the weaknesses in the bond between aggregate particles and the cement matrix. Increased
porosity allows for more voids within the structure that decrease the resistance of the
concrete to bending or tensile forces, adversely affecting its structural integrity and load-
bearing capacity [12]. Furthermore, these waste-derived aggregates, such as recycled
concrete aggregate, ceramic, and tire, mostly have an irregular shape or surface compared
to normal coarse aggregates, which may disturb the homogeneous distribution of internal
stress within the concrete matrix.

4> @ e e Minimum Recommended Standard Value 4.5
4
= 4 R?=0.6715
o 35
2z . 0 R B e
= 3 £ 35 o .- °
225 S T Rty ®
2 5 3 & .
5 2 A J
- Ve )
2 5
€15 Sa5 L
= 2 .-.
3 1 o e O - % °
2 T 2
0.5
0 15
O I S I SIS CURRS SRS SRS (RN
{7 S S ST S S S S S S
S F PSP 1
R 4 5 6 7 8 9 10
Type of pervious concrete Compressive strength
(a) Flexural strength variation (b) Flexural strength vs. compressive strength

Figure 10. Flexural strength of tested concrete samples.

In addition, other critical factors include the aggregate—cement ratio (A/C) and the
degree of compaction [9]. An optimally A/C ratioed, properly compacted concrete mix
will have much better particle bonding and ensure better stress transfer in the structure.
However, it is difficult to compact beyond a certain limit when the mix contains higher
percentages of recycled aggregate, since the particles of the recycled aggregate may not
compact as uniformly as the coarse aggregates, hence leading to compromising structural
cohesion. Despite these declines, it is still encouraging to realize that all the flexural
strength values of mixes with waste materials fall within the generally acceptable range
of 1 MPa to 3.8 MPa, as referred to in [9]. This evidence shows that with increased
replacement levels, the pervious concrete would retain enough structural integrity to meet
basic performance standards.

Flexural Strength and Compressive Strength Relationship of Pervious Concrete

Figure 10b shows the correlation between flexural strength and compressive strength.
The linear regression analysis reveals a statistically significant positive relationship
(R? = 0.6715, p =< 0.05), indicating that flexural strength increases with increasing com-
pressive strength. This finding is consistent with earlier studies that reported a similar
relationship for pervious concrete [13,41].

https://doi.org/10.3390/w18060675


https://doi.org/10.3390/w18060675

Water 2026, 18, 675

18 of 27

Tenslile Strength (MPa)

18
1.6
14
1.2

[uny

0.8
0.6
0.4

3.2.3. Tensile Strength

Figure 11a reveals that certain pervious concrete mixes, particularly those with 10%
and 20% recycled concrete aggregate and 10% and 20% ceramic aggregate, demonstrate
higher tensile strength compared to NPC. Similar results for pervious concrete incorpo-
rating recycled concrete aggregate were reported in [42], while comparable findings for
pervious concrete containing ceramic aggregates were observed in [43]. These findings
suggest that at these moderate replacement levels, waste materials may contribute to en-
hancing the tensile performance of the concrete. These replacement levels might provide a
balance that improves the internal bonding within the concrete matrix without significantly
compromising structural integrity.
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Figure 11. Tensile strength of tested concrete samples.

This can be attributed to the fact that a lower percentage of waste materials may
introduce sufficient irregularity in shape and texture to create strong interlocking within
the concrete, helping to distribute tensile stress more effectively. Additionally, recycled
concrete aggregates and ceramic aggregates tend to have rough surfaces, which can enhance
bonding with the cement paste and contribute to tensile strength.

It is important to highlight that all types of pervious concrete mixes tested in this
study fall within the acceptable tensile strength range of 1-3 MPa, as outlined in Busari
et al. [6]. This indicates that even at higher replacement levels, such as 30% recycled
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concrete aggregate or ceramic, the concrete retains sufficient tensile strength to meet the
required standards. These findings are encouraging for sustainable construction practices,
as they suggest that waste materials can be incorporated into concrete mixes without
compromising key structural properties. By using recycled aggregates effectively, more eco-
friendly construction solutions can be provided while maintaining the necessary strength
and durability of concrete.

