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Abstract: Rapid urbanisation and city expansion worldwide have significantly increased impervious surfaces
such as roads, buildings, and pavements. These impervious surfaces impede water infiltration into the ground,
resulting in escalated surface runoff during rainfall. This has been exacerbated by climate change and
heightened precipitation levels, resulting in recurrent annual flooding. Conventional drainage systems are now
insufficient to cope with the amplified surface runoff, contributing to the escalating flood occurrences.
Sustainable urban drainage systems such as green roofs, swales, and permeable pavements were developed as
modern flood control techniques to replace the traditional drainage system approach by optimising resource
utilisation and developing novel and more productive technologies. While most SUD techniques are
sustainable in design, construction, and operation, permeable pavements are considered one of the least
sustainable SUD techniques. This has garnered considerable attention from researchers who have been
studying the design of a more sustainable permeable pavement system by utilising sustainable and recycled
materials. This paper reviews the performance of permeable pavements systems using findings from extensive
reviews and analyses of scientific publications on permeable pavements. It introduces a future solution and
design of permeable pavements using recycled materials. The study will consist of two permeable pavement
systems, one incorporating recycled materials in its layers and the other using traditional construction
materials. The data collected from both systems will be compared to determine their performance.

Keywords: sustainable urban design; permeable pavement; pollutant removal; flood mitigation

1. Introduction

Sustainable Urban Drainage Systems (SuDS) are a set of innovative techniques for managing
and mitigating the environmental impact of urban runoff and stormwater (Rathnayake and
Srishantha, 2017). SuDS complements traditional centralized sewer systems, aiming to reduce the
impacts of urban hydrological changes and enhance re-silience against severe rainfall events in urban
areas (Zhu et al., 2019). These systems can mitigate the effects of intense rainfall (Tang et al., 2021)
and are recognized for delivering numerous environmental advantages. This includes reducing the
repercussions of climate change (Ghodsi et al., 2020; Roseboro et al., 2021), in addition to providing
ecological, social, and other potential financial benefits in the long run (Wolf, 2003; Hamann et al.,
2020, Ferrans, et al. 2022).

Sustainable Urban Drainage System (SuDS) was developed as a response to widespread
flooding in the late 1990s and early 2000s and a desire to manage surface water runoff more
sustainably (Cole et al., 2020). In the UK, the incorporation of SUDs in new development has been
helped by the passing of key legislations such as the Water Act of 2003, which aimed at the
management of water resources and the Flood and Water Management Act of 2010, which made
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SuDS mandatory for all new developments and redevelopments in England and established SuDS
Approving Bodies (SABs) within local authorities.

Globally, there is a growing widespread adoption of Sustainable Drainage Systems (SuDS) in
new developments, with few variations in approach and design. Still, the same concept and goal
remain broadly similar (Fletcher et al. 2015). For example, it is known as Water Sensitive Design
(WSUD) in Australia (Radcliffe, J.C., 2018.), Decentralized Rainwater Management in Germany and
Sustainable Drainage System (SDS) in Spain (Scuderi, A., 2019). Despite these regional differences in
terminology, the fundamental principles and objectives persist, underscoring a global commitment
to sustainable and effective water management practices.

Sustainable Drainage Systems (SuDS) can be implemented in various formats, with some
structures located above ground and others installed underground (Woods-Ballard et al., 2007). The
most beneficial SuDS designs manage and utilize rainfall near its source, using surface structures
incorporating plant life (Greater London Authority, 2020). To meet a site’s overall design objectives,
it's common for a SuDS scheme to employ an amalgamation of different SuDS elements (Woods-
Ballard et al., 2007). The UK is one of the few countries incorporating “sustainability” in their urban
drainage system (Woods-Ballard et al., 2007). Sustainability is a key requirement for local authorities
to evaluate before development plans are approved (Woods-Ballard et al., 2007).

When selecting the type of SuDS design to implement, the criteria to consider de-pend on four
key factors: water quality, water quantity, amenity design, and the environment (Woods-Ballard et
al., 2007). These factors influence the type of SuDS to be implemented in an area. While it is common
that more than one type of SuDS will fit the requirements, planners usually depend on key site
conditions, including planning & construction constraints, water quality, water resources, and
architectural and landscape requirements, to make their final choice.

