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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.dtermeable Pavement Systems (PPS)

are a popular SuDS source control measure, with Permeable Interlocking Concrete Pavements
(PICP) being the most common. PICP compsisecially designedoncrete peers inter alia,

with groovedand dentatedsidesforming6j oi nt sé to all ow runof f
underlying singlesized basecourse layers and potentially the subgrade. A geotextile may be
fitted between the bedding and base layers and/or baseaagesubgrade-lowever 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 princigallure 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 evidencdased dateelated taclogging. Additionally, acelerated 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) Typeid when sediment fills up the top 30 mm of the joints, ii)
Type 1l is when the sediment deposits on the bedding immediately below the joints, iii) Type
lll is when the sediment mixes with the bedding and clogs the geotextile, iv) Type IV is
clogging of theunderlying 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 baeging vegetationabrupt braking at
highly trafficked aread in particular at intersectionsften widenng joints, and lack of
maintenanceThe noawoven heabonded upper geotextiles that have been specially selected
in the past owing to their abilityo 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 | clogging, but probably at the cost of
accelerating Type Il cloggg. The presence of a geotextile was seldom a cause of clogging
except in limited, specific circumstancés.celerated laboratory tests showed that the smaller
the paver joint opening ratio, the faster the joint was clogged by oloesive sos.
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Glossary of terms

Aggregate: Angularcrushed quarry stone for grit, bedding, base, and subbase materi

BasecourseThe aggregate layer of the pavement section below the bedding layer bt
above the subbase and subgrade

Bedding: The aggregatayer supporting the pavers. Usually 7.1 mm roadstone
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Best Management Practice (BMPs): Devices, practices or methods for removing,
reducing or retarding runoff flows or preventing contaminants from reaching
receiving waters.

Clogging: Reduction in thesurface infiltration capacity of permeable pavements as ar
of sediment acculation.

Conventional Stormwater. In the South African context, this refersdi@inage system
consisting ofconcretepipes and canaldesigned to rapidly transpastormwate 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, whic
may be nonwoven, knitted or woven, used in contact with soil/rock and/atlaery
geotechnical material in civil engineering applications. They are used to separa
different material layers, and can also contribute to the reinforcement of the sys
and potentially the treatment of stormwater.

Gritstone: The rounded 5 mm Graderoadstone used in the paver joints

Nutrients are chemicalsn urban runoff that cause eutrophication, mainly nitrogen anc
phosphorus.

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

Open-graded aggregataeservior: Angular aggregates material free of fines that highl
permeable and thus can store water.

Single sized aggregateAggregate that predominately passes one sieve but is retaine
the one immediately smaller.

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

Subgrade The founding soil on which the pavement structure is constructed

Sustainable Drainage System (SuDS):aretechniques used to manage runoff quality &
quantity while also enhamg the biodiversity and amenity of a developmédso
called LowImpact Development (LID USA), Water Sensitive Urban Design
(WSUDT Australia), Naturebased Solutions (NbS) etc.

SuDS treatment trainrefers to esequence of stormwater management practices that \
together to improve the water quality and reduce runoff discharge.
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Permeable Interlocking Concrete Pavemen{PICP): A specific type of permeable
pavement comprising block pavers designed with stileel slotsi t e r me d
that allow rainwater to pass through to singiieed base courses.

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

Washed aggregatesAggregates free of 0.075 mm or lower sized material (sieve No.
200). This is can be achieved by passing running water through aggredghtes at
guarry or on site.

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

Water Sensitive DesignWSD): Design that considers the whole water cycle

Acronyms
ASTM American Standard Testing Method
BMP Best Management Practices
CIRIA Construction Industry Research and Information Associat|
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 Improveme@onceptualisation
PCSWMM Personal Computer Stormwater Management Model
PICP Permeable Interlocking Concrete Pavement
SDG Sustainable Development Geal
SIT Simple Infiltration Test
SRIT Single Ring Infiltrometer Tds
SuDS Sustainable Drainadggystens
SWIFT Stormwater Infiltration Field Test
SWMM Stormwater Management Model
wQVv Water Quality Volume
WSD Water Sensitive Design
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1. Introduction

1.1 Background of the study

Rapid urbanisatiosince the beginning of industrialisation has resulted in substardrebses

in the proportiorof impervious land covediXian et al,, 2021) This, in turn, hasicrease urban
stormwater runoff flow raand volume whilst simultaneously reducgdoundwater recharge

and water qualityHein, 201&); Simpsonet 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 pipessmetimegeferred to as hard engineeri(@SIR, 2019) This
approachs increasingly degrading the state of the water bodies by erosion of natural channels
and pollution of downstreanreceiving waterswhilst increasing the risk otlownstream
property damag€CSIR, 2019; van Vuureet al,, 2022)

Since 1990there has beera shift towards the use of Sustainable Drainage Systems
(SuDS)(Roesneet al, 2001; CSIR, 2019Smith, 2019in a bid to combat the damage caused
by conventional stormwater management techniqlieis approach is also being adopted in
SA (Armitageet al.,, 2013) SuDS arestormwater management practiteat attempt to mimic
natural processes in thmanagenent of runoff quality and quantity while alsseeking to
enhane the biodiversity and amenity of infrastructural developm@mrchioni & Becciu,
2015)

Permeable Pavement Systems (PPS) are SuDS source control options that mateage onsi
runoff. They aredesigned and constructed wilrmeable surfaces laid on topoperrgraded
or singlesized aggregatsublayersthat infiltrate and temporarily store the water before
releasing it fogroundwater rechargend/or attenuatddownstream flow peaks. They can even
be potentially used for rainwater harvestiridhe most common PPS in SA Permeable
Interlocking ConcretePavement (PICP). PICP consists of specially designed concrete block
paversplaced on the singlsized base laysr Specially designed grooves create gaps between
the pavers, termed O6jointsbod, that allow sur
selected coarse sand in th&2 mm r a n g eitston® ésrplavedbetweean the paving
blocks tohold back sdiment(ASCE, 2018) Geotextiles may be placed between thdding
layer and the topnost base layer, and between the bottom and sides of the lowest base layer
and the imsitu material to separate the layers and/or improve the runoff water quality.
Stormwater is temporarily stored in the base layers where it ndsrgm some improvement
in water quality as a consequence of sedimentation and bacteriological d8ehtyalet al.,
2018) Ultimately, the stormwater infiltrates into the subgrade and/or is removed by sub
surface drain§Woods Ballarcet al.,, 2015; ASCE, 2018)

One of the firstPICP installationsin SA was in 2007 at The Reeds complex in
Johannesburg (CMA, 2020ince thenPICP has been installednamerous [acesi mainly
parking areas and drivewaysin Cape Town, Ekurhuleni, Johannesbulidrand, and
Pietermaritzburgising varioudifferent designsandfollowing a miscellany ofnternational
guidelinesandstandards. The guidelines incluttese used ithe United States of America
(USA), United Kingdom (UK) and Australiaalthough others are availabk the time of the
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study, two standards were availabteose published byhe American Society of Civil
Engineers (ASCEB8-19) andthe British Standard#stitution BS 753313:2009.

1.2 Problem Statement

Infiltration tests conducted between 2017 and®6n various PICP sites Cape Town and
Johannesburg by University of Cape Town (UCT) civil engineerisgarcherendicated 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/tack of maintenance Other factors that appeared to be
contributing toPICP failure includd:

1 Loose fine soildrom surrounding areasansported by wind or runoff tmthe PICP
surfaces

1 High runon of sedimentaden stormwateonto the PICP from adjacemnpermedle
surfacescausing unacceptably high quantities of fine material to be deposited on its
surface.

1 Poor construction practicésading to premature failure such as the use of inappropriate
filling material such as sand, dirty aggregates, or the lack tftdeiedge restraints.

i Little or nomaintenancehat might have slowed the inevitable cloggofghe PICP. In
many instances, there was little evidence of the gritstone between the pavers thus
allowing the accumulation of fine sediment material inltdwer parts of the openings
between the pavers.

1 Rutting or differential settlement of the PICP structonging to the settlingof the
underlying base layeess a result of poor compaction

1 Unsuitable environmental conditions such as proximity to vegetatitmhigh leaf or
pollen drops or unacceptable sediment exposure.

Cloggingusually comes about as a consequence of the-bpilof fine materiabetween the

joints of the pavers and within the pavement sublayers. Severe clogging inhibits runoff surface
infiltration (Stgvringet 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 throughhe use of unwashed aggetgs(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 instageotextiles to improve the quality of runoff
(Charlesworthet al, 2017). Further, geotextile protethe underlying pavement layers from
possible migration of fine material from the surface (DEWHA, 2010). Conversely, various
USA guidelines and ASCE/T&IICPI 6819 (ASCE, 2018 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 therapping of fine material on its surface (Hein & Smith, 2016).

The SA construction industry currently adap@rious international guidelines and
standards for the design, construction and maintenance of PICP. Howesvkasthesulted in
inconsistent PI@ practices acrosthe countryas different designershave taken different
approachedt appearsighly 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, 2014Biggs, 2016)

1.3 Aim of the Research

The aim of this study was tprovide evidencéased dataf PICP clogging mechanisms and
ways of mitigating them

1.4 Objectives of the Research
The study objectives were to:

1 Determine the hydraulic performance of existing PICP sit&Airflargely restricted to
Cape Townand Johannesbujgand attempt to link this to the materials, method of
construction, and maintenance practicésany.

1 Perform diagnostic investigatis on failing PICP sitesn a bid to understand failure
mechanisms.

1 Investigate the most appropriate maintenance equipment and techniques for SA
conditions

1 Investigatethe behaviour of the different types gdotextiles typically used in PICkh
thelaboratoryand compare with a graded filter substitute.

1  Assist in the development of guidelines for the design, construction and maintenance of
PICP in SA.

1.5 Method

The studyhadthreemain components:

) Literature review of the design, constructi@md maintenance d?ICP throughthe
consideration ofjournals, case studies, conference papers, books, websites, student
dissertationsseminarsstandards and guidelines

i)  Collection ofdatafrom fieldwork andaboratory investigationscluding the input from
students workig on projects related to the study from both UCT and the University of
the Witwatersrand (Wits)
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Input from a specially creatdlCPWorking Group comprising experts from academia
(inclusive of the USA and UK), local authorities, consultants, and supplie

1.6 Report Layout

The report consists difie followingchapters

T

Chapter 1 is the introduction of the study. The study background, problem statement,
research aims, and objectives are discusHeel study method is brieflgutlined

Chapter 2 covers he literature review of the design, construction, and maintenance of
PICP. Resealtillustrating the different designs, environmentattors that affect the
design and construction of PICP, gratentialmaintenance techniques gnesented

Chapter 3 presents thenethod followedor thecollecion of data for the study.

Chapter 4 descibes the field investigations that were carried out in Cape Town and
Gauteng. These included infiltration tests, maintenance trials, and diagnostic
investigations.

Chapter 5describes 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 suchcasnmerciakcentes,mostroads,andresidential complexes
increase theproportion of impermeable surface®sulting inan increase in runoff quantity,
flowrate, and downstreamcontamination(CSRMB, 2009; CSIR, 2019)Consequently, these
degradesurface water bodie@irpak et al, 2021) To counteract this, Sustainable Drainage
Systems (SuDShave been developédtiat attempt tanimic the natural hydrologyNational
Research Council, 2009; Armitage al, 2014; Liu & Armitage, 2020)In this chaptersome
background to stormwater management and the SuDS alternative will be provided. One SuDS
option, namely Permeablaterlocking Concrete Pavement (PICP) will be discussed in detalil.