Tensile Strength and Compressive Strength Relationship of Pervious Concrete

Figure 11b presents the relationship between the tensile strength and compressive
strength of the pervious concrete mixes. The results show that tensile strength increases
consistently with increasing compressive strength. The linear regression analysis confirms
that this relationship is statistically significant (R? = 0.89, p < 0.05). Similar relationships
between compressive and tensile strengths have also been reported in previous studies on
pervious concrete [41].

Tensile Strength and Flexural Strength Relationship of Pervious Concrete

Figure 11cillustrates the relationship between the splitting tensile strength and flexural
strength of the pervious concrete mixes. The results indicate that tensile strength tends
to increase with increasing flexural strength. Linear regression analysis confirms that
this relationship is statistically significant (R?> = 0.5883, p < 0.05). Similar relationships
between tensile strength and flexural strength have also been reported in previous studies
on pervious concrete [41].

3.3. Analysis of Hydraulic Properties
3.3.1. Porosity

Figure 12a illustrates the variation in porosity for each of the different types of per-
vious concrete mix designs. It clearly shows an increase in porosity across all types of
pervious concrete composed of waste materials compared to NPC. Notably, the concrete
mix containing 30% tire aggregate reaches the highest porosity level among all specimens.
Also, Figure 11a clearly shows that all types of pervious concrete containing tire aggregates
exhibit higher porosity levels compared to other waste material types. This trend can be
attributed to the unique properties of tire particles, which are more elastic and less dense
than coarse aggregates. When tire material is added to the concrete mix, it tends to create
larger, interconnected pores, resulting in a more open structure that allows for greater air
and water movement [44]. Tire particles, due to their flexible and irregular shapes, do not
compact as tightly as other aggregates, leaving more voids within the concrete matrix. This
increased porosity enhances the permeability of the concrete. Despite these increases, all
the porosity values remain within the acceptable range of 15-30%, as specified by the ACI
Committee [13].

An increase in porosity is observed with higher replacement levels in each type
of pervious concrete mix. This can be attributed to the unique characteristics of waste
materials. These materials often introduce particles with irregular shapes, rough textures,
or lower densities than coarse aggregates. As these recycled particles are incorporated,
they create more voids or air voids within the concrete structure, resulting in a higher
overall porosity. Tire aggregate, in particular, has a flexible and low-density nature that
tends to form interconnected pores when mixed into concrete, further enhancing porosity
at elevated replacement levels.

3.3.2. Infiltration Rate

Figure 12b illustrates the variation in the infiltration rate for each of the different types
of pervious concrete pavements. Figure 12b shows that the pervious concrete pavement
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with 30% tire replacement achieves the highest infiltration rate among all samples, which
aligns with its status as the mix with the highest porosity. This is in agreement with the
findings of previous studies, which noted that as porosity increases, so does the ability
of the concrete to allow water to pass through, enhancing infiltration [16,36]. This trend
holds across all types of pervious concrete tested: as the replacement level of each waste
material, whether recycled concrete aggregate, ceramic, or tire, increases, the infiltration
rate also rises.
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Figure 12. Hydraulic property variation.

In particular, tire-based concrete pavement shows a noticeable increase in infiltration
rate with higher replacement levels. The flexible and lightweight properties of tire particles
likely contribute to a more open structure within the concrete, facilitating water flow and
increasing infiltration rate. These findings are consistent with previous research [36], which
observed similar improvements in infiltration rates when tire aggregates were incorporated.

3.3.3. Correlation Between Porosity and Infiltration Rate

Figure 12c illustrates the relationship between infiltration rate and porosity in pervious
concrete mixes. The linear regression analysis indicates a statistically significant, strong
linear correlation between the two parameters (R? = 0.954, p < 0.05). The results further
strengthen the fact that higher porosity enhances the concrete’s capacity to allow water to
pass through its structure, making it more effective in facilitating water infiltration.
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Increased porosity means a greater volume of interconnected voids within the concrete,
which creates more pathways for water to flow. As these pores expand, they improve
the infiltration rate, enabling the concrete to absorb and drain water at a faster rate [45].
This characteristic is especially valuable in applications like stormwater management
and permeable pavements, where quick water infiltration helps reduce surface runoff
and flooding.

This trend aligns with findings from [46,47], which also observed that higher porosity
positively influences the infiltration rate in porous materials.

