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ABSTRACT

Stormwater pollution has been recognised as a leading cause of ecological degradation of
urban streams. Sustainable Drainage Systems (SuDS) attempt to address stormwater impacts
by flow attenuation and pollutant treatment, simultaneously providing amenities such as
water for use in irrigation or other suitable uses. Permeable pavements are a form of SuDS
that provide on-source treatment and storage of stormwater while retaining the functionality
of hardened surfaces. They have been studied extensively in the international literature but no
studies in a South African context have been published. This study investigated the water
quality performance of a recently constructed permeable pavement at the University of Cape
Town. Effluent quality was assessed against the South African Water Quality Guidelines and
an ecosystem assessment tool. The results showed that, while the pavement had been
constructed with unwashed aggregate and therefore exported suspended solids, effluent still
met the standards required for irrigation and some industrial uses. However, the effluent did
not meet desirable nutrient standards for discharge into the aquatic ecosystem. The
performance of the pavement was similar to values reported in the international literature,

suggesting that the quality ranges can be extrapolated to other permeable pavements.

The newly constructed pavement displayed noteworthy inter-event progression, as well as
identifiable intra-event variation of pollutant concentrations. Further research into effluent
toxicity, long-term impacts of unwashed aggregate and catchment-wide impacts of permeable

pavements are recommended.



111

ACKNOWLEDGEMENTS

A number of people have supplied the necessary input, support, advice and encouragement

for this thesis. Without the following, I would not have finished this thesis.

Firstly, Dr. Kevin Winter, my supervisor who has so patiently listened to my absurd ideas and
steered me in the right direction. He can always be trusted to give encouragement when the

end just doesn’t seem in sight, and will stand by his students all the way.

Secondly, Dr. Kirsty Carden, the project manager on this WRC-funded project. Kirsty
managed project expenses, compiled reports, gave advice — basically, whatever needed doing,

she did.

I would like to thank the entire Urban Water Management Group, for being a group where
ideas flourish, as well as backing me financially, along with the University of Cape Town
Postgraduate Funding Centre. Also, my thanks to the Water Resource Commission for

funding the research (K5-2409) of which the research in this thesis is a part of.

Further, I would like to acknowledge Benjamin Biggs, who was with me for most of this
project and an excellent source of engineering knowledge as well as a great sounding board.
Also, Claire Lawrence-Naidoo and the Chemistry Department for allowing me access to their
laboratory and Charles Nicholas from the Engineering Workshop for the construction of the

welirs.

My parents have supported me throughout my studies; I dedicate this thesis to them and to
my girlfriend Julie Campbell — for her patience, and her understanding; her encouragement
and support and the endless hours of complaining she had to endure. She has always been the

reason for me to keep trying.



CONTENTS

Declaration

Abstract

Acknowledgements

Contents

List of Figures

List of Tables

Abbreviations

1 - Introduction

1.1
1.2

1.3
1.4

1.5
1.6

The need for Sustainable Stormwater Management
Water Management in South Africa

1.2.1 Stormwater management in Cape Town
Permeable Pavements

Performance

1.4.1 ‘Acceptable’ Water Quality

Aim

Thesis structure

Literature review

2.1

2.2

Stormwater & Stormwater Management

2.1.1 Pre Development vs Post Development

2.1.2 Conventional drainage systems

2.1.3 Stormwater pollution

2.1.4 Impervious Areas and their impacts

2.1.5 The ‘Stormwater Management Dilemma’

2.1.6 Temporal Variability: The ‘First Flush’

2.1.7 Reporting Stormwater Pollution: EMCs & TMDL
2.1.8 Factors affecting EMC/loading

2.1.9 The Evolution of Stormwater Management

Implementing the new Paradigm: LIDs, SUDS, BMPs and others

v

ii

iii

iv

vii

ix

1-1

1-2
1-2
1-3
1-4
1-4
1-5
1-6
1-6
1-7

2-9
2-10
2-11
2-12
2-14
2-15
2-16
2-17
2-18
2-19
2-20



23

24

2.5

SUDS
2.3.1 Overview of Sustainable Drainage Systems (SuDS)

2.3.2 Source Control Strategies

2.3.3 Source Control and Water Quality
2.3.4 Source Control and Flow

2.3.5 SuDS in Cape Town

Permeable pavement systems (PPS)
2.4.1 PPS design

2.4.2 Hydraulic and hydrological features
2.4.3 Drivers of Pollutant Removal

2.4.4 Pollutant removal capacity in literature
2.4.5 Stormwater Harvesting

Assessing PPS Performance

2.5.2 Pollutant Performance Metrics in the literature

2.5.3 Monitoring

Methodology

3.1
3.2

3.3
3.4
3.5
3.6

Field Sampling
Site Descriptions
3.2.1 NEBPPS

3.2.2 Rondebosch Permeable Pavement (RPPS)
3.2.3 Rondebosch Train Station (RTS)

324 P8

Pilot Study Sampling

Parameter Selection

Full scale field sampling

Data Analysis

3.6.1 Rainfall Analysis

3.6.2 Inter event analysis

3.6.3 Intra Event Analysis

3.6.4 Correlation

Results

4.1

Rainfall Characteristics

2-21
2-21
2-23
2-23
2-23
2-24
2-26
2-27
2-29
2-32
2-32
2-33
2-34
2-36
2-37

3-39
3-39
3-41
3-41
3-46
3-47
3-48
3-49
3-49
3-50
3-51
3-51
3-51
3-52
3-52

4-53
4-53



6 -

4.2 NEB-B
4.2.1 Inter-Event Variability

4.2.2 Intra-Event Variability
4.2.3 Correlations

4.3 RPPS & RTS

4.4 NEB-I & P8

4.5 Summary Statistics
4.6 Heavy Metal Results
4.7 Results Summary

Analysis
5.1 Water quality from NEB-B: ‘fit for use’?
5.1.1 Total Suspended Solids
5.1.2  Ammonia
5.1.3  Orthophosphate
5.1.4 Electrical Conductivity
5.1.5 pH
5.1.6 Heavy Metals
5.1.7 Is NEB-B Effluent ‘fit-for-use’?
5.1.8 Target Water Quality Ranges for Aquatic Ecosystems

5.2 Performance of NEB-B against other sites and Literature values

5.3 Summary of Analysis

Discussion
6.1 PPS in Literature

6.1.1 Performance Assessment of PPS
6.2 Assessing NEB-B

6.2.1 Pollution Reduction

6.2.2 Pollutant Progression

6.2.3 Unwashed Stone
6.3 Outliers: Events 8,9 & 10
6.4 Pilot Study: Findings, limitations and difficulties
6.5 Analysis of Methodology

6.5.1 NEB-A

vi

4-55
4-56
4-63
4-72
4-76
4-78
4-79
4-30
4-80
5-81
5-81
5-83
5-84
5-85
5-85
5-86
5-86
5-86
5-87
5-88
5-91
6-92
6-92
6-92
6-93
6-94
6-94
6-95
6-96
6-97
6-98
6-98



vil

6.5.2 Using sequential bottle samplers 6-98

6.5.3 Using Automatic Samplers 6-99

6.5.4 Monitoring Permeable Pavements 6-100

6.5.5 pH measurement difficulties 6-100

6.6 Study Observations 6-101

6.6.1 Pavement Clogging 6-101

7 - Conclusion 7-103

8 - Reference List 8-106
Appendix A
Appendix B

LIST OF FIGURES

Figure 2-1: Effects of urbanisation on the water cycle (Chocat et al., 2007) .........ccccueveeseesiersereeeseeseasieeniens 2-10
Figure 2-2: Typical hydrograph associated with pre- and post-development with the conventional approach to
stormwater management (Armitage €t Ql., 2013) .......cccueeceeecreieeieeiieeeeeesieeeteesteeeteestsesae e s teesasesaaeaae e 2-11

Figure 2-3: Typical pre- and post-development scenarios with the conventional approach to stormwater

management (Armitage €t Ql., 2013) ......c.ueeeeeeeeeeeeeeeeeeee e e e e et e e et e e e et a e e ettt a e e et a e e st e e e et et e nataaaeaaaaaaas 2-12
Figure 2-4: The evolution of the stormwater paradigm (Roy et al., 2009) ..............ccoeevueeeciveeeecieeeeiiereesieenann, 2-19
Figure 2-5: The Stormwater Design Hierarchy (Armitage et al., 2013)...........ccceeevvecvueesieresireesieeeiieesssesiseesnnns 2-22
Figure 2-6: Concept of a Clogging Front (Beecham et al., 2010) ............ccueeeeueeeeeeuiieeesiieeesiieeeecvieeecieaeesiaenaens 2-30
Figure 2-7: Monitoring stormwater processes (Barbosa et al., 2012) ...........cceeeecveeeesveeeeiiieeeeiieeeeiiieseesiienaan, 2-38

Figure 3-1: Sequential bottle sampler in the background, with first bottle containing sample shown in the

B eT=2e Lo 1 [ 1o SRS 3-40
Figure 3-2: Original consultants drawing for design of NEB PPS parking IOt .............cocccvueveeiieeececiiieeeeeeeeecinnns 3-41
Figure 3-3: Schematic of the NEB PPS surface layout, including monitoring chambers. ..............cccooueveeeeeecunn. 3-42

Figure 3-4: Layer works design diagram for the NEB PPS. Note that the top layer of geotextile was omitted for

Figure 3-5: Picture of the NEB PPS. Note the ground beam separating PPS sections in the middle of the picture 3-
44

Figure 3-6: ISCO 6712 Sampler with 24 bottle Qrrangement .............ccccceeeeccueeeeecriieeesiieessiieeeeeteaesesseeaesiseeaens 3-45
Figure 3-7: Active low switching circuit used with float switch to enable the sampling program at a suitable
WAL [EVEI ...ttt ettt s st st at et et e e ettt 3-46
Figure 3-8: Image of RPPS. The PPS covers the parking bays only, while the remainder of the pavement is

LT L= 4 (o1 PPNt 3-47



Figure 3-9: Picture of RTS, a public parking lot for @ train StAtioN...............ccceeveeevivenieesiiiinieesiieseeec e 3-48

Figure 3-10: Picture of P8 shortly after rainfall. Runoff discharges into an open culvert on the left of this picture

Figure 4-1: Rainfall event dates during study period. Black bars indicate the sampled events during the main
study; sampled event numbers are SNOWN GDOVE the DAIS. ............ccoveveeeeeciiiieeiiiieesieeessieeeesieeessieeeessiieaesnans 4-55
Figure 4-2: Image of filters after TSS test. From left to right are RTS, NEB-B and RPPS. Note the fine brown layer

of sediment on the filter from NEB-B, whereas RPPS is almost indistinguishable from the deionised water blank

Figure 4-3: Average TSS concentrations for each event, along with total event rainfall. Initially, TSS appears to
increase liNEarly from @VENT 10 @VENT. ...........oceccuueeeeciieeeeeeeeeee e et e e ettt e e et tae e e sttt e e e sssaeessaaaeatseaensssssssassnaaas 4-58

Figure 4-4: Average Orthophosphate concentrations for each event, along with total event rainfall. Similarities

in Progression With TSS Gre @VIAENT. ............cooueeeueiiieeeeeeeeee ettt ettt sae sttt et sate e s e nans 4-59
Figure 4-5: Average Ammonia concentrations for each event, along with total event rainfall......................... 4-60
Figure 4-6: Average EC for each event, along with total event rainfall. ..............ccccoovveevviiinoeeniieneesiieseenee, 4-61
Figure 4-7: Average pH for each event, along with total event rainfall................cccoooeevvevenveenviienveeniieseenee. 4-62
Figure 4-8: TSS concentrations shown at relative sampling time per eVent. .............cccoeeecvveeecciveeeesiveeesienann, 4-63

Figure 4-9: Event-standardised TSS concentrations aggregated according to sampling time. R? value shown on
graph suggests negative linear correlation between TSS concentration and event progression. The data point at
hour one is an average of the sample at enable and the “first’ program sample. ..............cccceeeeevveeeccvneesuennnn. 4-64
Figure 4-10: EC shown at relative sampling time per event. Event numbers displayed on the right border. ....4-65
Figure 4-11: Event-standardised EC aggregated according to sampling time............cccceeveveeeeecviveerecivnsrsirennn. 4-66
Figure 4-12: Orthophosphate concentration shown at relative sampling time per event. Event numbers

Lo [kY ) (o) V=Te Mol s A =0 g [ 111 e o o[- QPP UURNt 4-67
Figure 4-13: Event-standardised Orthophosphate concentrations aggregated according to sampling time ...4-68

Figure 4-14: Ammonia concentration shown at relative sampling time per event. Event numbers displayed on

0Ll | F a2 e o [-] SO PUP USRI 4-69
Figure 4-15: Event-standardised Ammonia concentrations aggregated according to sampling time .............. 4-70
Figure 4-16: pH shown at relative sampling time Per @VENT..............cececvueeeeccuieeeeiiieeeeeeeeesiieeeecteaeseseaassiseeaens 4-71

Figure 4-17: Event-standardised pH aggregated according to sampling time. A smooth ‘saturation curve’
JoTe f =T =4/ (o (=1 £ 1 SO USRS 4-72
Figure 5-1: Ecosystem health criteria categories and thresholds from Nel et al. ( 2013) .......cccccvvvvevcvevevcnvenn. 5-82

Figure 5-2: Bar graph depicting the distribution of NEB-B sample concentrations as categorised against criteria

OULIINEd DY NEI €1 Ql, (2013). ..ottt e et e e et e e et e e e ettt a e e aassa e e e asaaaaatsaaenasseassassanaaas 5-87
Figure 5-3: AS FiQUIE 5-2 ADOVE, O RPPS ...ttt ettt e e e e ettt e e e e e e s et aeaaeesesssssasaaaeesasnsses 5-88
Figure 6-1: RPPS during rainfall. Note the ponding in the centre of the pavement...........ccccceecvvveeeecrvveennnen. 6-101

Figure 6-2: NEB Pavers nearer the centre remain clear after one rainfall season (left). However, pavers near the
rain garden are filled With SEAIMENT (FIGRAT)............oooeoueeeeeeeeeeeeeee et ee e et e et e et tee e e eiaeaaeestreaeeaans 6-102

Figure A-8-1: Pilot study EC results show decreasing EC With €ACh Vent .............cccceevcueveeecvreesiieeeeiiieeesireseesnnns I



1X

Figure A-8-2: PilOt SEUAY PH FESUILS ......ceeeeieeeeiie ettt e e s it e ettt e st e e s tte s e satte e s sastaessssteeesnasseesansses I
Figure A-8-3: Pilot study Orthophosphate results are relatively high, with most error bars overlapping ............. 1
Figure A-8-4: Pilot study Ammonia results show initially high ammonia, with significant variabil....................... 1

LIST OF TABLES

Table 3-1: Analysis methods followed, along with their EPA equivalent methodologies and concentration ranges

Table 4-1: Sampled Rainfall Event dates, with sites sampled and event duration ...............cccecevvveeecvveveescunnnn. 4-54
Table 4-5: Cumulative rainfall per event before sampler was triggered shown with antecedent dry weather days
for that event. Note missing event 4, as it was only automated by eVent 5.............cccoceeevveeneeesieenceeesieenieens 4-56
Table 4-2: Correlation coefficients for each water quality parameter and selected rainfall characteristics. Bold
numbers indicate a level of significance of above 0.1, underlined bold number indicate a significance level

(o] Lo X = 00 SRR 4-72
Table 4-3: Levels of Significance for correlation coefficients at six degrees of freedom (Siegle, 2015)............. 4-73

Table 4-4: Rank correlation matrix between parameters. Note significant correlation between TSS, O-Phosphate

Lo Lo [ Y USRI 4-74
Table 4-6: Average values and standard error for samples collected from RPPS and RTS 1 and 2 ...................... 77
Table 4-4: Water QUAIILY VAIUES FrOM P8 ............oooeeeeeeeeeeeeeeeie et ee e e e ctteeeetta e e st a e st staaaetssaesssssaassssnaaas 4-78
Table 4-5: Water qUAlity VAIUES frOM NEB-=| ..............oueeeieeeeeeiieeeeieeeeceeeeesteeeestea e e e taaaeessaaaeetsaaesssseaessassnaans 4-79

Table 4-6: Summary averages across all sampling sites (excluding pilot). Results reported with Standard Error of
L= 1Y L=t T I Y 1 USRS 4-79
Table 4-7: Heavy metal concentrations for Pb and Cu. Note the highest concentrations evident in NEB-I, which

generally showed low results for other parameters. Average and standard error for each are shown. ........... 4-80
Table 5-1: Comparison of results from this study with results summarised by Newman et al., 2013 ............... 5-90

Table A-4: Summary statistics of results from RPPS Pilot STUGY ........ccc.uueeecueeeeciieeeeeieeeecteeeeteeeeecveeeesvaaesaana e /



ABBREVIATIONS

ADWP: Antecedent Dry Weather Period

BMP: Best Management Practice

IUWM: Integrated Urban Water Management

LID: Low Impact Development

NEB: New Engineering Building — building at UCT
P8: Impervious parking lot at UCT

PPS: Permeable Pavement Systems

RPPS: Rondebosch Permeable Pavement System — PPS in The Rondebosch
RTS: Rondebosch Train Station —A parking lot
SAWQ/G: South African Water Quality Guidelines
SuDS: Sustainable Drainage Systems

TAN: Total Ammonia Nitrogen

TSLME: Time Since Last Measured Event

UCT: University of Cape Town

WSUD: Water Sensitive Urban Design

1-1



1-2

1 - INTRODUCTION

Stormwater pollution has been recognised as a key environmental stressor since the 1970s
(Roy et al., 2008). Traditional stormwater management structures are solely designed for the
rapid abstraction of stormwater away from urban areas and into natural streams (Taebi &
Droste, 2004; Goonetilleke et al., 2005; Roy et al., 2008; Burns et al., 2012). While effective
at reducing localised flood risk, this approach had, and continues to have, negative
environmental impacts (Paul & Meyer, 2001; Goonetilleke et al., 2005; Burns et al., 2012;
Walsh et al., 2012). Burns et al. (2012) have defined this traditional method of abstraction

and discharge as the ‘drainage efficiency approach’.

In the last decade, a thorough body of literature has also described stormwater pollution from
urban areas as one of the primary threats to downstream aquatic ecosystems (Paul & Meyer,
2001; Taebi & Droste, 2004; Gnecco et al., 2005; Goonetilleke et al., 2005; Bernhardt ef al.,
2008; Luo et al., 2009). Increasingly, recommendations for managing stormwater suggest a
move away from the drainage efficiency approach towards Sustainable Drainage Systems
(SuDS) which mimic natural hydrological processes and reduce pollutant loadings (Heal et

al., 2004; Mitchell, 2005; Armitage et al., 2013).

The remainder of this introduction will focus on the SuDS philosophy and introduce
permeable pavements as a sustainable urban drainage system. This study investigates the
performance of permeable pavements in the South African context, and includes discussion
of local stormwater policies, regulations and management guidelines. This contextualises the

aims and objectives of the study.