Consequently, for a SuDS design to be effective, it must improve water quantity and quality
while offering amenity and biodiversity value. When these issues are handled in the design and
construction, the result is a long-lasting and sustainable system (Woods-Ballard et al., 2007).

The incorporation of the four factors shown in Figure 1 above in the design of drainage systems
has led to the development of modern SuDs techniques, including permeable pavement systems
(PPS), swales, green roofs, rain gardens, and retention ponds (Monroe, 2020). These systems are better
placed to manage urban runoff using processes that mimic natural water management processes.
SuDs techniques can be used individually or in combination, depending on the site’s specific
requirements, including reducing the volume, velocity, and frequency of flooding (Monroe and Tota-
Maharaj, 20202.

Permeable pavements are some of the most utilized SuDS techniques globally in stormwater
management as an effective solution in handling floods and surface runoffs (Marchioni and Becciu
2014). The structure of a permeable pavement system consists of different layers made of materials
with adequate porosity to allow water to infiltrate through their surfaces (Monrose and Tota-Maharaj
2017). These pavements reduce surface runoff and can improve water quality by trapping the
pollutants and solid particulates in the water.

Another feature of a permeable system which makes it attractive in managing stormwater is its
storage capacity. This ensures that a permeable pavement system cannot just divert water from the
surface to the underground but can collect, store, and release captured water after the storm (Hein
and Schaus 2013). Several researchers have shown the capacity of permeable systems in stormwater
storage. A laboratory investigation of the hydrological performance of a permeable pavement system
found that 40% or more of the total rainfall was retained within a permeable pavement structure
(Alsubih et al. 2017).
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* Control the quantity of runoff for minimisation
Water Quantity of flood risk and to maintain and protect the
hydrological water cycle

Water Quality * Manage the quality of runoff to mitigate

pollution
Amenity * Create and sustain better places for people
Biodiversity * Create and sustain better places for nature

Figure 1. The four pillars of a good Sustainable Urban Drainage System (SUDS). Reproduced with
permission from Ref. [34], 2020, Monrose et al.

Traditional Permeable
pavement pavement

Figure 2. Differences in the functionality of a traditional pavement and a permeable pavement system
(PPS). Reproduced with permission from Ref. [92], 2022, Muttuvelu et al.

Despite its numerous advantages, Permeable Pavement Systems (PPS) are one of the least
sustainable SuDS techniques due to the construction approach and materials used. To improve the
sustainability of Permeable pavement systems, researchers have been looking at a more sustainable
approach to the design of porous pavements. With the growing objective to encourage the use of
recycled waste products in construction, researchers, including Lu et al., 2019 and Monrose et al.,
2019 have reported encouraging results on the incorporation of recycled waste materials in the
subbase layer of permeable pavements. However, a research gap still exists in the performance of
these systems.

The objective of this paper is to endorse and promote the utilization of Permeable Pavement
Systems (PPS) as a validated and sustainable approach to stormwater control by providing a review
of the existing literature on permeable pavement systems. In addition, the paper also aims to
contribute to the goal of improving the sustainability of permeable pavement systems by introducing
a future solution to the design of permeable pavement systems using recycled materials
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2. Design of Permeable Pavement System (PPS)

Permeable pavement systems (PPSs) are designed to promote stormwater infiltration through a
mechanism of permeable layer installed at the top of its underlying structure (Kuruppu et al., 2019
and Tota-Maharaj et al., 2017, Imran et al. (2013) observe that PPS is designed to capture water on the
pavement surface. As the water infiltrates through the pavement layers, it is treated, with some
quantities stored in the layers, and the rest are infiltrated into the groundwater systems. PPS uniquely
offer the chance to collect and store stormwater by serving as a catchment and storage area within
the subgrade structure (Bateni, 2020). However, being load-bearing structures, permeable pavement
is also designed to support pedestrians and light traffic loads. The design of permeable pavements
considers both the hydrological performance and the structural capacity (Hein, 2014). In evaluating
the hydrological performance, the water infiltration rate, storage, and retention are all considered,
while the structural performance accesses the loading-bearing capacity of the permeable pavement
(Hein 2014). The structural design of a permeable pavement does not consider traffic loading design
(which is determined by Eq. 2.23b, CD 224) (Kia et al., 2021).