2.2 Stormwater managementon pavements

The management ostormwater runoffin South Africa (SA) has traditionally involvethe
implementation otoncretepipe and lined channel drainage sys$ewhich convey stormwater
runoff to the nearest water body as quickly as pos@f#R, 2019)These drainage systems are
usually linked topavements through a curb and channel sysiesigned to minimise the
inconvenience resulting from minor flowgVithout some form of intervention, urbanisation
leads toan increase in surface rarff and a decrease in interflovand baseflowto streams,
evapotranspiration, and groundwater replenishmigmgically, the only attempt to attenudtes
peak flowto something ggroximating the pralevelopment values has been d&ention ponds
(CSIR, 2019). Detention pondsoweveryequire spacér implementation.

Local Hydrologic Cycle

Canopy
, Interception

Evapo- i i

transpirati?’n g

Surface )
Runoff g
L

Interflow V¥
Interflow ¥pgaseflow Baseflow

Before developmen( After develgprﬁent

Figure 2-1: Impact of development on the natural hydrology of a site
(National Research Council, 2009)
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Figures 21 and 22 showthegeneraimpact of development on the natural hydrology of an area.
Meantime there isincreasingdemand for access to wathat needs to be brought into the urban
environment oveever greater distances and higher costs. A mastainablevay of managng
urbanwater istherefore requiredrhis may be achieved througtater Sensitive DesigiwSD)

that strives to restore the pdevelopment hydrological conditioasd encourageater reuse.

The stormwater component of WSD is known as Sustainable Drainage Systems (SuDS) in SA
and he United Kingdom (UK)Low Impact Development (LIPin theUnited States of America
(USA), and WateBenstive UrbanDesign(WSUD) in Australia.

\ Higher and rapid
peak discharges

------- Predevelopment

Postdevelopment

Steep recession

Increased runoff volume
FLOW

Lower and slower
peak discharges

Gentle recession

Higher baseflow

TIME

Figure 2-2: Pre-development versus postlevelopment hydrology
GArmitageet al, 2013)

2.3 Sustainable Drainage Systems (SuDS)

SuDS considers stormwater as a sustainable and valuable res¥atemanaged stormwater

can also contribute to the provision of amenity value for humans and preservation of biodiversity
for all other life forms (Figure-3). Table 21 shows typical pollutants usually found umoff.

SuDS options can be installed insaries to manage and great stormwater runoff before
disposal into the receiving waters. A SuDS treatment train is a combination of different SuDS
alternatives implemented in sequeii@emitageet al, 2013; Woods Ballardt al, 2015)

SuDSareapplicable inbrownfield, greenfield environments, and retrofitted conventional
stormwater systes{CSRMB, 2009) Brownfieldsites are those that were previously developed,
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Biodiversity

Figure 2-3: Stormwater design hierarchy(Armitageet al,, 2013)

Table 2-1: Typical stormwater pollutants (Adapted from Armitaget al, 2013)

Pollutant Group

Pollutants

Source

Impacts

Nutrients

Fertilisers

Nitrogen and

Animal waste

Excessive nutrients result in
eutrophication. They are commonly
associated with algal plumesd

Phosphorus Organic matter reduced clarity resulting in decreas

Septic tanks biodiversity.
. Suspended and | Erosion of landscaping Increased turbidity, sedimentation,
Sediment and smothering of aquatic plant an

settable solids

Erosion of construction site

animal life.

Organic material

Plant litter

Landscaping

Increased nutrients arsgdiment.

Bacteria, viruses,

Failing sewer sewage

Pathogens systems
and protozoa .
Animal waste
Motor vehicle emissions an
Oils, greases, ang_wear
Hydrocarbons -
others Industrial processes and
waste
Motor vehicle wear
Metals Lead, copper, zin¢ |ndustrial leaks

and others

Galvanised construction
materials

Public health risk. Contaminated
recreational area. Threat to
downstream irrigation water and
edible crops. Decreased economic
value of natural recreational areas.

. : Pesticides and | Agriculture
Toxic chemicals L .
. Debris and Littering Threat to wildlife. Aesthetic appeal
Solids . -
rubbish Dumping decreased
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while greenfield sites consist of previously undisturbed portions cdriigonment. Permeable
Pavements (FPof f er a solution directed at O0s.often
Theypromote infiltration, attenuation, and gross pollutant removal of stormwater runoff through
the pavement sublayef&rmitageet 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 haedting

its pre-treatmentby the removal of nutrients and gross pollutafttein & Smith, 2016; Liu &
Armitage, 2020)

Various types of PP systemsare available,ncluding: Porous Asphalt (PA), Porous
Concrete (PC)PorousPavers (PP)pavers with gapdeliberately worked into the laying pattern
and Permeable Interlocking Concrete Pavement (PICP). Figdrélustratessomedifferent
types of PB. The most suitable spaces in the urban fabric fosy&emsnclude but are not
limited to, parking areas, driveways, lighttrafficked areas, and sidewalk&rmitage et al,
2013 Hein, 2018).

(b) PICP (Lucke & Beecham, 2011)

Impervious surface

PICP (CSIR 2019)
Figure 2-4: Examples of PPSypes

——

(c) PA (Mullaney & Lucke, 2014) (d)
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2.5 Permeable Interlocking Concrete Pavement (PICP)

Permeable Interlocking Concrete Pavement (PICP) comprises of modular paving blocks that
haveverticalgroovesdownthdar sidest o cr eat e hi g h laigonppemnededb | e &
singlesizedaggegate sublayer@-igure 25.). The grooves are filled with2 mmgritstone to
ensurehigh rates ofrunoff infiltration while trapping most sedimen{Beetamet al, 201Q
Armitageet al, 2013) A geotextile is sometimes fitted between the bedding layer and the base
layer, and between the subbase and subgraderevent the migration of different sized
aggregate, improve the infiltrated runoff water quality, and protect the sul@iied, 2010).

Concrete Curb

Concrete Pavers
Permeable Joint Material

Open-graded Bedding Course
Open-graded Base Reservoir

Open-graded Subbase Reservoir

Underdrain (as required)

Geosynthetic Per Engineer

Geotextile Against Excavated Soil Walls
Soil Subgrade

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

2.5.1 Benefits of PICP

A well designed, constructed and maintained PICP(dam, 201®; Sanicolaet al., 2018)
A Reduce runoff flow rate and volume

Improve runoff quality

Recharge gpoundwater

Provide harvested rainwater for furtheruse

Enhance amenity and biodiversity

o To o Do Ix

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

A multitude of goss pollutants, nutriegtandother sundrcontaminants find their way into the
stormwater ruaff, especially during theo-c a | firg flush@of rainfall following a dry period
(Section 2.3)CSIR, 2019; Liu & Armitage, 2030 PICP filtes out the gross pollutants and
lowers the nutrient load ithe stormwateithusimprovingits 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 contaminasteh as nutrients and heavy metédsthe underlying
pavement layefLiu & Armitage, 2020) Thesedimentslso pose a potentialoggingthreat to
any geotextilepresent which can, in turrmpede the infiltration capacity of PIC®n the other
hand,Liu & Armitage (2020) found that the use of geotextiles wittie PICP removes a
significantquantity offine material content from stormwater runoff versus a no geotextile design.

2.5.3 The impact of PICP on sormwater flood control

Impervious surfaces increase the flow rate and volume of ruiadure 26). Managing
stormwater atts source reduces the potential volume thatecarsanundation downstream and
the possible erosion of the natural water chanifalsnitageet al, 2013; CSIR, 2019)PICP
reduces the volume of the stormwater rumggfherated within development by infirating and
attenuating some of the stormwater rurtbfbugh temporary storage in the aggregate base layers
(Beechanet al, 2010;Woods Ballarcet al., 2015)

Figure 2-6: Flooding caused by a storm in an urban development
(Poon 2018)
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2.5.4 PICPG&Gimpact on Biodiversity and Amenity

Biodiversity is the variety of life while amenity is the pleasantness or attractiveness of a
developmenfArmitageet al, 2013, 2014)A shortcoming of the PICP system is that it does not
account for direct biodiversity but it can contribute to dowestn or secondary biodiversity
(Woods Ballardet al.,, 2015)by controlling the flow and quality of the stormwat@®iCP may
provide for somes i s anaehitypdue to the availability of different paver cals, appealing
shapesand hard durable quality

2.5.5 PICP impact on urban heat island

Although evapotranspirations reduced with the installation of PICP, the urban heat island is
alsoreduced relative to conventional pavemef@denget al, 2019; Mantegh& 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-esdigred
pavers that have a high surface reflective index (SRI) relative to dark conventional pavements.

2.6 PICP Design
2.6.1 PICP system componergdescription

Key components for PICP include the: subgrade, underdrain, observation wells, geosynthetics,
the opengraded or singksized 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
crosssection. Subgrades are classified according to two destgnariCalifornia Bearing Ratio
(CBR) and permeability. CBR is referred to
traffic, while permeability is the ability of the subgrade to infiltrate rur{Bffuinsmaet al.,

2017) In cases where the subgrade CBR is less than 5%, ground improvement techniques and/or
a capping layer are recommendéterpave, 2018)A capping is a granular layer laid on top of

a subgrde to improve the pavement foundati@SI, 2009) CBR values are determined in
accordance with ASTM D188Standard Test Mbod for CBR (California Bearing Ratio) of
Laboratory Compacted Soilkow CBR valuegequire thickPICP layes to support vehicular

traffic loads, andrice versaWoodsBallard et al (2015)and ASCE (2018¥tate that CBR is
inversely proportional to the moisture contantt modulus of elasticityf 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 carryingapacity.

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). InTabe22, a O6Yesd i ndicates
section can be considered, whil e &urtbteNan§ s ug
type of PICP can be used as a component for a SuDS treatment train to treat and manage runoff.

Table 2-2: PICP crosssection selection criteria(After WoodsBallardet al., 2015)

. Full infiltration Partial infiltration No infiltration
Ground characteristics
system system system
Subgrade 3.6x10 to 3.6x16 Yes Yes Yes
permeability k
(mm/hr) 3.6x10%to 3.6x10 No Yes Yes
3.6x10*to 3.6x1C No No Yes

Water table within 2000 mm of the

: No No Yes
formation level
High pollutants content present in No No Yes
stormwater
Infiltration water not recommended due
to undesirable ground features e.g. min No No Yes
activity, karst conditions, risk to slope
instability etc

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 sds. The runoff that infiltrates the pavement structure will also percolate into the subgrade
to recharge the groundwater (Figur&)2

The pavement consists of pavers, joint material, washed unbound aggregates, optional
upper and lower geotextiles, andgedrestraints. When it rains, runoff percolates into the
pavement through the paver joints, into the aggregate storage, and ultimately the subgrade.