1.1 The need for Sustainable Stormwater Management

In the international literature, stormwater is widely recognised as one of the most significant
contributing factors towards the degradation of downstream rivers (Walsh, 2000; Paul &
Meyer, 2001; Burns et al., 2012; Walsh et al., 2012). Impervious surfaces interrupt the
natural progress of infiltration, evapotranspiration and groundwater recharge, thereby
converting rainfall into runoff which is then commonly discharged into a nearby drainage
system (Roy et al., 2008; Armitage et al., 2013; Burns et al., 2013). Stormwater networks act
as hydraulically efficient shortcuts from the stormwater source to the nearest urban river,
preventing processes of retention and attenuation that smooth flood peaks and provide the

opportunity for the removal of suspended solids by settling and nutrients by biodegradation
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and plant uptake (Walsh & Kunapo, 2009; Burns ef al., 2012). Not only does the hydrological
shift cause significant increases in erosion (Chocat et al., 2007) and reduction in base flows
(Hamel & Fletcher, 2014), but anthropogenic activities can deposit significant amounts of
pollutants on impervious areas (Brown & Peake, 2006; Gobel ef al., 2007). These are readily
washed off, and the lack of processes such as filtration and biodegradation results in their

direct discharge into streams (Walsh, 2000)).

Stormwater can also be a significant resource (Fletcher ef al., 2014a). Many countries are
plagued by chronic water scarcity, including South Africa. Increasingly, alternative sources
are required for fit-for-use water, and lateral benefits can be derived from using nutrient-

enriched stormwater (Mitchell et al., 2006; Nnadi et al., 2008).

The confluence of these two concepts, the need to maintain ecological function in aquatic
ecosystems and the need for new water sources, lead to the inevitable conclusion that
conventional stormwater management is unsustainable and undesirable (Burns et al., 2012).
An emerging paradigm of stormwater management is contained within the concepts of Water
Sensitive Urban Design (WSUD) and Integrated Urban Water Management (IUWM), and
expressed in practices such as Low Impact Development (LID), Best Management Practices
(BMP) and Sustainable Drainage Systems (SuDS) (Fletcher et al., 2014a). This paradigm is
one of holistic management of stormwater (Mitchell, 2006) which aims to produce processes
that promote sustainability (Heal et al., 2004). These processes simulate natural hydrology
and water quality characteristics to protect and maintain urban aquatic ecosystems (Heal et

al., 2004; Burns et al., 2012; Armitage et al., 2013; Hamel et al., 2013)

1.2 Water Management in South Africa

Stormwater management in South Africa is still mostly reliant on the drainage efficiency
approach. While some SuDS implementations have been constructed, resistance to their
uptake has resulted in very little knowledge about their efficacy (Armitage et al., 2013).
However, some municipalities have begun to adapt policies and regulations to include
WSUD principles, and recommend SuDS implementations, including the City of Cape Town
(City of Cape Town, 2009; Haskins, 2012). Furthermore, as a water scarce country, South
Africa may need to find alternative sources of suitable water, especially in the face of

potential climate change (Mwenge Kahinda et al., 2010).
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1.2.1 Stormwater management in Cape Town

Cape Town is South Africa’s oldest colonial formal urban settlement, dating back to the
arrival of the first Dutch settlers. The first phase of Cape Town’s stormwater network was
constructed in 1899. Since then, continued expansion of concrete canals, river modification,
infilling and removal of wetlands and catchment hardening have contributed to significant
alteration of Cape Town’s hydrograph, which now mimics that of most urban centres
(Haskins, 2012). With the establishment of the Catchment Management Branch in 1997, the
City expanded on the requirement to provide adequate stormwater infrastructure by including
river, lakes and wetlands as part of the formal stormwater network. Haskins (2012) argues
that these natural water features are recognised as an important and valuable asset for the city

as they provide environmental goods and services which are highly valued by the inhabitants.

The first move towards integrated catchment management is evident in the Stormwater
Management Planning and Design Guidelines for New Developments released by the
Transport, Roads and Stormwater Directorates Catchment, Stormwater and River
Management Branch in 2002. These guidelines were aimed at new developments, but also
intended to apply to stormwater upgrade and rehabilitation projects (Transport Roads &
Stormwater Directorate, 2002). The management objectives were to minimise flooding risk,
protect receiving water bodies, promote the multifunctional use of stormwater management
systems and develop sustainable environments. The policy was largely adhered to for peak
flow reductions, but other impacts were not mitigated as successfully (City of Cape Town,
2009). The City of Cape Town stormwater by-law issued in 2005 provided regulatory support

for stormwater management, but did not set water quality standards for stormwater discharge.

In 2009, the City of Cape Town included Water Sensitive Urban Design (WSUD) principles
in their development policy. The Management of Stormwater Impacts Policy laid out specific

objectives of sustainable drainage:

. Improve quality of stormwater runoff
. Control quantity and rate of runoff

. Encourage groundwater recharge. (City of Cape Town, 2009: Section 6.1, p.8)

1.3 Permeable Pavements

Permeable pavement surfaces (PPS) are a form of source control sustainable drainage

systems. These pavements allow water to infiltrate through their structure, discharging either



1-5

into the subgrade or into a downstream drainage system (Scholz & Grabowiecki, 2007; Drake
et al., 2013). They provide attenuation and temporary storage, thereby reducing the effective
imperviousness of the catchment in which they have been implemented (Ball & Rankin,
2010). Voids within the paving layer permit infiltration into the aggregate while processes of
sedimentation, adsorption and biodegradation enable the removal of pollutants (Newman et

al., 2002; Scholz & Grabowiecki, 2007; Drake et al., 2013).

Permeable pavements have received considerable attention in the literature, and are popular
as they are able to retain their core function as a load bearing surface while contributing to
sustainable stormwater management (Balades et al., 1995; Shackel et al., 2003; Scholz &
Grabowiecki, 2007; Drake et al., 2013; Imran et al., 2013). PPS have been identified as
having significant environmental benefits, as they reduce peak flows, effectively remove
certain pollutants and in many cases contribute to groundwater recharge (Balades et al., 1995;
Legret et al., 1996; Rushton, 2001; Abbot & Comino-Mateos, 2003; Brattebo & Booth, 2003;
Scholz & Grabowiecki, 2007; Ball & Rankin, 2010; Drake ef al., 2013). Simultaneously, they
have been found to have other direct benefits such as a reduction of the heat island effect and
increased surface grip due to elimination of hydroplaning (Scholz & Grabowiecki, 2007).
Other benefits which can be exploited are their potential for treating and storing stormwater
for reuse as well as integrating the pavements with ground source heat pumps (GSHP) for
renewable energy harvesting (Grabowiecki et al., 2008; Nnadi et al., 2008; Scholz &
Grabowiecki, 2009; Tota-Maharaj, 2010).

While well-studied, their use is fairly recent in South Africa; the oldest reported PPS is a
parking lot constructed at the University of Witwatersrand in 2007 (Water Sensitive Urban
Design (WSUD) | WITS Parking Lot, n.d.). No studies focussing on the use of PPS in South
Africa have been published, and with increasing acceptance by practitioners, it is important

that the performance of PPS within the South African context is understood.

1.4 Performance

Performance of a sustainable drainage system is defined by how well it meets its goals for
stormwater that flows through the structure (Strecker et al., 2001). These goals generally
include pollutant reduction, peak flow reduction, groundwater recharge and opportunities for
stormwater harvesting (Ball & Rankin, 2010; Beecham et al., 2010, 2012; Hamel & Fletcher,
2014). This study will focus on the performance of permeable pavements with regards to

water quality of the effluent and, consequently, stormwater harvesting and reuse.
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Water quality performance for PPS is commonly reported as percentage reduction of
pollutant concentrations of influent versus effluent (e.g. Rushton, 2001; Scholz &
Grabowiecki, 2007; Tota-Maharaj & Scholz, 2010). The Management of Stormwater Impacts
Policy similarly prescribes a performance criterion for SuDS based on this metric, whereby it
requires Suspended Solids and Phosphates from brownfield sites to be reduced by 85% and
45% respectively (City of Cape Town, 2009). However, the use of percentage reduction as a
performance metric is not recommended (USEPA, n.d.; Wright Water Engineers and
Geosyntec Consultants, 2007). Rather, it is recommended that the absolute water quality of
SuDS be investigated under a variety of environmental conditions and compared to respective
guidelines and regulations (Heal et al., 2009). This is more meaningful to downstream
aquatic ecosystems, as pollutant concentrations are the final determinant of ecosystem health
(Walsh, 2000). Similarly, stormwater harvesting and reuse relies on the ‘fit-for-use’ quality

of water, which is guided by national guidelines.

1.4.1 ‘Acceptable’ Water Quality

Water quality is a relative concept, and what concentrations of various quality constituents
are acceptable is dependent on the type of use. While most anthropogenic uses have set
standards for water quality, aquatic ecosystems have requirements which are ecosystem-
specific. Water quality guidelines for most ‘natural’ pollutant constituents such as nutrients
and suspended solids suggest that levels should not deviate from background levels by more

than a specified percentage (Department Of Water Affairs And Forestry, 1996).

Water quality performance for PPS will be determined by the absolute pollutant
concentrations of effluent. ‘Performance’ will vary depending on the intended use, whether it
is for harvesting and re-use, or discharge into the aquatic ecosystem. As there are no
universal standards for acceptable water quality for receiving aquatic ecosystems,

performance for this purpose needs to assessed locally.

1.5 Aim

The aim of this study was to investigate the water quality performance of permeable
pavements in Cape Town. As described above, ‘performance’ suggests goals or targets,
which were drawn from the South African Water Quality Guidelines (SAWQG). By
comparing the effluent water quality from PPS throughout a rainy season to the water quality

targets for various potential uses, it was possible to identify the potential of effluent water
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quality for harvesting and reuse. A local study which assigned water quality categories for

natural ecosystem was used to categorise water for discharge into the environment.

The first research question posed was: “Is the water quality of PPS effluent of acceptable

quality, both for re-use and discharge into the aquatic environment?”
The following objectives were set for the study:

. Thoroughly investigate the water quality of effluent from a newly constructed
PPS at the University of Cape Town, and compare the water quality against the
South African Water Quality Guidelines

o Contextualise the results with water quality estimates from nearby impervious
surfaces as well as other existing PPS

Additionally, this study intended to investigate the temporal variability of pollutant
concentrations in the effluent of PPS. Temporal variability within a storm event can
significantly impact the representativeness of monitoring efforts which in turn can skew
measures of performance. The PPS under investigation was newly constructed, and exploring
the variability between event means was a way of investigating the performance progression
of the PPS. While some studies had previously assessed pollutant progression throughout a
PPS life cycle in a laboratory simulation, little information is available about the progression
of a recently constructed field site. This led to the dual research questions of: “Do PPS
exhibit significant intra-event variability?” and “Does a newly constructed PPS show a

progression in effluent water quality throughout its first rain season?”

It should be noted that this study only investigates PPS with an impermeable layer that does

not permit water to infiltrate into the subgrade.

1.6 Thesis structure

This report begins with a literature review outlining the background of stormwater
management, and the context around PPS. The review highlights the strengths and
weaknesses and common issues around PPS implementation and use. The main findings of
the literature review were that PPS are good performing interventions, but that construction,
design and maintenance are a concern. The study focussed mainly on a single pavement for
high temporal and spatial resolution data, and this is reflected in the results. Results from the
PPS agree largely with literature values, and the water quality constituents measured meet
most water quality guidelines for appropriate reuse, but the newly constructed pavement

shows some trends that suggest that a longer study period would be beneficial. While the
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analysis proposes some putative agents for these trends, few conclusive statements can be

made.

The discussion reviews some points of the literature review and discusses some key findings
from the study. It continues to analyse the methodology, and remarks on some study
observations around pavement clogging. The study concludes that most findings with results

from the literature, and gives recommendations for future research.
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2 - LITERATURE REVIEW

Increased urbanisation rates coupled with unsustainable stormwater practices have placed
considerable pressure on the urban water cycle (Adewumi et al., 2010; Armitage et al., 2013).
Internationally, various alternatives to the drainage efficiency approach have been
implemented. One such approach which is seeing increasing use in South Africa is the
Sustainable Drainage Systems, or SuDS approach (Armitage et al, 2013). SuDS are
structural and non-structural interventions which manage stormwater impacts by mimicking
the natural hydrological cycle, often incorporating consecutive interventions to form a

‘treatment train’ (Jefferies et al., 2008; Armitage et al., 2013; Fletcher et al., 2014a)

Permeable Pavement Systems (PPS) fall into the source control category of SuDS (Beecham
et al., 2012). Source controls aim to reduce runoff and pollutant loads that enter into the
drainage system by on-site stormwater systems and practices (Barbosa et al., 2012; Fletcher
et al., 2014a). PPS functionally replace asphalt and concrete surfaces, allowing water to
infiltrate either into the groundwater, be stored for reuse or attenuated and released into the
downstream drainage system. Primary benefits of permeable surfaces are runoff attenuation
and pollutant retention, but may also include the retention of stormwater for potential reuse,
increased groundwater recharge, increased surface grip during rainfall events and an overall
reduction of the urban heat island effect (Scholz & Grabowiecki, 2007). Limited research has
been undertaken on the performance of, and the harvesting of rainwater from PPS within a
South African context, and little or no data is available on the maintenance requirements for

PPS sites exposed to South African conditions.

2.1 Stormwater & Stormwater Management

As human development within the built environment seals off naturally pervious soils and
removes vegetative cover that transpires water, runoff from rainfall increases dramatically.
This increased runoff in urban areas poses a significant risk to human welfare, as local
flooding presents a hazard to property and human health (Burns ef al., 2012). Stormwater
also has significant adverse environmental impacts, the recognition of which has only come
about in the latter 20" Century (Roy et al., 2008). This section of the literature review will
highlight the progression of stormwater management from a nuisance-based approach to the

emerging integrated management paradigm.
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Figure 2-1: Effects of urbanisation on the water cycle (Chocat et al., 2007)

Figure 2-1 summarises how urban development leads to negative impacts in the aquatic
ecosystem, increased flood risks and loss of water use opportunities. SuDS processes are

intended to mitigate all of the negative impacts by promoting natural hydrological processes.

2.1.1 Pre Development vs Post Development

Pre-development and post-development hydrology are two terms common in stormwater
literature, and some clarification on these terms is warranted. Pre-development hydrology or
flows describes a natural flow regime whereby rainfall infiltrates pervious soils and recharges
groundwater; runoff only occurs when the amount of rainfall has exceeded the saturation
point of the soil. A significant portion of water is lost due to evapotranspiration, driven by
plant cover and soil characteristics. Water that infiltrates the soil recharges groundwater,
which is slowly released into perennial river systems. Base flow in downstream aquatic

ecosystems is maintained (Armitage et al., 2013).

Post development hydrology is driven by an increased impermeable surface area and reduced
vegetative cover. Runoff occurs once the surface area depression storage is filled,
groundwater recharge is prevented and evapotranspiration is minimised. Most of the rainfall
is converted into runoff, which is directed into nearby streams. These streams experience
significantly magnified flow peaks which occur much faster after the start of rainfall due to
reduced interception and storage. During dry seasons, a lower groundwater table results in

significantly altered base flows (Shuster et al., 2005; Burns et al., 2012; Petrucci et al., 2013).
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Figure 2-2: Typical hydrograph associated with pre- and post-development with the conventional approach to
stormwater management (Armitage et al., 2013)

2.1.2 Conventional drainage systems

Managing the stormwater risk has led to systems which prioritise the removal of stormwater
from urban areas via hydraulically efficient conduits which discharge their effluent directly
into nearby water bodies. These systems are termed ‘conventional’ stormwater management
systems or ‘drainage-efficiency’ systems and promote flow efficiency from source to sink

(Burns et al., 2012; Armitage et al., 2013).

There are inherent difficulties with the drainage-efficiency approach. Conventional systems
are associated with high costs, significant modification of urban stream flow quantity, quality
and pattern and an increased risk of downstream flooding due to increased flow quantity and

peak flows (Walsh, 2000; Goonetilleke et al., 2005; Burns et al., 2012; Walsh et al., 2012).

Furthermore, the drainage-efficiency approach does not provide opportunities for stormwater
harvesting. In an environment where water security is increasingly concerning and alternative
water sources are sought after, stormwater harvesting has the potential for increasing water
supply for fit-for-purpose use and thereby reducing the strain on water supply networks

(Mitchell et al., 2006; Nnadi et al., 2008; Beecham et al., 2010; Petrucci et al., 2012).
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Figure 2-3: Typical pre- and post-development scenarios with the conventional approach to stormwater management
(Armitage et al., 2013)

2.1.3 Stormwater pollution

Until the 1970s, stormwater pollution was not well understood. The fact that stormwater is
inherently polluted due to wash-off from urban surfaces was masked by pollution via sewage
contamination (Walsh, 2000). Indeed, stormwater contamination is a significant contributor
to overall urban stream pollution. Stormwater runoff has been identified as the second biggest
contributing factor to stream pollution in the USA (Paul & Meyer, 2001) and non-point
source pollutants in stormwater may provide a more significant pollutant ‘shock’ than

secondary treated wastewater (Taebi & Droste, 2004; Goonetilleke et al., 2005).

Stormwater has also been associated with significant risks to human health. A study in the
USA identified urban runoff as being responsible for 47% of pathogen contamination of
Long Island Sound and Stormwater management was proposed as a cost-effective means of

protecting human health (Gaffield et al., 2003). Stormwater has been found to have an
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elevated level of faecal coliform indicators, to the point that it may be the primary source of
bacterial contamination in surface waters (O’Neill et al., 2013). Sources for bacterial
contamination include septic seepage and animal waste, as well as combined sewer overflow

(CSO) discharges (O’Neill et al., 2013).

Along with being a significant source of microbial contamination, stormwater also carries a
considerable load of chemical pollutants. These include heavy metals, Hydrocarbons &
Polyaromatic Hydrocarbons (PAH), nutrients, oil, grease, salt and sediment (Pitt et al., 1995;
Goonetilleke et al., 2005; Rossi et al., 2005). Originating from a variety of sources, the final

makeup depends largely on the type and intensity of land use.

Probably the most universal source of potential pollutants is atmospheric deposition. Dust,
aerosols and gases settle to the ground according to their mass. Dry atmospheric deposition
forms a layer on surfaces, to be washed away by rainfall. Deposition varies according to the
atmospheric composition; furthermore, local wind patterns may create distinct spatial

variation (Gobel et al., 2007).

Paved areas and roads act as an important source for stormwater pollution. They are highly
impervious, so accumulated pollutants are washed off readily. Further, the high vehicular
activity results in the deposition of heavy metals, oil, grease and particulates. These are
caused by road surface abrasion, brake pad abrasion, tyre abrasion, drip loss and corrosion,
and vary with the type and intensity of vehicle activity, traffic technology and rainfall and
deposition characteristics (Brown & Peake, 2006; Gobel et al., 2007; Kim et al., 2007;
Berndtsson, 2014). Along with being a conduit for pollutions wash-off, pavements
themselves may contribute to stormwater pollutant loadings by leaching chemicals (Bernot et

al., 2011).