There are three primary types of permeable pavement systems, include permeable interlocking
pavers (concrete and composite materials), permeable grid systems (Concrete or composite materials)
and pervious concrete (poured-in-place or pre-cast) (Monrose 2020). Many options are available and
are being for by different countries designing and constructing a permeable pavement system, for
stormwater harvesting (Beecham et al. 2010; Scholz 2013; Kazemi and Hills 2015). To date, there are
no universally accepted structural design procedures for all types of permeable pavements (Weiss et
al. in 2019).

Based on the materials used, soil condition, and the design approach adopted, permeable
pavements can be constructed in three different ways (Antunes et al., 2018), namely,

1. Complete or full infiltration: This refers to the complete penetration of water through a porous
surface into the subgrade. Ideally, the subgrade should consist of sand or possess high
permeability similar to sand, facilitating the passage of water through the subgrade to reach the
groundwater (Danish Road Directorate, 2015; Muttuvelu et al., 2018.

2. Partial infiltration: This method integrates aspects of both complete infiltration and reservoir
utilization. The subbase within the pavement structure serves as a reservoir with an overflow
mechanism, and simultaneous seepage through the subgrade takes place. This blend enables
regulated water retention and drainage (Danish Road Directorate, 2015; Muttuvelu et al., 2018).

3. No infiltration: In cases where the subgrade primarily consists of clay and/or silt fractions,
natural soil impermeability prevents water from infiltrating. Instead, the subbase material serves
as a reservoir for water storage. If the subgrade has permeability but regulations prohibit water
infiltration, a waterproof membrane can be placed on the subgrade before laying the pavement
(Danish Road Directorate, 2015, Muttuvelu et al., 2018).

The structure of the three types of permeable pavement is highlighted in Figure 3
below.


https://doi.org/10.20944/preprints202409.1150.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 September 2024 d0i:10.20944/preprints202409.1150.v1

)‘g i’; )’) )’1 i’ )’) i’} )’; i’; 15 )‘; l’: 1‘ )’

a’ )’, )’ :’ 1’ s’, ;: ") s: s', az, N, ,, si, N

|
|

Permeable surface

(block, slabs, or permeable
concrete)

1 g Bedding layer
(Just for block and slab

T T =

§== Permeable base

--------

/ ‘" 'y y 1 'y " ’ ' '. i
o v ' / ' / ’ . |
§ oy ey ' oy ' ' ' ' WY 'Ry g, 1 ‘!
' ' ' ' ' ' ' ’

v LT ) i Y ) Aty SN o R g A '
' ' ’ ‘ ' '

oot LR LD Koo
‘ “ ‘ * # \Geotextllefabrlc (optional)

Subgrade

] (0 (0

Figure 3. Overview of permeable pavement systems: (a) with complete or full infiltration; (b) with
partial infiltration; (c) No infiltration. Reproduced with permission from Ref. [89], 2018, Antunes et
al.

A typical permeable pavement system comprises of 5-7 layers (Kuruppu, et al., 2019) as shown
in Figure 3. These layers all contribute to the structural stability and the hydrological performance of
the permeable pavement. Traditionally, these layers are made of unsustainable construction
materials (e.g., rocks, gravel, sand), emitting a large carbon footprint. To improve the sustainability
of permeable pavement, recent studies have begun to explore alternatives such as waste and recycled
materials to replace some of the traditional construction materials. A study conducted by Rahman et
al., 2015 on the use of recycled concrete aggregates (RCA) derived from construction and demolition
waste as a subbase of permeable pavements found the material to be a viable choice as a replacement
for traditional subbase materials. The study analysed the hydraulic, geotechnical, and water quality
performances. Monrose et al. 2019 used Crushed Concrete Aggregates (CCA), Carbon-Negative
Aggregates (CNA) and Cement-bounded Expanded Polystyrene beads (C-EPS) as subbase materials.
The research compared the hydrological and water quality performance of permeable pavement
constructed with naturally occurring materials such as crushed basalt and quartzite aggregates. The
study reported that permeable pavements constructed with recycled materials had better
performance.

