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Abstract 

Imperviousness caused by urbanisation leads to increased runoff volumes, flow rates, and 

contaminant loads. These may be mitigated by measures such as Sustainable Drainage Systems 

(SuDS) that seek to mimic the natural hydrology of a site. Permeable Pavement Systems (PPS) 

are a popular SuDS source control measure, with Permeable Interlocking Concrete Pavements 

(PICP) being the most common. PICP comprise specially designed concrete pavers, inter alia, 

with grooved and dentated sides forming ójointsô to allow runoff to percolate into the 

underlying single-sized basecourse layers and potentially the subgrade. A geotextile may be 

fitted between the bedding and base layers and/or base layer and subgrade. However, many 

PICP installations in South Africa have prematurely failed through clogging. While some 

failures can be attributed to poor design, construction and site management, there is ongoing 

debate regarding the principal failure mechanisms, particularly in connection with the inclusion 

of a geotextile under the bedding layer. 

Field investigations were thus conducted at eleven sites in Cape Town and Gauteng to 

provide evidence-based data related to clogging. Additionally, accelerated laboratory tests that 

focused on the role that different pavers and upper geotextiles played in the clogging process 

were conducted at the University of Cape Town (UCT). The investigations identified four types 

of clogging mechanisms: i) Type I is when sediment fills up the top 30 mm of the joints, ii) 

Type II is when the sediment deposits on the bedding immediately below the joints, iii) Type 

III is when the sediment mixes with the bedding and clogs the geotextile, iv) Type IV is 

clogging of the underlying layers. 

The field observations indicated that rapid failure of PICP correlates with: high sediment 

loading from adjacent areas for example as a consequence of being linked to excessively large 

impervious surfaces, leaf and pollen drop from overhanging vegetation, abrupt braking at 

highly trafficked areas ï in particular at intersections often widening joints, and lack of 

maintenance. The non-woven heat-bonded upper geotextiles that have been specially selected 

in the past owing to their ability to promote nutrient removal in PICP were found to be 

susceptible to puncturing in areas with considerable turning traffic. Maintenance trials 

demonstrated that air blowers could remove Type I clogging, but probably at the cost of 

accelerating Type II clogging. The presence of a geotextile was seldom a cause of clogging 

except in limited, specific circumstances. Accelerated laboratory tests showed that the smaller 

the paver joint opening ratio, the faster the joint was clogged by non-cohesive soils. 
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Glossary of terms 
Aggregate: Angular crushed quarry stone for grit, bedding, base, and subbase materials. 

Basecourse: The aggregate layer of the pavement section below the bedding layer but 

above the subbase and subgrade. 

Bedding: The aggregate layer supporting the pavers. Usually 7.1 mm roadstone. 
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Best Management Practices (BMPs): Devices, practices or methods for removing, 

reducing or retarding runoff flows or preventing contaminants from reaching 

receiving waters. 

Clogging: Reduction in the surface infiltration capacity of permeable pavements as a result 

of sediment acculation. 

Conventional Stormwater: In the South African context, this refers to drainage systems 

consisting of concrete pipes and canals designed to rapidly transport stormwater to 

the nearest convenient receiving water. 

Geogrid: Pavement biaxial or triaxial plastic reinforcement that distributes traffic load 

uniformly onto the underlying layers. 

Geomembrane: A liner that prevents the movement of water into the subgrade. 

Geosynthetic: Synthetic products used to stabilise terrain or pavement layers. 

Geotextile: A planar, permeable, polymeric (synthetic or natural) textile material, which 

may be nonwoven, knitted or woven, used in contact with soil/rock and/or any other 

geotechnical material in civil engineering applications. They are used to separate 

different material layers, and can also contribute to the reinforcement of the system 

and potentially the treatment of stormwater.  

Gritstone: The rounded 5 mm Grade 1 roadstone used in the paver joints. 

Nutrients are chemicals  in urban runoff that cause eutrophication, mainly nitrogen and 

phosphorus. 

Nutrient Load : The quantity or concentration of nutrients entering a water body or 

ecosystem. 

Open-graded aggregate reservior: Angular aggregates material free of fines that highly 

permeable and thus can store water. 

Single sized aggregate: Aggregate that predominately passes one sieve but is retained on 

the one immediately smaller. 

Subbase: The lowest part of a pavement section, usually characterised by the largest 

aggregate. 

Subgrade: The founding soil on which the pavement structure is constructed. 

Sustainable Drainage Systems (SuDS): are techniques used to manage runoff quality and 

quantity while also enhancing the biodiversity and amenity of a development. Also 

called Low-Impact Development (LID ï USA), Water Sensitive Urban Design 

(WSUD ï Australia), Nature-based Solutions (NbS) etc. 

SuDS treatment train refers to a sequence of stormwater management practices that work 

together to improve the water quality and reduce runoff discharge. 



xx 

Clogging in PICP 

Permeable Interlocking Concrete Pavement (PICP): A specific type of permeable 

pavement comprising  block pavers designed with stone-filled slots ï termed ójointsô 

that allow rainwater to pass through to single-sized base courses. 

Permeable Pavements (PPs): A pervious pavement  allows infiltration to take place. 

Washed aggregates: Aggregates free of 0.075 mm or lower sized material (sieve No. 

200). This is can be achieved by passing running water through aggregates at the 

quarry or on site. 

Water Quality Volume (WQV) : The volume of runoff that is treated to reduce the runoff 

pollutants. 

Water Sensitive Design (WSD): Design that considers the whole water cycle. 

 

Acronyms 
ASTM American Standard Testing Method 

BMP Best Management Practices 

CIRIA  Construction Industry Research and Information Association 

CoCT City of Cape Town 

DRIT  Double Ring Infiltrometer Test 

FSIT Full Scale Infiltration Test 

LID  Low Impact Development 

Mod-ASTM Modified American Standard Testing Method 

Mod-SWIFT Modified Stormwater Infiltration Field Test 

MUSIC Model for Stormwater Improvement Conceptualisation 

PCSWMM Personal Computer Stormwater Management Model 

PICP Permeable Interlocking Concrete Pavement 

SDG Sustainable Development Goals 

SIT Simple Infiltration Test 

SRIT Single Ring Infiltrometer Test 

SuDS Sustainable Drainage Systems 

SWIFT Stormwater Infiltration Field Test 

SWMM  Stormwater Management Model 

WQV Water Quality Volume 

WSD Water Sensitive Design 
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1. Introduction  

1.1 Background of the study 

Rapid urbanisation since the beginning of industrialisation has resulted in substantial increases 

in the proportion of impervious land cover (Xian et al., 2021). This, in turn, has increased urban 

stormwater runoff flow rates and volumes whilst simultaneously reduced groundwater recharge 

and water quality (Hein, 2018b; Simpson et al., 2021). Most stormwater systems in South 

Africa (SA) were designed to rapidly convey runoff to the nearest surface water bodies through 

concrete channels and pipes, sometimes referred to as hard engineering (CSIR, 2019). This 

approach is increasingly degrading the state of the water bodies by erosion of natural channels 

and pollution of downstream receiving waters, whilst increasing the risk of downstream 

property damage (CSIR, 2019; van Vuuren et al., 2022). 

Since 1990, there has been a shift towards the use of Sustainable Drainage Systems 

(SuDS) (Roesner et al., 2001; CSIR, 2019; Smith, 2019) in a bid to combat the damage caused 

by conventional stormwater management techniques. This approach is also being adopted in 

SA (Armitage et al., 2013). SuDS are stormwater management practices that attempt to mimic 

natural processes in the management of runoff quality and quantity while also seeking to 

enhance the biodiversity and amenity of infrastructural development (Marchioni & Becciu, 

2015). 

Permeable Pavement Systems (PPS) are SuDS source control options that manage onsite 

runoff. They are designed and constructed with permeable surfaces laid on top of open-graded 

or single-sized aggregate sublayers that infiltrate and temporarily store the water before 

releasing it for groundwater recharge and/or attenuated downstream flow peaks. They can even 

be potentially used for rainwater harvesting. The most common PPS in SA is Permeable 

Interlocking Concrete Pavement (PICP). PICP consists of specially designed concrete block 

pavers placed on the single-sized base layers. Specially designed grooves create gaps between 

the pavers, termed ójointsô, that allow surface water to pass through the surface. Specially 

selected coarse sand in the 2-5 mm range, termed ógritstoneô, is placed between the paving 

blocks to hold back sediment (ASCE, 2018). Geotextiles may be placed between the bedding 

layer and the top-most base layer, and between the bottom and sides of the lowest base layer 

and the in-situ material to separate the layers and/or improve the runoff water quality. 

Stormwater is temporarily stored in the base layers where it may undergo some improvement 

in water quality as a consequence of sedimentation and bacteriological activity (Sehgal et al., 

2018). Ultimately, the stormwater infiltrates into the subgrade and/or is removed by sub-

surface drains (Woods Ballard et al., 2015; ASCE, 2018). 

One of the first PICP installations in SA was in 2007 at The Reeds complex in 

Johannesburg (CMA, 2020). Since then, PICP has been installed in numerous places ï mainly 

parking areas and driveways ï in Cape Town, Ekurhuleni, Johannesburg, Midrand, and 

Pietermaritzburg using various different designs and following a miscellany of international 

guidelines and standards. The guidelines include those used in the United States of America 

(USA), United Kingdom (UK) and Australia ï although others are available. At the time of the 
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study, two standards were available: those published by the American Society of Civil 

Engineers (ASCE 68-19) and the British Standards Institution (BS 7533-13:2009). 

 

1.2 Problem Statement 

Infiltration tests conducted between 2017 and 2019 on various PICP sites in Cape Town and 

Johannesburg by University of Cape Town (UCT) civil engineering researchers indicated that 

many PICP sites were clogged or nearly clogged resulting in premature failure of the surface. 

In some places, the pavers had been dislodged. In many sites, there was clear evidence of poor 

design, poor construction and/or lack of maintenance. Other factors that appeared to be 

contributing to PICP failure included: 

¶ Loose fine soils from surrounding areas transported by wind or runoff onto the PICP 

surfaces. 

¶ High run-on of sediment-laden stormwater onto the PICP from adjacent impermeable 

surfaces causing unacceptably high quantities of fine material to be deposited on its 

surface. 

¶ Poor construction practices leading to premature failure such as the use of inappropriate 

filling material such as sand, dirty aggregates, or the lack of suitable edge restraints. 

¶ Little or no maintenance that might have slowed the inevitable clogging of the PICP. In 

many instances, there was little evidence of the gritstone between the pavers thus 

allowing the accumulation of fine sediment material in the lower parts of the openings 

between the pavers. 

¶ Rutting or differential settlement of the PICP structure owing to the settling of the 

underlying base layers as a result of poor compaction. 

¶ Unsuitable environmental conditions such as proximity to vegetation with high leaf or 

pollen drops or unacceptable sediment exposure. 

 

Clogging usually comes about as a consequence of the build-up of fine material between the 

joints of the pavers and within the pavement sublayers. Severe clogging inhibits runoff surface 

infiltration (Støvring et al., 2018). While the source of this fine material is usually from local 

environmental conditions, laboratory tests have shown that considerable quantities are also 

introduced through the use of unwashed aggregates (Biggs, 2016). Concerns have also been 

raised about the potential blockage of any geofabric placed between the bedding and base-

course layers due to the migration of fine material from the bedding aggregate or surface. 

Typical practice in the UK is to install geotextiles to improve the quality of runoff 

(Charlesworth et al., 2017). Further, geotextile protects the underlying pavement layers from 

possible migration of fine material from the surface (DEWHA, 2010). Conversely, various 

USA guidelines and ASCE/T&DI/ICPI 68-19 (ASCE, 2018 ï the US standard for Permeable 

Interlocking Concrete Pavement) state that the inclusion of a geotextile is at the discretion of 
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the design engineer with warning that it may increase the risk of premature PICP clogging 

through the trapping of fine material on its surface (Hein & Smith, 2016). 

The SA construction industry currently adapts various international guidelines and 

standards for the design, construction and maintenance of PICP. However, this has resulted in 

inconsistent PICP practices across the country as different designers have taken different 

approaches. It appears highly likely that PICP is failing because of the lack of understanding 

by local designers as to the chief mechanisms involved in PICP clogging and how these can be 

mitigated (Mullaney & Lucke, 2014; Biggs, 2016). 

 

1.3 Aim of the Research 

The aim of this study was to provide evidence-based data of PICP clogging mechanisms and 

ways of mitigating them. 

 

1.4 Objectives of the Research 

The study objectives were to: 

¶ Determine the hydraulic performance of existing PICP sites in SA (largely restricted to 

Cape Town and Johannesburg) and attempt to link this to the materials, method of 

construction, and maintenance practices ï if any. 

¶ Perform diagnostic investigations on failing PICP sites in a bid to understand failure 

mechanisms. 

¶ Investigate the most appropriate maintenance equipment and techniques for SA 

conditions. 

¶ Investigate the behaviour of the different types of geotextiles typically used in PICP in 

the laboratory and compare with a graded filter substitute. 

¶ Assist in the development of guidelines for the design, construction and maintenance of 

PICP in SA. 

 

1.5 Method 

The study had three main components: 

i) Literature review of the design, construction, and maintenance of PICP through the 

consideration of journals, case studies, conference papers, books, websites, student 

dissertations, seminars, standards and guidelines. 

ii)  Collection of data from fieldwork and laboratory investigations including the input from 

students working on projects related to the study from both UCT and the University of 

the Witwatersrand (Wits).  
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iii)  Input from a specially created PICP Working Group comprising experts from academia 

(inclusive of the USA and UK), local authorities, consultants, and suppliers. 

 

1.6 Report Layout 

The report consists of the following chapters: 

¶ Chapter 1 is the introduction of the study. The study background, problem statement, 

research aims, and objectives are discussed. The study method is briefly outlined. 

¶ Chapter 2 covers the literature review of the design, construction, and maintenance of 

PICP. Research illustrating the different designs, environmental factors that affect the 

design and construction of PICP, and potential maintenance techniques are presented. 

¶ Chapter 3 presents the method followed for the collection of data for the study. 

¶ Chapter 4 describes the field investigations that were carried out in Cape Town and 

Gauteng. These included infiltration tests, maintenance trials, and diagnostic 

investigations. 

¶ Chapter 5 describes the outcome of accelerated laboratory tests that took place in the UCT 

hydraulics laboratory. These includes investigations into the performance of different 

geotextiles as well as the impact of different paver opening areas. 

¶ Chapter 6 presents the conclusions and recommendations for future research. 
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2. The Literature Review 

2.1 Overview 

Infrastructural developments such as commercial centres, most roads, and residential complexes 

increase the proportion of impermeable surfaces resulting in an increase in runoff quantity, 

flowrate, and downstream contamination (CSRMB, 2009; CSIR, 2019). Consequently, these 

degrade surface water bodies (Tirpak et al., 2021). To counteract this, Sustainable Drainage 

Systems (SuDS) have been developed that attempt to mimic the natural hydrology (National 

Research Council, 2009; Armitage et al., 2014; Liu & Armitage, 2020). In this chapter, some 

background to stormwater management and the SuDS alternative will be provided. One SuDS 

option, namely Permeable Interlocking Concrete Pavement (PICP) will be discussed in detail. 