Roof areas can act as a receiving surface for pollutants from atmospheric deposition, before
they are washed off by rainfall. They can be sources of pollutants themselves, depending on
the types of materials used. Metal roof surfaces corrode to contribute metal ions to urban
runoff (Gnecco et al., 2005), but this process depends on the roof type and rainfall pH. Where
acidic rainfall is prevalent, corrosion from roof surfaces is increased. Organic materials from
leaves, animal matter and lichens and/or moss may also contribute towards organic matter in

runoff (Gobel et al., 2007).
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2.1.4 Impervious Areas and their impacts

Since impervious areas are the key cause of urban stream degradation, predicting ecological
impacts by catchment impervious area is intuitive. Impervious areas not only provide
increased runoff and easier pollutant wash-off patterns, but they also act as a hydraulically
efficient conduit for transport. Ecological function begins to rapidly decrease above a certain
percentage impervious cover within a catchment. The threshold is generally accepted at being
around 10-15% and may be as low as 2% for some areas, depending on catchment
characteristics (Paul & Meyer, 2001; Rushton, 2001; Bernot et al., 2011; Walsh et al., 2012).
While Total Impervious Area (TIA) may be a good indicator of the extent of development, it
does not accurately reflect the impacts of surface elements that are topologically isolated
from the stormwater drainage system (Shuster et al., 2005). However, as the topographical
distance of runoff from source to sink increases so does the potential for attenuation. Storm
water infrastructure which efficiently conveys runoff effectively bypasses the potential for
attenuation essentially acts as a ‘runoff (Walsh & Kunapo, 2009). This means that
impermeable areas that are directly connected to storm water infrastructure have a more
significant impact on streams-leading to the concept of directly connected impermeability
(DCI) or effective impermeability (EI). DCI has been found to be a reliable predictor of
stream ecology impacts, especially for impacts on invertebrate (Hatt ef al., 2004; Walsh &
Kunapo, 2009; Urrutiaguer et al., 2012). In order to mitigate these impacts, recommendations
for mitigation are the reduction of DCI via drainage disconnection (Urrutiaguer et al., 2012)
and storm water interception and storage (Hatt et al., 2004). Reduction in DCI has been
considered an efficient method for addressing both stormwater quality and quantity issues.
Walsh (2000) argues that the conduits transporting pollutants are ultimately more detrimental
than the source, and that drainage disconnection is a most effective method of reducing the

ecological impacts of stormwater.

T.D. Fletcher et al. (2014) argue further that a focus on simple peak flow reduction results in
large end-of-catchment management strategies which are insufficient to address ecological
needs. They advocate an ecohydrological approach which considers the importance of the
entire flow regime rather than a single dimension of it. For example, maintaining low flows
and base flow of adequate quantity and quality is vital in the maintenance of ecosystem

function (Hamel et al., 2013).
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2.1.5 The ‘Stormwater Management Dilemma’

Goonetilleke ef al. (2005) refer to a ‘Stormwater Management Dilemma’ which makes
managing stormwater pollution inherently challenging. Whereas most authorities can
effectively manage point-source pollution from wastewater treatment works or other single
discharge points by monitoring, regulating and clearly identifying responsible parties or
individuals, stormwater pollution is largely diffuse (Barbosa et al., 2012). Due to the
topographical and temporal uncertainties around concentrations and flows, pollutant loads
can be difficult to estimate and extremely challenging to regulate as responsible individuals
or parties cannot be identified. The variable loads, and often even the uncertain pollutant

makeup of stormwater is also a challenge for management systems.

These factors combined make an argument against typical ‘end-of-pipe’ solutions where
stormwater is treated directly before discharge into river systems, as upscaling estimates of
pollutant loads from site to catchment scale increases the inherent uncertainty around the

resulting stormwater pollutant loads and concentrations (Goonetilleke et al., 2005).
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2.1.6 Temporal Variability: The ‘First Flush’

‘First flush’ refers to the phenomenon by which the first portion of stormwater from a rainfall
event is significantly more polluted than the remainder. It enjoys a significant presence in the
literature, but remains a fairly controversial topic. There are a multitude of varying
definitions and methods for measuring the first flush. Furthermore, it seems to exhibit
significantly different characteristics depending on the system under observation (Deletic,

1998)

Different methods of measuring and quantifying the first flush effect have attributed strongly
to the controversy around the topic (Deletic, 1998). A commonly used variant involves
calculating the cumulative pollutant load and cumulative runoff volume curves. If that curve
(with cumulative pollutant load on the Y-axis) exceeds the bisector (45°), then the first flush
effect is present. The degree of divergence between the curve and the bisector is then a
measure of quantification of the effect (Bertrand-Krajewski et al., 1998; Deletic, 1998; Lee et
al., 2002). More restrictive criteria were proposed by Saget et al. (1995) in Deletic (1998),
where the first flush was defined as carrying 80% of the total pollutant load in 30% of the
total runoff. However, it was found that such events were exceedingly rare (Gnecco et al.,
2005). Other researchers have defined the first flush simply as the relative pollutant load
delivered by a set proportion of the runoff (e.g. portion of pollutant load carried by 20% of
the runoff (Deletic, 1998)).

The first-flush concept is of obvious interest, as it influences the design of detention ponds
and other runoff management methods (Bertrand-Krajewski et al., 1998; Deletic, 1998).
However, it appears to be a phenomenon with highly localised dynamics. The phenomenon
may vary in significance due to catchment characteristics, but also display differential

dynamics depending on the pollutant in question (Lee et al., 2002).

2.1.6.1 First flush informing management

The first flush has been identified as a useful topic in storm water management, as it may
influence the design of pollutant mitigation interventions. Most of the older studies focussed
around using first flush characteristics to inform the design of retention basins. Bertrand-
Krajewski et al. (1998) advocate the use of cumulative mass curves as they offer the
advantage of elucidating a) the proportion of rainwater that should be intercepted and b) the

timing at which said proportion occurs.
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However, there is a problem with predicting the first flush effect by meteorological and
catchment characteristics. For instance, Gupta & Saul (1995) suggested that first flush could
be predicted using storm duration, peak inflow of the storm and the Antecedent Dry Weather
Period. In a study of two catchments with similar catchment characteristics, Deletic (1998)
found no reliable predictors for first flush. Gnecco et al. (2005) studied heavy metal
concentrations in first flush due to rooftop contamination, and found the only good
correlation of first flush to be maximum rainfall intensity. They found that 70% of rainfall
events carried a strong first flush signature, supporting the concept of first flush for heavy

metals.

Chinese researchers took a slightly different approach, and attempted to discern how much of
the total pollution load would be captured in the first 30% of rainfall runoff (FF3¢), for each
of the studied pollutant types (Li et al., 2007). They determined that FF3 contained 52.2% -
72.1% of total suspended solids, 53.0%-65.3% of chemical oxygen demand, 40.4%-50.6% of
total nitrogen and 45.8%-63.2% of total phosphorous. Unfortunately, this study was

conducted in only one catchment, and therefore the hierarchies cannot be generally applied.

Similarly, Korean researchers have found significant first flush signatures emerging from
highways and bridges, specifically for oils and grease (Kim et al., 2005, 2007). There have
been several publications from Korea and China dealing with the first flush from single
sources. Consistently, the first flush has been observed in these situations. Unfortunately,

there is a dearth of literature on in-stream observations of the first flush effect.

While the concept of the first flush at a catchment scale is still under debate, there is
considerable evidence for first flush at a single land-use scale (e.g. Kim et al., 2005; Kim et
al., 2007; Lee et al,. 2002; Berndtsson 2014). Therefore, on-site retention and treatment that
is designed to remove the initial portion of flow should be more effective than similar

interventions at a catchment scale.

2.1.7 Reporting Stormwater Pollution: EMCs & TMDL

There are two main ways in which stormwater pollution is measured, and the most prominent
of those is the pollutant event mean concentration (EMC). This is the aggregate of the mass
emissions divided by the total volume discharged throughout the rainfall event (Brezonik &
Stadelmann, 2002; Taebi & Droste, 2004; Gnecco et al., 2005; Kim et al., 2007; Maniquiz et
al., 2010). The other applicable method is by using total pollution, which is the total mass
emission of a pollutant throughout the rainfall event (Li ef al, 2007). The advantage of the
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latter is that it gives a more absolute picture of how much a potential source is contributing
towards pollution in receiving waters. It also allows for the implementation of the Total
Maximum Daily Load (TMDL), a regulatory threshold which limits the amount of total
pollution that may be discharged (Roux et al., 1999; Kim et al., 2007).

2.1.8 Factors affecting EMC/loading

The main factors that seem to drive EMC have been identified as total precipitation, intensity
and drainage area (Brezonik & Stadelmann, 2002; Kim et al., 2007; Maniquiz et al., 2010).
EMCs were found to react to rainfall characteristics in a pollutant-specific manner, which is
likely linked to the varied forms of pollutant generation (Brezonik & Stadelmann, 2002;
Gnecco et al., 2005). Pollutant EMCs were found to correlate weakly with Antecedent Dry
Weather Period (ADWP) in two studies, which support the notion that longer dry weather
periods allow for the building up of pollutants over time (Brezonik & Stadelmann, 2002; Kim
etal.,2007).

Furthermore, attempts at modelling EMC have revealed that site and event characteristics
cause high uncertainty, thus suggesting that rainfall and catchment characteristics cannot be

used as accurate universal predictors (Maniquiz et al., 2010).
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2.1.9 The Evolution of Stormwater Management

Roy et al. (2009) succinctly describe the evolution of stormwater management in Australia
and the USA. Stormwater management practices have evolved separately in different
geographical regions. In the USA and many parts of Europe, it was common practice to
combine stormwater and sewer networks. This permits smaller rainfall events to be treated by
sewage treatment works. However, larger rainfall events exceed the capacity of combined
systems, leading to so-called Combined Sewer Overflows (CSOs) which discharge a mixture
of raw sewage and stormwater into receiving water bodies. This phenomenon is often
attributed to the misconception that stormwater pollution was due to CSOs alone, and that

stormwater itself is not inherently polluted.

Figure 2-4: The evolution of the stormwater paradigm (Roy et al., 2009)



2-20

Figure 2-4: The evolution of the stormwater paradigm (Roy et al., 2009) shows how
stormwater management evolved from a focus on only quantity management to managing
multiple stormwater impacts. The movement from impact management to holistic, integrated

management is seen with the introduction of WSUD.

2.2 Implementing the new Paradigm: LIDs, SUDS, BMPs and others

The previous section outlined the negative impacts of conventional stormwater management,
as well as some of the difficulties inherent in managing stormwater and stormwater pollution
due to the inherent uncertainties caused by temporal and spatial variation. This section will
give a background on SuDS and related concepts, and describe how these systems address

these concerns in a holistic manner.

Fletcher et al. (2014a) cover the evolution of terminology such as LIDs, WSUD, SuDS,
BMPs and others. Many of these terms are extremely similar, with slightly differing
connotations and different countries of origin. The explanations are summarized below, in

accordance with Fletcher et al. (2014a).

e LID (Low Impact Development) is a term commonly used in North America and New
Zealand and in stormwater management refers to practices that aim to reproduce
natural hydrological processes in development design. LID distinguishes itself from
more conventional stormwater management practices such as retention ponds by not
only reducing peak flows but aiming to recreate a ‘pre-development’ flow regime
(Dietz, 2007). LID is impact-oriented, and not a paradigm exclusive to water
management (Fletcher et al., 2014a).

e SuDS or SUDS (Sustainable Drainage Systems/Sustainable Urban Drainage Systems)
are terms that have arisen in the UK, and refer to structural and non-structural
interventions aimed at draining water in a more sustainable manner than conventional
systems (Heal et al., 2004; Jefferies et al., 2008; Scholz & Grabowiecki, 2009; Tota
Mabharaj et al., 2009). The flow management principles of LID are implicit in SUDS,
which are designed for infiltration, attenuation and (Tota Maharaj et al., 2009) and
SUDS are often designed as a series of technologies which act together as a ‘treatment
train’.

e BMPs (Best Management Practices) is a term commonly used in North America and
refers to such practices or interventions (structural and non-structural) that prevent or

reduce pollution. BMP is a widespread term, and may refer to a particular technology
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or set of practices which prevent pollution, but also to a set of guidelines which may
inform ‘best practice’ within a particular practice (e.g. design guidelines for
permeable pavements). However, BMPs are not subject to a general performance
standard, which may raise some contention about the use of the word ‘best’.

e Water Sensitive Urban Design (WSUD) and Integrated Urban Water Management
(IUWM) are both overarching paradigms with aims and objectives related to the
sustainable use and management of water resources in the urban context. These
frameworks inform design and management principles, and provide guidelines and

direction for other principles (such as SUDS) to operate holistically.

Most of the remainder of this literature review will focus on the implementation of SUDS
in order to accomplish stormwater management objectives. SuDS and LID as
terminologies will be used interchangeably where applicable, as the use of terminology is
often more due to the geographical origin of the author than any conceptual differences.
Most of the remaining paper will use the term SuDS instead of LIDs, as that is the
prevalent terminology in the South African WSUD guidelines and policies.

2.3 SUDS

2.3.1 Overview of Sustainable Drainage Systems (SuDS)

SuDS increase natural drainage processes through the development of several unit processes
(Armitage et al., 2013); i.e. the effective management of stormwater runoff quantity (flow
and volume); water quality; and the associated amenity and biodiversity of the urban drainage

system.

SuDS are structural and non-structural interventions designed to recreate natural hydrological
patterns while facilitating pollutant reduction for receiving waters. While these solutions have
a myriad of forms such as bio-swales, constructed wetlands, rain gardens and permeable
pavements(Dietz, 2007), they can be broadly categorised into four categories (Heal et al.,

2004; Armitage et al., 2013):

Good Housekeeping refers to practices that minimize the release of pollutants to the

environment where they are available for transport by stormwater.

Source Control refers to methods which deal with stormwater as close to the source as

possible. These can be further subcategorized into infiltration type systems (such as
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permeable pavements and soakaways) and harvesting type systems which divert stormwater

for eventual reuse (such as rain harvesting) (Hamel & Fletcher, 2014).

Local Controls are methods which manage stormwater at a small catchment scale level.

These may take the form of bioretention areas, swales or filter strips.

Regional Controls are larger controls which manage the runoff from an entire catchment,

such as constructed wetlands or retention ponds.

.All of the structural innovations (2-3 above) are designed for treatment via flow infiltration
or retention, or a combination of the two. Note that there is some confusion around the
definition ‘source control’. Source control is in some cases used to describe a catchment-wide
strategy as opposed to a specific infrastructure (Petrucci ef al., 2013). For the purpose of this
paper, source controls will refer to such infrastructure or design alterations which form a part

of a SUDS treatment train at the runoff source.

SUDS are designed to achieve a number of goals within the WSUD framework (Fletcher et
al., 2014a), without compromising the primary performance criteria of the SUDS device

(Armitage et al., 2013).

Biodiversity

Water Quality

Figure 2-5: The Stormwater Design Hierarchy (Armitage et al., 2013)
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The design hierarchy in Fig.2 above suggests that SUDS must, above all, be designed in order
to meet flow criteria, and then water quality. The top two tiers can be considered ‘lateral
benefits’, especially as Biodiversity refers to on-site biodiversity and not biodiversity benefits
attained from any downstream restoration, rehabilitation or conservation of aquatic habitats

due to SUDS-related stormwater management.

2.3.2 Source Control Strategies

Source control, also known as dispersed or decentralized stormwater measures, aims to
address stormwater management at the source and have been increasingly used to reduce
hydrological or water quality disturbances to urban waterways and to harvest stormwater for
appropriate use (Hamel ef al., 2013). This decentralized form of SUDS implementation has

numerous benefits for both water quality and flow management.

2.3.3 Source Control and Water Quality

Managing stormwater quality is inherently problematic, as most pollutant sources are diffuse
in topography and temporally highly variable (Goonetilleke et al., 2005; Barbosa et al.,
2012). Pollutant loadings and concentrations can vary considerably even within a single
storm event, making management extremely difficult. Pollutant management via source
control is a popular concept as they deal with pollutants at the source. As pollutant generation
is highly site specific, this allows for the site specific design to target particular pollutants and
pollutant loads as opposed to a generic system which has to deal with a wide and uncertain

range of inputs.

2.3.4 Source Control and Flow

Like all SuDS, source controls try to mimic natural hydrology patterns. Infiltration-oriented
systems do so by simulating natural soil infiltration and, in some cases, permitting infiltration
to groundwater. These systems are likely to be the preferred candidates for achieving a
‘natural’ flow regime, as they contribute to maintaining natural low flows and base flows as
well as achieving peak flow reduction (Hamel et al., 2013; Fletcher et al., 2014b; Hamel &
Fletcher, 2014). Source control measures with an aim to stormwater harvesting can also have
a significant direct benefit in reducing on-site water demand, which can upscale to regional

economic benefits (Coombes et al., 2002).

However, careful design and implementation is required if source controls should have

positive catchment-wide impacts. A study from France has shown that source control
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techniques, when flow timing is not considered, can actually increase runoff peaks at a
catchment scale due the superposition of peak flows (Petrucci ef al., 2013). Furthermore, they
can significantly disturb downstream low-flows if source controls are not designed in a

catchment-integrated manner.

Precipitation

Evapotranspiration

Evapotranspiration
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Figure 2-9: The SuDS treatment-train (Woods-Ballard et al., 2007)

2.3.5 SuDS in Cape Town

The City of Cape Town has several examples of SuDS implementations which are better
addressed by Armitage ef al. (2013). However, below is a summary of policies and guidelines
released by the City of Cape Town and related researchers which promote and guide the use

of SuDS:

e Stormwater Management Planning and Design Guidelines for New
Developments & Catchment, Stormwater & River Management Strategy, 2002:
The former represented an approach to integrated strategy and decision making, while
the latter was a set of concrete guidelines to stormwater management which
incorporated SuDS principles of mimicking natural flow patterns for the protection of

receiving river ecologies (Haskins, 2012).



2-25

Green Building Guidelines, 2005/6 (Inca Concrete Products, n.d.): The green
building guidelines suggest on-site stormwater treatment methods such as permeable
pavements or swales, both for attenuation and treatment and stormwater reuse.
Stormwater By-Law, 2005: This by-law mainly served to protect stormwater
management systems, and specifically prohibited the discharge of anything other than
stormwater into the system. It regulates against tampering and interference with
stormwater systems, even where these are on private property. While it does
specifically regulate against pollution incidents on private property, it does not set any
quality standards for stormwater discharge.

Management of Stormwater Impacts Policy, 2009: This policy recognised that the
Stormwater Management Planning and Design Guidelines were generally adhered to
with regards to peak flow reduction, but failed to mitigate other impacts to receiving
rivers (City of Cape Town, 2009). This policy specifically called for the
implementation of SuDS in new developments as well as retrofitting existing sites,
and gave some rudimentary guidelines to the percentage reduction of phosphate and
total suspended solids that should be achieved by the implementation of the SuDS.
South African SuDS Guidelines, 2013: This is a set of guidelines compiled by
Armitage et al, (2013) and represents an expansive literature study. The guidelines are
aimed at practitioners seeking to implement SuDS, and do not focus extensively on

efficacy.
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2.4 Permeable pavement systems (PPS)

Pervious surfaces are often used as a form of a SUDS treatment train for pollution and flow
control. As they generally achieve on-site stormwater management objectives, they fall into
the source control category of SuDS (Beecham et al., 2012). There are two broad categories
of pervious surfaces, pervious concrete and permeable pavement surfaces (PPS). Pervious
concrete is a carefully created concrete mixture with little or no sand that creates substantial
void spaces, typically between 15-20%. This mixture is poured over a pervious subgrade
consisting of grit or gravel, which allows water to infiltrate (Tennis et al., 2004). The focus of
this study are Permeable Pavement Surfaces (PPS), which consist of a surface layer of
interlocking pavement slabs laid over a bedding medium and an aggregate base course
(Fassman & Blackbourn, 2010). Common applications of PPS are as a replacement for
normal pavement, where vehicular load is expected to be fairly low (i.e. parking lots,
driveways, road shoulders, bicycle & pedestrian paths etc.) (Scholz & Grabowiecki, 2007).
PPS attenuate runoff and treat stormwater pollutants, and additional benefits include the
retention of stormwater for potential reuse, increased groundwater recharge and an overall
reduction in the urban heat island effect (Scholz & Grabowiecki, 2007). Consequently, PPS
are now widely considered as sustainable substitutes for conventional impervious surfaces
(Beecham et al., 2012). Most PPS implementations can be found in car parks (Scholz &
Grabowiecki, 2007; Beecham et al., 2012; Scholz, 2013; Revitt et al., 2014).