3. Impact of PPS on Water Quality

Urbanization has led to a rise in impervious surfaces like streets, driveways, roofs, parking lots,
and sidewalks, which accumulate pollutants such as sediment, debris, salts, fertilizers, as well as
vehicle-related contaminants like brake and tire dust and petroleum-based fluids. Interestingly,
urban permeable surfaces, including lawns, have been observed to generate more pollutants than
their non-urban grassy counterparts (Tu and Smith, 2018). These contaminants persist on surfaces
until rainfall washes them into storm drains, ultimately transporting them to surface waters. This


https://doi.org/10.20944/preprints202409.1150.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 September 2024 d0i:10.20944/preprints202409.1150.v1

process poses risks such as the harm to marine and aquatic life, loss of aesthetic appeal, and the
contamination of drinking water (Pilon et al., 2019).

Recent studies has demonstrated the effectiveness of permeable pavement systems in mitigating
stormwater pollutants, as indicated by recent research. In a water quality assessment conducted by
Pilon et al. (2019), impervious asphalt and pervious concrete parking areas were examined. The study
involved directing stormwater across asphalt pavement before allowing it to infiltrate the pervious
concrete and an aggregate sub-base below. The results revealed a notable decrease in total suspended
solids, nitrate, chemical oxygen demand, and polycyclic aromatic hydrocarbons when comparing
untreated asphalt runoff to the treated runoff.

In a 22-month study conducted by Selbig et al. (2019) in Madison, Wisconsin, the effectiveness
of three permeable pavements in improving stormwater runoff quality was assessed. These
permeable surfaces successfully reduced sediment and pollutant loads from runoff originating from
an asphalt parking lot that was five times larger than the area covered by the permeable pavements.
All three types of surfaces exhibited comparable reduction levels, approximately 60%, for total
suspended solids. Notably, clogging occurred after about one year, primarily attributed to winter
sand application, resulting in elevated sediment load during spring runoff (Selbig et al., 2019).

In a separate study, Seungbum et al. (2010) investigated the impact of total phosphorus, total
nitrogen, artificial zeolite, silica fume, glass fiber, and concrete strength on seawater purification. The
research indicated excellent seawater purification performance when the targeted void ratio was
increased.

4. Maintenance of Permeable Pavement System

Effective maintenance of permeable pavements is essential to ensure their long-term
functionality, especially in diverse climates ranging from freezing regions to areas with heavy
rainfall. Regular maintenance practices include biannual vacuuming to remove sediment and organic
debris, which is critical to prevent surface clogging that can severely reduce the pavement’s
permeability (Kayhanian, M., et al., 2019).

Permeable pavement consists of layers with high porosity, enabling stormwater to permeate
through both the surface and underlying layers. These layers typically include a reservoir course,
facilitating the eventual infiltration of water into the natural soil or its discharge into a drainage
system (Chandrappa and Biligiri, 2016; Ralla and Saadeh, 2018). Beyond its advantages in reducing
traffic noise and enhancing driving safety during rainy conditions, this type of pavement
construction yields several favorable environmental outcomes.

Among the key environmental benefits attributed to permeable pavements, two stand out
prominently. Firstly, they effectively manage stormwater by reducing the volume of runoff.
Secondly, they contribute to establishing low-impact urban infrastructure by preserving the natural
hydrologic function of the area through groundwater recharge (Rowe et al., 2010; Hein and Schaus,
2013). The sustained ability of permeable pavements to deliver environmental benefits is contingent
upon their capacity to uphold high surface infiltration performance over time. This performance is
closely tied to the drainage properties inherent in both the surface and base courses of the pavement
(Singer et al., 2022).

Leipard et al. (2015) emphasized the crucial role of material selection during the design phase of
permeable pavements to ensure adequate drainage properties, enabling the anticipated infiltration
of the designed runoff volume. Winston et al. (2016) recommended regular surface sweeping using a
commercial vacuum unit on an annual or biannual basis to prevent sediment buildup and maintain
porosity. They cautioned against using high-pressure water systems or compressed air units, as these
methods could push particles deeper into the pavement.