Figure 28 illustrates the partial infiltration PICP system. This type of PICP esson
is selected whn the subgrade infiltration capacity is limited (Tabl2)2When 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 inlihase 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
(Armitageet al., 2013).
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TYP. NO. 8, 89, OR 9 AGGREGATE IN OPENINGS

{1
Sl=N=HE NN =SR]

CONCRETE PAVERS MIN. 80 MM (3 1/8 IN.) THICK
FOR VEHICULAR TRAFFIC (ASPECT RATIO < 3)

CURB/EDGE RESTRAINT WITH CUT-OUTS
FOR OVERFLOW DRAINAGE (CURB SHOWN)

BEDDING COURSE 50 MM (2 IN.) THICK
(TYP. NO. 8 AGGREGATE)

100 MM (4 IN.) THICK NO. 57 STONE

==

OPEN-GRADED BASE

I GEOTEXTILE ON SIDES OF
SUBBASE AND UNDER CURB

—MIN. 150 MM (6 IN.) THICK
NO. 2 STONE SUBBASE

OPTIONAL GEOTEXTILE ON SUBGRADE
PER DESIGN ENGINEER

SOIL SUBGRADE - ZERO SLOPE

Figure 2-7: Typical full infiltration system design (ASCE, 2018)
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FOR OVERFLOW DRAINAGE (CURB SHOWN)

t4—— BEDDING COURSE 40 TO 50 MM (1 1/2IN. TO 2 IN)) THICK

=|1H

-

(TYP. NO. 8 AGGREGATE)

—— 100 MM (4 IN) THICK NO. 57 STONE
OPEN-GRADED BASE

—— MIN. 150 MM (6 IN.) THICK
NO. 2 STONE SUBBASE

[~ GEOTEXTILE ON TOP AND SIDES OF
SUBBASE UNDER/BEYOND CURB

GEOTEXTILE ON SUBGRADE

< =l=] \EI_I EIEIE
SIEISIEE]
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EII:llEIIEIIIEIIIEN%IIEIIIEIEI

PER DESIGN ENGINEER
—— PERFORATED OUTFALL PIPE(S)

SLOPED TO STORM SEWER OR STREAM
SOIL SUBGRADE SLOPED TO DRAIN

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

A no-infiltration PICP system design is shown in Figus@. Z his system is used when the ground
conditions are not suitable for stormwater ingress. The reasons may imtkerdalia: a water
table is within 1 m of the pavement formation, the rainwater letbarvested for further reuse,
the pavement is situatezh 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 typd pavement crossection are shown in Table22
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TYP. NO. 8, 89, OR 9 AGGREGATE IN OPENINGS

CONCRETE PAVERS MIN. 80 MM (3 1/8 IN.) THICK
FOR VEHICULAR TRAFFIC (ASPECT RATIO < 3)

CURB/EDGE RESTRAINT WITH CUT-OUTS
FOR OVERFLOW DRAINAGE (CURB SHOWN)

+—— BEDDING COURSE 50 MM (2 IN.) THICK
(TYP. NO. 8 AGGREGATE)

100 MM (4 IN.) THICK NO. 57 STONE
OPEN-GRADED BASE

t— MIN. 150 MM (6 IN.) THICK
NO. 2 STONE SUBBASE

GEOTEXTILE TO PROTECT
GEOMEMBRANE FROM DAMAGE

GEOMEMBRANE ON BOTTOM AND
SIDES OF OPEN-GRADED BASE

2 |—| | = |= || === PERFORATED UNDERDRAIN PIPES SPACED AND
=l=1E=] lf SLOPED TO DRAIN ALL STORED WATER. EMBED

PIPES IN NO. 57 STONE AND SLOPE TO QUTLET

SOIL SUBGRADE SLOPED TO DRAIN

Figure 2-9: Typical no-infiltration system design(ASCE, 2018)

During a rainfall event, runoff infiltrates through the pavenjpis and i nt o t he ag
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 lméition 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 crehtedifgyi¢

sized aggregatemaximise the infiltration into the subgradend restrict lateral flow within the
pavement structure88l 2009 WDNR, 2021) however, slopes less than 2% can usually be
tolerated(Bruinsmaet al, 2017; NCDEQ, 2020)0Once the surface slope of the PICP exceeds
5% there is a risk of water from running along the surf&&CE, 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, tre PICP should be compartmentalised to maximise storage.
Figure 210 presents the various options.
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Flow control to restrict flow
between compartments
Check dam

Figure 2-10: Managing runoff on a sloped subgrade
(Af tinterpave 2018)

2.6.1.3 Geosynthetics
Geosyntheticeome inmain three types: geotextiles, geogrids, and geomembranes.

A geotextile is a permeable monofilament wowvannonwoven needlepunchedand
possiblyheatbondedfabric that can be used either horizontally or vertically in PICP to separate
pavement layer@nterpave, 2018)It prevents the migration of fine material into the basecourse
or subgrade when laid between the bedding layer and the baseataler thesubbase and
subgraderespectively(ASCE, 2018; NCDEQ, 2020)t may improve water quality through
retention of moisture in the bdithg layerand thus provide a medium for bacterial growth to
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enhance the infiltrated runoff quali(Zharlesworttet al.,, 2017). On the other hand, geotextiles
can clogdepending owariousdesign and environmental factdinsit result irexcessive sediment
loads (Woods Ballarcet al, 2015; CSIR, 2019)Geotextiles may break due to impact loading
caused by traffic on the PICBdzuijen & Izadj2022)

It is possible to leavihe 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
i) no penetration of the subgrade by the subbase aggregate. These can resulted redu
infiltration rates over time due to a reduction in porosity.

Geogrids are plastic reinforcements wused
less than 2%Smith, 2019)

Geomembranes are impermeable liners that are installed between the lower stone aggregate
sublayers and the subgrade, particularly feirniitration 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 rainfalent(ASCE, 2018; WDNR, 2021)he runoff may be
channelled into other SuDS options or conventional stormwater sySediment accumulation

in underdrains cae removed at low points through the use of specially installed access/
observation well§BSI, 2009; ASCE, 2018)n most cases, underdrains will not be required as

the runoff will percahite 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 211). They are inglled to monitor the permeability of the subgrade and/ or the depth of
water in the pavement struct(®&SCE, 2018; WDNR, 2021)n addition, observation wells can

assist in determining whether the stone layers are clogged or not. PICP systems laid om flat or
less than 2% slopes should ideally have at least one observation well installed for every 4000 m
of permeable paveme(MCDEQ, 2020; WDNR, 2021)0n sloped sites, it is advisable to have

at least one observation well for each terraced PICP sg®GDEQ, 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.

Clogging inPICP
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Figure 2-11: Typical observation well (ASCE, 201§

2.6.1.6 Open-graded aggregate reservoir

The subbase and base layers comprise carefully selected crushed rock (granite, basalt, gabbro)
and angular washed aggregatBS|, 2009) The angular shape of the aggregatesists with
dock-upd 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 (&iseud, 2010; Smith, 2012 hus,

the material should have lgtto 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 23). Pavement carrying vehicular traffic wilsuallyrequire an additional subbase thick
enough to carry the load. The base layers also need to fulfil hydraulic fussiicinasadequate
porosity, attenuationtempoary storage for latereuse 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 slabslt is esential to assess the strength and durability of the-gpaed
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 depéhsoiblayers. Options include the use of
(BSI, 2009; Wood®allard, 2015):

)] Hydraulically bound course grade aggregate (HBCGS8j)abilised aggregates to improve
the pavement's structural capacity (BS EN 14227Z013).
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i)  Geocellular box systems Plastic @llular units that have a high porosity (>90%), and can
replace the subbagmterpawe, 2018)

Table 2-3: Open-graded material requirements

Properties Source Base layer Subbase
Depth UNI-GROUP(2008) A minimum of 100 mm. It may 150 mm minimum
CMAA (2010); be increased in pedestrian a

Hein & Smith (2016); residential driveways.
ASCE (2018)

Aggregate | UNI-GROUP (2008) | ASTM No.57 (25 to 4.75 mm| ASTM No. 2 (63 to 37.5 mm)
distribution "5 1" >009) 20 to 4 mm 20 to 4 mm
CMAA (2010) 31.5t04.74 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) of
ASTM No. 3(50 to 25 mm) or
ASTM No. 4 (37.5to 19 mm)

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

iii) Dense bitumen macadam (DBM)A protective layer laid above a subbase (BS #533
1:2001).

2.6.1.7 Filter (choke) layer

Uniformly distributedaggregates are prone to aggregate migratianis the smallesized 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 aggregedanidty be
specified by the designers to replace polyb@sed geotextiles provided there is availability of

the required aggregate material. Typical aggregate distribution of thig faternatively called

a 6choked oi wollche expestd to com@yywehr BSI 75333:2009 and ASCE

68-18.

2.6.1.8 Bedding layer and grit material

The bedding layer for the pavers typically comprises a 50 mm sigge washed stone laid

over the opergraded aggregates layer or a geotextile if in use (ASCE, 2018)layer is not
usually considered for the computation of water storage, however it must have a substantial
infiltration capacity. Hein & Smith (201&@nd ASCE (2018) advise that the aggregate grading

is typically ASTM No. 8 (9.5 to 2.36 mm). On the otland, BSI (2009) and CMAA (2010)
suggest a bedding layer aggregate gradintOofo 2mm and4.75 to 1.18 mm (ASTM No. 9)
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respectivelylt is critical that the bedding material does not generate fines under dynamic vehicle
loading and have an angular shape to promoteupck

Gritstone is filled between the paving blocks. Its purpose is to filter most of the sediment
from runoff while stil having a significant infiltration capacitsgnd provide increased friction
between pavers (Hein, 28d). Sometimes the same matenalusedfor the bedding layer
(CMAA, 2010). This eliminates any potential for aggregate migrafitve. choice of gritstom
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 dluggnd 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 (FigwE2R Depending on the purpose of the
pavement, the paver deptimay be either 60, 80 or 100 mm for pedestrian walks, vehicular or
industrial driveways respective({CMAA, 2010; Knaptoret al, 2012) As with conventional
pavers, PICP pavers must be structurally sound against the dynamic traffic loadingdockin

They would typically conform to ASTM C936/ C9368tandard Specification for Solid
Concrete Interlocking Paving Unitsr SANS 1200 MJSegmented paving

The openings between the pavérsalled joints in most specifications although this is
something of a misnomer as there is no connection between the individual bloakscomprise
as much as 15% of the surface area with extremely high initial infiltration rates (7000 to
20,000 mm/hr) (Bruinsmat al, 2017; ASCE, 2018BIA (2012)recommends a joint dth 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 purposditerpave, 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
(McQueenet al, 2003), however, these depths do not conformtoteequi r ed vehi cl
aspect ratio.

|t i s recommended that pavers are |l aid a
herringbone laying pattern which is considered to have the best load transmission and interlock
relative to other laying patterssch as parquet and stretcher bonds (CMAA, 2010; ASCE, 2018)
(Figures 212 and 213). CMAA (2014) suggest that dentated geometry pavers have a better
interlock than rectangular shaped pavers and better resist longitudinal and transverse movements
due to véicular 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 increasddtbltock contact by
as much as 40% over a standard PICP bibtkrghalls 2013)
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Type A Dentated units that
key into each other and, by
their  plan  geometry,
interlock and resistthe
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. . - -

Figure 2-12: Some pavershapegAfter CMAA, 2014)

I I B
(@) Herringbone (b) Parquet (c) Stretcher bond

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

2.6.1.10Edge restraints

Edge restraints are essential components in PICP as they prevent lateral movement thus
i ncreasing the pavers?©o i nterl ock and pave
150 mm x 225 mm (or 300 mm) concrete kedSCE, 2018) If there is a danger of movement
between the PICP and adjacent Iaydrey may need to extend much deeper. Lack of edge
restraints support frequently leads to movement of the pavers opening up the joints and exposing
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the underlying layers to wide range of contaminants such as sediment and organic matter that
ultimately redice the infiltration capacity of the systdhtein, 201&). Edge restraints also help
to detain runoff within the PICP layers.