Figure 2-10: Schematic of a typical Permeable Pavement (Scholz & Grabowiecki, 2007)
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2.4.1 PPS design

Permeable pavements operate by allowing water to infiltrate through the surface layer and
into the aggregate beneath. Pavers are laid onto a fine-grain bedding medium, which in some
cases is separated from the base-course aggregate by a geotextile layer. The base-course
consists of coarse gravel or grit with a high voids ratio (James & Von Langsdorff, 2003).
Joints between the pavers act as voids to allow water to seep through the surface, or the
pavers are designed to contain void spaces to allow infiltration. The paver design will depend
on a number of factors, including whether or not the pavement is designed to be vegetated
(Beecham ef al., 2010). Drake et al list 10 different types of PPS surface materials, each with
different environmental, aesthetic and cost requirements. Paver choice will also be
significantly influenced by traffic characteristics (Shackel, 2006). The most commonly found

form in South Africa are permeable concrete block pavers with open joints (Armitage ef al.,

2013).

2.4.1.1 Bedding Layer

The bedding layer is typically 200-250 mm thick, and consists of 2-5mm aggregate which has
been found to be the best compromise between high water infiltration and structural
performance (Shackel, 2006; Imran et al., 2013; Nichols et al., 2014). This aggregate can also

be used for jointing pavers, therefore simplifying construction.

2.4.1.2 Base Layer

The base of a PPS consists of one or multiple layers of coarser aggregate. The lower base
layers generally comprise larger (10-70mm) and the upper layer smaller (5-20mm) stone
sizes (Shackel, 2006; Woods-Ballard ef al., 2007). Base and sub-base materials must possess:
adequate water storage capacity; the ability to effectively drain water without migration of
fine materials; adequate stiffness to carry the full spectrum of traffic loads and sufficient
pollutant removal capacity. Additionally, where geotextile fabrics are undesirable, the
materials must have characteristics that prevent movement of fines between the bedding and
base layers (Shackel, 2006). Various materials can be incorporated into aggregate, from
traditional coarse stone to mixtures of recycled concrete and organic matter (Bentarzi ef al.,

2013).

The thickness and structure of the base layer depends on design characteristics such as cost,

height of the water table, frequency of rainfall, volume of stormwater to be detained,
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permeability of sub-grade and downstream drainage considerations (James & Von

Langsdorft, 2003).

2.4.1.3 Subgrade

While exfiltration of water to the subgrade yields significant performance and lateral benefits
due to stormwater volume reduction, increased peak flow reduction, groundwater recharge
and improved nutrient reduction (Scholz & Grabowiecki, 2007), there are scenarios where
exfiltration to the subgrade is either undesirable or impractical. These are generally where
water tables are high, soils are impermeable or groundwater contamination is a concern. In
these cases, an optional impermeable liner serves to seal off the subgrade and prevent
infiltration into soils (Scholz & Grabowiecki, 2007; Drake et al., 2013). Another reason to

seal off the subgrade is if the treated stormwater from PPS is to be harvested and re-used.

2.4.1.4 Optional Underdrain

In cases where the subgrade is impermeable, or insufficiently permeable, an underdrain may
be installed to discharge treated stormwater into the downstream drainage system (Scholz,
2013). The invert elevation of the underdrain, as well as it’s sizing will affect the amount of
storage in the PPS and the discharge rate; changing these parameters will have an impact on
how closely the hydrological characteristics of the resulting PPS resemble pre-development
flow conditions (Fassman & Blackbourn, 2010; Walsh et al., 2012; Drake et al., 2013).
However the presence of an underdrain will negatively impact the nitrogen removal capacity

(Scholz & Grabowiecki, 2007).

2.4.1.5 Geotextile

The geotextile membrane prevents, inter alia, the migration of fines between base and sub-
grade layers (Yong & Deletic, 2008) and has been shown to improve the pollutant removal
efficacy of the system in some studies (Tota-Maharaj et al., 2012; Nnadi et al., 2014). It has
been particularly associated with the removal of hydrocarbons, as it facilitates the formation

of a bioslime layer (Newman et al., 2006).

2.4.1.6 Slope

PPS are usually designed with a maximum slope of 5% (Lucke & Beecham, 2011). The
reasons for this however, are rarely explained in research results. The most frequent concern
for pavements with steep slopes is that storm flow or rainfall hitting the pavement is more

likely to runoff due to the horizontal vector components of the flow, thus the runoff volume
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maybe exceed the infiltrated volume from the pavement (Haselbach et al., 2006; Lucke &
Beecham, 2011). Lucke & Beecham (2011) clearly identified a relationship between
pavement slope and infiltration rate which suggested that the infiltration capacity at the surface
of a PPS system will reduce as the slope of the system increases. However, there have been
various studies which have shown pavements operating efficiently at slopes of 10% (Shackel
et al., 1996) and even 20% (Lucke & Beecham, 2011) suggesting a design slope guideline of

5% may be overly conservative.

2.4.2 Hydraulic and hydrological features

Outflow attenuation to the drainage system occurs through PPS by wetting, pore space
storage in the base course and a hydraulically inefficient flow path through the layers, while
exfiltration into the subgrade provides flow volume reduction (Fassman & Blackbourn,
2010). While Fassman & Blackbourn (2010) suggest that most PPS systems receive and treat
only flow that is received by that particular installation, Beecham ef al. (2010) argue that due
to their significant capacity, only a fraction of an installation should be PPS, with the

remainder being impermeable surfaces designed to drain water into the PPS.

Like with many other SUDS/LID source control implementations, a big concern for
permeable pavement is clogging of the surface layer (Fassman & Blackbourn, 2010); as such,
they are considered to be better suited in areas with low sediment generation (Beecham et al.,
2012; Armitage et al., 2013; Drake et al., 2013). The general impact of clogging is highly
dependent on permeable pavement design (filter media size, presence/absence of geotextile,
paver), cumulative runoff, flow rate, maintenance history, sediment load and particle size
distribution (Beecham et al., 2009; Yong et al., 2013; Nichols et al., 2014). While there is a
dearth of studies investigating PPS older than 12 years, research on infiltration rates of
mature PPS (up to 12 years) suggest that these remain mostly acceptable despite age and that
even clogged PPS permit a significant amount of infiltration (Gonzélez-Angullo et al., 2008;
Boogaard et al., 2014). Furthermore, laboratory simulations have suggested that PPS may
continue operating effectively after more than 15 or 20 years with minimal maintenance
(Yong & Deletic, 2008; Aryal & Beecham, 2014) and studies show that a PPS can perform
sufficiently until 90% of the surface is clogged (Scholz & Grabowiecki, 2007).

There is variability in terms of the extent of clogging to the point that many PPS display

differential infiltration rates within one installation. Authors generally agree that ensuring
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good long-term infiltration performance requires good construction techniques, careful design
and paver selection as well as regular maintenance (Scholz & Grabowiecki, 2007; Beecham
et al., 2009; Yong et al., 2013; Nichols et al., 2014). For PPS treating run-on from
impermeable surfaces, clogging tends to occur from the outer edge inward (Beecham et al.,

2009; Al-Rubaei et al., 2014) as suspended solids are washed onto the PPS.

Figure 2-6: Concept of a Clogging Front (Beecham et al., 2010)

2.4.2.1 Performance

Permeable pavements have inherently high potential for hydrological benefits, and
hydrological performance is a prominent theme in the literature (Drake et al, 2013).
Hydrological performance implicitly refers to the systems’ potential for reducing surface
runoff and peak stormwater flows (Andersen ef al., 1999; Abbot & Comino-Mateos, 2003;
Dietz, 2007; Drake et al., 2013). Runoff infiltrating into the pavement is retained within the
voids of the subgrade. In fact, for small rainfall events, PPS may have sufficient storage to
retain the entire event (Andersen et al., 1999). The technology has proven to be extremely
effective in reducing surface runoff; an investigation undertaken on a PPS in Sydney shows a
steep decline in the runoff coefficient post construction of the permeable pavement,
effectively reducing the catchment imperviousness from 45% to 5% (Ball & Rankin, 2010).
The same study suggested that rainfall intensities greater than 20mm/hr were required to

generate surface runoff.

Overall runoff reduction refers to the reduction of flows from a drainage area to the drainage
system affected by the implementation of SuDS in this area. Permeable pavements have been
shown to reduce total flow volumes from between 24% and 93%, while consistently

achieving peak flow reductions of more than 30%; sometimes as high as 80% (Rushton,
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2001; Abbot & Comino-Mateos, 2003; Drake et al., 2013). These measurements range
widely due to variable designs, environmental conditions and the lack of a unified measuring

metric, and should be seen qualitatively rather than as an absolute performance metric.

Attenuation of flows is achieved by the temporary storage of stormwater within the
permeable pavement structure. These flows are released slowly when the storage is at
capacity, resulting in a timing lag of peak flows. Time lags are highly variable and depend on
the storm and design characteristics. The longest reported peak flow lag was 57.5 hours,
although lags in the order of one hour seem to be more common(Drake et al., 2013).
Concomitantly, PPS will also increase the duration of flows; Abbot & Comino-Mateos

(2003) reported that a two hour event may require two days to drain out of the system.

The hydrological performance of PPS varies widely with different environmental and design
considerations. Typically, PPS tend to be more efficient at flow attenuation and peak flow
reduction for smaller storm events, losing some efficiency in storms with high rainfall

intensities and saturated soil conditions (Andersen et al., 1999; Rushton, 2001)..
2.4.2.2 Maintenance

Frequent inspection and maintenance are recommended for ensuring the long-term
effectiveness of PPS (Legret ef al., 1996; Yong & Deletic, 2008).. A number of studies have
investigated possible methods of periodically removing the crust material from the pore space
of permeable pavement installations e.g. Balades et al. (1995) and Pratt et al. (1995). One
possible method is washing with water at high pressure, using a man-operated portable or
vehicle-mounted pressure-washing unit. Other typical maintenance includes vacuum
sweeping of the surface every three months (Woods-Ballard et al., 2007; Armitage et al.,
2013) and sweeping with ordinary brooms. In the event of pavement failure across a PPS,
Woods-Ballard et al. (2007) suggest removing surface layering, bedding layer and geotextiles

as well as removing and washing the sub-base, if required.

User concerns around clogging and maintenance are cited as one the limiting factors of more
widespread SuDS uptake (Heal et al., 2009). However, SuDS have been cited as having
lower maintenance costs than traditional drainage systems (Heal et al., 2009; Houle et al.,

2013). This may not relate directly to PPS, however.
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2.4.3 Drivers of Pollutant Removal

The main form of pollution reduction in PPS is by physical removal of material via filtration
and sedimentation (Balades et al., 1995). This affects reduction of Total Suspended Solids
(TSS) and heavy metals, which are often adsorbed to TSS particles; most of these pollutants
are stored in the top layers and at the geotextile layer (Legret et al., 1996; Mullaney et al.,
2011).

Sedimentation occurs throughout the pavement, at various rates depending on the hydraulic
characteristics of the medium. As sedimentation progresses, smaller particles may adsorb to
the deposited sediment (Minton, 2002). This postulate would suggest that pollutant removal

capacity increases with time.

Apart from filtration, which only treats TSS and adsorbed pollutants, PPS also promulgate a
microbial diversity which is capable of significant hydrocarbon removal (Coupe et al., 2003;
Newman ef al., 2006). Biofilm generation is improved by the presence of a geotextile layer,
which traps oils and provides a substrate for microbial community development, whereby
natural occurring microbial diversity outlasts targeted inoculation attempts (Coupe et al.,
2003). Studies have shown that hydrocarbons trapped on geotextiles provide a food source
for aerobic bacteria and fungi, converting the hydrocarbons into sugars for growth and carbon

dioxide (Newman et al., 2006).

2.4.4 Pollutant removal capacity in literature

PPS have often been credited with significant pollutant removal capacity. A significant focus
in research has been the removal of heavy metals and oils, both of which is typically very
high (Balades et al., 1995; Pagotto et al., 2000; Brattebo & Booth, 2003; Fach & Geiger,
2005). Most heavy metals are retained in the top layers of the PPS, where they remained
adsorbed to particulates. Studies have shown reductions of heavy metals up to >90%,
although ~80% is more typical (Rushton, 2001; Scholz & Grabowiecki, 2007; Scholz, 2013).
While some hydrocarbons such as petrol and diesel fuel have been found to have removed
completely, motor oil removal has also been consistently high at >90% (Brattebo & Booth,
2003; Scholz & Grabowiecki, 2007). TSS removal varies from 37% to 94% (Beecham et al.,
2012; Drake et al., 2013).

Nutrient removal rates are varied, and difficult to summarize due to different reporting forms

for different nitrogen species. However, studies suggest pollutant removal rates of >80% for
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ammonia, >50% for total nitrogen and >70% for orthophosphate (Tota-Maharaj & Scholz,
2010; Beecham et al., 2012). Furthermore, Tota-Maharaj & Scholz (2010) found that removal

of key microbial indicators was >99%.

It should be noted that all the figures above refer to ‘removal’ as a ‘reduction in
concentration’. Therefore, if pollutant removal is considered from a Total Maximum Daily
Load (TMDL) perspective, the reduction of outflow in combination with the reduction of
pollutant concentrations would lead to a significant reduction in pollutant loading (Tennis et

al., 2004).

2.4.5 Stormwater Harvesting

Stormwater harvesting is an increasingly popular water source alternative. While stormwater
harvesting systems have been designed before, the concept has only recently developed into
an integrated approach with stormwater management (Goonrey et al., 2009). Use of
stormwater for irrigation is not a new concept, and an investigation of stormwater quality in
the Maltese Islands showed promising results for stormwater reuse (Gatt & Farrugia, 2012).
Stormwater harvesting by the use of rainfall tanks is a long-standing practice which can
reduce water demand, but can also exhibit catchment-wide volume reduction and flow

attenuation (Mitchell ef al., 2006).

In the past years, the possibility of using permeable pavements as integrated treatment and
harvesting systems has received widespread attention by researchers and engineers. Studies
aimed specifically at utilising harvested water from PPS have determined that harvesting and
re-use is possible, and that PPS are capable of providing water of adequate quality for a
variety of purposes (Nnadi et al., 2008; Beecham ef al., 2010). Many modern water uses such
as flushing toilets make use of high-quality potable water, effectively wasting a valuable
resource. Many of these use-cases could benefit from utilising harvested stormwater, thereby

reducing overall water demand.

A team of researchers in Britain found that irrigating with stormwater from PPS was feasible
(Nnadi ef al., 2008). Similarly, a number of studies have evaluated the concept of integrating
geothermal heat pumps or ground source heat pumps into the PPS substructure (Coupe et al.,
2009a, 2009b; Scholz & Grabowiecki, 2009; Tota-Maharaj, 2010; Nnadi et al., 2014). The
collaborative effort between multiple authors found that PPS could effectively be used as a
thermal exchange system without significantly affecting the effluent water quality. While this

is not a result directly impacting the primary focus of this study, the potential to
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simultaneously reduce water consumption and energy consumption may have significant

environmental benefits. Water and energy are closely coupled resources.

As mentioned above, PPS are not particularly effective at nutrient removal (although some
studies show high removal rates of nitrogen and phosphate). This makes irrigation with
harvested stormwater from PPS feasible, as it serves the dual benefit of providing bio-
available nutrients to plants and reducing the nutrient concentration within the stormwater as

it percolates through the natural substrate.

In a PPS with an impermeable liner, water is stored within the substrate up to the level of
the underdrain pipe. This storage causes an overall volume reduction of runoff, but this effect
is neutralised in successive events if the water is not remove. Furthermore, if the water is
used for irrigation purposes this promotes groundwater recharge and stabilises low-flow

regimes (Hamel & Fletcher, 2014).

2.5 Assessing PPS Performance

Terms like ‘performance’, ‘effectiveness’ and ‘efficiency’ are often used interchangeably, but
may have significantly differing meanings. For SuDS, ‘performance’ is defined as a measure
of how well the system meets its goals for stormwater that flows through, or is processed by
the system, whereas ‘efficiency’ is a measure of pollutant removal, and ‘effectiveness’ refers
to performance for all stormwater flows, including flow by-passes (Strecker et al., 2001).
When evaluating a SUDS/BMP/LID implementation, it is thus important to carefully qualify

performance, effectiveness and efficiency with regards to specific objectives.

The concept of ‘performance’ of drainage systems is an evolving one. Under the ‘drainage
efficiency’ approach performance refers to the ability to rapidly drain stormwater away from
urban areas to prevent flooding(Burns et al., 2005, 2012; Shuster et al., 2005). With the
appearance of LIDS in the 1970s, performance criteria began to change (Fletcher et al.,

2014a). As the name suggests, LID was concerned mostly around impact-reduction.

With increasing awareness around the effects of stormwater pollution, the concept of
‘efficiency’ began to emerge as a concern in stormwater management infrastructure (Walsh,
2000). Performance criteria for SUDS began to increasingly include pollutant reduction
(efficiency), largely popularizing SUDS with good pollution reduction characteristics such as

PPS and constructed wetlands (Goonetilleke et al., 2005).
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With increasing implementation of SUDS, performance and efficiency moved from a single-
development scale to a sub-catchment and catchment scale as cumulative impacts of SUDS
began to emerge (Petrucci ef al., 2013). Many Australian authors began to look at catchment-
wide stormwater management, and while the concept of ‘pre-development’ flows had existed
in LID considerations, there is a lack of understanding as to how these systems scale to
catchment-wide impacts (Burns ef al., 2013). In addition to this, maintenance of low-flow
and base-flow has also become a recent concern in SUDS literature (Hamel et al., 2013;

Hamel & Fletcher, 2014).

While the concept of ‘natural flow regime’ or ‘pre-development flow’ are often quoted as
objectives, a move towards an ecohydrological approach calls for the consideration of the
flow and quality requirements of urban streams in order to meet ecological objectives
(Fletcher et al., 2014b). While the proponents of said approach still argue largely for ‘natural’
stream flow, ecological objectives need not include a return to pre-development status, as
ecological restoration or rehabilitation is a highly normative concept in environmental
management. There is also a distinct difference between the concepts of restoration and
rehabilitation, as restoration implies that the ecosystem will be restored to pre-development
conditions. However, the feasibility, possibility and desirability of complete restoration are
questionable. Rather than unilaterally declaring pre-development conditions as being a
rehabilitation goal, managers should aim for water management objectives which provide

appropriate ecosystem function and human amenity within the given context.

In summary then, objectives of stormwater management have become increasingly
diversified, have experienced a shift from site-specific to multi-scale, and are increasingly
cognizant of ecosystem resilience type management rather than technocratic flow and

pollutant reduction.