Fassman and Blackbourn (2010) advocated for the routine cleaning and maintenance of drainage
pipes and structures beneath porous pavements to prevent infiltration reduction and clogging.
Sarsam (2016) proposed signage and training for facility personnel to mitigate dirt accumulation from
heavy vehicles on porous surfaces. Additionally, the prevention of construction and hazardous
materials on permeable pavements was encouraged to avoid groundwater contamination. Regular
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sweeping and clearance of litter and debris from drainage areas contributing to permeable pavements
were also highlighted (Woods-Ballard et al., 2007). Paver or grid systems with grass should be
regularly mowed, and clippings removed, while seal coats should never be applied to permeable
pavements to maintain their functionality (Fassman and Blackbourn, 2010).

Hein and Eng (2015) noted that if stormwater drainage becomes compromised, the surface may
need replacement. Uneven paver surfaces can be repaired by lifting and redistributing the bedding
layer, with the need for new filler stone. Weed growth can be managed through regular sweeping
and vacuuming to prevent aesthetic issues, especially on surfaces with infrequent traffic (Jackman,
2010). Ontario’s ban on cosmetic herbicides led to the recommendation of annual vacuuming for
permeable interlocking concrete pavers to enhance their operational lifespan. Avoiding the spread of
sand on permeable pavement to prevent clogging, using deicers in moderation, and conducting
annual inspections in spring were also suggested practices (Fay et al., 2017z; Sehgal et al., 2023).

In colder climates, special attention should be given to snow and ice management, avoiding the
use of sand and minimizing the application of salt to prevent clogging and damage to the pavement
surface. (Gulliver, J.S., 2015). It is also recommended to set snowplough blades slightly higher to
avoid scraping the pavement and storing snow on permeable pavement surfaces to prevent sediment
build-up. (Low Impact Development Stormwater Management Planning and Design Guide, n.d.).

Gulliver, ].S., (2015) recommended that in areas with higher rainfall, more frequent inspections
may be necessary to ensure that the permeable pavement continues to function effectively. For
instance, checking for ponding after significant rain events and ensuring that the drainage areas are
free of debris are essential tasks. The maintenance plan should be tailored to the specific
environmental conditions, with routine tasks scheduled more frequently in harsher climates or areas
with heavy usage. For example, in dryer regions, regular checks for wind-blown sediment may be
required to maintain permeability. Overall, the maintenance frequency should be adjusted based on
the observed performance and the specific demands of the location.

5. Hydrological Performance of Permeable Pavement System

When placed over soils with high infiltration rates, permeable pavement can be useful for
enhancing stormwater hydrology and water quality. Palla et al. (2015) investigated the hydrological
response of a permeable pavement when subjected to different rainfall intensities and slopes. The
study investigated two kinds of permeable pavements: a concrete cell (CC) that was 210mm deep
and a pervious brick (PB) that was 190mm deep. Both types had two filter layers: recycled glass
aggregate and gravel and coarse sand. The discharge coefficients for each pavement were calculated
to examine the hydrological response in their study thoroughly. These coefficients represent the ratio
of the discharge volume to the inflow volume and were measured at the end of the rainfall event,
corresponding to a steady 15 minutes of rainfall intensity. Based on the study’s findings, no surface
runoff was detected in any of the tests conducted. The discharge coefficients for CC and PB were
observed to range between 0.55-0.75 during periods of high rainfall intensity (98 mm/h in 15 minutes)
and 0.01-0.12 during periods of low rainfall intensity (17 mm/h in duration 15 min). According to the
findings, steeper slopes were linked to better drainage outcomes. Moreover, the study suggested that
using recycled aggregate as a substitute for sand and gravel in permeable pavements is a feasible
alternative (Palla et al., 2015).

Permeable pavements help reestablish a more natural hydrologic balance and reduce runoff
volume by trapping and slowly releasing precipitation into the ground instead of allowing it to flow
into storm drains and out to receiving waters as effluent (Zanoni et al., 2019). This same process also
reduces the peak discharge rates by preventing large, fast pulses of precipitation through the
stormwater system (Zanoni et al., 2019). Permeable pavement can reduce the concentration of some
pollutants either physically (by trapping it in the pavement or soil), chemically (bacteria and other
microbes can break down and utilize some pollutants), or biologically (plants that grow in-between
some types of pavers can trap and store pollutants) (Dussaillant, 2002). By slowing down the process,
permeable pavements can cool down the temperature of urban runoff, reducing the stress and impact
on the stream or lake environment. By controlling the runoff at the source, such as a parking lot,
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permeable pavement can also reduce the need for or the required size of a regional BMP, such as a
wet detention pond, which saves money and effort (Firouzan, 2018).