3.3.4. Correlation Between Porosity and TSS Removal Efficiency

Figure 12d presents the relationship between TSS reduction and porosity in pervious
concrete. The regression analysis indicates a weak correlation between the parameters
(R? = 0.2265). Although a slight increasing trend in TSS reduction can be observed with
increasing porosity, the relationship is not statistically significant (p > 0.05). Therefore,
porosity does not appear to be a strong predictor of TSS reduction in pervious concrete.
This suggests that while porosity contributes to TSS reduction, it is not the only factor
influencing filtration performance in pervious concrete. As discussed in Section 3.3.3,
there is a strong positive relationship between porosity and infiltration rate, indicating that
higher porosity is associated with larger and more interconnected pore channels. Therefore,
the infiltration rate can be considered an indirect indicator of effective pore size and pore
connectivity. On the other hand, mixes exhibiting higher infiltration rates allow for faster
water movement and shorter hydraulic residence times, which may reduce the opportunity
for fine particle interception and retention within the pervious concrete structure.

Furthermore, aggregate characteristics such as surface roughness, angularity, and
material hardness influence the filtration mechanism. As discussed in Section 3.1.3, ceramic
aggregate shows the highest TSS reduction among the tested materials, outperforming even
the mixes with high porosity, such as those containing tire aggregate. Although tire-based
pervious concrete has a higher porosity, its TSS reduction efficiency is comparatively lower
than that of ceramic-based mixes. This variation may stem from the unique properties of
each waste material. Ceramic particles are generally harder and more irregular, providing
a rough surface that enhances particle trapping within the concrete matrix. This texture
likely creates more effective barriers for suspended solids, allowing ceramic-based concrete
to capture and retain more particles, thereby improving TSS reduction.

In contrast, tire particles are softer, more flexible, and have smoother surfaces, which
may be less effective at capturing smaller particles. The high porosity in tire-based concrete
may enhance water permeability but does not necessarily translate to better filtration.
Instead, the larger, interconnected pores may allow some suspended particles to pass
through, reducing the TSS removal efficiency. Additionally, pervious concrete with ceramic
aggregate tends to have a lower infiltration rate and higher detention time, which helps in
retaining water and particles for longer periods. In contrast, pervious concrete containing
tire aggregate has a higher infiltration rate and shorter detention time, which might allow
for faster water movement but less time for filtration to occur.

These findings suggest that both the material properties and the porosity level are
important considerations in optimizing TSS reduction in pervious concrete. While higher
porosity generally aids in particle filtration, materials with specific textures and hardness,
such as ceramic, may provide better overall performance in terms of TSS reduction, even
with moderate porosity.
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3.4. Multi-Criteria Performance Evaluation and Ranking of Pervious Concrete Pavements
Using TOPSIS

As described in Section “Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS)”, the ranking of pavements was performed using the TOPSIS method based on the
outcomes of the data analysis presented in Sections 3.1-3.3. The purpose of the ranking was
to identify the best-performing pervious concrete pavement in terms of both stormwater
runoff treatment potential and structural integrity. Before scoring, a screening step was
conducted based on recommended performance thresholds.

As shown in Figure 11a, the tensile strength values of RCA 30%, C30%, T20%, and
T30% were close to the minimum recommended limit; therefore, these pavements were
excluded from the comparison to ensure technical adequacy.

All water quality parameters, including pH, electrical conductivity (EC), total sus-
pended solids (TSSs), color, and turbidity, were selected for the analysis. The average pH
was determined by first converting the values to hydrogen ion (H") concentration and then
calculating the mean value.

In terms of mechanical performance, all test parameters, namely compressive strength,
flexural strength, and tensile strength, were considered. Although these parameters show
moderate correlation, all three were included because their values may vary depending on
factors such as paste—aggregate bond quality, aggregate stiffness and strength, inter-particle
contact, and pore structure.

For hydraulic performance, infiltration rate was included, while porosity was ex-
cluded due to its strong correlation with both infiltration rate and compressive strength
(as discussed in Section “Compressive Strength and Porosity Relationship for Pervious
Concrete” and Section 3.3.3), which could otherwise introduce redundancy. After screening,
a total of nine criteria were finalized, as shown in Table 2.