2.5.1.1 Problems with the percentage reduction performance metric

While percentage reduction (ratio of pollutant concentration in the effluent vs. the influent) is
a widely used performance metric for SuDS, there are a number of systemic and
methodological concerns around its validity, as it can result in misrepresentations of system

performance (Wright Water Engineers and Geosyntec Consultants, 2007).

A system may have a significant percentage reduction of a pollutant, but may still discharge
unacceptable concentrations of the pollutant resulting in adverse downstream effects for both

aquatic ecosystems and potential users of harvested stormwater. Furthermore, the nature of
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using relative metrics as performance criteria is inherently flawed as a high percentage
reduction is more commonly driven by a high influent concentration. SuDS also tend to
display complex relationships between influent and effluent concentrations; they also tend
towards ‘irreducible concentrations’ of pollutants (USEPA, n.d.; Wright Water Engineers and
Geosyntec Consultants, 2007). For PPS, which treat water from their own surface area
additionally to any runoff from other sources, accurately determining the influent quality is
extremely challenging. Thus, percentage removal ratios would have to rely on either tests
under laboratory conditions or direct comparisons to impermeable surface areas. The latter
method is problematic as runoff quality is highly site-specific, while the former may not give
a true representation of field conditions. Furthermore, filter-type SuDS such as PPS have
been shown to exhibit a mostly constant effluent concentration of TSS regardless of the
influent quality, which makes the percentage removal metric solely reliant on the influent

quality (Wright Water Engineers and Geosyntec Consultants, 2007).

Methodological problems arise from inconsistent statistical handling of measured parameters.
Outliers and single readings may skew performance reporting, and different methods of

estimating percentage reduction may give varying results for the same dataset.

2.5.2 Pollutant Performance Metrics in the literature

Three main methods of reporting pollutant treatment performance of PPS were identified in

the literature. They are as follows:

. Removal Efficiency: This metric is mostly used to report on laboratory and
simulated studies on permeable pavements. This is the only scenario where
influent pollutant concentration can be accurately determined, and thus is the only
type of study where true removal can be determined. (e.g. Fach & Geiger, 2005;
Mullaney et al., 2011; Tota-Maharaj & Scholz, 2010)

. Reduction with regards to an impervious ‘reference’: This is commonly found in
field studies of PPS. This is an attempt at quantifying the ‘improvement’ in
quality performance of PPS over impermeable areas. (e.g. Legret et al., 1996;
Legret & Colandini, 1999; Beecham et al., 2012)

. Reporting absolute values: These are studies which do not attempt to make
comparisons, or to compare the influent and effluent. Commonly, results are
reported along with common stormwater pollutant values from the literature. The
previous two methods often incorporate this, as effluent concentrations are
usually listed in results, but do not us absolute values as a performance metric
(e.g. Shackel et al., 2003; Newman et al., 2013).
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2.5.3 Monitoring

Figure 2-15 illustrates the general parameters that need to be considered when undertaking
monitoring of any stormwater processes. It is important to understand that monitoring is goal-
driven, but also constrained to local characteristics and budget. These two limiting factors

will impact the planned programme.

Because stormwater quantity and quality are both important concepts in terms of
understanding environmental impacts — and owing to the fact that both are highly variable
between different sites and between rainfall events — capturing variability becomes crucial to

a comprehensive understanding of the behaviour of the permeable pavement system.
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1- Figure 2-7: Monitoring stormwater processes (Barbosa et al., 2012)

2.5.3.1 Water quality monitoring

Most methodologies in the literature make use of a combination of monitoring systems for
permeable pavements. It is quite common to use automated, flow-actuated samplers for
unsupervised sampling (Legret ef al., 1996; Rushton, 2001; Ball & Rankin, 2010; Page et al.,
2014). These samplers are flow-weighted, and collected samples are then subjected to
standard water quality testing. As an alternative, multi-parameter probes may be used, which
can record water quality parameters continuously (Alsubih et al., 2014; Lariyah et al., 2014).
In order to make up for the limited number of parameters which probes can monitor, the use

of these devices is wusually supported by the collection of hand samples
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3 - METHODOLOGY

This section will describe the general approach towards field monitoring of PPS, as well as
details about sampling and analysis. The methodology emphasises the monitoring of a newly
constructed and specifically designed test pavement. Since ordinary flow monitoring was not
available, the main focus was on quality monitoring, and obtaining sufficiently representative
data to account for potential event-specific variability, as recommended in Barbosa et al.
(2012). The main limiting factors of the study the number of events sampled and a relatively

low number of qualifying storm events.

3.1 Field Sampling

It is difficult to analyse influent quality of PPS as the pavement acts as its own source of
pollutants. Furthermore, the site for analysis did not receive any run-on flows from other
catchments which could be intercepted and analysed pre-treatment. As such, simple treatment
efficiency (in terms of overall pollutant removal) is problematic in a field analysis. This study
instead took the approach of evaluating the absolute effluent quality of PPS, and comparing it
to the South African Water Quality Guidelines. Where possible, some impermeable reference

sites were analysed in order to contextualise the water quality results.

Due to a limited budget, only one site could be monitored using a sequential automatic
sampler capable of taking distinct samples throughout the event. The effluent from this site
correspondingly received the most intensive analysis. However, this monitoring could only
commence in June 2015 and in the meantime an existing PPS and nearby impermeable site
were monitored using grab sampling. This monitoring continued during the winter season,

where possible.

Two impermeable reference sites at the University of Cape Town (UCT) where monitored
using a sequential bottle sampler setup. This consisted of self-sealing 500ml PET bottles
joined with agricultural piping. The assumption was that as each bottle filled and sealed, it
would preserve a different segment of the storm event, thereby increasing the understanding
of the ‘first flush’ effect. In practice, this consisted of two self-sealing bottles, followed by a
one litre bottle which was kept open. The last bottle was intended to mix throughout the

event, and give an indication of the quality towards the tail end of the storm.
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Figure 3-1: Sequential bottle sampler in the background, with first bottle containing sample shown in the foreground
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3.2 Site Descriptions

3.2.1 NEBPPS

NEB-A

NEB-B

NEB-I

Figure 3-2: Original consultants drawing for design of NEB PPS parking lot
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Constructed end 2014, the site was initially intended to attenuate rainfall falling onto the
parking lot for the New Engineering Building (NEB) at the University of Cape Town (UCT).
The original design plans are available in0. This parking lot was initially designed to provide
parking for 26 cars. As UCT was built on a steep slope, the pavement is bordered by two
steep embankments, with a rain garden located on the uphill embankment. This garden is

raised above the PPS and held back with curb stones.

Figure 3-3: Schematic of the NEB PPS surface layout, including monitoring chambers.

During the design phase, the PPS it was modified to facilitate ongoing monitoring. The site
was split into three different segments separated by ground beams. This modification was a
requirement due to the slope of the site, and it provided an opportunity for modifying the
pavement as an experimental site. One of these sections was intended to receive roof runoff,
and was excluded from the monitoring plan, with the exception of NEB-I (Figure 3-3); this
section was intended to have its surface sealed in order to provide an impermeable ‘reference’
site. Figure 3-4 illustrates the sub-surface layers of the PPS, which in this case includes an
impermeable layer above the sub-grade. NEB-A was constructed without a geotextile, in

order to later monitor the long term effects of the presence of a geotextile.
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Figure 3-4: Layer works design diagram for the NEB PPS. Note that the top layer of geotextile was omitted for NEB-
A

As the PPS was constructed with an impermeable bottom layer due to unfavourable subgrade
conditions, an underdrain was placed in each section in order to discharge stored water into
an existing stormwater pipe. An accessible monitoring chamber was placed at junction of the
stormwater pipe and the underdrain, elevated in order to allow PPS effluent to be sampled.
An instrumentation chamber was constructed near the PPS, and conduits where laid to each

monitoring chamber.

Figure 3-3 shows how the pavement has been divided into three test areas, NEB-A, NEB-B
and NEB-I. NEB-I was sealed off, and surface runoff was directed via a surface channel into
a stormwater grate, where a sequential bottle sampler was placed to receive surface runoff. A
funnel was fastened to the underside of the grate, as close to the channel as possible. The
funnel was attached to the sampler via a piece of silicon hose. This sampler was placed no
longer than 24 hours before a storm event (where possible) and retrieved within ten hours of

cessation of rainfall.
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Figure 3-5: Picture of the NEB PPS. Note the ground beam separating PPS sections in the middle of the picture

In both monitoring chambers of NEB-A and NEB-B, a 90° V-notch weir box was placed,
which was intended to serve the dual purpose of acting as a container for the sampling hose

and for future flow monitoring purposes.

The monitoring chamber at NEB-B was linked to an Isco™ 6712 autosampler housed in the

instrumentation chamber via a 25ft sampling hose laid through the provided conduit.
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Figure 3-6: ISCO 6712 Sampler with 24 bottle arrangement

The sampler had a sequential setup consisting of 24 500ml HDPE bottles and was
programmed to take distinct samples of 480ml at one-hour intervals from the onset of
outflow. Due to the lack of a flow-monitoring device, the programme was level-actuated by a
float switch placed in the weir. The 6712 breaks out three pins for Input/output (I/O)
programming on the Rain Gauge panel mount connector. In this case, I/O pin 1 was
programmed to receive an active low signal. The simple circuit shown in Figure 3-7 below
was soldered onto stripboard and connected to the float switch via a wire through the conduit.
The float switch was normally closed, pulling the I/O Pin to +12V (a high signal). When the
water rose, causing the switch to open, Pin 1 was pulled low through the 100k pulldown
resistor, thereby enabling the programme. The resistor selected had a high resistance value to

reduce quiescent current draw.
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+12V DC

Float Switch (Closed)

I/O Pin 1 (Enable on LOW)

Resistor (100k|Q)

Ground

Figure 3-7: Active low switching circuit used with float switch to enable the sampling program at a suitable water
level

The sampler was programmed to “take sample at enable” and the programme allowed for

repeatable enables in case rainfall and consequent flow was intermittent.

This setup had the distinct advantage that the sampler could be prepared well ahead of
scheduled rainfall. As this sampler was placed in the instrumentation chamber, with a
sampling hose running through the conduit to the monitoring, access during parking hours
was less problematic at this site. Regular access was still required to drain and clean the V-
Notch weir box after each event, in order to prevent contamination of dormant water for

subsequent events.

NEB-A was monitored with an ISCO GLS composite sampler, programmed to take a
composite sample consisting of 49 samples of 150ml each, at 30 minute intervals.
Unfortunately, the instrumentation chamber proved too small to house both samplers.
Therefore, the sampler had to be placed in the NEB-A monitoring chamber instead. Since
direct access to the chamber was required to set up and retrieve the sampler, several events

were missed when this was not possible.
3.2.2 Rondebosch Permeable Pavement (RPPS)

While NEB-B was being constructed, another permeable pavement was selected for
monitoring via grab samples. This PPS is located in an upmarket residential area called The

Rondebosch, within a lkm radius of the NEB site. Unfortunately, the initial design
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schematics were not available, so the depth and layering of the PPS are unknown, though it

also contained an impermeable substrate layer.

The PPS provides parking for The Rondebosch residents, and received runoff from roof

surfaces as well as impermeable pavement.

Figure 3-8: Image of RPPS. The PPS covers the parking bays only, while the remainder of the pavement is
impervious

Flow from the PPS was discharged into a chamber covered by a stormwater grate, before
flowing into a suspended slab. Unattended sampling without an automated sampler was
impossible for this site, and a sampler could not have been accommodated. Consequently this
site was monitored by grab samples alone. Notably, this site was the only site without any

vegetative cover.

3.2.3 Rondebosch Train Station (RTS)

This was an impermeable parking lot for the Rondebosch train station, directly adjacent to
The Rondebosch. It was selected for grab sampling in order to obtain comparative samples
for RPPS. The site had two stormwater inlets which could be sampled. While initially only

one (RTS 2) was sampled, during the winter sampling period it was noted that the other inlet



3-48

was blocked. This allowed for sampling even after flow had subsided. However, the two

inlets also showed significant quality differences, and thus both were later monitored.

Figure 3-9: Picture of RTS, a public parking lot for a train station

324 P8

P8 was an asphalt parking lot at the University of Cape Town, providing parking for the
Department of Chemistry. It was added during the winter period as it became obvious that too
many events were being missed from NEB-I, where the grate was commonly inaccessible.

The site was downhill of a steep, vegetated embankment.

Like NEB-I, it was monitored with a sequential bottle sampler. A small baffle was created in
the channel, and a silicon hose was used to siphon off gathered water into the sequential

sampler.
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Figure 3-10: Picture of P8 shortly after rainfall. Runoff discharges into an open culvert on the left of this picture

3.3 Pilot Study Sampling

Only three rainfall events were sampled during the pilot study, on the 4% 13™ and 26™ of
November. Water samples were taken at regular intervals, initially as close to 15 minutes as
possible. pH and Electrical Conductivity (EC) was tested in-sifu using hand held probes.
Samples were taken in 100ml PET sample bottles, which were returned to the laboratory and
stored at less than 4°C. Samples were analysed for ammonia-nitrogen and orthophosphate as
soon after collection as feasible. Samples were analysed using a Hach DR2700
Spectrophotometer and Hach Methods 8155 and 8048 for Ammonia Nitrogen and Reactive
Orthophosphate respectively. Lack of available equipment at the time, and an insufficient

sample volume resulted in samples not being preserved for TSS analysis.

3.4 Parameter Selection

The parameters tested during the study were Electrical Conductivity (EC), pH, Ammonia-
Nitrogen (Total Ammonia), Orthophosphate, Total Suspended Solids (TSS) and Heavy
Metals. Electrical conductivity and pH were selected as readily measurable parameters using
hand-held and laboratory probes. TSS is one of the most widely recorded parameters in water
quality assessments, as other pollutants such as heavy metals and micro pollutants often
adsorb to the surface area. Furthermore, elevated TSS can have inherent adverse effects on

downstream ecosystems and pose a potential risk for stormwater reuse.

Orthophosphate and Ammonia readings were selected as convenient proxies for nutrient

levels, as used by Winter & Mgese (2011). Heavy metal analysis was conducted by the
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University of Cape Town Chemistry Department via Microwave Plasma Atomic Emission
Spectroscopy (MP-AES).However, the only results received for analysis to this date were for

Copper and Lead.

Table 3-1: Analysis methods followed, along with their EPA equivalent methodologies and concentration ranges

Parameter Method EPA Equivalent Range/ detection limit

Nitrogen, Ammonia Hach Method 8155 N/A 0.01-0.5 mg/1

Orthophosphate Hach Method 8048 4500-P-E 0.02-2.5 mg/l

Total Suspended Solids EPA Method 160.2 EPA Method 160.2 2 mg/l detection limit
(Modified) for SOml samples

It should be noted that this study uses the terms ‘Orthophosphate’ or ‘O-phosphate’ and
‘Ammonia’ instead of referring to the ion formula for abbreviation. This is because PO4" may
refer to other forms of phosphate (meta-, poly- and pyrophosphates), while NH4" or NH3 may
be ambiguous. Ammonia here is defined as Total Ammonia unless otherwise specified Total

Ammonia is the sum concentration of the ionised and unionised forms of ammonia.

3.5 Full scale field sampling

Before each qualifying rainfall event, all monitoring pits were emptied and cleaned. Sample
bottles were cleaned with a 1:5 mixture of 45% H2SO4 and distilled water. Samplers were
programmed and tested. The ISCO GLS sampler had to be programmed to take a sample at
the estimated time of start of flow, as automated activation was not possible. After each
rainfall event, samples were retrieved and immediately analysed for pH and EC. Nutrient
analyses were done immediately where possible, or within 24-48 hours while stored at less
than 4°C. Retrieval was, in some cases, impaired by parked cars, but generally retrieval
occurred within 4-10 hours of cessation of rainfall. Where possible, grab samples were also
taken from RPPS and RTS for comparison. These were analysed immediately for pH, EC,

ammonia-nitrate and orthophosphate.

After nutrient analysis, samples were preserved by addition of HNOs to reduce the pH to less
than 2, and stored at below 4°C in PET bottle. TSS samples were performed more than 28
days after collection, due to equipment and laboratory availability; while this may have
compromised samples for EPA reporting, little impact is expected on actual TSS values. For

TSS testing, 47mm diameter, 1.5 micron glass fibre filter paper was used, and filters were
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washed out with three aliquots of deionised water. Filters were then dried in an oven at 105°C
for one hour, before being weighed with an electron scale with 0.1mg accuracy. Filters were
placed in a Millipore™ sterile filter holder, and where possible, 150ml of sample was filtered
through the paper. The sample volume varied depending on available sample amount and
suspended solid concentration, but no less than 50ml was used. Samples were removed
carefully with forceps, placed on tinfoil and returned to the oven to dry for another hour at
105°C. Samples were then weighed again using the same scale; the difference in mass of the
filters was recorded and converted to a concentration of TSS. One in every 20 samples was a

blank, where deionised water was used instead of sample. The blank ensured test accuracy.

Rainfall data was acquired from a weather monitoring station positioned at UCT. Data was
supplied by the GEF (Global Environmental Fund) Fynbos Fire Project, Weather Station
Network funded by The GEF Special Climate Change Fund (SCCF), http://fynbosfire.org.za.

Access to the Weather Station Network is at http://www.wmon.co.za, UCT station ID is 16.

The station records rainfall data at hourly intervals.
3.6 Data Analysis

3.6.1 Rainfall Analysis

Rainfall data was aggregated into total daily precipitation. Rainfall events were determined,
where an event was defined as a sequence of contiguous rainy days. From this, the total event
rainfall was calculated. The study period was defined to be from the 01/11/2014 to the
01/11/2015. The pilot study was conducted from the 01/11/2014 to the 01/12/2014, while
monitoring the NEB site began after the arrival of the automatic samplers on the 02/06/2015.

For events from the 16 June onwards (5-11) the amount of rainfall required to emit
significant flow was determined by summing the rainfall values from that event up to the
sampler start time. Rainfall data was only available in hourly intervals, so where the sampler
start timing included a significant portion (20 minutes or more) of the next interval, that
interval was included in the estimate (i.e. if rainfall began at 13:00 and the sampler began at
16:40, rainfall was summed from 13:00 to 17:00). This provided a crude measure of the
amount of rainfall required to generate flow from the PPS.

3.6.2 Inter event analysis

For NEB-B, the results for each event were averaged. Due to the lack of flow data, these

averages were not flow-weighted, and thus do not represent a true EMC. The Standard Error
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of the Mean (SEM) was calculated for each event and reported. RPPS and RTS sites were

analysed similarly.

The sites monitored with bottle samplers were treated differently. Samples were averaged
across the study period. Total averages were computed along with the averages for each of

the three bottles.

3.6.3 Intra Event Analysis

NEB-B was the only site with sufficiently high temporal resolution and representativeness to
warrant intra-event analysis. The values were standardised to the event mean, then
categorised depending on which time segment they occurred in, and all values for a particular
time segment were averaged and reported with SEM. This was done to determine if there

were any temporal dynamics exhibited at the intra-event level.