Besides that, another benefit of permeable pavement is the reduced need to apply road salt for
de-icing in the wintertime. Researchers at the University of New Hampshire have observed that
permeable asphalt only needs 0 to 25% of the salt routinely applied to normal asphalt (Houle et al.,
2009). Other researchers have found that the air trapped in the pavement can store heat and release
it to the surface, promoting the melting and thawing of snow and ice (Roseen et al. 2012).

Permeable pavement can be an effective solution for improving the outdoor thermal
environment through evaporative cooling (Kevern et al. 2009a, Hisada et al. 2006; Santamouris 2013;
Roseen et al. 2012; Brown and Borst 2015; Tota-Maharaj and Paul 2015). In addition, PPSs can warm
up the surrounding environment during cold climates by acting as a geothermal heat pump (Tota-
Maharaj and Paul 2015). Standing water issues such as odour and mosquito breeding which arise in
detention ponds and wetlands (Gingrich et al. 2006; Metzger et al. 2018), can be minimized using
PPSs, as they infiltrate and store water underneath the surface.

6. Innovation and Future Research

While permeable pavements represent a straightforward water management system that
numerous researchers have shown to be effective at reducing surface runoff, multiple aspects within
this domain still need to be explored. There remains a growing need to continue exploring more
sustainable options in the design and construction of permeable pavements. Currently, available
researchers have favored construction waste materials such as recycled concrete aggregates (PCA),
crushed brick (CB), recycled aggregates (RA), and carbon-negative aggregates (CNA), among others,
in their research for alternatives to traditional construction materials. The idea behind this approach
is to provide alternative usage of waste materials, which will help to reduce waste disposal and a
cleaner construction industry (Monrose et al., 2019). However, fewer researchers have explored the
use of sustainable and recycled waste materials outside the construction industry. Currently, there is
a knowledge gap in the performance of newer sustainable materials in permeable pavement
construction.

This review improves the research gap in the use of new sustainable materials in the design of
permeable pavements by introducing new research that is currently ongoing in the civil engineering
department of Nottingham Trent University. The research aims at exploring additional material that
could be used to replace traditional natural occurring construction materials. The primary objectives
of the research are listed below:

1. To design a permeable pavement system using sustainable materials and conduct hydrological
and water quality tests to determine the model’s performance under laboratory settings.

2. Toinvestigate the impact of rainfall intensity towards the performance of permeable systems.

3. To compare the results of the research with other research conducted using recycled waste
materials and traditional construction materials.

The research will introduce three recyclable materials, coconut coir, Cameroon Calaba Clay, and
recycled carbon charcoal in the permeable pavement layers. Coconut coir will be used in the sub-
grade while Cameroon Calaba Clay and recycled Carbon Charcoal will be used in the subbase of the
permeable pavement to replace traditional construction materials.

6.1. Design Approach

A laboratory scale model of a permeable pavement rig will be constructed with guidance from
Alsubih 2017, Monrose 2020, and Woods-Ballard et al., 2007. The rig will be designed as an enclosed
system with tank-like properties using 19 mm (or about 3/4 inch) thick construction-grade plywood.

To ensure the rig is watertight, a 2 mm thick layer of a commercially available PVC-based pond
liner will be applied to the interior of the rig. The liner will serve as an impermeable barrier,
preventing any water from seeping through the plywood and distorting the research data.

A rainfall simulator will be designed to deliver water into the permeable pavement rig system
in a controlled environment that mimics natural rainfall events. To achieve this, the rainfall simulator
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will be engineered to simulate rain droplets that mirror actual rainfall. It is necessary to simulate
specific rainfall parameters such as volume, depth, intensity, and duration that meet the demands of
research and experimentation.