 

2.2 Stormwater management on pavements 

The management of stormwater runoff in South Africa (SA) has traditionally involved the 

implementation of concrete pipe and lined channel drainage systems which convey stormwater 

runoff to the nearest water body as quickly as possible (CSIR, 2019). These drainage systems are 

usually linked to pavements through a curb and channel system designed to minimise the 

inconvenience resulting from minor flows. Without some form of intervention, urbanisation 

leads to an increase in surface run-off and a decrease in interflow and baseflow to streams, 

evapotranspiration, and groundwater replenishment. Typically, the only attempt to attenuate the 

peak flow to something approximating the pre-development values has been via detention ponds 

(CSIR, 2019). Detention ponds, however, require space for implementation. 

 

 

Figure 2-1: Impact of development on the natural hydrology of a site  

(National Research Council, 2009) 
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Figures 2-1 and 2-2 show the general impact of development on the natural hydrology of an area. 

Meantime, there is increasing demand for access to water that needs to be brought into the urban 

environment over ever greater distances and higher costs. A more sustainable way of managing 

urban water is therefore required. This may be achieved through Water Sensitive Design (WSD) 

that strives to restore the pre-development hydrological conditions and encourage water reuse. 

The stormwater component of WSD is known as Sustainable Drainage Systems (SuDS) in SA 

and the United Kingdom (UK), Low Impact Development (LID) in the United States of America 

(USA), and Water Sensitive Urban Design (WSUD) in Australia. 

 

Figure 2-2: Pre-development versus post-development hydrology 

όArmitage et al, 2013) 

 

2.3 Sustainable Drainage Systems (SuDS) 

SuDS considers stormwater as a sustainable and valuable resource. Well-managed stormwater 

can also contribute to the provision of amenity value for humans and preservation of biodiversity 

for all other life forms (Figure 2-3). Table 2-1 shows typical pollutants usually found in runoff. 

SuDS options can be installed in a series to manage and pre-treat stormwater runoff before 

disposal into the receiving waters. A SuDS treatment train is a combination of different SuDS 

alternatives implemented in sequence (Armitage et al., 2013; Woods Ballard et al., 2015). 

SuDS are applicable in brownfield, greenfield environments, and retrofitted conventional 

stormwater systems (CSRMB, 2009). Brownfield sites are those that were previously developed,  

FLOW  
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Post-development 
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Figure 2-3: Stormwater design hierarchy (Armitage et al., 2013) 

 

Table 2-1: Typical stormwater pollutants (Adapted from Armitage et al., 2013) 

Pollutant Group Pollutants Source Impacts 

Nutrients 
Nitrogen and 

Phosphorus 

Fertilisers  Excessive nutrients result in 

eutrophication. They are commonly 

associated with algal plumes and 

reduced clarity resulting in decreased 

biodiversity. 

Animal waste 

Organic matter 

Septic tanks 

Sediment 
Suspended and 

settable solids 

Erosion of landscaping Increased turbidity, sedimentation, 

and smothering of aquatic plant and 

animal life. Erosion of construction sites 

Organic material Plant litter Landscaping Increased nutrients and sediment. 

Pathogens 
Bacteria, viruses, 

and protozoa 

Failing sewer / sewage 

systems 

Public health risk. Contaminated 

recreational area. Threat to 

downstream irrigation water and 

edible crops. Decreased economic 

value of natural recreational areas. 

Animal waste 

Hydrocarbons 
Oils, greases, and 

others 

Motor vehicle emissions and 

wear 

Industrial processes and 

waste 

Metals 
Lead, copper, zinc 

and others 

Motor vehicle wear 

Industrial leaks 

Galvanised construction 

materials 

Toxic chemicals 
Pesticides and 

herbicides 

Agriculture 

Landscaping 

Solids 
Debris and 

rubbish 

Littering Threat to wildlife. Aesthetic appeal 

decreased. Dumping 
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while greenfield sites consist of previously undisturbed portions of the environment. Permeable 

Pavements (PPs) offer a solution directed at ósofteningô the impact of roads and parking areas. 

They promote infiltration, attenuation, and gross pollutant removal of stormwater runoff through 

the pavement sublayers (Armitage et al., 2013; CSIR, 2019). 

 

2.4 Permeable Pavement Systems (PPS) 

Permeable Pavement Systems (PPS) are surfaces that promote the infiltration of surface 

stormwater runoff into its sublayers for groundwater recharge, attenuation, water harvesting and 

its pre-treatment by the removal of nutrients and gross pollutants (Hein & Smith, 2016; Liu & 

Armitage, 2020). 

Various types of PP systems are available, including: Porous Asphalt (PA), Porous 

Concrete (PC), Porous Pavers (PP), pavers with gaps deliberately worked into the laying pattern, 

and Permeable Interlocking Concrete Pavement (PICP). Figure 2-4 illustrates some different 

types of PPS. The most suitable spaces in the urban fabric for PP systems include, but are not 

limited to, parking areas, driveways, lightly trafficked areas, and sidewalks (Armitage et al., 

2013; Hein, 2018a). 

 

 

(a) PC (Bean et al., 2007) 

 

(b) PICP (Lucke & Beecham, 2011) 

 

(c) PA (Mullaney & Lucke, 2014) 

 

(d) PICP (CSIR, 2019) 

Figure 2-4: Examples of PPS types 

PA 

Impervious surface 
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2.5 Permeable Interlocking Concrete Pavement (PICP) 

Permeable Interlocking Concrete Pavement (PICP) comprises of modular paving blocks that 

have vertical grooves down their sides to create highly permeable ójointsô laid on open-graded or 

single-sized aggregate sublayers (Figure 2-5.). The grooves are filled with 2-5 mm gritstone to 

ensure high rates of runoff infiltration while trapping most sediments (Beecham et al., 2010; 

Armitage et al., 2013). A geotextile is sometimes fitted between the bedding layer and the base 

layer, and between the subbase and subgrade, to prevent the migration of different sized 

aggregate, improve the infiltrated runoff water quality, and protect the subgrade (CMAA, 2010). 

 

 

Figure 2-5: Typical PICP section (Smith, 2019) 

 

2.5.1 Benefits of PICP 

A well designed, constructed and maintained PICP can (Hein, 2018b; Sanicola et al., 2018):  

Å Reduce runoff flow rate and volume 

Å Improve runoff quality 

Å Recharge groundwater 

Å Provide harvested rainwater for further re-use 

Å Enhance amenity and biodiversity 

Å Reduce the urban heat island 
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2.5.2 The impact of PICP on runoff quality  

A multitude of gross pollutants, nutrients, and other sundry contaminants find their way into the 

stormwater runoff, especially during the so-called ófirst flushô of rainfall following a dry period 

(Section 2.3) (CSIR, 2019; Liu & Armitage, 2020). PICP filters out the gross pollutants and 

lowers the nutrient load in the stormwater thus improving its quality (Lucke & Beecham, 2011; 

Liu & Armitage, 2020).  

It is essential to wash the aggregates before they are laid in PICP to avoid introducing 

sediment and its attached contaminants, such as nutrients and heavy metals, to the underlying 

pavement layer (Liu & Armitage, 2020). The sediments also pose a potential clogging threat to 

any geotextiles present which can, in turn, impede the infiltration capacity of PICP. On the other 

hand, Liu & Armitage (2020) found that the use of geotextiles within the PICP removes a 

significant quantity of fine material content from stormwater runoff versus a no geotextile design.  

 

2.5.3 The impact of PICP on stormwater flood control  

Impervious surfaces increase the flow rate and volume of runoff (Figure 2-6). Managing 

stormwater at its source reduces the potential volume that can cause inundation downstream and 

the possible erosion of the natural water channels (Armitage et al., 2013; CSIR, 2019). PICP 

reduces the volume of the stormwater runoff generated within a development by infiltrating and 

attenuating some of the stormwater runoff through temporary storage in the aggregate base layers 

(Beecham et al., 2010; Woods Ballard et al., 2015). 

 

 

Figure 2-6: Flooding caused by a storm in an urban development  

(Poon, 2018) 
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2.5.4 PICPôs impact on Biodiversity and Amenity 

Biodiversity is the variety of life while amenity is the pleasantness or attractiveness of a 

development (Armitage et al., 2013, 2014). A shortcoming of the PICP system is that it does not 

account for direct biodiversity but it can contribute to downstream or secondary biodiversity 

(Woods Ballard et al., 2015) by controlling the flow and quality of the stormwater. PICP may 

provide for some visual óamenityô due to the availability of different paver colours, appealing 

shapes and hard durable quality. 

 

2.5.5 PICP impact on urban heat island 

Although evapotranspiration is reduced with the installation of PICP, the urban heat island is 

also reduced relative to conventional pavements (Cheng et al., 2019; Manteghi & Mostofa, 

2020). PICP absorbs heat during a warm day, but it tends to release it more slowly than 

conventional pavers because of the evaporation of infiltrated runoff within the pavement 

structure. Moreover, the pavers can be manufactured in various colours, such as light-coloured 

pavers that have a high surface reflective index (SRI) relative to dark conventional pavements. 

 

2.6 PICP Design 

2.6.1 PICP system components description 

Key components for PICP include the: subgrade, underdrain, observation wells, geosynthetics, 

the open-graded or single-sized aggregate reservoir, filter layers, edge restraints, pavers, and joint 

material. Typically, the structural design life of PICP is 20 years, however, the various PICP 

components have different service life (Swan & Smith, 2009) 

 

2.6.1.1 Subgrade 

The subgrade is the foundation soil on which the pavement structure is constructed (ASCE, 

2018). The properties of the subgrade are therefore significant in determining the type of PICP 

cross-section. Subgrades are classified according to two design criteria: California Bearing Ratio 

(CBR) and permeability. CBR is referred to as the measure of a soilôs capacity to safely carry 

traffic, while permeability is the ability of the subgrade to infiltrate runoff (Bruinsma et al., 

2017). In cases where the subgrade CBR is less than 5%, ground improvement techniques and/or 

a capping layer are recommended (Interpave, 2018). A capping is a granular layer laid on top of 

a subgrade to improve the pavement foundation (BSI, 2009). CBR values are determined in 

accordance with ASTM D1883 Standard Test Method for CBR (California Bearing Ratio) of 

Laboratory Compacted Soils. Low CBR values require thick PICP layers to support vehicular 

traffic loads, and vice versa. Woods-Ballard et al. (2015) and ASCE (2018) state that CBR is 

inversely proportional to the moisture content and modulus of elasticity of soil. It is thus essential 
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to know the moisture content of a PICP subgrade as it impacts the potential infiltration into the 

insitu soil and the traffic carrying capacity. 

Three types of PICP systems may be defined based on the permeability of the subgrade, 

the proximity of the water table, and the potential for pollution: i) Full infiltration, ii) Partial 

infiltration and iii) No infiltration (Table 2-2). In Table 2-2, a óYesô indicates that the PICP cross-

section can be considered, while a óNoô suggests that it should not be considered. Further, any 

type of PICP can be used as a component for a SuDS treatment train to treat and manage runoff.  

 

Table 2-2: PICP cross-section selection criteria (After Woods-Ballard et al., 2015) 

Ground characteristics 
Full infiltration 

system 

Partial infiltration 

system 

No infiltration 

system 

Subgrade 

permeability, k 

(mm/hr) 

3.6×100 to 3.6×103 Yes Yes Yes 

3.6×10-2 to 3.6×100 No Yes Yes 

3.6×10-4 to 3.6×10-2 No No Yes 

Water table within 1000 mm of the 

formation level 
No No Yes 

High pollutants content present in 

stormwater 
No No Yes 

Infiltration water not recommended due 

to undesirable ground features e.g. mining 

activity, karst conditions, risk to slope 

instability etc 

No No Yes 

 

A full infiltration PICP system is recommended when there is no evidence of potential 

groundwater contamination and the subgrade permeability is greater than 3.6 mm/hr, that is, 

sandy soils. The runoff that infiltrates the pavement structure will also percolate into the subgrade 

to recharge the groundwater (Figure 2-7). 

The pavement consists of pavers, joint material, washed unbound aggregates, optional 

upper and lower geotextiles, and edge restraints. When it rains, runoff percolates into the 

pavement through the paver joints, into the aggregate storage, and ultimately the subgrade. 

Figure 2-8 illustrates the partial infiltration PICP system. This type of PICP cross-section 

is selected when the subgrade infiltration capacity is limited (Table 2-2). When it rains, runoff 

percolates into the pavement through the paver joints, into the aggregate storage, and partially 

into the subgrade. An underdrain is laid either on the subgrade or in the subbase to drain the 

excess runoff from the aggregate stone storage. The underdrain may be connected to a 

conventional stormwater line or discharged into other road site SuDS options such as a swale 

(Armitage et al., 2013). 
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Figure 2-7: Typical full infiltration system design (ASCE, 2018) 

 

 

Figure 2-8: Typical Partial infiltration system design (ASCE, 2018) 

 

A no-infiltration PICP system design is shown in Figure 2-9. This system is used when the ground 

conditions are not suitable for stormwater ingress. The reasons may include inter alia: a water 

table is within 1 m of the pavement formation, the rainwater is to be harvested for further reuse, 

the pavement is situated on expansive or contaminated underlying soils, where the runoff is 

highly polluted, or when the pavement is installed within 3 m of a building wall (ASCE, 2018). 

Some of the criteria for this type of pavement cross-section are shown in Table 2-2. 
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Figure 2-9: Typical no-infiltration system design (ASCE, 2018) 

 

During a rainfall event, runoff infiltrates through the paver joints and into the aggregateôs storage 

for attenuation. It is then channelled to a conventional stormwater system and/or SuDS option by 

an underdrain. An impermeable geomembrane is installed between the lowest aggregate layer 

and the subgrade to prevent infiltration into the ground and/or backflow from the groundwater. 

The geomembrane is also extended up the sides of the pavement sublayers. A geotextile is 

normally placed on the geomembrane to protect it from being damaged by the subbase aggregate 

(Charlesworth & Booth, 2017). This system effectively acts as a detention pond. 

 

2.6.1.2 Sloping sites 

At times, it might be necessary to install PICP on sloped sites. Ideally, the PICP should be laid 

as flat as possible to maximise the available storage in the stone reservoir created by the single-

sized aggregates, maximise the infiltration into the subgrade, and restrict lateral flow within the 

pavement structures (BSI 2009; WDNR, 2021), however, slopes less than 2% can usually be 

tolerated (Bruinsma et al., 2017; NCDEQ, 2020). Once the surface slope of the PICP exceeds 

5% there is a risk of water from running along the surface (ASCE, 2018). One way of reducing 

the effective slope is to lay the PICP in a series of level terraces with ramps linking them 

(NCDEQ, 2020). Alternatively, the PICP should be compartmentalised to maximise storage. 