3.6.4 Correlation

Each of the parameters was rank and linearly correlated with selected rainfall-based drivers,

as well as with each other. Drivers included the following:

e Total Event Rainfall: The total precipitation during the event.

e Event Number: The number of the measurable event in the study (1-11).

e Cumulative rainfall: Cumulative rainfall from measurable events only on NEB-B
from the 02/06/2015

e Antecedent Dry Weather Period (ADWP): Number of days since the last rainfall
event, regardless of event size (i.e. including non-measurable events).

e Time Since Last Measurable Event (TSLME): Number of days transpired since the

last event which generated outflow. Effectively, days between measurable events.
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4 - RESULTS

Results are presented in below. Results from NEB-B are preceded by a brief description of
sampled events and rainfall patterns throughout the study. NEB-B results are first described
by inter-event averages, explaining the progression of pollutant concentrations in effluent
from event to event. Intra-event analyses investigate whether or not NEB-B displayed any
variability in pollutant concentration throughout the event. Summary results from the other
pavements precede a summary table showing all study averages. Results from the pilot study
can be viewed in Appendix A, along with correlation matrixes for parameters and rainfall

characteristics.

4.1 Rainfall Characteristics

Results were gathered over a period from the 01/11/2014 to 01/11/2015. During this period,
48 unique rainfall events were identified, of which 11 were sampled. Three of these
constituted the pilot study, and were all sampled during November 2014. The remaining eight
occurred between June and November 2015. These rainfall events totalled 409.2mm
cumulatively, which is more than 50% of the 784.6mm that were recorded over this period.
This does not consider potential lost records due to equipment malfunction or rainfall below
detection limits, but suggests that data gathered may be considered strongly representative of
a rainy season. Table 4-1 displays the sampling dates as well as which sites were sampled and

the corresponding event identifier.
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Table 4-1: Sampled Rainfall Event dates, with sites sampled and event duration

Event #: Sampling Rainfall (mm):  Date: Number of Study: Sites Sampled:
Event: Days:

1 1 11.43 03/11/2014 2 Pilot RPPS, RTS

2 2 19.05 12/11/2014 4 Pilot RPPS, RTS

3 3 15.24 26/11/2014 2 Pilot RPPS, RTS

25 4 38.354 02/06/2015 2 Full NEB-B, NEB-I

26 5 64.77 15/06/2015 2 Full NEB-B, NEB-I,
RPPS, RTS

27 6 32.004 23/06/2015 3 Full NEB-B, RPPS,
RTS

31 7 42.418 16/07/2015 3 Full NEB-B, RPPS,
RTS, P8

32 8 50.8 22/07/2015 3 Full NEB-B, P8

33 9 52.832 29/07/2015 2 Full NEB-B, P8

36 10 37.592 15/08/2015 2 Full NEB-B, P8

48 11 45.466 01/11/2015 2 Full NEB-B, P8

Monitoring in NEB-B began from the second of June 2015, and eight events were sampled by
November 2015. Each event exhibited rainfall levels of 25mm or more, while events below
this threshold did not appear to generate flow. Two events meeting this criteria were not
sampled throughout the study. The first was on the fifth of January before the monitoring set
up was complete, and the second on the 15 of September which was confirmed as a missed
event. Confirmation was possible, as evidence of outflow was present in the monitoring

chamber.

The eight events sampled during the period of June to November 2015 were coincidentally
the largest rainfall events during the study period, and seven of these events occurred within a

two month window.
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Event Dates

Figure 4-1: Rainfall event dates during study period. Black bars indicate the sampled events during the main study;
sampled event numbers are shown above the bars.

According to the EPA Industrial Stormwater Monitoring Guide of 2009, a storm event

qualifies for monitoring if:

e [t generates discharge from the monitoring site (i.e. it constitutes a “measurable storm
event”)

e The measurable event occurs at least 72 hours after the preceding measurable event,
unless a less than 72-hour period is representative of distinct local storm events

(USEPA, 2009)

All recorded events met the requirements of being measurable (generating discharge) at
NEB-B, and of being more than 72 hours after a preceding measurable event. However, event
4 and event 10 were both preceded by non-measurable events within four days. Stored water

from these preceding events may have magnified the outflow from the measurable events.

4.2 NEB-B

NEB-B has been studied more thoroughly than any other site, with 94 separate readings
across eight rainfall events, and taken at regular time intervals. This allows for analysis of not

only the event averages but also of intra-event behaviour. These trends can be interesting in
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their own right, but become extremely useful in elucidating any underlying mechanistic

biases inherent in the event averages (such as the presence of a ‘first flush’ effect).

Table 4-2: Cumulative rainfall per event before sampler was triggered shown with antecedent dry weather days for
that event. Note missing event 4, as it was only automated by event 5

Event: Antecedent Dry Weather Days: Cumulative Rainfall before sampler trigger (mm):
5 12 20.06
6 7 19.3
7 3 8.13
8 4 20.83
9 5 16.77
10 2 8.39
11 11 19.05

Table 4-2 is an indication of how much rainfall was required to generate meaningful outflow.
There is a clear indication that NEB-B requires around 20mm of rainfall if there have been no
events (measurable or non-measurable) more than three days prior. Where rainfall had
occurred beforehand, the amount required seemed to sink to 8mm. Event 9 is a slight outlier,

as the sampler triggered after just less than 17mm of rainfall.

4.2.1 Inter-Event Variability
4.2.1.1 Total Suspended Solids

A surprising result from NEB-B emerged, as effluent was elevated in TSS and suspended
solids were visible to the naked eye. The suspended particles consisted mainly of fines that
were light brown in colour, and could be clearly seen after the TSS test. It was concluded that
the contractors had constructed the sub-base of NEB-B with unwashed aggregate, and that

this construction sediment was being washed out of the pavement.
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Figure 4-2: Image of filters after TSS test. From left to right are RTS, NEB-B and RPPS. Note the fine brown layer of
sediment on the filter from NEB-B, whereas RPPS is almost indistinguishable from the deionised water blank

Event-averaged TSS concentrations are shown in Figure 4-3 below. Averages ranged from
15.5mg/1 to 54.9mg/l. While displaying an initially linear increase in average concentration,
the TSS then decreased sharply during event 8, and increased to peak levels during event 10.
Event 11 showed an unusually high Standard Error, which was mostly due to an abnormally
high initial TSS during the event (184.6 mg/l, more than twice as high as any other single
reading) which dropped off sharply to levels below 10mg/1 after the fourth sample. Standard
error was quite high in general, indicating that there is considerable intra-event variability of

TSS.
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Figure 4-3: Average TSS concentrations for each event, along with total event rainfall. Initially, TSS appears to
increase linearly from event to event.

While it would be expected that the sediment contained in the PPS structure would be washed
out incrementally, this was clearly not the case. Given that TSS concentrations correlate
significantly with TSMLE, the most feasible explanation of the trend would be that TSS was
being migrated through the pavement by sequential, smaller rainfall events and then
transported out during measurable events. However, this would require further study on

comparable sites.

4.2.1.2 Orthophosphate

Orthophosphate concentration increased with consecutive rainfall events, from a level of
about 0.05 mg/l to a level between 0.25 and 0.3mg/l. Like TSS, the pattern of increasing
event averages was interrupted by events 8 and 9. Unlike TSS, orthophosphate in event 11

did not drop off sharply, but remained at fairly constant levels throughout the event.
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Figure 4-4: Average Orthophosphate concentrations for each event, along with total event rainfall. Similarities in

progression with TSS are evident.

Like TSS concentrations, Orthophosphate concentrations rank-correlated strongly with
TSLME. Since they did not correlate with antecedent dry weather period, this suggests that
smaller events may be a driving factor in the event averages of measurable events. The
parameter also correlated well, both linearly and by rank, with TSS. While this may support
the assumption that higher orthophosphate levels are caused by phosphates adhering to
suspended sediment, the correlation became far weaker when the two were correlated by each
reading rather than by the event averages. l.e. a sample with high TSS did not necessarily
display high orthophosphate, but events which demonstrated high TSS averages also tended
to have high orthophosphate averages. This would indicate that there is not a direct causal
relationship between TSS and orthophosphate but rather a common cause affecting both TSS

and orthophosphate at the event-average scale.
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4.2.1.3 Ammonia
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Figure 4-5: Average Ammonia concentrations for each event, along with total event rainfall

Average Ammonia concentrations were consistently below 0.2 mg/l with remarkably low
variation. While Ammonia concentrations show a far less discernible pattern than TSS or
Orthophosphate, the peak at event 10 is evident. Similarly, event § is identifiable as having
the lowest overall average concentration. While the Ammonia concentrations correlate

somewhat with TSS, the correlation coefficient is not significant.
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4.2.1.4 Electrical Conductivity
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Figure 4-6: Average EC for each event, along with total event rainfall.

Apart from the single outlier of Event 10, EC showed a continuous linear decrease from event
to event. This is given statistical significance by the linear correlation coefficient, and while
the significance level was rather low (0.1), the fact that removing the outlier increased the
correlation coefficient drastically strongly supports the theory that EC decreases linearly with

each successive event.

Results from RPPS show a similar pattern of decrease, where initial readings from the pilot
study showed an EC of 235uS/cm, which dropped down to 97uS/cm during the winter
rainfall. This was similar to the decrease from 220uS/cm to 86uS/cm from events 4 to 11.

Since RPPS is an older site this could be a seasonal pattern.

Linear correlation coefficients further suggest negative relationships between EC, ADWP and
time between measurable events. Rank correlation coefficients for EC were similar to linear
correlations, except for a weaker correlation with TSLME and stronger correlation with event

rainfall.
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Figure 4-7: Average pH for each event, along with total event rainfall.

Average pH ranged from 6.5 to 8.2 across events. Of all the parameters, pH appeared to show
the smoothest pattern of initial increase and slow decrease towards the beginning of summer.
Concurrently, a decrease of intra-event variability with time is apparent, with event 5 having
the widest variability. Event 4 has no error bars as only pH testing strips with low precision

were available and therefore any high resolution variability was lost.
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4.2.2 Intra-Event Variability
4.2.2.1 Total Suspended Solids
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Figure 4-8: TSS concentrations shown at relative sampling time per event.

Figure 4-8 above is a scatterplot of all TSS concentrations according to the time they were
taken from the start of the specific sampling event. The first sample is always irregular (in
that it does not fall into the one hour time step), due to the programming of the sampler as
described in more detail in the analysis section below. Irregular intervals are also seen in
event 8, where the water level in the sampling chamber would have dropped below the cut-
off limit and the programme would have been suspended before consequent rainfall
reactivated it. The shorter time steps are due to a ‘bounce’ effect caused by the trigger system

and the sampler pump backwash function, which will be described later.

It is readily apparent that the highest data density is at less than 12 hours after sampling start.
Only four samples were taken later than that. Three of those are from event 8, where rainfall

ceased early in the event and started again later.

Each event in Figure 4-8 is represented as a separate data series showing intra-event
progression. Each progression displays a trend of decreasing TSS throughout the rainfall

event. For event 11, the first data point has been removed to prevent scaling issues (TSS
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concentration of 184.6 mg/l). The low TSS values evident towards the end of event 11 could
indicate that most of the sediment had been washed out by this stage. Since there have been

no measurable events since, this cannot be confirmed.

Figure 4-9 shows the trend more clearly. Here, data points across all events have been
grouped according to which segment of the sampling event they fall in, and standardised to
event averages. A strong negative linear correlation between TSS concentration and sample

time was present, suggesting that TSS decreases linearly throughout the event.
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Figure 4-9: Event-standardised TSS concentrations aggregated according to sampling time. R? value shown on graph
suggests negative linear correlation between TSS concentration and event progression. The data point at hour one is
an average of the sample at enable and the ‘first’ program sample.
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4.2.2.2 Electrical Conductivity
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Figure 4-10: EC shown at relative sampling time per event. Event numbers displayed on the right border.

Figure 4-10 shows relatively smooth intra-event trends for EC. In general, these are patterns
of decreasing EC with increasing event time. Some added variation is evident in events 4 and

5.

When these values are standardised and aggregated in Figure 4-11 below, a clear initial
outlier is evident, suggesting that the first two readings of each event are significantly
elevated above the rest. The remainder of the readings show no clear pattern, suggesting that

they tend to merely vary stochastically around the mean.
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Figure 4-11: Event-standardised EC aggregated according to sampling time
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4.2.2.3 Orthophosphate
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Figure 4-12: Orthophosphate concentration shown at relative sampling time per event. Event numbers displayed on

the right border

Orthophosphate concentrations as shown in Figure 4-12 above show no clear consistent
pattern throughout events, except for a tendency for initial samples to display a lower
concentration, and samples in the middle of the event to show higher concentrations.

Variability within events was quite high.

Figure 4-13 supports the theory that concentrations from initial samples are considerably
lower than those of consecutive samples, and also indicates that samples taken from the

middle of an event are more likely to show elevated concentrations of orthophosphate.
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Figure 4-13: Event-standardised Orthophosphate concentrations aggregated according to sampling time
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4.2.2.4 Ammonia
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Figure 4-14: Ammonia concentration shown at relative sampling time per event. Event numbers displayed on the

right border.

Unlike the other parameters, Ammonia concentrations do not show a tendency for increasing
or decreasing concentrations. No clear pattern can be discerned here, and Figure 4-15
indicates that values appear to be varying only slightly from the mean. Furthermore,
overlapping error bars indicate that no significant difference can be inferred between

readings.
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Figure 4-15: Event-standardised Ammonia concentrations aggregated according to sampling time
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Figure 4-16: pH shown at relative sampling time per event

pH progresses very consistently to a level between 7.5 and 9, with only event 7 climbing
above a pH of 8.5. Event 8 is an exception in that it is the only event where pH decreases
during the event, whereas all other event show an increase. Event 5 also shows a sharp drop
in pH which is not evident in any other storm event. Figure 4-17 shows the trend of smooth
progression during events. While most of the error bars overlap, there is still a strong

correlation evident in this data. The trend is one of increasing pH, which saturates out.
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25

Figure 4-17: Event-standardised pH aggregated according to sampling time. A smooth ‘saturation curve’ pattern is

evident.

4.2.3 Correlations

4.2.3.1 Linear Correlation

Table 4-3: Correlation coefficients for each water quality parameter and selected rainfall characteristics. Bold

numbers indicate a level of significance of above 0.1, underlined bold number indicate a significance level above 0.05

Drivers TSS EC o-Phosphate Ammonia pH
Event 0.371 -0.599 0.636 0.132 0.494
Event Rainfall

(mm) -0.390 -0.348 -0.076 -0.457 -0.221
Cum. Meas.

Rainfall (mm) 0.362 -0.615 0.637 0.135 0.486
ADWP (Days) -0.209 -0.581 0.265 -0.034 -0.301
TSLME (Days) 0.173 -0.669 0.659 -0.097 -0.013
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TSS - 0.309 0.802 0.606 0.128
EC - - -0.181 0.194 -0.299
o-Phosphate - - - 0.304 0.123
Ammonia - - - - -0.046
pH - - - - -

Error! Reference source not found. above shows the correlation coefficients between each
parameter and Total Event Rainfall, Cumulative Rainfall and Event Number. Cumulative
Rainfall was computed by cumulating only qualifying rainfall events (i.e. cumulative rainfall
at event 5 would be Total Event Rainfall of event 4 and 5 added). As such, there is an

obvious forced correlation between Cumulative Rainfall and Event Number.

If a parameter correlates strongly with rainfall, this would suggest that said parameter is
highly event-specific. Alternately, if it correlates strongly with Event Number, this would
suggest that the parameter is more dependent on the inter-event progression of the system.
Cumulative rainfall is essentially a combination of the two, representing the effect of the total

amount of water that has run through the pavement on the parameters.

Table 4-4: Levels of Significance for correlation coefficients at six degrees of freedom (Siegle, 2015)

Level of Significance: 0.1 0.05 0.02 0.01

Correlation Coefficient: 0.622 0.707 0.789 0.834

Error! Reference source not found. shows the different significance levels for correlation
coefficients at six degrees of freedom (df). The only parameter which shows statistical
significance at any level for any of the selected rainfall characteristics is Orthophosphate. It
shows significant correlation at a 0.1 significance level for both Cumulative Rainfall and

Event Number.

TSS shows a slight negative correlation with rainfall, and equally weak correlations with
event number and cumulative rainfall. All parameters show a slight negative correlation with

rainfall, which can be attributed to dilution effects of higher rainfall.

Error! Reference source not found. also shows cross-correlations between parameters.

Correlations between parameters may be due to causality (parameter A causes parameter B),
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shared causality (another factor causes A and B) or coincidental. A strong correlation is
evident between Orthophosphate and TSS. While not as strong, a correlation between
Ammonia and TSS is also evident. Apart from these two relationships, the remaining

parameters show weak correlation.

4.2.3.2 Rank Correlation

A rank correlation measures the strength of interactions between parameters by correlating
the relative rank of each reading with the rank of the paired parameter. This helps in reducing
the dependence of the correlation on a linear relationship between two parameters. In an
attempt to identify the driving parameter between the curious progression displayed by both
TSS and Orthophosphate, both parameters were rank-correlated with Event number, Event

Rainfall, Cumulative Rainfall, TSLME and ADWP.

The following is a table of the results of rank correlation between the parameters themselves

as well as all possible rainfall drivers:

Table 4-5: Rank correlation matrix between parameters. Note significant correlation between TSS, O-Phosphate and
TSLME

Drivers TSS EC o-Phosphate Ammonia pH
Event 0.310 -0.571 0.595 0.024 0.310
Event Rainfall

-0.524 -0.690 -0.167 -0.500 0.024
(mm)
Cum. Meas.

0.310 -0.571 0.595 0.024 0.310
Rainfall (mm)
ADWP (days) -0.096 -0.659 0.132 -0.180 -0.132
TSLME (Days) 0.762 -0.310 0.929 -0.071 0.119
TSS - 0.262 0.857 0.429 0.143
EC - - -0.119 0.476 0.286
o-Phosphate - - - 0.190 0.048
Ammonia 5 = = - -0.333

pH : - - - :
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Using rank correlation, Orthophosphate and TSS still correlate strongly with each other,
sufficiently to satisfy a 0.05 significance level. But now, both Orthophosphate and TSS also
correlate with the time between measurable events. Both correlations are strong enough to
satisfy statistical significance. EC now shows a stronger correlation with event rainfall, but
weaker correlation with event number. All other parameters show some positive correlation
with TSS, but to no particular statistical significance. Again, most parameters show a
negative correlation to Event Rainfall, with pH being the only one to show virtually no
correlation to this driver. Ammonia levels display a slight positive correlation to both EC and

TSS.
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4.3 RPPS & RTS

Samples from RPPS and RTS 1 and 2 are summarised in Table 4-6 below. Values were
averaged across the three winter events sampled. RPPS was characterised by low TSS values,
a pH close to 8 as well as low orthophosphate and ammonia values. The average EC value of
97.896 uS/cm was lower than those taken during the pilot study, and was within the standard
error margin of the EC of RTS 2.

RTS 1 & 2 both show significantly higher TSS values than RPPS, as well as significantly
higher ammonia values. ammonia values of RTS 1 and 2 are have overlapping error bars, but
RTS 2 shows significantly higher orthophosphate levels. RTS 2 shows lower ammonia values
when compared to the pilot study, but orthophosphate levels are approximately equal. EC
values dropped to about half the levels seen in the pilot study.