Table 2. TOPSIS decision matrix.

Alternative pH EC TSS Turbidity Color Coslg};;egstslive S];::riigl’ceh g:::r?gr:lll Infg;rtaetion
Weight 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111
NPC 10.078 336.00 416.25 278.00 1110 8.3000 1.2540 3.8360 0.3670623
RCA10% 10.058 305.75 364.50 234.30 1095 8.2860 1.7700 3.8740 0.3717857
RCA20% 9.8800 339.25 342.00 276.25 1010 7.8300 1.7190 3.5100 0.3947368
C10% 10.298 325.03 335.75 242.75 1035 8.2950 1.7025 3.4980 0.3699091
C20% 10.168 297.00 323.50 278.00 1200 8.0200 1.4550 3.1980 0.3905608
T10% 9.7175 237.75 352.75 249.50 1042 5.8260 1.1535 3.0540 0.4450909

Equal weighting was applied to all criteria to avoid bias, resulting in a weight of 0.111
for each parameter. It should be noted that while equal weights were applied in this study
to balance environmental and structural performance, alternative weighting schemes could
produce different ranking outcomes depending on stakeholder priorities. Then, weighted
normalized values for all criteria were determined using Equations (5) and (6) described
in Section “Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)”. For
transparency, a worked example is provided here: The EC value of RCA10% (305.75 uS/cm)
was normalized relative to the sum of squared EC values across all alternatives, and then
multiplied by its weight (0.111) to obtain the weighted normalized score. This proce-
dure was repeated for all criteria to construct the weighted normalized matrix, ensuring
reproducibility of the ranking process. As discussed in Section “Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS)”, (refer to step 4), the ideal solutions
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from the positive and negative (vj+ and v;) were evaluated for all criteria. The separation
distances from the positive and negative ideal solutions (5* and S™) were calculated using
Equations (7) and (8), and the relative closeness coefficients (C;') were then derived using
Equation (9).

The overall performance ranking outcomes of the pervious concrete pavement types
obtained from the TOPSIS analysis are presented in Table 3. According to Table 3, the
pervious concrete mix made with 10% recycled concrete aggregate (RCA10%) and 10%
ceramic replacement (C10%) shows the highest overall rating. Also, these RCA10% and
C10% pervious concrete pavement specimens performed better than the normal pervious
concrete pavement specimens. This indicates that the RCA10% and C10% mixes offer
the optimal balance of structural strength, hydraulic performance, physical durability
and stormwater runoff treatment potential, highlighting their suitability as sustainable
and effective materials for enhancing the performance characteristics of pervious concrete
pavements, particularly in the context of stormwater management.

Table 3. Performance ranking of pervious concrete pavement types based on TOPSIS analysis.

Separation Distance from Ideal Best (S}) Separation Distance from

Alternative (to v]’.') Ideal Worst (S;) (to v]T) Closeness C: Ranl (1 = Best)
NPC 0.027205 0.018468 0.404352 6
RCA10% 0.014561 0.028450 0.661453 1
RCA20% 0.018638 0.025066 0.573539 3
C10% 0.016802 0.026445 0.611485 2
C20% 0.020423 0.020756 0.504044 4
T10% 0.026012 0.021241 0.449524 5

Furthermore, to assess the robustness of the ranking outcomes, a sensitivity analysis
was performed by varying the weights assigned to environmental and structural criteria.
In one scenario, water quality parameters (pH, EC, TSS, turbidity, color) were given a
combined weight of 60% while mechanical and hydraulic parameters (compressive, tensile,
flexural strength, infiltration rate) were weighted at 40%. In another scenario, the weighting
was reversed (40% water quality, 60% mechanical/hydraulic). The resulting rankings
showed minor shifts in the relative positions of mid-performing mixes; however, RCA10%
and C10% consistently remained among the top two performers across all weighting
schemes. This confirms that the identification of RCA10% and C10% as the best mixes is
stable and defensible, even under alternative prioritization strategies.