Figure 2-10 presents the various options. 
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Figure 2-10: Managing runoff on a sloped subgrade  

(After Interpave, 2018) 

 

2.6.1.3 Geosynthetics 

Geosynthetics come in main three types: geotextiles, geogrids, and geomembranes.  

A geotextile is a permeable monofilament woven or non-woven, needle-punched and 

possibly heat-bonded fabric that can be used either horizontally or vertically in PICP to separate 

pavement layers (Interpave, 2018). It prevents the migration of fine material into the basecourse 

or subgrade when laid between the bedding layer and the base layer and/or the subbase and 

subgrade respectively (ASCE, 2018; NCDEQ, 2020). It may improve water quality through 

retention of moisture in the bedding layer and thus provide a medium for bacterial growth to 

Problem 

Water comes 

out at low  

Solution: Terracing 

Flow control to restrict flow 

between compartments 

Solution: Check dams 

The check dam can be constructed to also 

form a lateral restraint to the PICP 

Check dam 

Site surface terraced to accommodate storage 

Flow control to restrict flow 

between compartments 

Check dam 

Reduced storage 

space available  
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enhance the infiltrated runoff quality (Charlesworth et al., 2017). On the other hand, geotextiles 

can clog depending on various design and environmental factors that result in excessive sediment 

loads (Woods Ballard et al., 2015; CSIR, 2019). Geotextiles may break due to impact loading 

caused by traffic on the PICP (Bezuijen & Izadi, 2022). 

It is possible to leave the geotextiles out but then it is important to ensure: i) no significant 

migration between the bedding and base layers that could impact the integrity of the system, and 

ii) no penetration of the subgrade by the subbase aggregate. These can result in reduced 

infiltration rates over time due to a reduction in porosity. 

Geogrids are plastic reinforcements used to stabilize weak soilsô subgrades, e.g., a CBR of 

less than 2% (Smith, 2019).  

Geomembranes are impermeable liners that are installed between the lower stone aggregate 

sublayers and the subgrade, particularly for no-infiltration PICP systems. 

 

2.6.1.4 Underdrains 

Underdrains are perforated pipes, typically 110 mm uPVC (unplasticized Polyvinyl Chloride), 

that are installed in the subbase on top of the subgrade to drain runoff collected in the subbase, 

preferably within 72 hours of a rainfall event (ASCE, 2018; WDNR, 2021). The runoff may be 

channelled into other SuDS options or conventional stormwater systems. Sediment accumulation 

in underdrains can be removed at low points through the use of specially installed access/ 

observation wells (BSI, 2009; ASCE, 2018). In most cases, underdrains will not be required as 

the runoff will percolate into the subgrade. 

 

2.6.1.5 Observation wells 

Observation wells are typically 100 to 150 mm perforated vertical pipes that extend from the 

pavement surface through the subbase or base aggregate layer to the top of the subgrade      

(Figure 2-11). They are installed to monitor the permeability of the subgrade and/ or the depth of 

water in the pavement structure (ASCE, 2018; WDNR, 2021). In addition, observation wells can 

assist in determining whether the stone layers are clogged or not. PICP systems laid on flat or on 

less than 2% slopes should ideally have at least one observation well installed for every 4000 m2 

of permeable pavement (NCDEQ, 2020; WDNR, 2021). On sloped sites, it is advisable to have 

at least one observation well for each terraced PICP section (NCDEQ, 2020). The top of the 

observation well must be capped to avoid damage to the vertical pipe or entrance of sediment 

that may block it. 
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Figure 2-11: Typical observation well (ASCE, 2018) 

 

2.6.1.6 Open-graded aggregate reservoir 

The subbase and base layers comprise carefully selected crushed rock (granite, basalt, gabbro), 

and angular washed aggregates (BSI, 2009). The angular shape of the aggregates assists with 

ólock-upô of the aggregates enhancing structural support and minimising segregation. As with 

conventional pavements, the aggregates need to resist traffic load. In addition, the aggregates 

should have a void ratio of at least 30% to 40% to provide storage volume for later infiltration 

into the underlying subgrade, attenuated runoff and/or reuse (Giroud, 2010; Smith, 2012). Thus, 

the material should have little to no fines. If the aggregates are unwashed, the fine material that 

may be attached to their surfaces may be washed down onto the subgrade ultimately clogging it. 

The thickness of the base layer is typically 100 mm depending on the structural loading 

(Table 2-3). Pavement carrying vehicular traffic will usually require an additional subbase thick 

enough to carry the load. The base layers also need to fulfil hydraulic functions such as: adequate 

porosity, attenuation, temporary storage for later reuse. A typical specification is BSI (2009) 

Standard Publication Pavements constructed with clay, natural stone or concrete pavers Part 

13: Guide for the design of permeable pavements constructed with paving blocks and flags, 

natural stone slabs. It is essential to assess the strength and durability of the open-graded 

aggregates for both wet and dry conditions. 

Various methods may be considered to enhance the structural support and porosity of the 

base and subbase and thus reduce the required depth of the sublayers. Options include the use of 

(BSI, 2009; Woods-Ballard, 2015): 

i) Hydraulically bound course grade aggregate (HBCGA) ï Stabilised aggregates to improve 

the pavement's structural capacity (BS EN 14227-1: 2013). 
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ii)  Geo-cellular box systems ï Plastic cellular units that have a high porosity (>90%), and can 

replace the subbase (Interpave, 2018). 

 

Table 2-3: Open-graded material requirements 

Properties Source Base layer Subbase 

Depth UNI-GROUP (2008); 

CMAA (2010); 

Hein & Smith (2016); 

ASCE (2018) 

A minimum of 100 mm. It may 

be increased in pedestrian and 

residential driveways. 

150 mm minimum 

Aggregate 

distribution 

UNI-GROUP (2008) ASTM No.57 (25 to 4.75 mm) ASTM No. 2 (63 to 37.5 mm) 

BSI (2009) 20 to 4 mm 20 to 4 mm 

CMAA (2010) 31.5 to 4.74 mm 63 to 4.75 mm 

Hein & Smith (2016) ASTM No.57 (25 to 4.75 mm) ASTM No. 2 (63 to 37.5 mm) or 

ASTM No. 3 (50 to 25 mm) or 

ASTM No. 4 (37.5 to 19 mm) 

ASCE (2018) ASTM No.57 (25 to 4.75mm) ASTM No. 2 (63 to 37.5 mm) 

 

iii)  Dense bitumen macadam (DBM) ï A protective layer laid above a subbase (BS 7533-

1:2001). 

 

2.6.1.7 Filter (choke) layer 

Uniformly distributed aggregates are prone to aggregate migration, that is the smaller-sized upper 

layers can migrate into the lower layers thus compromising the hydraulic and structural adequacy 

of the pavement (CMAA, 2010). To prevent this, washed natural stone aggregate filters may be 

specified by the designers to replace polymer-based geotextiles provided there is availability of 

the required aggregate material. Typical aggregate distribution of this filter ï alternatively called 

a óchokeô or 'choker' layer ï would be expected to comply with BSI 7533-13:2009 and ASCE 

68-18. 

 

2.6.1.8 Bedding layer and grit material 

The bedding layer for the pavers typically comprises a 50 mm single-sized washed stone laid 

over the open-graded aggregates layer or a geotextile if in use (ASCE, 2018). This layer is not 

usually considered for the computation of water storage, however it must have a substantial 

infiltration capacity. Hein & Smith (2016) and ASCE (2018) advise that the aggregate grading 

is typically ASTM No. 8 (9.5 to 2.36 mm). On the other hand, BSI (2009) and CMAA (2010) 

suggest a bedding layer aggregate grading of 10 to 2 mm and 4.75 to 1.18 mm (ASTM No. 9) 
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respectively. It is critical that the bedding material does not generate fines under dynamic vehicle 

loading and have an angular shape to promote lock-up. 

Gritstone is filled between the paving blocks. Its purpose is to filter most of the sediment 

from runoff while still having a significant infiltration capacity and provide increased friction 

between pavers (Hein, 2018a). Sometimes the same material is used for the bedding layer 

(CMAA, 2010). This eliminates any potential for aggregate migration. The choice of gritstone 

must be closely linked to the size of paver openings. It must easily fill the openings while still 

not being susceptible to migration into the bedding layer. The use of sand for bedding and infill 

must be avoided as it will lead to almost immediate clogging and thus failure of the system. 

 

2.6.1.9 Pavers 

The PICP surface layer is constructed from various types of concrete pavers that come in various 

shapes, colours, depths, and joint widths (Figure 2-12). Depending on the purpose of the 

pavement, the paver depths may be either 60, 80 or 100 mm for pedestrian walks, vehicular or 

industrial driveways respectively (CMAA, 2010; Knapton et al., 2012). As with conventional 

pavers, PICP pavers must be structurally sound against the dynamic traffic loading and interlock. 

They would typically conform to ASTM C936/ C936M Standard Specification for Solid 

Concrete Interlocking Paving Units or SANS 1200 MJ: Segmented paving. 

The openings between the pavers ï called joints in most specifications although this is 

something of a misnomer as there is no connection between the individual blocks ï can comprise 

as much as 15% of the surface area with extremely high initial infiltration rates (7000 to       

20,000 mm/hr) (Bruinsma et al., 2017; ASCE, 2018). BIA  (2012) recommends a joint width of 

1.6 to 4.8 mm. This is to promote universal access such as avoiding having wheelchairs stuck 

between the pavers. 

The paver aspect ratio (length to thickness ratio) needs to be less than or equal to three for 

vehicular paving purposes (Interpave, 2018). Standard PICP vehicular pavers are 200 mm long 

and 100 mm wide (ASCE, 2018). There are cases where vehicular and industrial pavers that are 

60 mm and 80 mm thick respectively have been installed and are working perfectly well 

(McQueen et al., 2003), however, these depths do not conform to the required vehicle paversô 

aspect ratio. 

It is recommended that pavers are laid at either 45ę or 90ę to the pavement edges in a 

herringbone laying pattern which is considered to have the best load transmission and interlock 

relative to other laying patterns such as parquet and stretcher bonds (CMAA, 2010; ASCE, 2018) 

(Figures 2-12 and 2-13). CMAA (2014) suggest that dentated geometry pavers have a better 

interlock than rectangular shaped pavers and better resist longitudinal and transverse movements 

due to vehicular dynamic movements through transference of traffic load between adjacent 

pavers. For example, pavers with nibs, for instance e.g., the Priora ® block, have the potential to 

restrict vertical, horizontal and rotational movements due to increased block-to-block contact by 

as much as 40% over a standard PICP block (Marshalls, 2013). 
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Figure 2-12: Some paver shapes (After CMAA, 2014) 

 

 

(a) Herringbone 

 

(b) Parquet 

 

(c) Stretcher bond 

Figure 2-13: Typical paver laying patterns (CMAA, 2010) 

 

2.6.1.10 Edge restraints 

Edge restraints are essential components in PICP as they prevent lateral movement thus 

increasing the paversô interlock and pavement structural adequacy. Typically, they are                  

150 mm × 225 mm (or 300 mm) concrete kerbs (ASCE, 2018). If there is a danger of movement 

between the PICP and adjacent layers they may need to extend much deeper. Lack of edge 

restraints support frequently leads to movement of the pavers opening up the joints and exposing 

Type A Dentated units that 

key into each other and, by 

their plan geometry, 

interlock and resist the 

relative movement of joints 

parallel to both the 

longitudinal and transverse 

axes of the unit. 

Type B Dentated units that 

key into each other and, by 

their plan geometry, 

interlock and resist the 

relative movement of joints 

parallel to one axis. 

Type C Units that 

do not interlock. 
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the underlying layers to wide range of contaminants such as sediment and organic matter that 

ultimately reduce the infiltration capacity of the system (Hein, 2018a). Edge restraints also help 

to detain runoff within the PICP layers. 

 

2.6.1.11 Proximity to structures 

PICP can be installed adjacent to conventional pavements and structures such as buildings, 

however protection of the substructures (pavement layers and building foundations) within 3 m 

of the PICP from runoff is essential. A typical detail would include the installation of an 

impermeable liner together with an underdrain next to the substructure (Figure 2-14)                 

(Hein & Smith, 2016). In addition, the PICP surface should slope away from a structure. When 

PICP is installed adjacent to a conventional pavement, an edge restraint to separate the two is 

required (ASCE, 2018). 

 

 

Figure 2-14: PICP installation near a building (ASCE, 2018) 

 

2.6.2 Water Quality Volume (WQV)  

There are two main components to PICP system design: structural and hydraulic (Beecham et 

al., 2010; CSIR, 2019). The structural design of PICP is typically in accordance with AASHTO 

(1993) for flexible pavements (Swan & Smith, 2009). The hydraulic design is usually determined 

by the Water Quality Volume (WQV) of a minor rainfall storm event (Armitage et al., 2013). 

The WQV is the targeted water volume to be treated by a SuDS option before it overflows into 

another stormwater management facility or component. The PICP base layers comprise single-

sized aggregates with high porosities that act as a stone water tank for the WQV. Since the water 
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stored within the PICP layers is effectively at rest with a horizontal surface, maximum storage 

will be achieved when the PICP is laid with a flat surface (Interpave, 2018). Should there be a 

need to lay PICP on a slope, it should preferably be laid in a series of level terraces. Alternatively, 

internal check-dams situated at regular intervals parallel to the contours can be used to maximise 

the internal storage (NCDEQ, 2020), as described in Section 2.6.1.2. 

 

2.6.3 The use of geotextiles and geomembranes in PICP 

Geotextiles are used to separate different sublayers ï most commonly between the bedding layer 

and the top-most base course. They can be woven or non-woven, heat-sealed or non-heat-sealed, 

depending on the intended use. Geotextiles or impermeable geomembranes are also sometimes 

used at the bottom of the PICP system to prevent the underlying soil from mixing with the coarse 

aggregate or when the designer wants to prevent infiltration of stormwater into the sub-grade 

(BSI, 2009; Hein & Smith, 2016). Apart from separating the different aggregates, the placing of 

geotextiles beneath the bedding layer potentially creates a suitable environment for water quality 

bacterial growth that can assist in the removal of various pollutants (Newman et al., 2002; 

Charlesworth et al., 2017; Liu & Armitage, 2020). It is however believed that the migration of 

fines from the surface onto the geotextile might result in premature clogging of the PICP 

(Armitage et al., 2013; Woods Ballard et al., 2015) although, according to some researchers, 

there is little evidence of the long-term clogging of geotextiles (ASCE, 2018). They may also 

create a óslip zoneô underneath the pavers that might cause premature failure (García-Casuso et 

al., 2020; Bezuijen & Izadi, 2022), particularly on the intersection approaches where vehicles 

brake and start to move abruptly (DPLG, 2010). The use of geotextiles in the UK is mandatory 

for the Aquapave ® system design because it is believed that geotextiles improve the effluent 

water quality (Woods Ballard et al., 2015). Consistent with the Aquapave ® design, Marshalls 

(2022) indicates that an MT120 ® geotextile can be installed to enhance the water quality of 

runoff and separate layers. In the USA and Australia, geotextiles are used at the discretion of the 

design engineer (CMAA, 2010; Hein & Smith, 2016), however, BES (2020) does not recommend 

it all. 