Site

RPPS

RTS 1

RTS 2

Table 4-6: Average values and standard error for samples collected from RPPS and RTS 1 and 2

77

TSS (mg/1) pH Orthophosphate (mg/1) Ammonia (mg/1) EC (uS/cm)
Average: SE: Average: SE: Average: SE: Average: SE: Average: SE:
4.156 2.287 7.979 0.253 0.071 0.013 0.078 0.015 97.896 13.780
27215 21.042 8.228 0.195 0.096 0.015 0.231 0.056 39.017 10.152
31.736 15.760 7.686 0.102 0.844 0.165 0.174 0.020 84.433 3.840
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4.4 NEB-I & P8

Both the impermeable reference site and the parking lot P8 were monitored with sequential
bottle samplers, a methodology which differs significantly from those used to monitor RPPS,
NEB-B and RTS. Results are listed in Table 4-7 and Table 4-8 below. Due to the discretized
values caused by the consequential bottle system, it makes more sense to compare ranges of
values, and averages for each bottle than to attempt a high-resolution analysis. Sparse data

from NEB-I due to inaccessibility limits the representativeness of this dataset.

Table 4-7: Water quality values from P8

pH EC Orthophosphate(mg/1) Ammonia (mg/1) TSS (mg/1)
Max 8.1 291 4.93 3.5 668
Min 6.12 214 0 0.12 4
Bottle 1 7.178 132.42 0.625 1.736 79.29
Bottle 2 7.314 80.84 0.17 1.176 95.40
Bottle 3 7.436 47.8 1.7425 0.234 350.59

Results from P8 showed the highest values of orthophosphate, ammonia and TSS across the
entire study. In fact, 7 of a total of 15 readings exceeded the threshold of accurate Ammonia
readings. Of those 7, 3 exceeded the detection limit of 3.5 mg/l. Where this occurred,
readings were listed as 3.5 mg/l. One sample also exceeded the accuracy threshold for

orthophosphate readings of 2.5mg/1.

High ammonia levels are generally associated with the first two bottles, which are
representative of only a small fraction of the storm event. High orthophosphate levels are
evident in both the first and last bottles. TSS levels exhibit a wide range, but may be
artificially elevated in the last bottle due to materials settling out throughout the storm event.
Suspended solids appeared to be quite large, and mostly organic in composition and samples

from this site showed visible discolouration.

NEB-I showed the lowest average orthophosphate values in the study, with averages mostly
beneath 0.1mg/l. Ammonia was also lower here than at P8, as were TSS levels. Interestingly,
the highest TSS, orthophosphate and ammonia averages at this site were found in the second
bottle. It should be noted that, while there was insufficient data to verify this, orthophosphate

appeared to become elevated later in the study period.



Table 4-8: Water quality values from NEB-I
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NEB-I pH EC Orthophosphate(mg/1) Ammonia(mg/1) TSS(mg/1)
Max 9.46 152.9 0.35 1.52 100
Min 7.69 56.4 0 0.1 6
Bottle 1 8.63 98.33 0.08 0.21 28.33
Bottle 2 8.85 73.93 0.18 0.59 56.33
Bottle 3 8.92 91.27 0.05 0.22 6

4.5 Summary Statistics

Table 4-9 below displays the summary averages across all events. The sites monitored with

sequential samplers show very high variability due to the nature of the methodology (for

instance, P8 has an SEM of more than 50%). Since the methodologies differ amongst sites,

cross correlation between these sites is unfeasible, but the results do give context for the

analysis of results from NEB-B. It is evident, for instance, that NEB-B shows the highest EC

values, and that TSS values are comparable to most impervious sites, although TSS

variability is far lower. Orthophosphate levels are higher in NEB-B than in most sites

excluding P8 and RTS 2, and ammonia levels are slightly higher than in RPPS, but

consistent.

Table 4-9: Summary averages across all sampling sites (excluding pilot). Results reported with Standard Error of the

Mean (SEM).

pH EC (uS/cm) o-Phosphate (mg/1) Ammonia (mg/1) TSS (mg/l)
NEB-B 7.477 +£0.075 168.323 £4.951 0.173+£0.010 0.125 = 0.004 26.008 +2.789
RPPS 7.947 £0.157 93.700 £10.415 0.080 +0.020 0.093 £0.024 4233 +£1.351
NEB-I 8.801 +0.250 87.844 £10.271 0.094 +0.042 0.340 £0.150 35.067 + 14.481
UCT P8 7.309 £0.177 87.020 + 18.971 0.846 =0.457 1.049 £0.378 165.512 +£52.214
RTS 1 8.175+0.195 35.807 +7.868 0.093 £0.023 0.215+£0.050 23.014 +15.223
RTS 2 7.609 +0.099 77.333 +£7.252 0.808 £0.137 0.179 £0.015 31.771 £10.267
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4.6 Heavy Metal Results

The only results available for heavy metal analysis were for Copper (Cu) and Lead (Pb), and
are summarised in the table below. Very little analysis for the samples were possible in this
study, but Cu concentrations PPS are around 25ug/l, and 3.5-4.8ug/l for Pb. Lowest heavy

metal concentrations overall were evident in RTS, with the highest in NEB-I.

Table 4-10: Heavy metal concentrations for Pb and Cu. Note the highest concentrations evident in NEB-I, which
generally showed low results for other parameters. Average and standard error for each are shown.

Sites: Pb (ug/D): Cu (ug/l):
Average: SE: Average: SE: Number of Samples

NEB-B 4.865 0.741 25.932 3.921 91
RPPS 3.505 1.443 24.270 15.375 11
RTS 1 4.951 2.578 5.933 1.840 12
RTS 2 4.084 2.470 9.390 3.080

NEB-I 10.372 6.359 59.913 13.876

P8 6.339 5.273 48.557 22.495 16

4.7 Results Summary

While the results showed significant variability which makes discerning clear trends

challenging, some key results can be summarised for analysis:

o NEB-B concentrations for TSS and orthophosphate were higher than expected; as
this site treated only its own runoff, it was expected to have lower effluent
concentrations than RPPS. The TSS was caused by the use of unwashed
aggregate, which may have had an impact on orthophosphate levels as well

o Impermeable sites showed considerable variability in runoff concentrations, both
temporally and between sites.

o Inter-event progressions from NEB-B were observed for EC, TSS and
orthophosphate. Trends for orthophosphate and TSS were not easily explained,
but may be related to the parameter TSLME.

. Intra-event progressions were observed for all parameters except for ammonia. In
all cases, the average of the first two samples differed considerably from the
event mean
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5- ANALYSIS

Elevated TSS and orthophosphate levels shown in the results may be a concern for the
potential reuse of stormwater and could have impacts on downstream ecosystems. This

section will analyse the effluent water quality from PPS against target water quality criteria.

5.1 Water quality from NEB-B: ‘fit for use’?

To analyse the performance of NEB-B, the water quality must be evaluated against target
water quality for its intended use. The South African Water Quality Guidelines are used to
evaluate whether PPS effluent meets target water quality for harvesting and reuse. The
SAWQG will be used in conjunction with a scoring system proposed by Nel et al.,( 2013) for
aquatic ecosystem assessments in the City of Cape Town. This used research on the
background water quality status and the impacts of concentrations of certain parameters to
create a set of water quality categories for rivers in the Cape Town region. These categories
range from ‘natural’ to ‘unacceptable’ depending on the significance of the impact (Figure
5-1). As categories overlapping with this study include only ammonia and orthophosphate,

water quality impacts from PPS can only be evaluated with respect to eutrophication risk.
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Figure 5-1: Ecosystem health criteria categories and thresholds from Nel et al. (2013)
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5.1.1 Total Suspended Solids

TSS levels are particularly relevant when the outflow is intended for reuse. Excessive TSS
levels may cause clogging or fouling of machinery and irrigation equipment, create a surface
crust which impedes plant growth and sprouting and affect the performance of industrial
processes (Department Of Water Affairs And Forestry, 1996). In aquatic ecosystems,
increases in TSS will reduce clarity, thereby reducing water temperatures, photosynthetic

activity and hampering predatory fish. High levels of TSS may also damage fish gills.

While the South African Water Quality (SAWQ) guidelines clearly stipulate TSS levels for
industrial process categories and irrigation, as well as potential hazards of exceeding those
guidelines, aquatic ecosystems are more complex in that many ecosystems have a pre-
existing background levels of TSS, and impacts of TSS are thus evaluated against the

ecosystem-specific background levels.

5.1.1.1 Irrigation

Most of the norms of TSS concentration are qualitative, and have no numerical data
associated to them. However, guidelines do exist for the impact of TSS on the clogging of
drip irrigation systems. These are categorised into virtually no impact (0-50mg/l), slight to
moderate impact (50-100mg/1) and increasingly severe impact (>100mg/1). On average, TSS
from NEB-B falls into the virtually no impact category, and effluent can thus be
recommended for use. Only 11 readings from NEB-B exceeded the 50mg/l threshold, and
only one exceeded the 100mg/1 threshold. This accounts for about 13% of the total readings.
Since the TSS levels are expected to drop as solids migrate out of the pavement, future use
should be secure. Furthermore, TSS from the PPS exhibits a strong first flush signature, and a
first flush separator may be sufficient to remove sufficient TSS to mitigate damage to

irrigation systems and other negative impacts.

5.1.1.2 Industrial Use

Most industrial processes (category 1-3 according to SAWQ guidelines) require water with
very low TSS concentrations, and stormwater from PPS would be unsuitable for these.
Category 4 industrial processes are less sensitive, and include uses such as irrigation, rough
washing, firefighting and dust control. While levels below 25mg/l are recommended, 25-
100mg/1 will cause only minor impacts. If NEB-B develops as expected, and begins to show

TSS levels similar to RPPS, water from this site could be used for Category 4 processes.
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However, effluent from PPS constructed with unwashed stone should not be used for
industrial processes within the first year, possibly longer. While water may be post-treated, it

may be more efficient to wait until solids flush out of the pavement.

5.1.1.3 Agquatic Ecosystems

The SAWQ for Aquatic Ecosystems suggests that TSS changes in aquatic ecosystems may
not be more than 10% of background levels. This makes evaluating water from a SuDS more
complicated, as it requires knowledge of the background TSS levels in the receiving aquatic
ecosystem (which are inherently dynamic), knowledge of TSS levels in SUDS effluent and
knowledge of the mixing ratio of effluent versus receiving waters. Additional complexities
may be introduced by the settling rate of the TSS and the transport capacity of the ecosystem

in question.

Without knowing any of the factors above, it is difficult to adequately analyse the impact of
PPS. The fact that NEB-B is actively exporting TSS is a concern, but levels of TSS are not
above those from impervious sites, while peak flow rates and total outflow from PPS are
reduced. This means that even though NEB-B is a net TSS exporter, it probably still reduces
the TSS load to receiving systems when compared to impervious surfaces. Also, it reduces
the number of outflow events and therefore the number of polluting events significantly, as
roughly 80% of all events and thereby just less than 50% of all rainfall is retained within the

pavement structure.

Simply permitting water to pass through a settling structure is likely to remove appreciable
amounts of TSS. The catchment chambers were frequently filled with significant TSS

deposits after rainfall, suggesting TSS removal by settling.

5.1.2 Ammonia

Total Ammonia (TAN) is a combination of unionised ammonia (NH3) and ammonium
(NH4"), where the former exhibits toxic effects and the latter may contribute to eutrophication
as an ionised form of nitrogen. The relationship between unionised ammonia and total
ammonia is dependent on pH and water temperature. For the pH and temperature ranges
present in this study, the coefficient for the conversion of total ammonia to unionised
ammonia ranges from 0.59 (pH 6.5, T 10°C) to 5.3 (pH 8, T 25°C). Since temperatures were

not measured the range from 10° to 25° was used as an upper and lower bound. Under the pH

! According to rainfall data gathered 01/11/2014-01/11/2015.



5-85

conditions prevalent in NEB-B, the highest NH3 reading was recorded at 0.015 mg/l, well
below the target water quality range of 7 mg/l.

While this means that none of the ammonia emitted would have displayed toxic effects,
virtually all of the ammonia was released as bioavailable ammonium ions. According to the
ecosystem criteria categories, the ammonia levels from NEB-B vary between ‘poor’ and

“fair’.
5.1.3 Orthophosphate

The recommended level of orthophosphate in rivers and streams is listed in the guidelines for
aquaculture rather than in aquatic ecosystems. The threshold is given as 0.1mg/l in order to
protect the trophic status of rivers and streams. Only RPPS, NEB-I and RTS 1 averaged
orthophosphate below this level, suggesting that phosphate effluent may be a concern for PPS
effluent. According to the ecosystem health criteria, effluent from NEB-B would be classified

in a range from ‘poor’ to ‘unacceptable’

However, the effect of these concentrations in receiving rivers and streams is again difficult
to quantify, as the mixing dynamics are unknown. Furthermore, if the stormwater system
(including streams) discharges into the ocean, potential negative impacts due to
Orthophosphate may be avoided as eutrophication in marine environments is usually caused
by nitrogen loadings. Regardless, if effluent is discharged into receiving waters or the

stormwater system, it should receive further treatment to reduce the phosphate levels.

Phosphate is not a constituent in any of the other water quality requirements, and the slightly
elevated levels of phosphate from NEB-B are likely to have some benefits for plant growth if
used for irrigation. Intercepting, and using effluent for irrigation should have an added benefit
for downstream aquatic systems, as the phosphate levels are likely to be reduced due to

filtration and adsorption in the soil.

5.1.4 Electrical Conductivity

EC is often used as an approximating parameter for Total Dissolved Solids (TDS) as it
captures all the inorganic ions dissolved in water. It is thus an estimate of salts dissolved in
the water, which can affect industrial processes by scaling, corrosion and precipitation. In
irrigation, salt sensitive crops may show reduced yields from 900 uS/cm EC. In industrial
processes, negative impacts start to show with EC levels of 400 uS /cm. Since the highest

recorded EC showed at about 220 pS/cm for NEB-B and 280 pS /cm for RPPS, both values
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are safely below the 400 pS /cm requirement for the most sensitive industrial processes.

Furthermore, soil salinization will not be a concern if the water should be used for irrigation.

5.1.5 pH

The pH range from 6.5-8.0 of PPS effluent meets the target water quality requirements for
industrial processes of category 2 or higher, and for irrigation. Whether or not it meets the
aquatic ecosystem requirements will depend on local conditions. At those levels, pH is not
likely to elicit any other side effects such as increased solubility of heavy metals or increased
levels of toxic unionised ammonia. pH levels are important for many aquatic processes, and
varying pH can be detrimental to aquatic ecosystems. But the pH levels in the pavement vary,
on average, between 6.5 and 8 over sufficiently long periods that aquatic ecosystems would

adapt readily

5.1.6 Heavy Metals

The SAWQG does not set limits for Lead or Copper concentrations for industrial use, but
they do set criteria for aquatic ecosystems and irrigation. For irrigation, the thresholds for
bothlead and copper are 0.2 mg/1 (200 pg/l). Below this level, no significant impacts on plant
growth are expected. The effluent from NEB-B is well below that threshold; for aquatic
ecosystems, however, the Chronic Effect Values are 0.53pug/l and 0.5 ug/1 for copper and lead
respectively, with target water quality ranges of 0.3pug/l and 0.2 pg/l respectively. All sites
consistently show levels above this, and thus none of them should discharge into the aquatic

ecosystem.

5.1.7 Is NEB-B Effluent ‘fit-for-use’?

While there are several water quality constituents which affect the suitability of water for a
particular use or process which have not been assessed, the effluent from NEB-B appears to
be suited for reuse, given certain restrictions. The high TSS due to unwashed stone may be a
nuisance, and the high orthophosphate levels would likely impact downstream ecosystems if

PPS were more widely implemented.

While it is unlikely that NEB-B effluent could have been contaminated with pathogens or
faecal coliforms, it would still be prudent to sterilise harvested water before using it for
indoor purposes and for growing produce. However, for outdoor use and irrigation of

gardens, effluent from NEB-B could be used immediately.
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5.1.8 Target Water Quality Ranges for Aquatic Ecosystems

The SAWAQ for Aquatic Ecosystems and the ecosystem categories derived by Nel et al.
(2013) guided the water quality thresholds derived for the classification of effluent from PPS.
Figure 5-2 and Figure 5-3 illustrate the number of samples which fall into each of the
ecosystem health categories. For NEB-B, ammonia readings fall into the ‘poor’ and ‘fair’
categories, while a significant number of samples also fall into the ‘unacceptable’ category.
For RPPS, most orthophosphate readings fall into the ‘fair’ category, while ammonia is

spread fairly evenly amongst the categories, though with a tendency towards “poor’.
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Figure 5-2: Bar graph depicting the distribution of NEB-B sample concentrations as categorised against criteria
outlined by Nel et al, (2013).
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Figure 5-3: As Figure 5-2 above, for RPPS

According to Nel et al, 2013, this means that most ammonia levels from NEB-B, if they were
to translate into the same concentrations in the downstream aquatic ecosystem, would elicit
eutrophic to hypertrophic conditions. This model assumes that NEB-B is the only source of

water and nutrients to downstream systems.

The categories for orthophosphate differ from those prescribed in the SAWQ Guidelines.
These recommend that O-phosphate is to be kept below 0.1mg/l in streams to prevent trophic
changes. This threshold would score ‘fair’ in the ecosystem criteria, and be predicted to cause

eutrophic conditions in downstream lakes.

The results indicate that PPS will likely be unsuitable as a stand-alone implementation to
achieve ecological targets. They exhibit nutrient levels which may pose a risk for the trophic

status in downstream ecosystems in the City of Cape Town.

5.2 Performance of NEB-B against other sites and Literature values

The table below compares the pollution performance per site for nutrient and TSS
parameters. Values from Newman ef al. (2013) for stormwater concentrations and PPS
concentrations were included in the table. Two permeable pavements reported on were

described as the NATS car park (Macdonald & Jefferies, 2001 cited in Newman et al, (2013)
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and the Royal Bank of Scotland car park (Schliiter & Jefferies 2001 cited in Newman et al,
2013).



Table 5-1: Comparison of results from this study with results summarised by Newman et al., 2013

5-90
Concentration Concentration
Concentration levels in
Concentration levels levels in levels in RBS PPS
NATS PPS Car park
Parameters in stormwater stormwater Car park effluents Averages from this study
effluents (Macdonald
(Mitchell et al., 2012) (Heal et al,. (Schliiter and
and Jefferies, 2001)
2009) Jefferies, 2001)
Global UK Mean Mean conc. Min Max Min Max RPPS NEB-I UCT P8 RTS 1 RTS 2 NEB-B
Mean conc.
conc.
TSS (mg/l) 138.9 55.2 16.8 1 68 9.8 24 4.233 35.067 165.512 23.014 31.771 26.008
NH4-N (mg/1) 0.45 0.55 0.08 0.02 0.57 0.03 1.13 0.08 0.094 0.846 0.093 0.808 0.173
o-Phosphate - - 0.05 0.53 0.01 0.23 0.08 0.034 1.049 0.215 0.179
(mg/l)

0.125
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Average TSS levels from NEB-B are within the range of the RBS PPS Car Park, though they
exceed the range of the NATS PPS Car Park. The full range of TSS recorded in NEB-B was
0-186.4 mg/l, which is higher than the ranges reported for NATS and RBS. Evaluating
comparative performances with ranges is challenging; especially as 92 out of 94 readings fall
within the RBS PPS range. RPPS shows the best performance for TSS, with a TSS range of 0
to 10 mg/l. Comparatively, a global study aggregating TSS data for 67 rivers showed the
lowest TSS concentration as Smg/1 (Meybeck et al., 2003).

NEB-B orthophosphate average values also fall within the ranges of NATS and RBS, though
the maximum value for orthophosphate from exceeds the NATS maximum recorded value.
Other field testing literature results showed orthophosphate levels of 0.013-0.23mg/l (Brown
& Borst, 2015) and 0.08-0.30mg/1 (Bean et al., n.d.). The ranges from all four studies overlap
with each other and the ranges from RPPS and NEB-B.