2.6.1.11Proximity to structures

PICP can be installed adjacent to conventional pavements and structures such as buildings,
however protection of the substructures (pavement layerdaitding 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 (Figl4¢ 2
(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 rdstregpiarate the two is
required(ASCE, 2018)

PERMEABLE PAVERS
TYP.NO. 8,89, OR 8

=T

AGGREGATE IN OPENINGS

BEDDING COURSE 50 MM (2 IN.)
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: P EXISTING BUILDING WALL

CUT IMPERMEABLE LINER

100 MM (4 IN.) THICK NO. 57
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Figure 2-14: PICP installation near a building (ASCE, 201§

2.6.2 Water Quality Volume (WQV)

There are two main components BROCP systendesign:structural and hydrauliBeechamet
al., 2010; CSIR, 2019)The structural design of PICPtigically in accordance with AASHTO
(1993) for flexible pavemen{Swan & Smith, 2009)The hydraulic design is usually determined
by the Water Quality VolumeWQV) of a minor rainfall storm everfArmitageet al, 2013)
TheWQV is thetargetedwater volumeto be treated by a SuDS option befatreverflows into
another stormwater management facility or component.PIG® base layers comprise single
sized aggregates with high porosities that actsisrae water tantor theWQV. 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 surfogerpave, 2018)Should there be a

need to lay PICP on a slope, it should preferably be laid in a series of level terracaatinéby;

internal checlkdams 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

Geotextilesare used to sepate different sublayeiismost commonly between the bedding layer
and the topmost base course. Thegn be woven or newoven,heatsealed or nofheatsealed
depending on the intended use. Geotextiles or impermeable geomembranes are also sometime:s
used athe 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 tgeadeb
(BSI, 2009; Hein & Smith, 2016Apart from separating the differeagjgregates, the placing of
geotextilesbeneath the bedding layer potentialhgates a suitable environment for water quality
bacterial growththat can assist in the removal of various pollutgditswmanet al, 2002;
Charlesworttet al, 2017; Liu & Armitage, 2020)it is however beliesd thatthe migration of

fines from the surface onto thgeotextile might result in prematurelogging of the PICP
(Armitageet al, 2013; Woods Ballarét al, 2015)although, according to some researchers,
there is little evidence of the losigrm clogging of geotextiles (ASCE, 2018hey may also
create a O0sl i p zonamightcausepremataet fdily@arbigCaspsaey e r s
al., 2020; Bezuijen & lIzadi, 2022particularly on the intersection approaches where vehicles
brake and start to movabruptly(DPLG, 2010) The use of geotextilaa the UKis mandatory

for the Aquapave® system desigibecause it is believed that geotextiles improve the effluent
water quality(Woods Ballardet al, 2015) Consistent with the Aquapave ® desidfarshalls
(2022) indicates that an MT120 ® geotextile can be installed to enhance the waligr gua
runoff and separate layers. the USA and Australia, geotextiles are used at the discretion of the
design enginedCMAA, 2010; Hein & Smith, 2016 howeverBES(2020)does not recommend

it all.

2.6.4 The impact of run-on factor (RoF)

The PICP structure sometimes manages runoff frdacant impervious surfacemnd roof
downpipesThe Run-on factor(RoF)is the ratio of the impermeable area that is serviced by the
PICPto thepermeable areaf the PICRDanzet al,, 2020) Figure 215 shows a RoF = 2. Ad¥

of O implies that the PICP only handles direct rainfall, while a RoF of 1 implies that it also serves
an equallysized impermeable are@ihe RoF has implications for: i) the maximum hydraulic
loading of the PICP, ii) the size of the WQV, and iii) thieraf clogging particularly since run

on from adjacent impermeable areas is often a major sediment source. BSI (2009) suggests that
the maximum RoF should not exce2drhe Australian researchetsicke & Beecham (2011a)
suggest maximumRoF 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 permeableareg | nt er pave, 2018

accommodated provided the impervious surface ifa#ively 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 in part because of the difficulty of
precisely measuring the inflow rate as th& t@ater tends to flow sideways between the pavers
rather than through their gaps and into the aggre@@#zzaghmanesh & Beecham, 2Q018)
Freshlylaid 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
(Beechanet al, 2009) However, there comes a point where stormwater cannot be effectively
absorbed by the PICP in which case it has failed for practical purfiBsagaard & Lucke, 2019;
Drakeet al, 2020) A common definition of infiltration failure ismeasuredhfiltration capacity
of less thar250 mm/hr (Sehgalet al, 2018) A more practical definition would be to say that
PICP has failed when ponding on the surface isrobseOften localised ponding is evident
indicating partial failure of the sitgnterpave, 2018; WDNR, 2021)

Storage failure is usually linked to inadequate provision for WQV, although naturally,
storm volumes greater than the WQV will also lead toraytlic failure. As previously
mentioned, the WQV is determined from the maximum level surface of the contained water.
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2.6.6 Structural and hydraulic design flowcharts
Several design flowcharts are available to guide designers (Figl@82218).

Permeable Pavement
Design Flowchart

Structural

Anal:'sis
[ Pedes:rian Use J [ Vehic:]arUse

w w
(Subgrade Properties| [  Traffic ESALS,
Mr, CBR, R-Value [€|  Traffic Index

w
N i ™

[ Determine Surface Surface &
& Base/Subbase = Base/Subbase
Thickness J L Properties

Increase
IcEness

Structurally

No \_Adequate?

Figure 2-16: ASCE Permeable pavement design flow chafHein & Smith, 2016)
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Figure 2-17: Methodology for designing apermeable pavemen(Beechanet al, 2010)
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b Design Storm Hydraulic Effectiveness Curves
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Car Parks? Roads and Streets? Industrial Pavements?

Figure 2-18: Design criteria for a PICP system based on Australian guidimes
(CMAA, 2010)
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All three flowchartdighlight keystructural and hydrologicalesign element®r PICR, but they

vary slightly in the detailNone of he flowcharts mention anything about the usgeftextiles

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 it@nal there is thus a need to ensure that they are correctly
designed and assessed. It is thus unsurprising that software is a@BbhI2009; Ros&t al.,

2015; Xianet al, 2021) Moddling helps in determining and implementing eefective and
optimised designs.

Two types of PICP models amvailable: i) general models that offer limited PICP
functionality, and ii) models specifically written for the design of PICP.

) General models that offer PICP functionality include: US ERé&rmwater Management
Model (SWMM) and its variants, e.g2CSWMM; MicroDrainage for SuDS (MDSuDS);
and he Model for Urban Stormwatémprovenent ConceptualizatiofMUSIC). SWMM
is ahydrologic modding tool developed in the USA and capable of simulating sotgle
or long-term rainfall eventand the associaderunoff so as taeplicate the quality and
quantity of runoff generated from an urban environnfdzewi & Sachit, 2018UWM,
2021). MDSuUDS is Ukdeveloped software that models various SuDS options for
stormwater quantity and qualiff.ashfordet al, 2017 Innovyze, 2022 MUSIC is a
stormwater assessment tool developedustralia in2001 to model the water quality and
guantity of an urban environment while accounting for the water quality star(t¢ous)
et al, 2002; Imteaet al, 2013) It is capable of operating in cAtnent areabetweer0.01
km? and100 knt using time intervals ranging froéimini 24 hr WM, 2021).

i)  Specific models includ®ermeable Design P(@®DP andDesignpavePDP issoftware
thatwasinitially developed in the USA by the Interlocki@pncrete Pavement Institute
(ICPI) in 2010 to design the structural and hydrological components of PICP (ASCE,
2018).Similarly, Designpave, an Australian developed softwamich incorporates two
earlier software programs, Permpave and Lockjiaalsoaccounts for the design of both
the structural and hydrologic analysis of PICP (CMA2®2). Permpave assessthe
potential for stormwater harvesting, -far-purpose reuse, and groundwater recharge
(Beechanet al, 2010).

2.7 PICP construction

This section atlines the threghased construction procedure of PICHre-construction,
construction, and postonstruction (i.e., just before the pavement can be opened for traffic).
Table 24 presents a typical panstruction checklist
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2.7.1 Preconstruction meeting

The construction of PICP needs care from the construction team and thsenengagement
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 fesdBa@® of the aspects that are
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usually discussed at a preconstruction meeting include (ASCE, 2018):

The construction sequence.

Avalilability and need of access routes to the site.

Material storage, testing and laboratory requirementsifenoroff-site).

Subgrade and pavement layers compaction requirements.

Sediment and erosion control (Stormwater Pollutants Prevention Plan).

1
1
1
i Clear site demarcation to ensure that the PICP is not affected by adjacent activities.
1
1
1

Temporary construction routes topport the construction traffic.

Table 2-4: PICP construction checklist
(After Woods Ballarcet al.,, 2015; Hein & Smith, 2016; ASCE, 2018)

Item

Description

Preconstruction meeting

Discuss the construction requirements such as the sequ
of work and sediment control. All the stakeholders must
attend. Stakeholders incl
engineer, contractor, sudmntractor]andscape 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 infiltratior
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 lay
is protected from sediment, construction traffic and runoj

Edge restraints

Installed at thgpermeablémpermeable surface interface
and conforming to drawings.

Lay base

All elevations are as per the design drawings and the lay
is protected from sediment, construction traffic and runoj

Lay filter (choke) layer (no geotextile system)

Ensure hat the filter layer is laid to level and compacted |
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 slop
05 %.

Insert grit Sweep in the grit to theaver joint brim and compact the
surface.

Final inspection Ensure no damaged pavers and edge restraints. The su
infiltration capacity must be 2500 mm/hr or more. A

250 mm/hr infiltration rate indicates that the surface is
practically clogged, énce 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, 2018js essential thaany fine material attached the
aggregates are washed (HSIR, 2019) This could be achieveid ore of the followingways:

i) at the quarry site by running wat@oDean, 2022)or ii) by sprirkling 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 wadheadhfiltrated water ultimately clogging the subgrade
(ASCE, 2018)ldeally, 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 quary.

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 magdmsidered includanter alia, sediment traps
(Figure 219) 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 pavemesédiment exposure. Figure2D 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 2-20: Inadequate sedimenttap installation (St bhn 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 pavementia gpnstructed swalgglein

& 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 ssfty the PICP hydraulic and structural design requirements, that is, have
sufficient infiltration capacity for full and partial infiltrationdesigrs) and carry thepecified

traffic. Typically, box cuts are excavated to lay the egeaded aggregate reseir (OGAR)
(NCDEQ, 2020). To achieve these, the California Bearing Ratio (CBR) specified in accordance
with the ASTM D1883Standard test method for CBR of laboratory compacted aatisthe
infiltration rate in accordance with ASTM C17&tandard test mbbd for surface infiltration

rate of permeable unit pavement systaraquivalent 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, 2@). NCDEQ (2020) advises that subgrade compaction should be
avoidedif possiblesince 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 eplaced by either roelll material or suitable surroundinlike 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 subgradethen filled with freeflowing 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 t he Bidn€cBnsideytbetuse of@ither d geotextile or geomembrane within
the pavement structure. These are typically laid in accordance with AASHIZB8NI5:
Standard specification for geotextile for highway applicati¢2815). Woods Ballareet al

(2015) emphsize 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 conglitedpave, 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 bagerlto avoid damage due to the pavement sublayer
compaction and are connected to a SuDS or conventional stormwater(idette& Schaus,
2013)

2.7.8 Underground utility services

The underground utilities (e.g., telecommunication cables, water mains&cpass through

the PICP site. Hein & Smith (2016) advise that the services may need to be relocated or protected
from damage in higldensity polyethylene (HDPEasingsor similar. Where possible,
underground utilities should be preferentially laid undenventional pavements to minimise
opening up PICP during utility maintenance.