 

2.6.4 The impact of run-on factor (RoF) 

The PICP structure sometimes manages runoff from adjacent impervious surfaces and roof 

downpipes. The Run-on factor (RoF) is the ratio of the impermeable area that is serviced by the 

PICP to the permeable area of the PICP (Danz et al., 2020). Figure 2-15 shows a RoF = 2. A RoF 

of 0 implies that the PICP only handles direct rainfall, while a RoF of 1 implies that it also serves 

an equally-sized impermeable area. The RoF has implications for: i) the maximum hydraulic 

loading of the PICP, ii) the size of the WQV, and iii) the rate of clogging ï particularly since run-

on from adjacent impermeable areas is often a major sediment source. BSI (2009) suggests that 

the maximum RoF should not exceed 2. The Australian researchers Lucke & Beecham (2011a) 

suggest a maximum RoF of 3. WDNR (2021) however considers that a RoF of up to 5 can be  
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Figure 2-15: Ratio of impermeable to permeable area (Interpave, 2018) 

 

accommodated provided the impervious surface is a relatively clean surface parking lot, rooftop, 

sidewalk, or residential driveway. The higher the RoF, the faster the clogging of the PICP surface 

thus the RoF should be kept low, e.g., not more than 2 (NCDEQ, 2020; WDNR, 2021). 

 

2.6.5 Hydraulic failure in PICP  

There are two main types of hydraulic failure in PICP: i) inadequate infiltration, and ii) 

inadequate storage e.g., for WQV. 

It is hard to define infiltration failure in PICP ï in part because of the difficulty of 

precisely measuring the inflow rate as the test water tends to flow sideways between the pavers 

rather than through their gaps and into the aggregate (Razzaghmanesh & Beecham, 2018). 

Freshly-laid PICP may have infiltration rates well in excess of 10,000 mm/hr (ASCE, 2018). 

Even poorly maintained or unmaintained PICP may still exhibit substantial infiltration rates 

(Beecham et al., 2009). However, there comes a point where stormwater cannot be effectively 

absorbed by the PICP in which case it has failed for practical purposes (Boogaard & Lucke, 2019; 

Drake et al., 2020). A common definition of infiltration failure is a measured infiltration capacity 

of less than 250 mm/hr (Sehgal et al., 2018). A more practical definition would be to say that 

PICP has failed when ponding on the surface is observed. Often, localised ponding is evident, 

indicating partial failure of the site (Interpave, 2018; WDNR, 2021). 

Storage failure is usually linked to inadequate provision for WQV, although naturally, 

storm volumes greater than the WQV will also lead to hydraulic failure. As previously 

mentioned, the WQV is determined from the maximum level surface of the contained water. 

Impermeable 

area = 2 

Permeable 

area = 1 

Total area = 3 
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2.6.6 Structural and hydraulic design flowcharts 

Several design flowcharts are available to guide designers (Figures 2-16 to 2-18).  

 

 

Figure 2-16: ASCE Permeable pavement design flow chart (Hein & Smith, 2016) 
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Figure 2-17: Methodology for designing a permeable pavement (Beecham et al., 2010) 

 

 

Figure 2-18: Design criteria for a PICP system based on Australian guidelines 

(CMAA, 2010) 
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All  three flowcharts highlight key structural and hydrological design elements for PICP, but they 

vary slightly in the detail. None of the flowcharts mention anything about the use of geotextiles 

in the design. Indeed, very little detail is given in any of them. There is no mention of 

environmental, construction or maintenance issues. 

 

2.6.7 Modelling tools 

PICP can be a significant expense item and there is thus a need to ensure that they are correctly 

designed and assessed. It is thus unsurprising that software is available (BSI, 2009; Rosa et al., 

2015; Xian et al., 2021). Modell ing helps in determining and implementing cost-effective and 

optimised designs.  

Two types of PICP models are available: i) general models that offer limited PICP 

functionality, and ii) models specifically written for the design of PICP. 

i) General models that offer PICP functionality include: US EPA Stormwater Management 

Model (SWMM) and its variants, e.g., PCSWMM; MicroDrainage for SuDS (MDSuDS); 

and the Model for Urban Stormwater Improvement Conceptualization (MUSIC). SWMM 

is a hydrologic modelling tool developed in the USA and capable of simulating both single 

or long-term rainfall events and the associated runoff so as to replicate the quality and 

quantity of runoff generated from an urban environment (Azawi & Sachit, 2018; UWM, 

2021). MDSuDS is UK-developed software that models various SuDS options for 

stormwater quantity and quality (Lashford et al., 2017; Innovyze, 2022). MUSIC is a 

stormwater assessment tool developed in Australia in 2001 to model the water quality and 

quantity of an urban environment while accounting for the water quality standards (Wong 

et al., 2002; Imteaz et al., 2013). It is capable of operating in catchment areas between 0.01 

km2 and 100 km2 using time intervals ranging from 6 min ï 24 hr (UWM, 2021). 

ii)  Specific models include Permeable Design Pro (PDP) and Designpave. PDP is software 

that was initially developed in the USA by the Interlocking Concrete Pavement Institute 

(ICPI) in 2010 to design the structural and hydrological components of PICP (ASCE, 

2018). Similarly, Designpave, an Australian developed software ï which incorporates two 

earlier software programs, Permpave and Lockpave ï also accounts for the design of both 

the structural and hydrologic analysis of PICP (CMAA, 2022). Permpave assesses the 

potential for stormwater harvesting, fit-for-purpose reuse, and groundwater recharge 

(Beecham et al., 2010). 

 

2.7 PICP construction 

This section outlines the three-phased construction procedure of PICP ï pre-construction, 

construction, and post-construction (i.e., just before the pavement can be opened for traffic). 

Table 2-4 presents a typical pre-construction checklist. 
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2.7.1 Preconstruction meeting 

The construction of PICP needs care from the construction team and the end-user engagement 

before any work can take place. It is crucial that all stakeholders do a site walkover to inspect 

that the proposed site plan correlates with the actual site features. Some of the aspects that are 

usually discussed at a preconstruction meeting include (ASCE, 2018): 

¶ The construction sequence. 

¶ Availability and need of access routes to the site. 

¶ Material storage, testing and laboratory requirements (on-site or off-site). 

¶ Clear site demarcation to ensure that the PICP is not affected by adjacent activities. 

¶ Subgrade and pavement layers compaction requirements. 

¶ Sediment and erosion control (Stormwater Pollutants Prevention Plan). 

¶ Temporary construction routes to support the construction traffic. 

 

Table 2-4: PICP construction checklist                                                                              

(After Woods Ballard et al., 2015; Hein & Smith, 2016; ASCE, 2018) 

Item Description 

Preconstruction meeting Discuss the construction requirements such as the sequence 

of work and sediment control. All the stakeholders must 

attend. Stakeholders include clientôs representative(s), site 

engineer, contractor, sub-contractor, landscape architects, 

architects, manufacturers. 

Sediment control barriers Installation of sediment control barriers. 

Suitable PICP site conditions Ensure a clear demarcation of PICP sections with site 

conditions appropriate to the construction of PICP. 

Subgrade preparation Excavate box cuts, test subgrade for CBR and infiltration 

capacity, and protect from sediment. 

Lay lower geosynthetic (if any) Ensure geosynthetic is laid such that it is not damaged. 

Underdrains and observation wells laying All elevations should be as per the design drawings and 

ensure the drains are not damaged. 

Lay subbase All elevations are as per the design drawings and the layer 

is protected from sediment, construction traffic and runoff. 

Edge restraints Installed at the permeable-impermeable surface interface 

and conforming to drawings. 

Lay base All elevations are as per the design drawings and the layer 

is protected from sediment, construction traffic and runoff. 

Lay filter (choke) layer (no geotextile system) Ensure that the filter layer is laid to level and compacted as 

required by the design. 
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Lay pavers Adequate laying pattern and shape of pavers per design. 

Pavers are laid such that they interlock. The design slope is 

Ò5%. 

Insert grit Sweep in the grit to the paver joint brim and compact the 

surface. 

Final inspection Ensure no damaged pavers and edge restraints. The surface 

infiltration capacity must be 2500 mm/hr or more. A       

250 mm/hr infiltration rate indicates that the surface is 

practically clogged, hence maintenance is required. 

 

2.7.2 Material storage 

The material should be stored on a hard surface or geosynthetic material free from significant 

sediment exposure (Hein & Schaus, 2013). It is essential that any fine material attached to the 

aggregates are washed off (CSIR, 2019). This could be achieved in one of the following ways:   

i) at the quarry site by running water (BoDean, 2022), or ii) by sprinkling with a water hose on a 

tipper truck as they come into the site at a designated wash station or away from PICP site. 

Unwashed aggregates tend to be washed by infiltrated water ultimately clogging the subgrade 

(ASCE, 2018). Ideally, the aggregates should not be stored for a long time as they are likely to 

accumulate dust and segregate. Alternatively, washed aggregate must be laid as it arrives from 

the quarry.  

 

2.7.3 Sediment control 

PICP is vulnerable to clogging with fine sediment. Sediment also impacts water quality control. 

It is thus essential to minimise exposure to sources of fine sediment, particularly during 

construction. Some of the measures that may be considered include, inter alia, sediment traps 

(Figure 2-19) or sediment mattresses for areas sloping towards the PICP site (NCDEQ, 2020). 

Special care is required to install these measures as inappropriate installations could lead 

to catastrophic pavement sediment exposure. Figure 2-20 shows a sediment trap geotextile that 

has been incorrectly installed with a gap underneath that will allow sediment to flow onto the 

pavement. 
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Figure 2-19: Sediment trap (Industrial Fabrics, 2022) 

 

 

Figure 2-20: Inadequate sediment trap installation (St John Source, 2022) 
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2.7.4 Stormwater and traffic management 

Runoff carries many pollutants and consequently any runoff that may be generated during the 

construction of the PICP must be routed around the pavement e.g., via constructed swales (Hein 

& Smith, 2016). In the case of a small site, the pavement structure may be used to support the 

construction traffic, but it needs protection from the traffic load and sediment exposure (CMAA, 

2010). 

 

2.7.5 Preparation of the subgrade 

The subgrade must satisfy the PICP hydraulic and structural design requirements, that is, have 

sufficient infiltration capacity (for full and partial infiltration designs) and carry the specified 

traffic. Typically, box cuts are excavated to lay the open-graded aggregate reservoir (OGAR) 

(NCDEQ, 2020). To achieve these, the California Bearing Ratio (CBR) specified in accordance 

with the ASTM D1883 Standard test method for CBR of laboratory compacted soils and the 

infiltration rate in accordance with ASTM C1781 Standard test method for surface infiltration 

rate of permeable unit pavement system or equivalent alternatives are conducted. If the subgrade 

CBR is less than 3%, then either soil stabilisation techniques or capping is applied to enhance 

the structural stability (BSI, 2009). NCDEQ (2020) advises that subgrade compaction should be 

avoided if possible since it reduces the infiltration capacity even though the CBR of the subgrade 

would be improved. As with conventional pavement construction, soft spots should be removed 

and replaced by either rock-fill material or suitable surrounding-like material to boost the 

infiltration capacity of the subgrade (NCDEQ, 2020). 

The subgrade may be scarified, ripped or trenched to improve the infiltration rate. The 

ripped or trenched subgrade is then filled with free-flowing material. It is recommended that a 

geotextile or subbase is laid within 72 hours of the subgrade preparation to avoid sediment 

accumulation on the subgrade surface (NCDEQ, 2020). 

 

2.7.6 Geosynthetics 

Some of the PICP systemôs designs consider the use of either a geotextile or geomembrane within 

the pavement structure. These are typically laid in accordance with AASHTO M-288-15: 

Standard specification for geotextile for highway applications (2015). Woods Ballard et al. 

(2015) emphasize that geosynthetics should be laid with no folds, free of greases and breakages. 

For geosynthetic installations that require special considerations, for instance, on sloped sites, a 

specialist or a geosynthetic manufacturer needs to be consulted (Interpave, 2018). Many 

manufacturers recommend a welded geomembrane or 300 mm stitched geotextile overlap 

(NCDEQ,2020). 
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2.7.7 Underdrains and observation wells 

Underdrains may be laid embedded in a base layer to avoid damage due to the pavement sublayer 

compaction and are connected to a SuDS or conventional stormwater outlet (Hein & Schaus, 

2013). 

 

2.7.8 Underground utility services 

The underground utilities (e.g., telecommunication cables, water mains etc) may pass through 

the PICP site. Hein & Smith (2016) advise that the services may need to be relocated or protected 

from damage in high-density polyethylene (HDPE) casings or similar. Where possible, 

underground utilities should be preferentially laid under conventional pavements to minimise 

opening up PICP during utility maintenance. 

 

2.7.9 Subbase placement 

Clean specified open-graded aggregate reservoir (OGAR) aggregates may be laid in                     

100 ï 150 mm layers using a tracked spreader (Woods Ballard et al., 2015). Hein & Smith (2016) 

recommends that a dead weight compactor may be preferred over a vibratory compactor to 

minimise the potential breakage of aggregates, subgrade compaction and damage of the lower 

geosynthetic (if any). In the case where the subbase is being used as a construction route, two 

options are suggested: laying a Dense Bitumen Macadam (DBM), or laying a sacrificial 50 mm 

base layer on a geotextile (Interpave, 2018). This is to protect the subbase from sediment 

exposure and potential rutting as the construction vehicles traverse the layer. 75 mm diameter 

orthogonal grid cores (filled with free-flowing base material) may be drilled into the DBM to 

allow for infiltration into the subbase layer (Woods Ballard et al., 2015). With the latter 

alternative, the sacrificial geotextile is removed and discarded once it is no longer needed. The 

stone may be washed and reused for the pavement base. 

 

2.7.10 Edge restraints 

Edge restraints are laid on top of the subbase to contain and ensure that the base aggregates lock 

up (NCDEQ, 2020). It is essential that the edge restraints are laid to conform with the site layout 

drawings. 

 

2.7.11 Base placement 

Usually the laying procedure followed for the subbase is also used for the basecourse (NCDEQ, 

2020). However, if the pavement layer is to be used to carry the construction traffic, then an 

Asphalt Cement (AC) layer may be laid.  Interpave (2018) recommends that the AC must be 

cleaned before it can be laid to remove any sediment or mud. A 100 mm filter (no geotextile 
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design) or geotextile layer may be laid above the base layer as per the design requirements 

(NCDEQ, 2020). The AC is generally laid in accordance with BS 594987 +A1:2017 ï Asphalt 

& other paved areas. Upon completion of the AC layer, 75 mm diameter cores are orthogonally 

drilled 750 mm apart to allow for infiltration into the underlying pavement sublayer (Woods 

Ballard et al., 2015). 