3.5. Sustainability and Practical Implications

The incorporation of RCA and ceramic waste directly contributes to SDG 12—Responsible
Consumption and Production, thereby reducing the consumption of coarse aggregates. In
addition, not only in Sri Lanka but also in many countries, these wastes end up in landfills.
Promoting the presented research work would help to reduce the landfilling load. Further-
more, the research is directly aligned with SDG11—Sustainable Cities and Communities. The
pervious concrete pavements made from these identified waste materials not only reduce
surface runoff but also minimize the contamination of stormwater, which eventually flows into
nearby natural water sources. Colombo, the capital of Sri Lanka, experiences frequent high
runoff along the streets even at comparatively significant rainfall. Therefore, the proposed
research, when implemented, would be a potential sustainable solution.
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3.6. Limitations and Future Research

Despite the promising results, this study is limited to laboratory-scale testing and
short-term performance evaluation. Long-term field performance, clogging behavior,
freeze—thaw resistance, and durability under repeated traffic loading require further investi-
gation. In addition, leaching of ions and early-age alkalinity release from recycled concrete
aggregate can deviate from sustainability goals in the long term. Additional evidence
would be required to substantiate the sustainability of the solution. Future studies should
also incorporate ion-specific monitoring and DOC analyses to ensure that the observed
improvements in stormwater quality are not offset by unintended release of minerals,
metals, or organic matter. Such evidence would include long-term monitoring of leachate
composition, durability under traffic loading, clogging rates under realistic stormwater
runoff conditions, and maintenance requirements over service life. Additionally, future
studies should explore combined or hybrid replacement strategies and life-cycle assess-
ment approaches to fully quantify the environmental and economic benefits of recycled
material-based pervious concrete. Furthermore, it would be better to investigate the capac-
ity of expanding this work to capture any microplastics, if possible, specifically during the
first flush.

4. Conclusions

This study investigated the potential of pervious concrete pavements incorporating
waste materials such as recycled concrete aggregate, ceramic waste, and discarded tires
as sustainable solutions for urban stormwater management. The research evaluated their
mechanical, physical, and hydraulic properties while assessing their ability to improve
stormwater runoff quality. Based on the results and analysis, this study successfully
addressed the research questions and met its objectives.

The findings demonstrate that waste material-based pervious concrete pavements
are capable of maintaining acceptable mechanical strength, such as compressive, tensile,
and flexural properties, while providing enhanced stormwater runoff treatment benefits.
The mix with 10% recycled concrete aggregate and 10% ceramic aggregates consistently
performed best, striking a balance between structural integrity and pollutant removal
efficiency. Furthermore, this study confirmed a strong correlation between the porosity
and infiltration rate, showing that higher porosity enhances water permeability without
significantly compromising strength within acceptable limits.

In terms of water quality, the results highlight two distinct outcomes. First, particulate
removal benefits were evident, with significant reductions in total suspended solids (TSSs),
turbidity, and color across all mixes, demonstrating the effectiveness of the porous concrete
structure in filtering suspended particles and improving stormwater clarity. Second, early-
age leaching effects were observed, with increases in pH and electrical conductivity (EC)
in filtrates due to the dissolution of alkaline and mineral ions (e.g., Ca%*,Na*, K*, Mg2+)
from the concrete matrix. These effects are most pronounced at early curing ages but
are expected to diminish over time as hydration and carbonation processes reduce ion
availability, leading to stabilization toward more neutral pH and lower conductivity. To
fully validate sustainability outcomes, future work should integrate ion-specific and DOC
analyses alongside pH and EC monitoring, thereby distinguishing true pollutant removal
benefits from potential release risks.

This dual outcome has important implications for the realistic deployment of pervious
concrete pavements. While early-age leaching may pose short-term ecological risks, long-
term field performance is expected to show reduced alkalinity and stabilized conductivity.
To strengthen sustainability framing, future work should incorporate ion-specific analyses
alongside EC to distinguish pollutant removal from ion addition and longitudinal moni-
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toring under real field deployment conditions, particularly under natural storm events, to
capture both early-age effects and long-term stabilization trends.

Overall, the evidence supports the application of industrial waste material-based
pervious concrete pavements as an effective strategy for reducing urban runoff pollution
and enhancing stormwater infiltration while also contributing to waste minimization
and resource conservation. Future work could focus on optimizing mix designs further
and exploring their long-term durability in real-world field conditions. By combining
environmental benefits with structural reliability, these pavements hold great promise for
advancing sustainable construction practices in urban stormwater management.
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