2.7.9 Subbase placement

Clean specified opegraded aggregate reservoir (OGAR) aggregates may be laid in
1007 150 mm layers using a tracked spredti¢oods Ballarcet 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 subbaleimng 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 geotextilgnterpave, 2018)This is to protect the subbase from sediment
exposure and potential rutting as the construction vehicles traverse the layer. diameter
orthogonal grid cores (filled with frefbowing base materialinay bedrilled into the DBM to

allow for infiltration into the subbase layéWoods Ballardet al, 2015) With the latter
alternative, the sacrificial geotextile is removed and discarded once it is no longer needed. The
stone may be washeddareused 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 loc
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 laidhterpave 2018)recommends that the AC must be
cleaned befe it can be laid to remove any sediment or mAid.00 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 +A1:20Agplalt

& other paved areadJpon completion of the AC layer, 75 mm diameter cores are orthogonally
drilled 750 mm apart to allow for infiltration into the underlying pavement subl@yeods
Ballardet al, 2015)

2.7.12 Upper geotextile

The procedure for laying the upper geotextile, between the base and beddingdayéaigo

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

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 interlockittv each other, thus reducing the risk of widened joints that
make it eaigr for fines to migrate into the pavement system (FiguglR(Marshalls, 2022).

Clean gritstone is swept over the top of the paver joints and vibrated using a plate compactor.
Oncethe surplus grit has been removed, more gritstone is added until it is flush with the surface
of the pavemen(tinterpave, 2018)

(&) 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 propagatbarggstem. A
temporary sacrificial geotextile and 50 mm bedding layer may be laid to protect the pavement
from fine material exposure. When the construction is completedadjaEent soilmust be
stabilisedand the site cleared (ASCE, 201&ter whichthe sacrificial layers removed and the
pavement restored using a vacuum sweeper to pick up any remaining sgtiger& Smith,

2016)

2.7.14 Postconstruction

Upon completion of the construction, the infiltration rate should be determined to ensure that it
is at least 2500 mm/hfHein & 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 perforff@GRLe2013).

2.8 PICP Maintenance

PICP maintenancenay becategorsed into twomain types:routine and restorative. Routine
maintenances carried ouait regular intervals to ensure the PICP system is performing as per the
designi typically aroundtwice a yea(Woods Ballardet al, 2015) Structuralmaintenance is
prompted by evidence atructural defectéTable 25) and is one form of routine maintenance
This could result in e.greplacing broken paveresfilling paver joints with gritstonegpairing
damaged edge restraints (Figur22),and removing any vegetation growth on the PICP surface
(Hein, 2018). The hydraulic performance of PI@$generally checked usirsgirface infiltration

tests orevidence ofrainwater ponding Restorative maintemae attempts taestore the PICP
system taan acceptableperational staté typically annually upon completion of the pavement
installation(Smith, 2017)

Table 2-5. PICP hydraulic and structural defects(Smith, 2017; Hein, 20k

Hydraulic defects Structural defects
1 Blocked surface& Depression
joints Rutting
1 Blocked sublayers Faulting
1 Blocked geotextile Damagedpavers
1 Damaged geotextile

Edgerestraintdamage
Excessivgoint width
Jointfiller loss
Horizontalcreep

Additional minor distresses

=A =4 =4 4 -4 -4 - -4 4
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(a) Rutting (b) Widened joints (c) Damaged edge restraint
Figure 2-22: Typical structural defects (Hein, 2018a)

Maintenance requirements are ssfgecific, Beecharat al. (2009) found sites that had not been
exposed to any forraf maintenance yet they still recorded significant infiltration rates 10 years
after their installation. Mintenancean, howeversignificanty prolong the service life of PICP
(Hein, 2018&).

2.9 Methods for determining the surface infiltration capacity of
PICP

The hydraulic performance of PICP installatiomy&nerally measureasing surface infiltration
tests.A commonly usedstandard infiltration test procedure is tBegle Ring Infiltrometer
(SRIT) (ASTM C178%2017)(Lucke et al, 2015; ASCE, 2018)Other tests include thethe
Double Ring Infiltrometer (DRITJASTM D33852009)(Nicholset al, 2014) the Stormwater
Infiltration Feld Test (SWIFT) the Simple Infiltromeer Test (SIT); and the FulScale
Infiltration Test (FSIT)YLuckeet al, 2015 Marchioni & Becciu, 2015Yeldkampet al., 2022)
The tests are all presented in Figure232and 224. The four most common methods are
summarised ifable 26. More detailed information follows.

Figure 2-23: Typical FSIT (Boogaard & Lucke, 2019)
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(d) SIT (Winston,et al, 2016)
Figure 2-24: Different infiltration tests

(c) DRIT (Nicholset al, 2014)

Table2-6:1 nf il tration testsé apparatus su
(Winston et al,, 2016; Sanicol&t al, 2018)
SRIT/ ASTM C1781 SWIFT DRIT SIT
The SRIT apparatugonsists| The SWIFTapparatus TheDRIT apparatugonsists | TheSIT

of inner and outer diameter
rings of300 mm and®00 mm
respectively.

apparatuss a
square frame
of 1 mx1m.

consists of a 24tre bucket
filled with 6 litres of water
andfitted with a watertight

of a 300 mmdiameter
200 mm minimum height
ring that forms a watertight

seal with the PICP surface
to prevent any lateral flow.

40 mm plug at the base. Tt
bucket rests on 60 mm legs

diameters are a minimum of
200 mm high.
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2.9.1 The SRIT/ASTM C1781 infiltration test method

The SRIT/ ASTM C1781 infiltration test method probably the most widelseported method
for determining PICP surface infiltration. It is conducted as foll¢scke et al, 2015 after
ASTM C1781M14a)

)] The surface to be tested should first begetted This consists of pouring 3.btres of
water into the ring

i) 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.

i)  The infiltration ratas determined using Equatior12
Equation 21 is used to determine the infiltration capacity of a PICP section for SRIT.

KM

=57 (2-1)

Where:

= Infiltration rate (mm/hr)

Mass of infiltrated watefkg)

Inner ring diametefmm)
= Time required for water to infiltrate the pavement suriagtand,
= Constant value (4.58 x 1@ Sl units).

2.9.2 The SWIFT method

The SWIFT teshas the advantage of speed and low water usglids on counting the number
of fully wetted bricksso it is important that the surface is initially diphe SWIFT method
involves the following step@.uckeet al.,, 2015)

i) A 20 litre bucketwith 40 mm hole in the bottoms placeds0 mmover the paver surface to
be tested such that the drainage hole is located directly above tihe ckobe ofthe
pavers

i) A plug fitted with apull string is inserted into the drain hole poovide a reasonapl
watertight seaandsix litres of water igpoured into the bucket.

iii)  The plugis removedisingthe pullstring andhewateris allowedto 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 ptograph may be taken for later analysis);

vi)  The infiltration rate is estimated using the curve in Figu5.2The pavement blockage

and maintenance requirements are determined in Tahble 2
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Figure 2-25: Wetted bricks vs Surface infiltration rate (Luckeet al, 2015)

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

(Luckeet al, 2015)

Number of fully wetted bricks | Blockagecategory Maintenancerequirements
O 29 Unblocked No maintenance for the foreseeable futt
297 133 Medium Blocked Plan for maintenance withinil3 years
> 133 Fully Blocked Immediate maintenance required

2.9.3 The DRIT method

The DRIT is conducted in accordance with ASTM D3%3%&ndard Test Method for Infiltration
Rate of Soils in Field using Doubtang Infiltrometer(2009).

2.9.4 The SIT method

The SIT methods 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 (Vénato2016).
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2.9.5 The FSIT method

The FSIT is conducted by inundating a PICP surface watiem(Boogaard & Lucke, 2019). The
boundary of the permeable area is barricaded with sandbags and roadway kerbs to dam the watet
on the pavement surfad®/eldkampet al, 2022) FSIT is a more accurate infiltration test
procedure than the other mentioned tests because it largely eliminates leakage at the edges and i
is not a spot test (i.e., it measures infiltration for the whole PICP), howe\eguitres a large

volume of test water. The larger the test area, the higher the volume of the test water, hence, it is
suitable for smaikized pavements.

2.10 Hydraulic surface maintenance techniques for PICP

PICP hydraulic maintenanckargely revolves aroundhe recovery ofinfiltration rates of
stormwater runoff into the PICP systeéhat has been lost due to cloggifignis is measured by
one of the PICP surface infiltration test methods described in Sec@ion 2.

The infiltration capacity of a PICP structusgéduced over time througlurfaceclogging
of the system by the buidp of windblown sediment or debris from the PICP surroSdsgal
et al, 2018; Tirpaket al, 2021)or transportation by runotio cause hydrauliclogging(Drake
et al, 2010; Nicholset al, 2015) The fine material gets trappadthe gaps between tHdCP
block pavers(Nichols et al, 2014) ideally within the gritstone althaugh there may be
propagation into the system due to traffic movement vibration and runoff as it infiltrates the PICP
(Armitageet al., 2013; Hein, 2018. Rainalso transporthe material into the systeraventually,
it gets trapped on the geotextil@ifeis fitted, or propagates further down into the PICP reducing
the runoff storage volume of the PIQRicke & Beecham, 2011)

In cold climatic regions where there is a need to infiltrate and melt snewindeagents
such as salt and sand accelerate the clogging of the PICP system increasiegjuied
frequencyand intensityof maintenance of the pavement structideakeet al, 2010)

Stormwaterrunoff carriesmany differenttypes of sedimensuch as flakes off vehicle
tyres, plastics, looséne material, tree leaves amijarette butts, and these mget trapped
between the joints. The matertahds tobuild upon the PICHrom the edge$ that generally
receives the heaviest sediment loadirigwards the central pairt the form ofa cloggingfront
betweenthe relativelyblocked zone andhe relatively unblocked zon@-igure 226). For
practical reasong measurednfiltration capacityof less than 250 mm/hr issually considered
to be effectivelyblocked with a need for restorative maintena(s8CE, 2018; Tirpalet al,
2021) The infiltration capacityof the restored pavemeshould be greater than 250 mm/hr or
increasd by at least50% of the premaintenance infiltration rat@SCE, 2018; VIDNR, 2021)
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Figure 2-26: Summary of the PICP clogging procesgBeechanet al., 2010)

PICP mostly traps sediment in the top 25 moh the paver jointsn the early years otheir
installation(Beanet al,, 2007) Thus maintenance procedures need to be able to remove sediment
at this depth. Howevemhé method of maintenance depends on the level of clogging and the type
of particulate that is trapped betwebr PICP jointsAlthoughmaintenance prolongs the service

life of PICP, it does not restore the paven@ennitial infiltration capacitiegHein, 201&;
Simpsonet al, 2021) Different kinds of maintenance techniques have been developed to
improve the hydraulic performance of PIQRese 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 intthree main categories (CIE, 2022) (Figure872to 229), namely:
I) mechanical street sweepers, ii) vacubased sweepers, and iii) regenerative sweepers.
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(a) Vacuum-based street sweeping mechanism (b)) Rot ating windrow b
Figure 2-28: Vacuum-based street sweepegiDrakeet al, 2020; NCDEQ, 2020)

Clogging inPICP



2-37

[ TR s A e < L I
e el L s e el XX ID

(@) Street sweeping mechanism (b) Street sweeper in action
Figure 2-29: Regenerative street sweepgDrakeet al, 2020; NCDEQ, 2020)

Mechanical sweepers are a conventional technology characterised by rotating brooms that
channel the dirt into a conveyor belt and tempbyratored in a hopper. Vacuubased 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 blowerdnad and suction compartment and into a hopper whilst circulating high
pressure ai(Sehgalet al, 2018; Drakest al., 2020)

Drake & Bradford(2013) and Drakeet al. (2020) determined that regenerative and
vacuumbased street sweepiingndividually appliedi can improve th@re-maintenancsurface
infiltration of PICP by removing he superfici al 6gunkdé in the
1620%. Individual regenerative air sweeper tests, however, provide widely varying
performancesThe equipment maytruggle to lift wet sediment and thus to improve the
infiltration rate ofthe PICP sectior{Simpsonret al, 2021)

Vacuumbased sweepers are more efficient than mechanical sweEp&rsnechanical
sweeper passes have been reported to significanthgase a young (<two years) surface
infiltration rate of a PICP section by up to 35dWinstonet al, 2016) Razzaghmanesh &
Beecham(2018)swggest that vacuurbased street sweepers should be used to maintain PICP if
possi ble because of t heir ability to remo\
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 join{Sehgalet al, 2018) however they may also pull out thevpanent
bedding as in some instances it is much the same size as the grit material. This would undermine
the pavementhence care must be taken to adjust the sweeper suction to prevent this from
happening (Hein, 20H3.
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2.10.2 Pressurized air andvacuuming

The Pavetech ® pressurized air and vacuum comprise Typhoon ® and Pavevac ® which
forcefully dislodge trapped joint sediment and vacuum it away respectively (Fi@gRanz

et al, 2020; Drakeet al, 2020) Drakeet 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 mean of 21 mnfDrakeet al, 2020) Application of Pavetech ® equipment has
seen a substantial (1703%) infiltration capacity improvement on some sitesgaln2020).