 

2.7.12 Upper geotextile 

The procedure for laying the upper geotextile, between the base and bedding layer is similar to 

that described in Section 2.7.6. Occasionally bedding blinding is used to flatten the top of the 

base ï to eliminate geotextile voids and avoid the angular base aggregates from puncturing the 

geotextile (Interpave, 2018). The blinding may reduce the infiltration capacity of the base layer, 

however an undamaged geotextile has the potential to trap sediment and improve water quality, 

thus protecting the underlying layers during the PICP service life. The period between bedding 

and geotextile laying should be minimised to reduce sediment exposure. 

 

2.7.13 Bedding layer, pavers and gritstone 

An uncompacted 50 ± 20 mm bedding layer is spread on top of the geotextile or base layer to 

provide support for the pavers (NCDEQ, 2020). The pavers are then laid on the bedding surface 

in such a way that they interlock with each other, thus reducing the risk of widened joints that 

make it easier for fines to migrate into the pavement system (Figure 2-21) (Marshalls, 2022). 

Clean gritstone is swept over the top of the paver joints and vibrated using a plate compactor. 

Once the surplus grit has been removed, more gritstone is added until it is flush with the surface 

of the pavement (Interpave, 2018). 

 

 

(a) Appropriate  

 

(b) Inappropriate  

Figure 2-21: Paver installation interlock (Marshalls, 2022) 
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If the PICP is constructed in the early stages of the development and is required to access other 

parts of the site, it must be protected from sediment that may propagate into the system. A 

temporary sacrificial geotextile and 50 mm bedding layer may be laid to protect the pavement 

from fine material exposure. When the construction is completed, the adjacent soil must be 

stabilised and the site cleared (ASCE, 2018), after which the sacrificial layer is removed and the 

pavement restored using a vacuum sweeper to pick up any remaining sediment (Hein & Smith, 

2016). 

 

2.7.14 Post-construction 

Upon completion of the construction, the infiltration rate should be determined to ensure that it 

is at least 2500 mm/hr (Hein & Smith, 2016). If not, the PICP surface will need remedial 

maintenance such as vacuuming to restore its infiltration. The site should be inspected within the 

first three to six months of operation to assess the pavement performance (ICPI, 2013). 

 

2.8 PICP Maintenance 

PICP maintenance may be categorised into two main types: routine and restorative. Routine 

maintenance is carried out at regular intervals to ensure the PICP system is performing as per the 

design ï typically around twice a year (Woods Ballard et al., 2015). Structural maintenance is 

prompted by evidence of structural defects (Table 2-5) and is one form of routine maintenance. 

This could result in e.g., replacing broken pavers, refilling paver joints with gritstone, repairing 

damaged edge restraints (Figure 2-22), and removing any vegetation growth on the PICP surface 

(Hein, 2018a). The hydraulic performance of PICP is generally checked using surface infiltration 

tests or evidence of rainwater ponding.  Restorative maintenance attempts to restore the PICP 

system to an acceptable operational state ï typically annually upon completion of the pavement 

installation (Smith, 2017). 

 

Table 2-5. PICP hydraulic and structural defects (Smith, 2017; Hein, 2018a) 

Hydraulic defects Structural defects 

¶ Blocked surfaces & 

joints 

¶ Blocked sublayers 

¶ Blocked geotextile 

¶ Damaged geotextile 

¶ Depression 

¶ Rutting 

¶ Faulting 

¶ Damaged pavers 

¶ Edge restraint damage 

¶ Excessive joint width 

¶ Joint filler loss 

¶ Horizontal creep 

¶ Additional minor distresses 
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(a) Rutting 

 

(b) Widened joints 

 

(c) Damaged edge restraint 

Figure 2-22: Typical structural defects (Hein, 2018a) 

 

Maintenance requirements are site-specific, Beecham et al. (2009) found sites that had not been 

exposed to any form of maintenance yet they still recorded significant infiltration rates 10 years 

after their installation. Maintenance can, however, significantly prolong the service life of PICP 

(Hein, 2018a). 

 

2.9 Methods for determining the surface infiltration capacity of 

PICP  

The hydraulic performance of PICP installation is generally measured using surface infiltration 

tests. A commonly used standard infiltration test procedure is the Single Ring Infiltrometer 

(SRIT) (ASTM C1781-2017) (Lucke et al., 2015; ASCE, 2018). Other tests include the:  the 

Double Ring Infiltrometer (DRIT) (ASTM D3385-2009) (Nichols et al., 2014); the Stormwater 

Infiltration Field Test (SWIFT); the Simple Infiltrometer Test (SIT); and the Full-Scale 

Infiltration Test (FSIT) (Lucke et al., 2015; Marchioni & Becciu, 2015; Veldkamp et al., 2022). 

The tests are all presented in Figures 2-23 and 2-24. The four most common methods are 

summarised in Table 2-6. More detailed information follows. 

 

 

Figure 2-23: Typical FSIT (Boogaard & Lucke, 2019) 
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(a) SRIT (Lucke et al., 2015) 

 

(b) SWIFT (Lucke et al., 2015) 

 

(c) DRIT (Nichols et al., 2014) 

 

(d) SIT (Winston, et al., 2016) 

Figure 2-24: Different infiltration tests  

 

Table 2-6: Infiltration testsô apparatus summary description 

(Winston et al., 2016; Sanicola et al., 2018) 

SRIT/ ASTM C1781 SWIFT DRIT  SIT 

The SRIT apparatus consists 

of a 300 mm diameter,    

200 mm minimum height 

ring that forms a watertight 

seal with the PICP surface 

to prevent any lateral flow. 

The SWIFT apparatus 

consists of a 20-litre bucket 

filled with 6 litres of water 

and fitted with a watertight 

40 mm plug at the base. The 

bucket rests on 60 mm legs. 

The DRIT apparatus consists 

of inner and outer diameter 

rings of 300 mm and 600 mm 

respectively. The ringsô 

diameters are a minimum of 

200 mm high. 

The SIT 

apparatus is a 

square frame 

of 1 m x 1 m. 
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2.9.1 The SRIT / ASTM C1781 infiltration test method 

The SRIT / ASTM C1781 infiltration test method is probably the most widely reported method 

for determining PICP surface infiltration. It is conducted as follows (Lucke et al., 2015, after 

ASTM C1781M-14a): 

i) The surface to be tested should first be pre-wetted. This consists of pouring 3.6 litres of 

water into the ring. 

ii)  18 litres of test water is poured into the ring while maintaining the head between 10 and  

15 mm. The time taken to fully infiltrate the surface to the nearest 1.0 s is recorded. 

iii)  The infiltration rate is determined using Equation 2-1. 

 

Equation 2-1 is used to determine the infiltration capacity of a PICP section for SRIT. 

 

I=
kM

D2T
 (2-1) 

 

Where: 

I  =  Infiltration rate (mm/hr) 

M  =  Mass of infiltrated water (kg) 

D  =  Inner ring diameter (mm)  

T  =  Time required for water to infiltrate the pavement surface (s) and, 

k  =  Constant value (4.58 × 109 in SI units). 

 

2.9.2 The SWIFT method 

The SWIFT test has the advantage of speed and low water use. It relies on counting the number 

of fully wetted bricks so it is important that the surface is initially dry. The SWIFT method 

involves the following steps (Lucke et al., 2015): 

i) A 20 litre bucket with 40 mm hole in the bottom is placed 60 mm over the paver surface to 

be tested such that the drainage hole is located directly above the centre of one of the 

pavers. 

ii)  A plug fitted with a pull string is inserted into the drain hole to provide a reasonably 

watertight seal and six lit res of water is poured into the bucket. 

iii)  The plug is removed using the pull string and the water is allowed to flow out of the bucket 

and onto the paving surface.  

iv) The bucket is removed. 
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v) All  fully wetted bricks are counted (A photograph may be taken for later analysis); 

vi) The infiltration rate is estimated using the curve in Figure 2-25. The pavement blockage 

and maintenance requirements are determined in Table 2-7. 

 

 

Figure 2-25: Wetted bricks vs Surface infiltration rate (Lucke et al., 2015) 

 

Table 2-7: Suggested maintenance requirements for the SWIFT method  

(Lucke et al., 2015) 

Number of fully wetted bricks Blockage category Maintenance requirements 

Ò 29 Unblocked No maintenance for the foreseeable future 

29 ï 133 Medium Blocked Plan for maintenance within 1 ï 3 years 

> 133  Fully Blocked Immediate maintenance required 

   

 

2.9.3 The DRIT method 

The DRIT is conducted in accordance with ASTM D3385 Standard Test Method for Infiltration 

Rate of Soils in Field using Double-ring Infiltrometer (2009). 

 

2.9.4 The SIT method 

The SIT method is conducted by pouring 20 litres of water within the test apparatus in a falling 

head test and determining the time it takes for all the water to disappear (Winston et al., 2016). 
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2.9.5 The FSIT method 

The FSIT is conducted by inundating a PICP surface with water (Boogaard & Lucke, 2019). The 

boundary of the permeable area is barricaded with sandbags and roadway kerbs to dam the water 

on the pavement surface (Veldkamp et al., 2022). FSIT is a more accurate infiltration test 

procedure than the other mentioned tests because it largely eliminates leakage at the edges and it 

is not a spot test (i.e., it measures infiltration for the whole PICP), however it requires a large 

volume of test water. The larger the test area, the higher the volume of the test water, hence, it is 

suitable for small-sized pavements. 

 

2.10 Hydraulic surface maintenance techniques for PICP 

PICP hydraulic maintenance largely revolves around the recovery of infiltration rates of 

stormwater runoff into the PICP system that has been lost due to clogging. This is measured by 

one of the PICP surface infiltration test methods described in Section 2.9. 

The infiltration capacity of a PICP structure is reduced over time through surface clogging 

of the system by the build-up of windblown sediment or debris from the PICP surrounds (Sehgal 

et al., 2018; Tirpak et al., 2021) or transportation by runoff to cause hydraulic clogging (Drake 

et al., 2010; Nichols et al., 2015). The fine material gets trapped in the gaps between the PICP 

block pavers (Nichols et al., 2014), ideally within the gritstone, although there may be 

propagation into the system due to traffic movement vibration and runoff as it infiltrates the PICP 

(Armitage et al., 2013; Hein, 2018a). Rain also transport the material into the system. Eventually, 

it gets trapped on the geotextile if one is fitted, or propagates further down into the PICP reducing 

the runoff storage volume of the PICP (Lucke & Beecham, 2011) 

In cold climatic regions where there is a need to infiltrate and melt snow; de-icing agents 

such as salt and sand accelerate the clogging of the PICP system increasing the required 

frequency and intensity of maintenance of the pavement structure (Drake et al., 2010). 

Stormwater runoff carries many different types of sediment such as: flakes off vehicle 

tyres, plastics, loose fine material, tree leaves and cigarette butts, and these may get trapped 

between the joints. The material tends to build up on the PICP from the edges ï that generally 

receives the heaviest sediment loading ï towards the central part in the form of a clogging front 

between the relatively blocked zone and the relatively unblocked zone (Figure 2-26). For 

practical reasons, a measured infiltration capacity of less than 250 mm/hr is usually considered 

to be effectively blocked with a need for restorative maintenance (ASCE, 2018; Tirpak et al., 

2021). The infiltration capacity of the restored pavement should be greater than 250 mm/hr or 

increased by at least 50% of the pre-maintenance infiltration rate (ASCE, 2018; WDNR, 2021). 
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Figure 2-26: Summary of the PICP clogging process (Beecham et al., 2010) 

 

PICP mostly traps sediment in the top 25 mm of the paver joints in the early years of their 

installation (Bean et al., 2007). Thus maintenance procedures need to be able to remove sediment 

at this depth. However, the method of maintenance depends on the level of clogging and the type 

of particulate that is trapped between the PICP joints. Although maintenance prolongs the service 

life of PICP, it does not restore the pavementôs initial infiltration capacities (Hein, 2018a; 

Simpson et al., 2021). Different kinds of maintenance techniques have been developed to 

improve the hydraulic performance of PICP, these include: street sweepers, brooms, pressurized 

air and water jetting. 

2.10.1 Street sweeper trucks 

Street sweeper trucks are pavement cleaning technologies that pick up sediment from its surfaces. 

They are classified into three main categories (CIE, 2022) (Figures 2-27 to 2-29), namely:              

i) mechanical street sweepers, ii) vacuum-based sweepers, and iii) regenerative sweepers. 
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Figure 2-27: Mechanical street sweeper (NCDEQ, 2020) 

 

 

(a) Vacuum-based street sweeping mechanism 

 

(b) Rotating windrow broom óclose upô 

Figure 2-28: Vacuum-based street sweeper (Drake et al., 2020; NCDEQ, 2020) 
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(a) Street sweeping mechanism 

 

(b) Street sweeper in action 

Figure 2-29: Regenerative street sweeper (Drake et al., 2020; NCDEQ, 2020) 

 

Mechanical sweepers are a conventional technology characterised by rotating brooms that 

channel the dirt into a conveyor belt and temporarily stored in a hopper. Vacuum-based sweepers 

are fitted with rotating windrow brooms that guide pavement sediment towards a suction head 

and into a hopper. A regenerative street sweeper truck consists of rotating brooms that direct 

detritus into a blower head and suction compartment and into a hopper whilst circulating high-

pressure air (Sehgal et al., 2018; Drake et al., 2020). 

Drake & Bradford (2013) and Drake et al. (2020) determined that regenerative and 

vacuum-based street sweeping ï individually applied ï can improve the pre-maintenance surface 

infiltration of PICP by removing the superficial ógunkô in the paver joints by up to 4340% and 

1620%. Individual regenerative air sweeper tests, however, provide widely varying 

performances. The equipment may struggle to lift wet sediment and thus to improve the 

infiltration rate of the PICP section (Simpson et al., 2021).  

Vacuum-based sweepers are more efficient than mechanical sweepers. Five mechanical 

sweeper passes have been reported to significantly increase a young (<two years) surface 

infiltration rate of a PICP section by up to 350% (Winston et al., 2016). Razzaghmanesh & 

Beecham (2018) suggest that vacuum-based street sweepers should be used to maintain PICP if 

possible because of their ability to remove loose sediment from the pavementôs surface. 

However, it is unclear how many passes need to be applied on permeable pavement and how 

often should the pavement be maintained to get satisfactory infiltration improvement as 

pavement clogging is usually not uniform.  

Regenerative air sweepers and vacuum trucks are designed to displace and pull the 

sediment from paver joints (Sehgal et al., 2018), however they may also pull out the pavement 

bedding as in some instances it is much the same size as the grit material. This would undermine 

the pavement, hence care must be taken to adjust the sweeper suction to prevent this from 

happening (Hein, 2018a). 
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2.10.2 Pressurized air and vacuuming 

The Pavetech ® pressurized air and vacuum comprise Typhoon ® and Pavevac ® which 

forcefully dislodge trapped joint sediment and vacuum it away respectively (Figure 2-30) (Danz 

et al., 2020; Drake et al., 2020). Drake et al. (2020) found that this maintenance strategy 

significantly rejuvenated the PICP infiltration rate by around 109%. The vacuuming effect stops 

any potential for the dislodged detritus from being trapped in the joints again by removing 

sediment up to a mean of 21 mm (Drake et al., 2020). Application of Pavetech ® equipment has 

seen a substantial (1703%) infiltration capacity improvement on some sites (Danz et al., 2020). 