The rainfall simulator design will be composed of the following parts.

e  Water Source: The water source for the rainfall simulation will be ordinary tap water delivered
from a tap in the fluids and hydraulic laboratory. Using a pipe network and a flow meter, the
flow from the tap will be controlled to suit the experiment’s needs.

e  Flow meter: The flow meter used for the experiment will be the Gardena 8188-20 Water Meter.
This control system will regulate the intensity and duration of the rainfall. Using a flow meter
will ensure that water delivery into the permeable pavement is kept constant during the
experimentation. The flow meter is calibrated to measure the total volume (L) delivered into the
permeable pavement during the rainfall simulation and flow rate (L/min).

e Pipe System: A network of PVC pipes will be designed and connected to the flowmeter. The
pipe system will comprise of 12.5mm PVC pipes and run across the permeable pavement rig. To
simulate rainfall, 2.5mm diameter holes will be drilled in the underside of the pipes at 50mm
apart.

e  Outflow and Collection System/Container: The water collection system consists of a bucket
placed at the end of the outlet pipe to collect discharge from the pavement rig.

Rainfall Simulator

4
Y
Simulated Rainfall
Fire mesh D‘— Flow Meter
80mm Block Paving
k—— Inflow Pipe
Geoteatile
35mm bedding
R 100mm sub-base
z ;? % 100mm Sub-grade
0 A
I — ——
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Figure 4. Schematics of the laboratory setup of the permeable pavement.

6.2. Performance Evaluation of the Permeable Pavement System

The two research phases will be conducted in the laboratory, one will determine the hydrological
performance and the other will focus on evaluating the water quality performance of the permeable
pavement. As highlighted in section 2, permeable pavement consists of three systems based on the
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water filtration design of the pavement (see Figure 3) For this research, the permeable pavement
system C will be used. This system allowed water to be collected in the subgrade using a pipe.

Hydrological performance of the permeable pavement system will involve understanding the
effects of recycled materials on the pavement’s ability to attenuate and retain stormwater. To evaluate
the pavement’s hydrological performance, the values for the following parameters will be obtained
for all hydrological simulations:

e Rainfall data(inflow).

¢  Outflow rate and volume.

¢  Retention and storage capacity.

e  Total rainfall volume (mm)

e Rainfall duration (min)

e  Rainfall intensity (I/min) and (mm/h)
e  Experiment Lag time (min)

The test for water quality performance will assess the permeable pavement’s efficacy in
removing pollutants from rainwater runoffs, hence improving water quality by measuring its ability
to remove pollutants. The experiment will evaluate the pollutant removal efficiencies of permeable
pavements constructed with recycled or recyclable materials as sub-base components in a permeable
pavement system. Special water quality parameters data will be collected from the effluents from
the pavement; The water quality parameters are shown in Table 1.

Table 1. Water quality parameters that will be used to determine the permeable pavement water
quality performance.

Prefix Meaning Units
Temp Probe Temperature oC
ORP Oxidation Reduction Potential mV
pH pH (Acidity/Alkalinity pH
DO Dissolved Oxygen Y%Sat
DO Dissolved Oxygen mg/L
EC Electrical Conductivity uS/cm
TDS Total Dissolved Solids mg/L
SAL Salinity PSU
S5G Sea Water Specific Gravity ot
BARD Barometric Pressure mb

The parameters selected for both the hydrological and water quality test are in line with previous
research conducted on permeable pavement performance. The need to use similar parameters is to
aid comparison of results with those of other studies previously published.

6.3. Experiment Procedure

Rainfall simulations will be conducted once per day, with a minimum antecedent dry period of
24 hours preceding each rainfall simulation; this is in accordance with other research by Alsubih et
al., 2017, and Monrose, 2019. In total Nine (9) rainfall events will be simulated over two weeks for
each experiment. Conducting the experiment over two weeks will provide an average trend of the
pavement performance and reliability of the data collated. For all the experiments, a constant 15-
minute duration will be employed for each rainfall simulation, with an average rainfall intensity of
0.75L/min applied to the permeable pavement. The experiment will be conducted indoors, where
evaporation from the rigs during rainfall simulation is negligible.

7. Conclusions

This review offers a comprehensive summary of the current literature concerning sustainable
urban drainage systems, mainly focusing on permeable pavement systems. Numerous research
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studies have established the effectiveness of permeable pavement in controlling excess runoffs during
heavy rainfall and reducing pollutants in the runoffs. However, to ensure that permeable systems are
more sustainable, this review suggests a novel permeable pavement system using recycled materials
could be designed. The system will consist of a rig which will house the permeable pavement layers,
a rainfall simulator that will deliver water into the permeable pavement rig system in a controlled
environment that mimics natural rainfall events, and a water source.
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