This method ishoweverlabourintensive andt may require extended periods to clean a large
parking area, but it igenerally consideredorthwhile.

(a) Pavetech Typhoon ® (b) Pavevac ® suction system

Figure 2-30: Compressed air and vacuumingDrakeet al, 2020)

2.10.3 Rejuvenater

Figure 231 presents a Rejuveeatttached 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 applieah a commercial PICP site, the pavement infiltration capacity increased
by 1075%(Simpsonet 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 (Simpsoret al., 2021)

2.10.4 Hand power brush and vacuuming

Efficient maintenance requires dislodging sediment between pavers and vacuuming it, thus
Sehgalet al, (2018) investigated a hatfmbld paver brush equipped with a 1.4 kW motor at
~20,685kPa (3000 psi) (Figure-22) followed by vacuuming of the detritus.

Figure 2-32: Application of a power brush (Sehgalet al, 2018)
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In their study, they found that thmaintenance methods can substantially reinstate the PICP
infiltration capacity, but there was considerable spatial variationdoms paver joints 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 ratédlCDEQ, 2020)

2.10.5 Power washer and vacuuming

Power washing consists of a forcing water at high pressure through a nozzle to forireatgsd d
along the joints of the pavement to loosen the sediment ([2tadde 2020) (Figure B3). The
sediment is picked up by vacuum suctioning (Seghall 2018). When used in combination
with either a manual vacuum or regenerative sweeper, it storeéghe PICP infiltration capacity
between 25% and 505@Brakeet al, 2020; Simpsoet al, 2021) Danzet al (2020) found that
power washing can improve the surface trdiion of PICP by 172% when used in conjunction
with application of three vacuum sweeper passes. Simgtsain(2021)showedthat the power
washer alone can restore infiltration rates in wmated pavers (134 mm) by up to 149%.
Despite its significant surface improvement, the power washHevigverlikely to push some
fine sediments deeper into the pavement structureeqolsitly contributing to the lorgrm
clogging of the paveme(iKia et al, 2017. Moreover, the dislodged sediment may be scattered
on the pavement.

Figure 2-33. Water jetting (Sehgalket al., 2018)
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2.11 Other considerations

A site-specific maintenance plan is essential for kwegevity of PICP surface infiltration
(Razzaghmanesh & Beecham, 2018keemghat the best hydraulic maintenance practice for
the effective infiltration capacity of the PICP systerto dislodge the fines in the pavement
joints which should then bemoved 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). poitmisa
corrective measure is requiré8mith, 2019) It may benecessary 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 vibratedto the joints (Hein, 20X.

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
devel opment . niltnation papacity iv sensitiie $0 sediment accumulation within

the paver joints. With time the infiltration rate drops and maintenance is required. A well
desigred, constructend maithi ned PI CP wi Il | sl ow cl ogging
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3. Methods

3.1 Overview

This section outlines the methodsed toinvestigae the clogging behaviour of PICHFhey
comprised diterature reviewfieldwork, laboratory work, anthput from a specialist working

group comprising representing local authorities, consultants, suppliers and academics
including student$ who guided the studyThe literaturenighlighted currenknowledgeand
allowedgapsto be identified Research it 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 problamay. Insight into the clogging rates of the different paver and
geotextile types were provided through accelerated testslialibeatoryto address these gaps.

The method is summarised in Figurd 3

PICP literature review

v

Accelerated PICP
clogging laboratory

j tests

Data Analysis

l

Input into the development of the guidelines for the design,
construction and maintenance of PICP for SA

PICP Field testing — Data collection

&

Figure 3-1: The study methodsummary

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 IBIC# 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 itatkimccount their:

1 Geographicalocation

i Variation in pavement design,
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i Variation in environmentalaictors such asvegetationand sediment proximity for
example,

Siteslopes,

Run-on factos,

Traffic loading

Method of construction,
Known gate of cloging,

Age,

= =2 4 -4 -4 - -

Known maintenance

Permission to perform infiltration and pavement investigative tests on these sites was then
requested. Overakleventest sites were identified: nine in and around Cape Town and two in
Gauteng. More details of the test siéee presentemh 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)
suggest that fine material can propagate into the petnleaavement system and potentially
clog any geotextile presefftassman & Blackbourn, 2010; Biggs, 20%énstonet al,, 2016.

The fine material originasfrom boththe PICP surrourshs well agrom within the pavement
structureowing to the use of dirty aggregates and/or from their crushing under the impact of
traffic. Thus, acelerated laboratory experiments were designed and condudtea HDPE

test cells situated ithe University of Cape Tow(UCT) laboratoryto investigate:

1. The link betweendifferent geotextiles andclogging (with paver$ (Peyi, 2021,
Blackshaw, 2021),

2. The link between the paver opening ahahging(Mgadi, 2022)

3. The link betweendifferent geotextiles anctlogging (without pavers) (MorritSmith,
2022).

The first experiment was performeavite, once with Aquaflow ® and once with
Permaflow ® pavers at slightly different loading ratesl with three different geotextiles plus
one control without any geottbe to explore the impact of the different geotextiles. The second
experiment wagperformed using four different paveeachlaid on a noawoven, norheat
treated geotextilé Kaytech Bidim Al ® to explore the impadif different joint openings on
cloggng. 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
adgted method appears to be ASTM C1701/170%kndard Test Method for Infiltration of

In Place Pervious Concretesometimes called the SingRing Infiltrometer Test (SRIT)
because it only uses one ring as opposed to the D&ubte 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 warand 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 projéictalbeit in a modified form which will
henceforth be termed the Modified ASTM @sFASTM) T 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 cadraut using ASTM C1701/1701M/ SRIT with some
minor modificationsi thus it will be termed Modified ASTM (Mo&ASTM) here.The first
modification involvedthe method of creating a watertight sealant between the pavement
surface and the testirgpparatusA p | u mb e r 6 rormallyusdd put this increases the
cost of the test (for the putty), is tedious, and marks the PICP surface
(ASTM C1701/1701M, 2017)t was thus replaced with 10 mm neopren®am strip glued

to the bottom of a 315 mm outside diameter, 500lomg unplasticized vinyl chloride (uPVC)
pipe weighted down with small concrete blocks when in use (FiguBean8l 33). The test
proceduretherwise followed the methatéscribed in ASTM C1701/1701Mhe ModASTM

was used in both the laboratory and field testiftjand 15 mm head marks were lined out as
perASTM C1781Ml4a

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
guantities 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 wasl tmit5
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 subtractingghmming watedetermined with the aid
of a measuring cylinddrom the initial 18 litres prescribed for the full teAGTMC178114a
states that 3.6 litres of water should be used fow@iing, however, when the Me&iSTM
test was carried out in comlaition with the ModSWIFT test (Section 3.4.2), the latter was
performed first which wetted the surface making thevpetting stage redundant and thus
reducing the total amount of water required for the first tEBguation2-1 was used to
determine the stace infiltration of the PICP for the MeASTM.
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(@) Mod-ASTM C1781 test apparatus (b) ASTM C1781 test apparatus
Figure 3-2. Thei mpact of t he asusedi mASIM €1981lput t y

2 P LR

(&) Mod-ASTM C1781 test apparatus (b) Mod-ASTM C1781 testapparatus underside
Figure 3-3: Mod-ASTM infiltration testapparatus

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 (Me8WIFT, Figure 34). The Stormwater Field Infiltration Test
(SWIFT) infiltration capacity is determined by counting the number of wetted baiolls

linking this to the possible need for maintenance (Tabig¢ (Ruckeet 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-fwdiited bricks as per the method is tedious

and may lead terrors owing to different sized paving units

In a bidto make the SWIFT test both more general as well as more informative, the
counting of fullywetted pavers was replaced with an approximation of the wetted surface area
by assuming that it is roughly elliptical (circular if the surface is flat). Notingomstant ratio
between an ellipse and a rectangle bounding it, the calculations were then further simplified by
relating the wetted area to this rectangle. Trifdtration rate could then be related to that
derived by the MoeASTM through multiple testsacried out by the two test methods on the
same spots and using Excel to fit a curve through the resultant scatter diagram {Sigune 3
Equation 31). The curve fit comprised data points from previous PICP research conducted at
UCT.

Clogging inPICP



(@)

5000

4500

4000

3500

3000

2500

2000

1500

Infiltration Rate (mm/hr)

1000

500

Modified SWIFT test apparatus (b) Modified SWIFT test apparatus underside
Figure 3-4: Mod-SWIFT test apparatus

°

°
N ¢

a® .. I =-930 Ln@l b) + 2200

.'... .. ‘ R = 052
() °

.qnl .b
® o e o
°
[ ) ® :$. [ ] [ ] Y
® .‘, ® ° ®
°. % e Ty °
°3 e ‘3".6’5:' 0’ o
- 0Q. °
“og % L ...
o oo. o o e e
° °
1 2 3 4 5 6 7 8 9

Area of rectangle enclosing puddle ax b (m?)

Figure 3-5: Plot of Mod-ASTM infiltration rate to representative wetted area in the

Where:

Q

Mod-SWIFT (Armitage, 2019)

=2 prt-9 310l () (3-1)

Infiltration rate (mm/hr)
Length of longest wetted section (m)
Length of the longest wetted section perpendicular(t)
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The test procedure for the M@&WIFT is similar tothat for the SWIFT described by
Lucke et al (2015) The ModSWIFT wasparticularly helpful in the field when there was
limited access to test watehd@ ModASTM test washowever, preferred in the laboratory or
where adequate suppliektest water were available to allow comparisons with published data.