This method is however labour-intensive and it may require extended periods to clean a large 

parking area, but it is generally considered worthwhile. 

 

 

(a) Pavetech Typhoon ® 

 

(b) Pavevac ® suction system 

Figure 2-30: Compressed air and vacuuming (Drake et al., 2020) 

 

2.10.3 Rejuvenater  

Figure 2-31 presents a Rejuvenater attached to the back of a regenerative sweeper. This design 

comprises a device fitted with rotating water spray nozzles at 22 MPa that is pushed along by the 

operator. When applied on a commercial PICP site, the pavement infiltration capacity increased 

by 1075% (Simpson et al., 2021). More testing is necessary to investigate the effectiveness of 

this method on different sites though. 
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Figure 2-31: A rejuvenater (Simpson et al., 2021) 

 

2.10.4 Hand power brush and vacuuming 

Efficient maintenance requires dislodging sediment between pavers and vacuuming it, thus 

Sehgal et al., (2018) investigated a hand-held power brush equipped with a 1.4 kW motor at 

~20,685 kPa (3000 psi) (Figure 2-32) followed by vacuuming of the detritus.  

 

 

Figure 2-32: Application of a power brush  (Sehgal et al., 2018) 
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In their study, they found that the maintenance methods can substantially reinstate the PICP 

infiltration capacity, but there was considerable spatial variation on 3-4 mm paver joints ï leaving 

some sections clogged. The bristles of the power brush may be likened to those of a mechanical 

street sweeper which do not penetrate deeper into the pavement joints likely resulting in limited 

improvement of the infiltration rates (NCDEQ, 2020). 

 

2.10.5 Power washer and vacuuming 

Power washing consists of a forcing water at high pressure through a nozzle to form a jet directed 

along the joints of the pavement to loosen the sediment (Drake et al., 2020) (Figure 2-33). The 

sediment is picked up by vacuum suctioning (Seghal et al. 2018). When used in combination 

with either a manual vacuum or regenerative sweeper, it can restore the PICP infiltration capacity 

between 25% and 505% (Drake et al., 2020; Simpson et al., 2021). Danz et al. (2020) found that 

power washing can improve the surface infiltration of PICP by 172% when used in conjunction 

with application of three vacuum sweeper passes. Simpson et al. (2021) showed that the power 

washer alone can restore infiltration rates in wide-jointed pavers (13-14 mm) by up to 149%. 

Despite its significant surface improvement, the power washer is however likely to push some 

fine sediments deeper into the pavement structure consequently contributing to the long-term 

clogging of the pavement (Kia et al., 2017). Moreover, the dislodged sediment may be scattered 

on the pavement. 

 

 

Figure 2-33: Water jetting (Sehgal et al., 2018) 
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2.11 Other considerations 

A site-specific maintenance plan is essential for the longevity of PICP surface infiltration 

(Razzaghmanesh & Beecham, 2018). It seems that the best hydraulic maintenance practice for 

the effective infiltration capacity of the PICP system is to dislodge the fines in the pavement 

joints which should then be removed ï preferably by vacuum suction of the sediment rather than 

sweeping. 

Unfortunately, there comes a point when the PICP infiltration capacity cannot be retrieved 

(<250 mm/hr) because of severely clogged joints, bedding or geotextile (if any). At this point, a 

corrective measure is required (Smith, 2019). It may be necessary to remove and replace the 

pavers and bedding layer with clean one. If a top geotextile is fitted between the bedding layer 

and the base, it is substituted and new or washed bedding and pavers are laid. Clean gritstone is 

then swept and vibrated into the joints (Hein, 2018a). 

 

2.12 Summary 

PICP has the potential to reduce stormwater volume, flow rate and pollutants content. In the 

process, it can promote groundwater recharge, water harvesting, biodiversity, and amenity of a 

development. The pavementôs infiltration capacity is sensitive to sediment accumulation within 

the paver joints. With time the infiltration rate drops and maintenance is required. A well 

designed, constructed and maintained PICP will slow clogging and prolong the pavementôs life.  
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3. Methods 

3.1 Overview 

This section outlines the methods used to investigate the clogging behaviour of PICP. They 

comprised a literature review, fieldwork, laboratory work, and input from a specialist working 

group comprising representing local authorities, consultants, suppliers and academics ï 

including students ï who guided the study. The literature highlighted current knowledge and 

allowed gaps to be identified. Research into the current performance of PICP installed across 

SA was carried out. Maintenance trials were carried out to see the effectiveness of the 

compressed air blower. Where there was evidence of failure, sections of PICP were dismantled 

to see where the problems lay. Insight into the clogging rates of the different paver and 

geotextile types were provided through accelerated tests in the laboratory to address these gaps. 

The method is summarised in Figure 3-1. 

 

 

Figure 3-1: The study method summary 

 

3.2 PICP site selection criteria 

It was thought that the best way to understand how PICP is performing in South Africa (SA) 

would be to go out and view a range of installations. To that end, a list of PICP sites was 

compiled with the assistance of local authority representatives, paving suppliers, and 

consultants. Most of the sites were situated in and around Cape Town and Gauteng. 

Representative sites were then selected for possible investigation taking into account their:  

¶ Geographical location, 

¶ Variation in pavement design, 
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¶ Variation in environmental factors such as: vegetation and sediment proximity for 

example, 

¶ Site slopes, 

¶ Run-on factors, 

¶ Traffic loading, 

¶ Method of construction, 

¶ Known state of clogging, 

¶ Age, 

¶ Known maintenance. 

 

Permission to perform infiltration and pavement investigative tests on these sites was then 

requested. Overall, eleven test sites were identified: nine in and around Cape Town and two in 

Gauteng. More details of the test sites are presented in Chapter 4. 

 

3.3 Laboratory investigation into the link between the upper 

geotextile and clogging 

Research in Australia (AUS), the United States of America (USA), and South Africa (SA) 

suggests that fine material can propagate into the permeable pavement system and potentially 

clog any geotextile present (Fassman & Blackbourn, 2010; Biggs, 2016; Winston et al., 2016). 

The fine material originates from both the PICP surrounds as well as from within the pavement 

structure owing to the use of dirty aggregates and/or from their crushing under the impact of 

traffic. Thus, accelerated laboratory experiments were designed and conducted in four HDPE 

test cells situated in the University of Cape Town (UCT) laboratory to investigate: 

1. The link between different geotextiles and clogging (with pavers) (Peyi, 2021; 

Blackshaw, 2021), 

2. The link between the paver opening and clogging (Mqadi, 2022), 

3. The link between different geotextiles and clogging (without pavers) (Morritt-Smith, 

2022). 

 

The first experiment was performed twice, once with Aquaflow ® and once with          

Permaflow ® pavers at slightly different loading rates ï all with three different geotextiles plus 

one control without any geotextile to explore the impact of the different geotextiles. The second 

experiment was performed using four different pavers each laid on a non-woven, non-heat 

treated geotextile ï Kaytech Bidim A1 ® ï to explore the impact of different joint openings on 

clogging. The third experiment was designed similarly to Experiment 1 but with no pavers and 

relatively higher sediment loading rates. 
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3.4 PICP infiltration test methods 

There is currently no universally accepted PICP infiltration test method. The most commonly 

adopted method appears to be ASTM C1701/1701M: Standard Test Method for Infiltration of 

In Place Pervious Concrete, sometimes called the Single-Ring Infiltrometer Test (SRIT) 

because it only uses one ring as opposed to the Double-Ring Infiltrometer Test                      

(ASTM D3385:2009) which is preferred for the measurement of soil infiltration rates. There 

are, however, problems with the SRIT when used to measure infiltration rates in PICP. These 

include: leakage, marking of the surface, excessive water use, and the unacceptably long test 

time for partially blocked PICP. While the ASTM C1701/1701M / SRIT method was used as 

a benchmark for infiltration testing in this project ï albeit in a modified form which will 

henceforth be termed the Modified ASTM (Mod-ASTM) ï alternative methods were also 

investigated that ended up in the creation of the Modified Stormwater Infiltration Field Test 

(Mod-SWIFT). 

 

3.4.1 Determining surface infiltration rates using the Modified ASTM  

Most PICP testing in this project was carried out using ASTM C1701/1701M / SRIT with some 

minor modifications ï thus it will be termed Modified ASTM (Mod-ASTM) here. The first 

modification involved the method of creating a watertight sealant between the pavement 

surface and the testing apparatus. A plumberôs putty is normally used, but this increases the 

cost of the test (for the putty), is tedious, and marks the PICP surface                                                

(ASTM C1701/1701M, 2017). It was thus replaced with a 10 mm neoprene foam strip glued 

to the bottom of a 315 mm outside diameter, 500 mm long unplasticized vinyl chloride (uPVC) 

pipe weighted down with small concrete blocks when in use (Figures 3-2 and 3-3). The test 

procedure otherwise followed the method described in ASTM C1701/1701M. The Mod-ASTM 

was used in both the laboratory and field testing. 10 and 15 mm head marks were lined out as 

per ASTM C1781M-14a. 

A further modification to the standard ASTM C1781 procedure entailed the length of the 

test. After experiencing unacceptably long test periods where it appeared that significant 

quantities of water leaked out of the system via the gaps between the pavers that could not be 

completely plugged with small neoprene pieces, the maximum testing time was limited to 15 

minutes. After this, no further water was added. The timer was stopped when all the remaining 

water in the apparatus had infiltrated into the test spot. The total quantity of water infiltrated 

into the PICP was then determined by subtracting the remaining water determined with the aid 

of a measuring cylinder from the initial 18 litres prescribed for the full test. ASTM-C1781-14a 

states that 3.6 litres of water should be used for pre-wetting, however, when the Mod-ASTM 

test was carried out in combination with the Mod-SWIFT test (Section 3.4.2), the latter was 

performed first which wetted the surface making the pre-wetting stage redundant and thus 

reducing the total amount of water required for the first test. Equation 2-1 was used to 

determine the surface infiltration of the PICP for the Mod-ASTM. 
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(a) Mod-ASTM C1781 test apparatus 

 

(b) ASTM C1781 test apparatus 

Figure 3-2: The impact of the plumbersô putty as used in ASTM C1781 

 

 

(a) Mod-ASTM C1781 test apparatus 

 

(b) Mod-ASTM C1781 test apparatus underside 

Figure 3-3: Mod-ASTM infiltration test apparatus 

 

3.4.2 Determining surface infiltration rates using Modified SWIFT 

The other test that was used to determine the PICP surface infiltration rate was the Modified 

Stormwater Field Test (Mod-SWIFT, Figure 3-4). The Stormwater Field Infiltration Test 

(SWIFT) infiltration capacity is determined by counting the number of wetted bricks and 

linking this to the possible need for maintenance (Table 2-7) (Lucke et al., 2015). Its strength 

lies in the reduced water requirement its speed and its ease of use. Its weakness is that pavers 

come in different sizes and shapes and counting fully-wetted bricks as per the method is tedious 

and may lead to errors owing to different sized paving units. 

In a bid to make the SWIFT test both more general as well as more informative, the 

counting of fully-wetted pavers was replaced with an approximation of the wetted surface area 

by assuming that it is roughly elliptical (circular if the surface is flat). Noting the constant ratio 

between an ellipse and a rectangle bounding it, the calculations were then further simplified by 

relating the wetted area to this rectangle. The infiltration rate could then be related to that 

derived by the Mod-ASTM through multiple tests carried out by the two test methods on the 

same spots and using Excel to fit a curve through the resultant scatter diagram (Figure 3-5 and 

Equation 3-1). The curve fit comprised data points from previous PICP research conducted at 

UCT. 
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(a) Modified SWIFT test apparatus 

 

(b) Modified SWIFT test apparatus underside 

Figure 3-4: Mod-SWIFT test apparatus 

 

 

Figure 3-5: Plot of Mod-ASTM infiltration rate to representative wetted area in the 

Mod-SWIFT (Armitage, 2019) 

 

I = 22ρπ - 930 ln(aĬb) (3-1) 

 

Where: 

I = Infiltration rate (mm/hr) 

a = Length of longest wetted section (m) 

b = Length of the longest wetted section perpendicular to a (m) 

 

I = -930 ln(aǐb) + 2200

R² = 0.52
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The test procedure for the Mod-SWIFT is similar to that for the SWIFT described by            

Lucke et al. (2015). The Mod-SWIFT was particularly helpful in the field when there was 

limited access to test water. The Mod-ASTM test was, however, preferred in the laboratory or 

where adequate supplies of test water were available to allow comparisons with published data. 

 

3.5 Summary 

The experiments ï both field and laboratory ï shed considerable light on PICP clogging 

behaviour that was used in the development of the guidelines for the design, construction and 

maintenance of PICP in South Africa. 
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4. Field testing of existing PICP installations 

4.1 Overview 

Research has shown that the hydraulic performance of the PICP decreases with the age of 

installation (Lucke et al., 2015; Barnard, 2019). The oldest recorded installation of PICP in SA 

was built in 2007. This section details the PICP field tests that were conducted in SA between 

September 2021 and July 2022 to determine which factors were having the biggest impact on 

the infiltration performance and indicate how best to mitigate them under a variety of 

conditions. The field tests included the determination of infiltration rates, experiments with 

surface maintenance ï mainly the blowing of compressed air ï and the opening up of selected 

clogged sites for diagnostic assessments. 

 

4.2 Detailed field test methods 

Seeing the overwhelming number of PICP installations were in Cape Town and Gauteng, the 

field tests were entirely carried out in these two locations which also conveniently covered both 

a coastal, winter rainfall situation as well as an inland, summer rainfall situation (Table 4-1, 

Figure 4-1, Table 4-2, and Figure 4-2). According to SANRAL (2013), the Mean Annual 

Precipitation (MAP) for Cape Town is  400-1200 mm while that of Gauteng is 600-800 mm. 

The following general approach was followed: 

¶ A detailed list of PICP sites was compiled into a compendium with key design, 

construction, and maintenance details (where known), and stakeholdersô details.  

¶ After securing permission from the owners, eleven PICP test sites were chosen for 

investigation ï nine in Cape Town and two in Gauteng region ïand linking the outcome 

to different designs, construction methods, maintenance approaches (if any), and 

environmental conditions. 

 

Table 4.1: Research carried out on the Cape Town PICP study sites with codes 

Infiltration test sites Maintenance trials and diagnostic assessment sites 

Blue Route Mall (BRM) Blue Route Mall (BRM) 

New Engineering Building (NEB) New Engineering Building (NEB) 

School of Economics (SOE) School of Economics (SOE) 

Irma Stern Museum (ISM) Grand Parade (GRP) 

Grand Parade (GRP) MyCiti Bus Rapid Transport Depot (BRT) 

MyCiti Bus Rapid Transport Depot (BRT) Hirschôs Appliances Milnerton (HAM) 

Stor-Age Facility (SAF)  

Hirschôs Appliances Milnerton (HAM)  

Nirvana Residential Complex (NVC)  
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Figure 4-1: Cape Town PICP test sites (Map source: Google Maps, 2022) 

 

Table 4.2: Research carried out on the Gauteng PICP study sites with codes 

Infiltration tests sites Diagnostic assessments sites 

Wits First yearsô parking area (WITS) Wits First yearsô parking area (WITS) 

Bosun Brick Pavers (BBP)  

 

¶ During the first site visit, potential test spots were selected depending on the 

characteristics of the PICP sections. Typical considerations included: the proximity of 

vegetation and debris sources, traffic loading, and probable clogging state as determined 

by visual inspection. The number of test spots was largely governed by the size of the 

site. 