3.5 Summary

The experimentsi both field and laboratory shed considerable light oRICP clogging
behaviour that was used in tdevelopnent ofthe guidelines for the design, construction and
maintenance of PICP iBouth Africa.
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4. Field testing of existingPICP installations

4.1 Overview

Research has shown that tmgdraulic performance of the PICP decreases with the age of
installation(Luckeet al, 2015; Barnard, 20197 heoldest recordethstallation of PICRn SA

was built in2007. This section details the PICP field tests that veenreducted in SAetween
September 2021 and July 20@2determine which factors were having thiggestimpacton

the infiltration performance and indicate how best to mitigate them under a variety of
conditions Thefield tests includedhe determinatiorof infiltration rates experiments with
surface maintenandemainly the blowing otompressed air and the opening up of selected
clogged sites fodiagnosticassessments

4.2 Detalled field test methods

Seeing the overwhelming number of PICP installatiwase 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 (Fable 4
Figure 41, Table 42, andFigure 42). According toSANRAL (2013) the Mean Annual
Precipitation (MAP) for Cape Town is 44200 mm while that of Gauteng is 68600 mm.

The following general approach was followed:

1 A detailed list of PICP sites was compiléto a compendium withkey design
construction, and maintenandetails (where knownpnd st akehol der sé6 de

1  After securing permission from the owners, eleWGP test sites were chosen for
investigationi ninein Cape Towrand twoin Gauteng regioitand linking theoutcome
to different designs, constructiomethods maintenanceapproaches (if any)and
environmentatonditions.

Table 4.1: Research carried out on theCape Town PICP study sitesvith codes

Infiltration test sites Maintenance trials and diagnosticassessment 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 (BP)
Grand Parade (&P MyCiti Bus Rapid Transport Depot (BRT)

MyCiti Bus Rapid Transport Depot (BRT) |Hi r schdés Appliances Milne
StorAge Facility (SAF)

Hi rschés Appliances

Nirvana Residential Complex (NVC)
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Figure 4-1: Cape Town PICPtestsites(Map sourceGoogleMaps 2022)

Table 4.2: Research carried out on the Gauten@ICP study siteswith codes

Infiltration tests sites Diagnostic assessments sites
Wi t s Fi pasking ayea @iTS) Wi t s First years
Bosun Brick Pavers (BBP)

During the first site visit, potential est spots wre selected depending on the
characteristicef the PICPsectiors. Typical considerationscluded the proximity of
vegetation and debrgourcestraffic loading, anghrobableclogging states determined
by visual inspectionThe number of test spots wksgely governed by theize of the
site.

The test spots were named according to the site code, RrERwEmber (if any), and test
spoti for example; Blue Route Malrea 4Test spot 4 would be called: BREAO4. If

the PICP was not divided into isolated areas, the naming convention would be simplified,
e.g., SOED1 for School of Economics Test spot 1.
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Figure 4-2: PICP test sites in GautendMap sourceGoogleMaps,2021)

1 Surface infiltration tests were then performed using the Modified ASTM simgde
infiltrometer (ModASTM) andor theModified Stormwater Infiltration Field Test (Med
SWIFT). Section 34 presentghe 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 conductednosites 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 (Figure53, with the ModSWIFT test conducted first to
replace the pravetting phase of #1 ModASTM test In this chapter, infiltration tests
refer to MOdASTM unless stated otherwise.

1 The infiltration results were compared with previodatawhen available to give an
indication as to how the PICP performance was deteriorating over time.

1 Maintenance trials were carried out at selected sites.

1 Diagnostic assessments were carried out at some of the maintenance sites.

4.3 The PICP maintenancetrials

The longterm performance of PICP determined to a large exteby its maintenance,
particularly with respect to reducing the clogging process. There are effectively three types of
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maintenance: routine, restorative and reconstructRoutine maintenance is thegular
maintenancelesigned to identify and slow down theeraf clogging and potentiatructural
failure (Woods Ballad 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, dlean an

reinstate thenfSehgalet 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 Isegular
blown to remove clogging material. Cpressed aiwas directed along the jointand 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 polkifaoth the joints
wassieved washed, ance-used for filling the jointsvhere requiredAlternatively, new clean
gritstone was swept into the paver gafgiempts were made to investigate the maintenance
performance of

1.

2
3.
4

Blowing followed by sweeping (the current practice)
A street sweeper truck
A vacuum truck, and

An industrial vacuum cleaner

Unfortunately, it was not possible to secure street sweep@caum trucks as they were being

fully utilised, howeveran effort was made to investigate the maintenance combination of the

compressed air blower and a 2000wet/dry industrial vacuuncleaneri but this proved
ineffective. Some researchers (elyake & Bradforgd2013 Nicholset al, 2014)contend that
blowing followed by vacuuming is the most effective method to maintain BUER is likely

that this requires a much more powerful vacuum machine than that was available for this

project On the other hand, Hein (20d)&otes 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 generaldanseéor the trials was as

follows:

i Permissiorto perform maintenance trialsaw first obtained frorthe siteowners

i Mod-ASTM surface infiltration rates were conducted on the identified PICP test spots
These results were recorded as base infiltratitasra

1 The test spat were surrounded by a shatleth fence to protect adjacent property or
people from flying debris. The workers wore appropriate Personal Protective Equipment
(PPE).

1 Maintenance was performed on the test spot usii§GakPacompressed aiblower

attached via a f | ewihan8emhozzaeeTha@inimura aresabfe e |
cleaned surfaceas 2 m x 2 m. The blowoutdebriswas blown to onside and collected
for removal and/or recycling (in the case of the joint gritstone).

Clogging inPICP
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i The postblowing and postmaintenanceinfiltration rates werethen measured to
determinehe effectiveness of the maintenance.

4.4 PICP diagnostic assessments

Diagnosticassessments weperformed onselectedpavement test spots that did redtow
significant signs osurface infiltration improvemer a bid to understand where the clogging
was taking placelThegeneral procedure was as follows:

1  The pavers were carefully liftednd the joints and beddingspested for signs of
clogging.
1  The infiltration rate through the bedding was determined usinjldteASTM test.

1  The bedding was carefully scoopaday to exposehe upper geotextiler the base
course (nouppergeotextile design). All observations were netml. Another Mod-
ASTM wascarried out on thgeotextileor base carseas applicable

i If the geotextilei if presenti was clogged, a piece was carefully cut out and the
underlying aggregate inspectedll the way down to the lower geotextilesabbase as
applicable.

1 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.

1 The postmaintenancenfiltration rates of the paers were measureghan completion of
the regritting.

Four types of PICP clogging were identified in the course of the diagnostic assessments:

i Type | clogging the most common tygeis when fine material fills the joints, typically
the first 20 to 30 mm depth from the surface.

1 Type Il clogging takes the form of a sedin
under the joints and usually looking like a silhouette of the paving pattern.

1 Type lll clogging is when the bedding layer and the top of anjegéle have been filled
with sediment.

1 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 ceatlocated in Tokai, Cape Town (34° 3'50.85
18°27'15.45"E), at an altitude of 15 m above mean sea kweld.l) (Figure 43). Thecurrent
mall was constructed in 201#henPICP was installedver large portions dheoutside
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Figure 4-3: Blue Route Mall PICP locality plan (Map sourceGoogle Maps, 2022)

parking ara including bottparking bay zones and timeain vehicleroadvays. The traffic is
mainly cars withoccasional delivery trucks.

The mall is surrounded e asphakltsurfaced Tokai Roadn the southern sigd&eyser
River Driveon the western sid&/ans Roaan the western side, apart of the Access Road
onthe northerrside Someportionsof the Access Roadre alsd’ICP. The malsite slopesat
2% towards a strearthat runs parallel and adjacent to the northern paftcoéss Road. The
stream joins the Keysers Rivarshort distanceast of the mallFigure 44).

Trees with needishaped leavesverhang the PICP adjacent Wans RoadVarious
evergreen treeand shrubs are also located adjacent to the Piifentially acting as a source
of debris Figures 45 and 46). Figure 47 shows the roof downpipes that drain directly on the
permeable pavementhe pedestrian walkays in the parking area consist of conventional
brick pavementhatdrain onto the PICP.
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Figure 4-5: Treeshanging over PICP

The permeable area is,380 nf and the impermeable area is7&0 nt giving arun-on factor
(RoF) of approximately0.4 (Barnard, 2019Matolengwe, 2021). Thus, the PICP mainly
services direct rainfallThe BRM PICP sections compeid: 80 mm Aguapave ® pavers,
2-3 mm joint material, 80 mm deep x&4mm bedding stone, an upper Inbitex ® geotextile, a
100 mm deep x 225 mm stone basecourse, a 250 mm deep63a®m subbase layer, and a
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(a) Evergreen tree (b) Shallow bush
Figure 4-6: Vegetationadjacent tothe parking area

Figure 4-7: Roof downpipesdraining 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 202Dahd15 test spots were
chosen for surface infiltration investigation (Test spots 1 toTést spots 1, 3, 5, 6, 8, 10 to

15 were each located within parking bays. Test spots 2, 4, and 7 were locatedhalong
roadvay. Test spot 9 was located on a kwif-loading bay. Test spots 10 to 15 were located
within a section of thgarking that is infrequently usgé&igure 48). 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 sourceGoogle Maps2022)

Figure 49 presents the measured infiltration rates. The infiltration capacity of the PICP site
had decreased with age from 2017 to 202Test spots 2 to.9Test spots 10 and 12 to 15
illustrate the same pattern of infiltration capacity drop with thecAg#CP 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 fdest 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 mne were less than 250 mm/hrthe 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 wd$0algnm/hr

for Test spot 1. For Test spots 1 to Be tinfiltration capacitiehad dropped despitehe
maintenance that was performed in 202#licating that maintenancenly temporarily
improvesPICP infiltration rate, idoesnot fully restore it.Overthe period 2017 to 2021, the
BRM PICP maintenanceas beingperformed on a thregear cycle.
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Figure 4-9: 20172021 BRMASTM infiltration rates
(After Artus, 2017 Vella, 2018;Barnard, 2019Matolengwe, 2021)

4.5.2 Pavementmaintenance 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 waslmicéeparking bay area
(Area3/ BRM-3), while the other was in a hightyafficked PICP roadway section (Ardd

BRM-4) (Figure 410). Four test spots were located in Area 3 and 11 in Area 4.

— Legend

@ BRM-Areas3
@ BRM-Aread
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Figure 4-10: BRM PICP Areas 3 and 4 test spot§Map sourceGoogle 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
needleshaped leaves onto the surface (Figw®).4Three types of infiltration tests: pre
maintenance, podtlowing, and postnaintenance, were performed on all the BRMst spots

except for Test spot BRN-01 because of its location near where the joint sediment was
collected after blowing. The measurediliration rates for the four Area 3 test spots are
presented in Figure-41.
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Figure 4-11: BRM Area 3 Mod-ASTM test infiltration rates

The premaintenance infiltration rates measured at all four BRRICP section test spots were
equal to or less than 600 mm/hr. BR3MD2 recorded a 200 mm/hr base infiltration rate, which

is just below the nominal PICP blockage failure infiltration rate M83-01, 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 beothbination oforganicand
inorganicmatter clogging the paver joints (Figu4-12).

The substantial increas®m 325% to 700% in pogilowing infiltration rates indicated
that compressed air blowing improved the pavement infiltration capacity. There suaalla
difference between the pelstowing and postaintenance infiltratin rates for BRM3-02 and
BRM-03-03, while the infiltration rate appeared to increase considerably for-BRM for
some unknown reasanpossibly lateral flow of the test water.

Compared to the pmaintenance infiltration rates, the paosaintenance inlfiration
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 200 mm/hr (ASCE, 2018).his suggests that se residual clogging remains
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T probably at the base of the joints (Type Il). This is likely to increase with the age of the
pavement.