¶ The test spots were named according to the site code, PICP area number (if any), and test 

spot ï for example; Blue Route Mall-Area 4-Test spot 4 would be called: BRM-4-04. If 

the PICP was not divided into isolated areas, the naming convention would be simplified, 

e.g., SOE-01 for School of Economics Test spot 1. 

BRM 

NVC 

SAF 

HAM  
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GRP 

ISM 
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Figure 4-2: PICP test sites in Gauteng (Map source: Google Maps, 2021) 

 

¶ Surface infiltration tests were then performed using the Modified ASTM single-ring 

infiltrometer (Mod-ASTM) and/or the Modified Stormwater Infiltration Field Test (Mod-

SWIFT). Section 3.4 presents the test procedure for the two surface infiltration tests. The 

Mod-ASTM was conducted where there was access to sufficient testing water while the 

Mod-SWIFT test was conducted on sites with limited access to the test water. 

Occasionally, both tests were undertaken on the same spot to provide additional data 

points for the correlation plot (Figure 3-5), with the Mod-SWIFT test conducted first to 

replace the pre-wetting phase of the Mod-ASTM test. In this chapter, infiltration tests 

refer to Mod-ASTM unless stated otherwise. 

¶ The infiltration results were compared with previous data when available to give an 

indication as to how the PICP performance was deteriorating over time.  

¶ Maintenance trials were carried out at selected sites. 

¶ Diagnostic assessments were carried out at some of the maintenance sites. 

 

4.3 The PICP maintenance trials 

The long-term performance of PICP is determined to a large extent by its maintenance, 

particularly with respect to reducing the clogging process. There are effectively three types of 

WITS 

BBP 
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maintenance: routine, restorative and reconstruction. Routine maintenance is the regular 

maintenance designed to identify and slow down the rate of clogging and potential structural 

failure (Woods Ballard et al., 2015). Restorative maintenance attempts to remove the material 

causing the clogging. Reconstruction is required when the PICP become so clogged that the 

only sensible remedy is to remove the pavers and the underlying bedding material, clean and 

reinstate them (Sehgal et al., 2018). 

At the time the research was carried out, the only maintenance of PICP being carried out 

in SA was at a limited number of sites in Cape Town where the joints were being regularly 

blown to remove clogging material. Compressed air was directed along the joints and the 

dislodged material swept by a hand broom to the edge of the pavement from where it was 

collected. Any gritstone that may have been blown out with the gross pollutants from the joints 

was sieved, washed, and re-used for filling the joints where required. Alternatively, new clean 

gritstone was swept into the paver gaps. Attempts were made to investigate the maintenance 

performance of: 

1. Blowing followed by sweeping (the current practice) 

2. A street sweeper truck, 

3. A vacuum truck, and  

4. An industrial vacuum cleaner  

 

Unfortunately, it was not possible to secure street sweeper or vacuum trucks as they were being 

fully utilised, however, an effort was made to investigate the maintenance combination of the 

compressed air blower and a 2000 W wet/dry industrial vacuum cleaner ï but this proved 

ineffective. Some researchers (e.g., Drake & Bradford, 2013; Nichols et al., 2014) contend that 

blowing followed by vacuuming is the most effective method to maintain PICP but it is likely 

that this requires a much more powerful vacuum machine than that was available for this 

project. On the other hand, Hein (2018a) notes that if the vacuum is too powerful there is a risk 

of the bedding and/or pavers being lifted causing failure of the surface. In the end, maintenance 

trials were carried out at six sites in Cape Town. The general procedure for the trials was as 

follows: 

¶ Permission to perform maintenance trials was first obtained from the site owners.  

¶ Mod-ASTM surface infiltration rates were conducted on the identified PICP test spots. 

These results were recorded as base infiltration rates. 

¶ The test spots were surrounded by a shade-cloth fence to protect adjacent property or 

people from flying debris. The workers wore appropriate Personal Protective Equipment 

(PPE). 

¶ Maintenance was performed on the test spot using a 700 kPa compressed air blower 

attached via a flexible hose to a steel ówandô with an 8 mm nozzle. The minimum area of 

cleaned surface was 2 m x 2 m. The blown-out debris was blown to one side and collected 

for removal and/or recycling (in the case of the joint gritstone). 
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¶ The post-blowing and post-maintenance infiltration rates were then measured to 

determine the effectiveness of the maintenance. 

 

4.4 PICP diagnostic assessments 

Diagnostic assessments were performed on selected pavement test spots that did not show 

significant signs of surface infiltration improvement in a bid to understand where the clogging 

was taking place. The general procedure was as follows: 

¶ The pavers were carefully lifted and the joints and bedding inspected for signs of 

clogging.  

¶ The infiltration rate through the bedding was determined using the Mod-ASTM test. 

¶ The bedding was carefully scooped away to expose the upper geotextile or the base 

course (no upper geotextile design). All observations were recorded. Another Mod-

ASTM was carried out on the geotextile or base course as applicable. 

¶ If the geotextile ï if present ï was clogged, a piece was carefully cut out and the 

underlying aggregate inspected ï all the way down to the lower geotextile or sub-base as 

applicable. 

¶ Once the location and type of clogging had been identified, the paving was reinstated 

taking care to compact each layer and fill the joints between the pavers with washed 

gritstone.  

¶ The post-maintenance infiltration rates of the pavers were measured upon completion of 

the re-gritting. 

 

Four types of PICP clogging were identified in the course of the diagnostic assessments: 

¶ Type I clogging ï the most common type ï is when fine material fills the joints, typically 

the first 20 to 30 mm depth from the surface. 

¶ Type II clogging takes the form of a sediment ówedgeô on the bedding layer immediately 

under the joints and usually looking like a silhouette of the paving pattern. 

¶ Type III clogging is when the bedding layer and the top of any geotextile have been filled 

with sediment. 

¶ Type IV clogging sees sediment throughout the full depth of the PICP layers (complete 

failure). 

 

4.5 Blue Route Mall (BRM) parking area 

Blue Route Mall (BRM) is a shopping centre located in Tokai, Cape Town (34° 3'50.65"S, 

18°27'15.45"E), at an altitude of 15 m above mean sea level (a.m.s.l.) (Figure 4-3). The current 

mall was constructed in 2012 when PICP was installed over large portions of the outside  
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Figure 4-3: Blue Route Mall PICP locality plan (Map source: Google Maps, 2022) 

 

parking area including both parking bay zones and the main vehicle roadways. The traffic is 

mainly cars with occasional delivery trucks.  

The mall is surrounded by the asphalt-surfaced Tokai Road on the southern side, Keyser 

River Drive on the western side, Vans Road on the western side, and part of the Access Road 

on the northern side. Some portions of the Access Road are also PICP. The mall site slopes at 

2% towards a stream that runs parallel and adjacent to the northern part of Access Road. The 

stream joins the Keysers River a short distance east of the mall (Figure 4-4). 

Trees with needle-shaped leaves overhang the PICP adjacent to Vans Road. Various 

evergreen trees and shrubs are also located adjacent to the PICP ï potentially acting as a source 

of debris (Figures 4-5 and 4-6). Figure 4-7 shows the roof downpipes that drain directly on the 

permeable pavement. The pedestrian walkways in the parking area consist of conventional 

brick pavement that drain onto the PICP. 

 

BRM 
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Figure 4-4: BRM site layout (Map source: Google Earth Pro, 2022) 

 

 

(a)  

 

(b)  

Figure 4-5: Trees hanging over PICP 

 

The permeable area is 35,500 m2 and the impermeable area is 13,760 m2 giving a run-on factor 

(RoF) of approximately 0.4 (Barnard, 2019; Matolengwe, 2021). Thus, the PICP mainly 

services direct rainfall. The BRM PICP sections comprised: 80 mm Aquapave ® pavers,            

2-3 mm joint material, 80 mm deep x 4-6 mm bedding stone, an upper Inbitex ® geotextile, a 

100 mm deep x 19-25 mm stone basecourse, a 250 mm deep x 50-63 mm subbase layer, and a  
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(a) Evergreen tree 

 

(b) Shallow bush 

Figure 4-6: Vegetation adjacent to the parking area 

 

 

Figure 4-7: Roof downpipes draining onto the PICP 

 

lower Inbitex ® geotextile to protect the subgrade. 
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4.5.1 Field infiltration testing  

Mod-ASTM infiltration tests were conducted in 2017, 2018, 2019, and 2021 by students at the 

University of Cape Town (UCT). In 2017 and 2018, nine test spots were carefully identified 

and infiltration surface tests conducted (Test spots 1 to 9). In 2019 and 2021, 15 test spots were 

chosen for surface infiltration investigation (Test spots 1 to 15). Test spots 1, 3, 5, 6, 8, 10 to 

15 were each located within parking bays. Test spots 2, 4, and 7 were located along the 

roadway. Test spot 9 was located on a truck off-loading bay. Test spots 10 to 15 were located 

within a section of the parking that is infrequently used (Figure 4-8). Carrying out multiple 

infiltration tests over a number of years helps with tracking the performance of the PICP with 

age. 

 

 

Figure 4-8: BRM surface infiltration test locations (Map source: Google Maps, 2022) 

 

Figure 4-9 presents the measured infiltration rates. The infiltration capacity of the PICP site 

had decreased with age from 2017 to 2021 at Test spots 2 to 9. Test spots 10 and 12 to 15 

illustrate the same pattern of infiltration capacity drop with the age of PICP from 2019 to 2021. 

The outliers were test spots 1 and 11 both of which were both located within parking bays. 

Most of the infiltration capacities were below 2000 mm/hr in 2017 except for Test spots 2, 3, 

and 4. By 2018, the infiltration rates for Test spots 2 and 3 had also decreased to below          

2000 mm/hr. Generally, the test spots located along the vehicle roadways had lower infiltration 

rates than those located within the parking bays. By 2021, all infiltration rates had dropped 

although none were less than 250 mm/hr ï the benchmark used to indicate total blocking 

(measured infiltration rates likely to be more leakage than infiltration). The lowest infiltration 

rate recorded in 2021 was 280 mm/hr for Test spot 15, while the highest was only 1600 mm/hr 

for Test spot 1. For Test spots 1 to 5, the infiltration capacities had dropped despite the 

maintenance that was performed in 2021 indicating that maintenance only temporarily 

improves PICP infiltration rate, it does not fully restore it. Over the period 2017 to 2021, the 

BRM PICP maintenance was being performed on a three-year cycle. 
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Figure 4-9: 2017-2021 BRM ASTM infiltration rates  

(After Artus, 2017; Vella, 2018; Barnard, 2019; Matolengwe, 2021) 

 

4.5.2 Pavement maintenance trials 

Compressed air blowing maintenance trials were performed at the BRM PICP site in 2022 to 

investigate the effectiveness of the compressed air blower as a maintenance method. Test spots 

in two adjacent PICP sections were chosen for the trials. One was in a vehicle parking bay area 

(Area 3 / BRM-3), while the other was in a highly-trafficked PICP roadway section (Area 4 / 

BRM-4) (Figure 4-10). Four test spots were located in Area 3 and 11 in Area 4. 

 

 

Figure 4-10: BRM PICP Areas 3 and 4 test spots (Map source: Google Earth Pro, 2022) 
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4.5.2.1 Parking bays 

Maintenance trials were carried out in Area 3, a series of parking bays located adjacent to Vans 

Road on the eastern side of the site. The PICP section was overhung by pine trees that shed 

needle-shaped leaves onto the surface (Figure 4-5). Three types of infiltration tests: pre-

maintenance, post-blowing, and post-maintenance, were performed on all the BRM-3 test spots 

except for Test spot BRM-3-01 because of its location near where the joint sediment was 

collected after blowing. The measured infiltration rates for the four Area 3 test spots are 

presented in Figure 4-11. 

 

 

Figure 4-11: BRM Area 3 Mod-ASTM test infiltration rates  

 

The pre-maintenance infiltration rates measured at all four BRM-3 PICP section test spots were 

equal to or less than 600 mm/hr. BRM-3-02 recorded a 200 mm/hr base infiltration rate, which 

is just below the nominal PICP blockage failure infiltration rate. BRM-3-01, BRM-3-03, and 

BRM-3-04 recorded base infiltration rates of 600, 300 and 400 mm/hr respectively. Visually, 

the main cause of these low infiltration rates appeared to be the combination of organic and 

inorganic matter clogging the paver joints (Figure 4-12). 

The substantial increase from 325% to 700% in post-blowing infiltration rates indicated 

that compressed air blowing improved the pavement infiltration capacity. There was a small 

difference between the post-blowing and post-maintenance infiltration rates for BRM-3-02 and 

BRM-03-03, while the infiltration rate appeared to increase considerably for BRM-3-04 for 

some unknown reason ï possibly lateral flow of the test water. 

Compared to the pre-maintenance infiltration rates, the post-maintenance infiltration 

capacity of the four test spots was increased by 438%, 549%, 464%, and 614% for the four test 

spots. However, none of them returned to the likely newly laid values which typically range 

from 7000 to 20,000 mm/hr (ASCE, 2018). This suggests that some residual clogging remains 
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ï probably at the base of the joints (Type II). This is likely to increase with the age of the 

pavement. 

 

 

Figure 4-12: Typical PICP section with needle-shaped leaves wedged in the joints 

 

4.5.2.2 Heavily trafficked sections 

Figure 4-13 presents the Mod-ASTM pre-maintenance, post-blowing, and post-maintenance 

infiltration rates for Area 4. The pre-maintenance infiltration rates recorded for Area 4 were 

relatively high; the lowest was 1700 mm/hr for test spot BRM-4-06, while the highest was 

16,700 mm/hr for test spot BRM-4-03. On the other hand, it was apparent that the paver joints 

in BRM-4 had frequently been widened by up to 14 mm leading to substantial water losses in 

the infiltration measurements calling into questioning their reliability (Figure 4-14). Typically, 

the Aquapave ® paver installed on the site is designed to have a joint width of 6 mm.  

Somewhat surprisingly, the post-blowing infiltration rates for many test spots were lower 

than pre-maintenance. This suggested that the fine sediment material was being pushed deeper 

into the pavement sublayers thus contributing to the blockage of the pavement. On the other 

hand, BRM-4-06, BRM-4-07, and BRM-4-11 showed increases in the post-blowing infiltration 

rates of 217%, 42%, and 328% respectively, suggesting that, in these cases at least, sediment 

material blown out of the joints had a greater impact than any fine material pushed deeper into 

the layers. For most test spots, filling the joints with gritstone decreased the infiltration rates.  