Figure 4-12: Typical PICP section with needleshaped leavesvedged in the joints

4.5.2.2 Heavily trafficked sections

Figure 413 presents the MeASTM pre-maintenance, podtlowing, and postmaintenance
infiltration rates for Area 4. The pmaintenance infiltration ratesaerded for Area 4 were
relatively high; the lowest was 1700 mm/hr for test spot BRDb, while the highest was
16,700 mm/hr for test spot BRKMF03. On the other hand, it was apparent that the paver joints
in BRM-4 had frequently been widened by up to 1 feading to substantial water losses in
the infiltration measurements calling into questioning their reliability (Figetd)4 Typically,

the Aquapave ® paver installed on the site is designed to have a joint width of 6 mm.

Somewhat surprisingly, the geblowing infiltration rates for many test spots were lower
than premaintenance. 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, BRM4-06, BRM-4-07, and BRM4-11 showed increases in the pbiawing 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 les@et into
the layers. For most test spots, filling the joints with gritstone decreasediltingtion rates.

Overall, air blowing had a variable impdctvith an improvement of 144% observed in
one case, but a drop of 59% in another. On the wholeleVer, the posmaintenance
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 mmuwide 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 paversed plih

high levels of turning traffic were displaced due to damaged and / or insufficient lateral support
by the edge restraintbklein (2018a)ranks the damage caused by inadequate edge restraint as
low if the paver joints are widened byl® mm, medium of 115 mm orsevere 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 (Figldg 4

4.5.3 Diagnosticassessments

Diagnostic assessments were performed on the two Ri€tibssT one in a parking bay
(Area3), and three in a heavily trafficked section (Arga

4.5.3.1 Parking bays

A diagnostic assessment was performed on Test spot-BRMwith the measured infiltration

rates given in Figure-45. The sediment in theints was intermixed with the joint material
(Figure 416 (a)) for the top 25 mm (Type | clogging). However, the sediment outlining the
paver pattern on the bedding (Figuré&@l(b)) suggested that Type Il clogging was also taking
place. On the other hanthe geotextile was intact with only small quantities of trapped
sediment. When cut, it was evident that the underlying aggregate layers were clean
(Figure 416 (c)).
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Figure 4-15: BRM Area 3 PICP diagnosticassessment 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/lftook, 2007)clearly indicating that they are not
blocked Once therganic mattecaught between the paver joifsgure 412) had been blown
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out by the compessed air blower, the infiltration capacity of the test spot was improved by
550%.

<~

!

VNN

(a) Sedimentin joints (b) Sediment outline (c) Intact geotextile
Figure 4-16: BRM -4 PICP section geotextile state

Overall, it appeared that PIGfockage in parked areas was superficial (mainly Tyipmlthe
top 25 mm, leading to Type Il) with few fines propagating to the geotextile.

4.5.3.2 Heavily trafficked sections

Figure 417 presents the infiltration rates measured on the three Area 4 testetpcotsdsfor
diagnostic assessment. BRWMD4 was chosen because there were widened paver joint
openingqFigure 414). BRM-4-08 and BRM4-11 were selected because they were located at
intersections that were subjected to considerable turning moments acel \hénerable to
damageThe premaintenance, podtlowing, and postnaintenance infiltration capacities for
these test spots were discussed in Section 4.5.2.2.

The three test spotsdé bedding infiltratior
were 600, 300, and 500 mm/for BRM-4-04, BRM-4-08 and BRM4-11 respectively.
Figure 418 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 washen carefully clearedto access the geotexti(€igure 418). It
was found that the geotextited beemuncturedoy more than 50% of its surface aneanany
places allowingsedimento propagate into the lower PlQfasecourséyers.This could be a
consequence of dynamic vehicle loading as vehicles traverse the paving. Furthermore, the
damaged geotextile shown in Figurel9 started to déhread when hangulled suggesting
that heattreated unwoven geotextiles are not a good choice of material in highly trafficked
sections. This finding is consistent with literat¢eey.,Lucke & Beecham, 2011a)
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Figure 4-17: BRM Area 4 PICP diagnosticassessment infiltration rates

(@) BRM-4-04 (b) BRM-4-08 (c) BRM-4-11
Figure 4-18: BRM-4 bedding clogging and sediment outline

(@) 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/firbut naturally these measurements were greatly influenced by the
extent of the puncturing. BRM-04 and BRM4-08 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 BRINI 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 teghsig demonstrated
Type Il clogging.

Paradoxically, the poshaintenance infiltration rates of the test spots wergrafhter
than 5000 mm/hfFigure 417). This suggests that the test method is not accurately measuring
the true infiltration rate withiest 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 kiglgueng 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"Byithin the Table Mountain Nature ReservEhe parking area is
at130 ma.m.s.l1t is mainlyused by university staffith theoccasionatlelivery trucls coming

to the civil engineering laboratorg the NEB.The parking area is largely comprised of PICP.

Figure 420 presents locality mapof the mrking areaNEB PICP islined with broad
leafed treegFigures 421 and 422)to theeast and west. The northern and wesbeundaries
of the parking areaomprisevegetded slopes 025% and 12%espectively towards the PICP
(Figure 421). The ground tahe east of the PICP drains away fromTihere is a 50 f
impermeable area between the sloping northern vegetated area and the PICP.

The permeable area is 706 amdassociatedmpermeable areis 560 nt giving a RoF
of around0.871 thus the PICP services mainly direct rainfall. The PI€lépes towards the
entrance aa mean slopef 5%. It is divided into two distinct sectiofisone with, and the other
without an upper geotextilethat are separated by an underground concrete checkBidim
PICP sections consist of: 80 mm Aquapave ® paveBsn#n joint material, 80 mm deep X
4-6 mm bedding stone, 100 mm deep x2Bmm stone basecourse, 250 mm deep&3Htm
subbase layer, and a geomembrane to prevent groundwater infiltrationppérgeotextile,
where installed, is ambitex ®. 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 damsoTnspectionchamber®n the eastern side of the PICP
allow flow rates to be measured and samples taken for water quality an@ilysesmderdrais
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Figure 4-21: The NEB PICP parking area layout(Map sourceGoogle Maps, 2022)
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Figure 4-22: Vegetation surroundng the NEB parking area

areconnected t@a conventionastormwater line on Madiba Circ{8iggs, 2016)The NEB has
not been maintained since the construction of the PICP site in 2014.

4.6.1 Field infiltration testing

Figures 423 and 424 show the location of the nine infiltration tepibts o the section fitted

with a geotextileand their measured 2016, 2017 and 2021 infiltration ratesaddifficult to

determine any particular trend other than the general decrease in infiltration capacity towards

the edges of the parking area franmaximum near the centreline. The concept of a clogging

front working in from the sides has been describe®é&gzanitiet al. (2009)andBeechanet

al. (2010) The potential reason for the discrepancy between the Z%//values and those
measured in 2021 may have something to do wi
to have widened with little grit visible along the vehicle wheel paths (Fig@#s) 4esulting in

a possible loss of the test water due to laféwal.

Figure 4-23. NEB parking area test locationg(After Biggs, 205)
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Figure 4-24: 2016, 2017, and 2021 NEB infiltration rates trend
(Adapted from ; Biggs, 2016; Artus, 20IMatolengwe, 2021)

S

Figure 4-25: Typical PICP section with missing gritand fine sediment on the pavers

4.6.2 Pavement maintenance trials

Ten test spots were carefully identified on the NEB for maintenance trials (Fie #iest
spots NEBO1 and NEBO2 were located on the section of the PICP that did not have a
geotextile installed, while Test spots NHBB to NEB10 were located on thd®P section that

had a geotextile installed. Test spots N&Band NEB1O were chosen because they were
close to the western slope and under the bleafitd trees. Test spots NER, NEB04,
NEB-07 and, NEBO9 were along the vehicle driveway, while tieenainder were within the
parking bays.

Test spots NEB)1 and NEBO2, and NEBO3, NEB-04, and NEBO5 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 flaymfiltration testing was carried out: pre
maintenance, podilowing, and postmaintenance (Figure-47).
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Figure 4-26: NEB PICP maintenance test spots layoutMap sourceGoogle Maps, 2022)
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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 functioningeffectively i albeit with decreased infiltration capacity and one
blocked test spot (NERO at 200 mm/hr).

The increase in the infiltratiorates betweerb6%and2050%i postblowing suggested
that most of the clogging was Type | which could be remedied through the blowing of the
sediment out of the joints.
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The change in the pmaintenance to poshaintenance infiltratiorcapacities ranged
from 23% to 5000%The wide range wamainly a consequencef conducting diagnostic
assessments on Test spots NEBand NEBO2. The outliers were NEB7 (vehicle driveway
and NEBOS8 (parking bay where the postmaintenance infiltratiorcapacities 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 higtaiprenance
infiltration rates for the two test spots might have hesnly exaggerated by lateral flow during
testing. Generally, themeasurednfiltration rates at most test spots showed an increase from
initial to postblowing followed by a reduction after the-geitting, likely due to a decrease in
joint void ratio asthe washed grit was swept into the joints. NEBwas oil stained on the
pavement surfacand within the joint and recorded a low pasiintenance 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 transe®EB-08, NEB09, and NEB10. The pe-maintenance infiltration capacities
decreased from NEB8 to NEB101 probably because NEB9 and NEB10 were closer to
vegetation (overhung trees) than NBB and thus more susceptible to clogging by leasesd
materialand pollen.

4.6.3 Diagnosticassessments

Diagnostic assessments were carried out on four test spots to determine the state of the bedding
and geotextiles / dxldinglayer interface. The spots were: NR, NEB02, NEB-04 and
NEB-05.

Figure 428 presents typical test spots at the NEBe moss in the paver joints likely
absorbs runoff, ultimately, slowing the runoff infiltration into the pavementas evidenthat
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, 6 mm suggesting that the pavers were
properl-ypdl wckbdadeqgqguate edge restraints.

SR
t

b) Typical vehicle driveway test

) Typical parking bay test spo

Figure 4-28: NEB typical test spots surfaces
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4.6.3.1 PICP without a geotextile

Test spots NEB)1 (parking bay) and NEB2 (roadway) were located in the area of PICP
without a geotextile under the bedding layer. The measured infiltration rates presented in
Figure 429 displayed similar performance. The bedding and badeation 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 coarsgrained aggregates greateriian 36,000 mm/hr. Both test spots showed a good
response to maintenance {blowing); the measured infiltration rates for NR increased

from 900 to 16,300 mm/hr, while those for NdDR increased from 300 to 15,200 mm/hr.
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Figure 4-29: NEB no-geotextile design diagnostic assessmantiltration rates

Figure 430 shows the state of the bedding and beddasgeourseinterface of the two test
spots.Very little sedimentvastrapped in the top 280 mm of the joints (Type | 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 patternparticularly for NEBO2, possibly because of the
increased vehicle vibration along the roadw@urak, 2006) The fact that very little fine
material was visible directly underneath the pavers explains the high infiltration rates measured
on the bedding ateriali although the bedding was observed to be covered in a light muddy
film at both test spots. Moreover, very little fine material wiaghle at the interface of the
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(d) NEB-02 sediment outline

(e) NEB-01 beddingbase interface () NEB-02 beddingbase interface
Figure 4-30: NEB-01 and NEB02 diagnostic assessments

bedding and the bad¢appeared that the clogging was likely a combination of Typehich

is highly amenable to air blowirigand Type Il clogging. The lack of a geotextile under the
bedding layer appeared to have no impact on the performance of the PICP@aaller, the
interface of the bedding and base aggregate layers showedsagmegate sublayer mixing.
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