Overall, air blowing had a variable impact ï with an improvement of 144% observed in 

one case, but a drop of 59% in another. On the whole, however, the post-maintenance 

infiltration rates were mainly above 2000 mm/hr which is considerably above the nominal 

clogged rate of anything below 250 mm/hr. 
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Figure 4-13: BRM Area 4 test infiltration rates 

 

 

(a) 10 mm wide joint 

 

(b) 20 mm wide joint 

Figure 4-14: PICP section widened joints 

 

The reason for the failure of the compressed air blowing to improve the infiltration rates within 

the PICP is likely structural in nature. It was noticeable that the PICP pavers at places with 

high levels of turning traffic were displaced due to damaged and / or insufficient lateral support 

by the edge restraints. Hein (2018a) ranks the damage caused by inadequate edge restraint as 

low if the paver joints are widened by 6-10 mm, medium of 11-15 mm or severe if greater than 
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15 mm. The paver joints on this PICP section were up to 20 mm wide suggesting severe 

damage. Further, there was an excessive loss of grit (Figure 4-14). 

 

4.5.3 Diagnostic assessments 

Diagnostic assessments were performed on the two PICP sections ï one in a parking bay    

(Area 3), and three in a heavily trafficked section (Area 4). 

 

4.5.3.1 Parking bays 

A diagnostic assessment was performed on Test spot BRM-3-04 with the measured infiltration 

rates given in Figure 4-15. The sediment in the joints was intermixed with the joint material 

(Figure 4-16 (a)) for the top 25 mm (Type I clogging). However, the sediment outlining the 

paver pattern on the bedding (Figure 4-16 (b)) suggested that Type II clogging was also taking 

place. On the other hand, the geotextile was intact with only small quantities of trapped 

sediment. When cut, it was evident that the underlying aggregate layers were clean              

(Figure 4-16 (c)). 

 

 

Figure 4-15: BRM Area 3 PICP diagnostic assessment infiltration rates 

 

The bedding and geotextile infiltration rates were both exceptionally high: 40,000 and      

34,100 mm/hr respectively. This is suggestive of clean gravel that typically provides an 

infiltration rate of at least 36,000 mm/hr (Look, 2007) clearly indicating that they are not 

blocked. Once the organic matter caught between the paver joints (Figure 4-12) had been blown 
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out by the compressed air blower, the infiltration capacity of the test spot was improved by 

550%. 

 

 

(a) Sediment in joints 

 

(b) Sediment outline 

 

(c) Intact geotextile 

Figure 4-16: BRM-4 PICP section geotextile state 

 

Overall, it appeared that PICP blockage in parked areas was superficial (mainly Type I ï in the 

top 25 mm, leading to Type II) with few fines propagating to the geotextile. 

 

4.5.3.2 Heavily trafficked sections 

Figure 4-17 presents the infiltration rates measured on the three Area 4 test spots selected for 

diagnostic assessment. BRM-4-04 was chosen because there were widened paver joint 

openings (Figure 4-14). BRM-4-08 and BRM-4-11 were selected because they were located at 

intersections that were subjected to considerable turning moments and hence vulnerable to 

damage. The pre-maintenance, post-blowing, and post-maintenance infiltration capacities for 

these test spots were discussed in Section 4.5.2.2. 

The three test spotsô bedding infiltration rates, i.e., upon removal of the overlying pavers, 

were 600, 300, and 500 mm/hr for BRM-4-04, BRM-4-08 and BRM-4-11 respectively.      

Figure 4-18 shows that the bedding of the three test spots was substantially intermixed with 

fine material. Organic matter (leaves) and cigarette buds were also visible. 

The bedding layer was then carefully cleared to access the geotextile (Figure 4-18). It 

was found that the geotextile had been punctured by more than 50% of its surface area in many 

places allowing sediment to propagate into the lower PICP basecourse layers. This could be a 

consequence of dynamic vehicle loading as vehicles traverse the paving. Furthermore, the 

damaged geotextile shown in Figure 4-19 started to de-thread when hand-pulled suggesting 

that heat-treated unwoven geotextiles are not a good choice of material in highly trafficked 

sections. This finding is consistent with literature (e.g., Lucke & Beecham, 2011a). 
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Figure 4-17: BRM Area 4 PICP diagnostic assessment infiltration rates 

 

 

(a) BRM-4-04 

 

(b) BRM-4-08 

 

(c) BRM-4-11 

Figure 4-18: BRM-4 bedding, clogging and sediment outline 

 

 

(a) BRM-4-04 

 

(b) BRM-4-08 

 

(c) BRM-4-11 

Figure 4-19: BRM-4 geotextile state 
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The measured infiltration rates on the geotextile under the bedding for the test spots were 150, 

1100, and 20,400 mm/hr ï but naturally these measurements were greatly influenced by the 

extent of the puncturing. BRM-4-04 and BRM-4-08 were thus subjected to Type IV clogging. 

It was not possible to excavate deeper into the pavements because of the lack of suitable 

equipment at the time of data collection. While the bedding at BRM-4-11 appeared clogged 

with significant amounts of fine material deposited on the geotextile, once the bedding was 

removed, a very high infiltration rate was measured through it. The test spot thus demonstrated 

Type III clogging. 

Paradoxically, the post-maintenance infiltration rates of the test spots were all greater 

than 5000 mm/hr (Figure 4-17). This suggests that the test method is not accurately measuring 

the true infiltration rate with test water potentially flowing laterally within the surface paver 

joints. This is of great concern as it suggests that the most common test methods are unreliable 

indicators of true PICP performance. 

Overall, it appears that PICP installed on high-frequency trafficked roadways and parking 

adjacent to vegetation is more prone to blockage. In addition, the upper geotextiles are subject 

to damage due to mechanical wear caused by movement of the bedding and base layers. 

 

4.6 UCT Upper Campus New Engineering Building (NEB) 

parking area 

The New Engineering Building (NEB) PICP parking area is located at the University of Cape 

Town (UCT) Upper Campus on the Madiba Circle Road, Rondebosch, Cape Town 

(33°57'34.4"S 18°27'32.1"E) within the Table Mountain Nature Reserve. The parking area is 

at 130 m a.m.s.l. It is mainly used by university staff with the occasional delivery trucks coming 

to the civil engineering laboratory in the NEB. The parking area is largely comprised of PICP. 

Figure 4-20 presents a locality map of the parking area. NEB PICP is lined with broad-

leafed trees (Figures 4-21 and 4-22) to the east and west. The northern and western boundaries 

of the parking area comprise vegetated slopes of 25% and 12% respectively towards the PICP 

(Figure 4-21). The ground to the east of the PICP drains away from it. There is a 50 m2 

impermeable area between the sloping northern vegetated area and the PICP.  

The permeable area is 700 m2 and associated impermeable area is 560 m2 giving a RoF 

of around 0.8 ï thus, the PICP services mainly direct rainfall. The PICP slopes towards the 

entrance at a mean slope of 5%. It is divided into two distinct sections ï one with, and the other 

without an upper geotextile ï that are separated by an underground concrete check dam. Both 

PICP sections consist of: 80 mm Aquapave ® pavers, 2-3 mm joint material, 80 mm deep x   

4-6 mm bedding stone, 100 mm deep x 19-25 mm stone basecourse, 250 mm deep x 50-63 mm 

subbase layer, and a geomembrane to prevent groundwater infiltration. The upper geotextile, 

where installed, is an Inbitex ®. An impermeable membrane prevents infiltration of rainwater 

into the subgrade; hence water that drains into the PICP is removed via underdrains that are 

situated adjacent to the check dams. Two inspection chambers on the eastern side of the PICP 

allow flow rates to be measured and samples taken for water quality analyses. The underdrains  



4-18 

Clogging in PICP 

 

Figure 4-20: NEB PICP parking area locality map (Map source: Google Maps, 2022) 

 

 

Figure 4-21: The NEB PICP parking area layout (Map source: Google Maps, 2022) 

 

NEB 
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Figure 4-22: Vegetation surrounding the NEB parking area 

 

are connected to a conventional stormwater line on Madiba Circle (Biggs, 2016). The NEB has 

not been maintained since the construction of the PICP site in 2014. 

 

4.6.1 Field infiltration testing  

Figures 4-23 and 4-24 show the location of the nine infiltration test spots on the section fitted 

with a geotextile and their measured 2016, 2017 and 2021 infiltration rates. It was difficult to 

determine any particular trend other than the general decrease in infiltration capacity towards 

the edges of the parking area from a maximum near the centreline. The concept of a clogging 

front working in from the sides has been described by Pezzaniti et al. (2009) and Beecham et 

al. (2010). The potential reason for the discrepancy between the 2016 / 2017 values and those 

measured in 2021 may have something to do with the way the pavementôs joint widths seem 

to have widened with little grit visible along the vehicle wheel paths (Figure 4-25) resulting in 

a possible loss of the test water due to lateral flow. 

 

 

Figure 4-23: NEB parking area test locations (After Biggs, 2016) 
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Figure 4-24: 2016, 2017, and 2021 NEB infiltration rates trend 

(Adapted from ; Biggs, 2016; Artus, 2017; Matolengwe, 2021) 

 

 

Figure 4-25: Typical PICP section with missing grit and fine sediment on the pavers 

 

4.6.2 Pavement maintenance trials 

Ten test spots were carefully identified on the NEB for maintenance trials (Figure 4-26). Test 

spots NEB-01 and NEB-02 were located on the section of the PICP that did not have a 

geotextile installed, while Test spots NEB-03 to NEB-10 were located on the PICP section that 

had a geotextile installed. Test spots NEB-05 and NEB-10 were chosen because they were 

close to the western slope and under the broad-leafed trees. Test spots NEB-02, NEB-04,   

NEB-07 and, NEB-09 were along the vehicle driveway, while the remainder were within the 

parking bays. 

Test spots NEB-01 and NEB-02, and NEB-03, NEB-04, and NEB-05 were adjacent to 

each other and thus relatively exposed to the same environmental conditions but differed in the 

use of a geotextile under the bedding layer. Infiltration testing was carried out: pre-

maintenance, post-blowing, and post-maintenance (Figure 4-27). 
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Figure 4-26: NEB PICP maintenance test spots layout (Map source: Google Maps, 2022) 

 

 

Figure 4-27: NEB Mod-ASTM maintenance infiltration tests 

 

Although no maintenance had been performed on the site since its construction in 2014, the 

PICP was still functioning effectively ï albeit with decreased infiltration capacity and one 

blocked test spot (NEB-10 at 200 mm/hr). 

The increase in the infiltration rates ï between 56% and 2050% ï post-blowing suggested 

that most of the clogging was Type I which could be remedied through the blowing of the 

sediment out of the joints. 
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The change in the pre-maintenance to post-maintenance infiltration capacities ranged 

from 23% to 5000%. The wide range was mainly a consequence of conducting diagnostic 

assessments on Test spots NEB-01 and NEB-02. The outliers were NEB-07 (vehicle driveway) 

and NEB-08 (parking bay) where the post-maintenance infiltration capacities decreased by 

23% and 37% respectively. Potentially this was due to the maintenance method pushing the 

sediments deeper into the pavement joints. Further, the measured high pre-maintenance 

infiltration rates for the two test spots might have been partly exaggerated by lateral flow during 

testing. Generally, the measured infiltration rates at most test spots showed an increase from 

initial to post-blowing followed by a reduction after the re-gritting, likely due to a decrease in 

joint void ratio as the washed grit was swept into the joints. NEB-05 was oil stained on the 

pavement surface and within the joint and recorded a low post-maintenance infiltration rate. It 

is possible that the oil made it difficult for water to infiltrate into the pavement. 

An exception to the norm of a PICP clogging from the outside inwards was observed 

along the transect NEB-08, NEB-09, and NEB-10. The pre-maintenance infiltration capacities 

decreased from NEB-08 to NEB-10 ï probably because NEB-09 and NEB-10 were closer to 

vegetation (overhung trees) than NEB-08 and thus more susceptible to clogging by leaves, seed 

material and pollen. 

 

4.6.3 Diagnostic assessments 

Diagnostic assessments were carried out on four test spots to determine the state of the bedding 

and geotextiles / bedding-layer interface. The spots were: NEB-01, NEB-02, NEB-04 and 

NEB-05. 

Figure 4-28 presents typical test spots at the NEB. The moss in the paver joints likely 

absorbs runoff, ultimately, slowing the runoff infiltration into the pavement. It was evident that 

the PICP joints in the roadway sections were missing gritstone. It is unclear whether these had 

settled into the underlying bedding material or lifted out by passing traffic. In all cases, the test 

spots joint widths were typically as per the design, i.e., 6 mm suggesting that the pavers were 

properly ólocked-upô with adequate edge restraints. 

 

 

Figure 4-28: NEB typical test spots surfaces 

a) Typical parking bay test spot b) Typical vehicle driveway test 

spot 
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4.6.3.1 PICP without a geotextile 

Test spots NEB-01 (parking bay) and NEB-02 (roadway) were located in the area of PICP 

without a geotextile under the bedding layer. The measured infiltration rates presented in 

Figure 4-29 displayed similar performance. The bedding and base infiltration rates of the two 

test spots were both recorded as 40,000 mm/hr because the infiltration rates were so high that 

they could not be measured and thus it was assumed that they were probably in the order of 

clean coarse-grained aggregates or greater than 36,000 mm/hr. Both test spots showed a good 

response to maintenance (air-blowing); the measured infiltration rates for NEB-01 increased 

from 900 to 16,300 mm/hr, while those for NEB-02 increased from 300 to 15,200 mm/hr. 

 

 

Figure 4-29: NEB no-geotextile design diagnostic assessment infiltration rates 

 

Figure 4-30 shows the state of the bedding and bedding-basecourse interface of the two test 

spots. Very little sediment was trapped in the top 20-30 mm of the joints (Type I clogging). On 

the other hand, considerable fine material could be seen on the top of the bedding layer in the 

form of an outline of the paver pattern ï particularly for NEB-02, possibly because of the 

increased vehicle vibration along the roadway (Burak, 2006). The fact that very little fine 

material was visible directly underneath the pavers explains the high infiltration rates measured 

on the bedding material ï although the bedding was observed to be covered in a light muddy 

film at both test spots. Moreover, very little fine material was visible at the interface of the 
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(a) NEB-01 joint material 

 

(b) NEB-02 joint material 

 

(c) NEB-01 sediment outline 

 

(d) NEB-02 sediment outline 

 

(e) NEB-01 bedding-base interface 

 

(f) NEB-02 bedding-base interface 

Figure 4-30: NEB-01 and NEB-02 diagnostic assessments 

 

bedding and the base. It appeared that the clogging was likely a combination of Type I ï which 

is highly amenable to air blowing ï and Type II clogging. The lack of a geotextile under the 

bedding layer appeared to have no impact on the performance of the PICP at all. However, the 

interface of the bedding and base aggregate layers showed signs of aggregate sublayer mixing. 

 