Ammonia values were higher at NEB-B than at several impermeable sites and RPPS, but still
present an improvement over the UK and global ammonia averages, as well as an
improvement over P8 and RTS 2. The ammonia ranges seen in RBS and NATS show

significantly higher concentrations than recorded in either PPS.

5.3 Summary of Analysis

Analysis of the results from PPS study has yielded several key findings:

J Effluent from PPS is acceptable for most of the use cases which it is likely to be
selected for, despite contamination by sediment from unwashed aggregate.

. Both NEB-B and RPPS frequently exceed the prescribed nutrient thresholds
specified by Nel et al. (2013). As such, they cannot safely be recommended as
stand-alone treatment devices for the Cape Town area.

. Effluent concentrations from NEB-B and RPPS are comparable to several
international PPS installations. Particularly interesting is that there appears to be a
common orthophosphate range of 0~0.3 mg/l across several studies.
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6 - DISCUSSION

This study aimed to assess the use of permeable pavements for stormwater management in
Cape Town, South Africa. Permeable pavements are widely covered in the literature, and
have commonly been praised for their significant pollutant removal and hydrological capacity
while providing additional lateral and direct benefits. As they can contribute to stormwater
management while still retaining all the benefits of traditional impermeable surfaces they do
not compromise space for urban development. Since the City of Cape Town is moving
towards runoff mitigation as a requirement, interest in SuDS is rising and several new
developments have begun to include permeable pavements as a mitigation measure. This
study has investigated the literature reported performance of PPS and conducted a thorough
analysis of selected pollutant parameters from a newly constructed PPS. The discussion
centres on the assessment of PPS performance, before analysing the methodology used and

illustrating potential sources of error.

6.1 PPS in Literature

The findings in the literature review show a common theme: that PPS are an effective SuDS
tool with significant removal capabilities for hydrocarbons, heavy metals and total suspended
solids, and variable reports for removal of nutrients. The hydrological performance of PPS
has mostly been analysed site-specifically, rather than assessing the catchment wide benefits
and performance criteria tend to be peak flow attenuation and volume reduction. Only one
study assessed the reduction on Effective Imperviousness, and found a significant reduction

in EL

6.1.1 Performance Assessment of PPS

While stormwater management is increasingly moving towards the ecohydrological approach
suggested by Walsh and other Australian authors, where ‘performance’ is catchment-specific
and criteria are improved ecological function of downstream aquatic ecosystems, the
performance assessment of PPS remains largely limited to impact mitigation by percentage
reduction criteria. The City of Cape Town uses percentage reduction as a requirement,
whereby Brownfield developments are required to reduce TSS and Phosphate by 85 and 45%
respectively (City of Cape Town, 2009).This despite the recommendation of the United

States Environmental Protection agency that BMP (SuDS) performance should not be
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evaluated using percentage reduction, as the metric does not accurately represent impacts to

aquatic ecosystem health (USEPA, n.d.).

Furthermore, the requirement of on-site treatment and flow reduction is insufficient by itself.
SuDS have been shown to have complex interactions at the catchment level which may lead
to cumulative impacts that are ignored in current requirements (Petrucci et al., 2013).
Addressing these concerns will require absolute quality standards on discharge to streams,
reducing catchment effective imperviousness to below a threshold level and prescribing site
appropriate flow management targets to prevent peak flow superposition and promote

adequate groundwater recharge.

6.2 Assessing NEB-B

The study found that water quality of NEB-B was suitable for irrigation and category 4
industrial processes. It is also likely suited for some domestic processes such as flushing

toilets, though the water may require further sterilisation and filtration.

It becomes more difficult to assess the water quality for aquatic ecosystems. The
concentrations of orthophosphate and ammonia regularly exceed the recommended standards
for streams in Cape Town. However, since the change in concentration in the receiving
stream will depend on the streams prior concentrations, its flow rate and the flow rate from
NEB-B. It is likely that NEB-B effluent may actually decrease downstream concentrations, as
Cape Town’s urban rivers commonly carry significant nutrient loads (Haskins, 2012; Nel et

al., 2013)

While the concentrations exhibited in NEB-B were quite variable, they are not outside the
range of other O-Phosphate levels reported in the literature (Tota-Maharaj et al., 2010;
Newman et al., 2013). Single sites from the UK also showed considerable O-Phosphate
variation within a single pavement (Table 5-1). This suggests NEB-B concentrations are not
unusual, which means that PPS in Cape Town will require further treatment to reduce
nutrient concentrations before they become sufficiently effective at mitigating downstream

impacts.

Heavy concentrations have been shown to be consistently above target water quality ranges
for Copper and Lead. Curiously, PPS has been attributed with significant heavy metal
removal, and indeed it appears that NEB-B has achieved about 50% reduction over NEB-I.

However, still remains insufficient to meet water quality targets for aquatic ecosystems.
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Again, the true impacts to the stream will only be determined if the load contribution of
heavy metals is considered. It is also interesting to note that 40 out of 91 samples analysed for

lead yielded non-detects, suggesting that lead deposition is highly variable.

6.2.1 Pollution Reduction

The issues around using percentage reduction to quantify the performance of SuDS have been
discussed in depth in this study. However, City of Cape Town Regulations stipulate
percentage reduction of phosphate and TSS as a management objective. While other studies
have achieved this in the past by comparing PPS to specific impermeable reference sites, the
inherent spatial and temporal variability of stormwater pollution is likely to give highly
skewed data at the site scale. For instance, RPPS orthophosphate reduction would vary from
55% to 63% depending on whether it is compared to RTS 1 or RTS 2. If compared to NEB-I,
which is most similar in land use, its orthophosphate reduction would be -135%. Similarly, it
would show a removal rate of TSS of 97% if compared to P8, as opposed to 81% if compared

to RTS 1.

With these limitations in mind, NEB-B displays TSS reduction rates of 26%, 84%, -13% and
18% for NEB-I, P8, RTS 1 and RTS 2 respectively. Similarly, orthophosphate reduction rates
are -267%, 88%, 42% and 30% respectively. Clearly, there is no coherence in these
performance rates, and they are likely to be more reliant on local pollution characteristics.
Regardless, it appears that NEB-B does not meet the City of Cape Town’s requirement of
85% TSS reduction, and it does not provide 45% orthophosphate reduction — although this
parameter cannot be used as a simple proxy for total phosphorous levels which include

particulate bound phosphorous.

6.2.2 Pollutant Progression

NEB-B was a new PPS, and the inter-event progression of the outflow quality showed
definite patterns. First, it is interesting to note that none of the pollutant parameters showed a
statistically significant correlation with total rainfall, which has been identified as one of the
main factors driving EMCs (Brezonik & Stadelmann, 2002; Kim et al., 2007; Maniquiz et al.,
2010)). None of the studies investigating this have focused on effluent from SuDS; however
the drivers of EMCs from PPS effluent are far less understood, with most studies focussing

on PPS removal efficiency.
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The weak correlation of event mean concentrations with rainfall could be attributed to the
capacity of NEB-B relative to the catchment size rather than a common characteristic of PPS.
RPPS, which has a much lower capacity relative to its catchment size, was observed to be
more influenced by total rainfall. The increasing orthophosphate levels throughout the study
could be due to bacterial activity; as the pavement ages, it is expected to develop its own
microbial diversity, which could degrade elemental phosphorous in the subgrade to
orthophosphate. Interestingly, Tota-Maharaj & Scholz (2010) found significant
orthophosphate removal in their PPS test rigs and attributed that reduction to bacterial
activity, presumably with the assumption that bacteria were acting as phosphate sinks. More
research on the microbial action within permeable pavements is required to understand how

microbial activity may influence orthophosphate and phosphorous levels.

The strong correlation between TSS and Orthophosphate was also an interesting finding,
determined to be due to a common cause. It is possible that bacterial action on particulate-
bound phosphorous resulted in biodegradation to the more soluble form of phosphate, to be
dissolved and washed out of the pavement during rainfall. This could explain the observed

correlation at event level.

6.2.3 Unwashed Stone

From a management perspective, the artificially elevated TSS levels are of particular interest,
as it raises questions about construction methods, and what impacts unwashed stone may
have on the performance of PPS. This is a topic which is not well explored in the literature,
though the use of “washed aggregate” or “clean stone/gravel” is often reported when PPS are
being described (Abbot & Comino-Mateos, 2003; Tennis et al., 2004; Grabowiecki et al.,
2008; Yong & Deletic, 2008; Scholz & Grabowiecki, 2009; Tota-Maharaj & Scholz, 2010;
Yong et al., 2013; Mullaney & Lucke, 2014), suggesting that the use of cleaned aggregate is
commonplace. Grabowiecki et al. (2008) specifically mentioned the use of “commercially
available washed aggregate” in several experimental setups. Since the NEB PPS has clearly
not been constructed with washed aggregate, sediment from the aggregate was washed out of
the pavement and detected as elevated TSS, where no suspended solids were expected on a
new pavement. While this was an initial concern as it was believed that this may present a
risk to downstream ecosystems, the levels of TSS, while elevated significantly above what
was expected, remained fairly low. The impact on downstream ecosystems, if any, is likely to

be small.
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As the season studied may not be typical of a normal rain season, and significantly larger
events are still expected to wash through the pavement, it is not possible to gauge to what
extent TSS has been removed from the pavement, however, and more may be flushed out yet.
However, as urban streams are more significantly affected by pollutant concentrations than
long-term pollutant loads (Fletcher et al., 2014b), a slow release of TSS may not pose a
significantly adverse effect to downstream ecosystems. And, as discussed above, the TSS
levels evident in the study do not significantly compromise the value of the effluent for

stormwater reuse.

What may be a concern is the potential for clogging that entrained sediment poses. While the
appearance of the sediment in the effluent is indicative of suspended material washing out of
the system relatively easily, underdrains are often wrapped in geotextile and larger sediment
could accumulate at the interface and slowly block the drain. Similarly, in systems that
infiltrate to the subgrade, smaller particles and dissolved solids may adhere to larger sediment
at the geotextile interface between the PPS and the subgrade, forming a sealing layer which

could negatively impact hydraulic efficiency.

6.3 Outliers: Events 8,9 & 10

The average levels of events 8, 9 and 10 present unusual behaviour which makes finding a
trend towards pollutant progression difficult. Event 10 is the most significant, as it is an
outlier for all parameters except for pH. It shows peak levels of TSS and orthophosphate
throughout the study, as well as near-peak levels of ammonia and EC. The declining trend of
EC makes Event 10 a particularly jarring outlier for this parameter. Since EC does not
correlate with any of the other parameters, it raises the question of what could have caused
this outlier. For example, if the outlier had been an increase in TSS and orthophosphate only,

this could have been explained by the correlation between these two parameters.

Event 10 was the second-smallest measured rainfall event during the full study, where Event
4 was the smallest. It was preceded by two non-measurable events within one week in
August. The previous measurable event showed overall lower EC, TSS and Orthophosphate.
This suggests that the two smaller events may have played a role in creating this outlier.
While external factors such as contamination from the pavement surface might explain the
increases in EC and Orthophosphate, the fact that most of the TSS from the surface would
have been retained in the surface structure of the pavement suggests that pollutants were

transported through the pavement surface by smaller events. Since event 10 also had
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relatively little rainfall, this would have resulted in a generally higher pollutant concentration
throughout the event, rather than a sudden washout, which is what appears to have happened

in event 11 (extremely high initial TSS, followed by significantly lower levels).

Events 8 and 9 are outliers in that their average concentrations for orthophosphate and TSS
are much lower than expected. Events 8 and 9 showed the two highest rainfall amounts apart
from event 5 and occurred after the pavement had received flow from several measurable
events throughout the winter period. Furthermore, no smaller events occurred between these
two, and they were less than five days apart. It is possible that the amount of water flowing

through the pavement during this period served to dilute the concentrations.

6.4 Pilot Study: Findings, limitations and difficulties

The pilot study was characterised by several limitations, the most significant of these being
the number of events sampled and the lack of total suspended solids analysis. The latter
parameter was added to the study after it became apparent that the four initial parameters
would not suffice for analysis. The pilot study was also conducted on three relatively small
events, which was possible due to the structure of the Rondebosch Permeable Pavement. This
PPS treats runoff from roof surfaces and driveways as well, which increases the amount of

runoff available to the pavement per mm of rainfall.

While sampling by hand was effective for the purposes of the pilot, this method showed
severe limitations in terms of representativeness, convenience and safety. Since most of the
periods of significant rainfall occurred at night, safety was a major concern. Furthermore,
achieving true representativeness is challenging unless rainfall events are easily predicted.
Grab sampling, rainfall periods or even entire events can easily be missed due to a poor
prediction or an unexpected event. Grab sampling was continued for this site, but the lessons
learned here strongly reinforced the requirement of unattended sampling for the continuation

of the project.

The higher EC values of effluent from RPPS were initially surprising, but could easily be
explained by leaching of ions from the pavement. EC decreased with successive rainfall
events, which may be due to dilution or removal of leachable materials, or a combination of

the factors.
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While Nutrient levels of RPPS were shown to be considerably lower than those of RTS, this
result could be influenced by the presence of vegetated areas, specifically trees, on and

around RTS. RPPS does not have any vegetation in the vicinity.

No TSS samples were taken, but visual observations during sampling showed clear water.
This was expected due to the widely reported TSS removal capacity of PPS. While oily
sheens were frequently visible on runoff from RTS, no evidences of oil contamination could

be observed in RPPS runoff.

6.5 Analysis of Methodology

6.5.1 NEB-A

While the study initially intended on reporting on two separate PPS sites build adjacent on
the NEB parking lot, only data from NEB-B has been shown. NEB-A has been excluded due
to the sparsity of data from the site as well as external interferences which may have

compromised readings.

NEB-A was monitored with an ISCO-GLS composite sampler, which adds a prescribed
amount of volume to a bottle every time it samples. As this sampler had to be placed into the
catch pit itself, accessibility was the greatest difficulty in gathering data from NEB-A. Of
eight events sampled, the first was missed as only one battery was delivered with the sampler.
Two were missed because the manhole had been parked over, and two were missed due to

sampler failure.

During the course of the study, it was observed that runoff from a road culvert above the PPS
site frequently spills over the culvert and runs directly onto the pavement. This water carried
a significant sediment load from construction activity uphill from the PPS, and considerable
amounts of this sediment was deposited onto NEB-A, clogging some fractions of the

pavement.
These complications have led to the exclusion of NEB-A from this study.

6.5.2 Using sequential bottle samplers

The sequential bottler samplers proved to be useful in supplying some reference data points
for impermeable surfaces NEB-I and P8. They are easy to use and make, as well as extremely
cost effective. However, their use is associated with certain limitations and unique

characteristics. Samples gathered frequently display differences in pollutant concentrations
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between the bottles, indicating that the self-sealing mechanism is functional. However, due to
the extremely rapid rate of filling of the first two bottles, the concentrations in these bottles
are likely to only be representative of the first few moments of a storm event. Consequently,
the concentrations measured in these bottles should not be used to characterise a storm event,
but may rather indicate if there is a potential first flush effect. The last bottle is mixed

continuously and should be more indicative of pollutant EMC.

6.5.2.1 ‘Passive’ samplers as a low-cost alternative

‘Passive’ samplers are here described as sampling devices requiring no pump or other form of
added energy to take a sample. A similar device to the sequential bottle sampler was
previously used by Pezzaniti ef al. (2012), whereby a 201 bottle was placed in a catch pit and
filled up with initial runoff. This solution is likely to be more effective than the sequential
bottle design due to the increased capacity, but is still likely to be unrepresentative of the
event average, as the results from the intra-event analysis show. Orthophosphate is likely to
be underestimated, while TSS and EC are likely to be overestimated. Furthermore, pavements
need to be designed to accommodate these sample bottles and to allow ease of access. For
further monitoring, a 201 bottle with a flow reducing attachment may be a viable alternative

to more expensive autosamplers.

6.5.3 Using Automatic Samplers

The ISCO 6712 sampler with a 24 bottle setup provided the most consistent results and
performance. As it can be programmed to accept external inputs, it was also easy to attach a
low-cost float switch as an activator. A drawback of using this sampler with a level actuator
became evident after flow ceased. The pump would remove sufficient water for the float
switch to drop, and the program to be deactivated. However, the sampler would then flush out
the sampling hose by running the peristaltic pump in reverse, thereby returning water to the
container and re-activating the program. As the program was set to take a sample at activation
(in order to capture the initial flow), this caused it to sample again. This on-off sequence
caused a ‘bounce’ effect, which meant that multiple samples were taken towards the end of
the programme. Fortunately, this only caused the loss of some samples towards the end of
event 8 as all other events were characterised by shorter duration rainfall. This ‘bounce’
could be prevented by not permitting the sampler to be enabled repeatedly, but this would

mean that any successive flow after the first disable would not be sampled.
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6.5.4 Monitoring Permeable Pavements

This study has shown that there is a degree of intra-event variability within PPS. As such,
future studies and future monitoring plans for PPS should take into account the potential for

variability, and structure their monitoring plans to ensure representativeness of their samples.

It is more effective to consider PPS performance in terms of the absolute water quality of
effluent under various conditions, rather than calculate a relative performance metric which
evaluates pollutant removal. To achieve this, widespread monitoring of PPS post-construction
is required, with uniform methodologies and reporting standards. Acceptance and
implementation of these will depend on their cost and accessibility. This study has several

findings on what sampling methodologies will have to consider:

. Representativeness: While it is intuitive that PPS would ‘smooth’ temporal
variability, results of this study show that there is an element of intra-event
variability evident in pollutant concentrations. A flow-weighted sample would
best represent this, but the costs of samplers and flow measuring equipment is
likely to be prohibitive.

o Duration: The results from NEB-B have been heavily influenced by construction
practices, and may change significantly in the future. Studies of performance
need to take this into account, and either continue over an appropriate period of
time, or several more intense surveys should take place in a seasonal fashion, as
appropriate.

J Cost: This factor will influence the previous two factors. A more representative
study over a longer period of time will be more costly.

This study attempted to find some alternatives to monitoring SuDS and stormwater that are

cost-effective and location appropriate.

6.5.5 pH measurement difficulties

While the pH error bars are low, standard error does not account for sampling error. In the
case of pH, there may be considerable sampling error as all samples were only collected after
the rainfall event — usually 8-15 hours after the first sample had been taken. This meant that
the first sample would, at best, have been eight hours old at measurement time. pH is known
to be a volatile parameter, and it is generally recommended that a sample be tested within
eight hours. This may also have affected the remarkably smooth intra-event progression
shown by pH, as samples later on in the rainfall event would have been ‘fresher’.
Unfortunately, it remains impossible to quantify the effect that this may have had. RPPS

showed similar pH levels, and these were tested immediately after sampling. Furthermore,
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the low intra-event variability in pH levels is another indicator that this factor may not have

had a significant impact on pH readings.P8

While P8 was used as a convenient additional site which could readily be monitored with no
interference, it yielded the highest readings for Ammonia, Orthophosphate and TSS as well
as consistently high error margins. The ammonia readings from this site can be ignored, as
samples consistently exceeded the detection limits of the test. Ideally, these tests would have
been retaken, but due to limited reagent availability, they were recorded as exceeding test

limits.

Results from P8 are a good example of how highly variable stormwater pollution can be, and
the high levels of pollutants observed provide motivation for an increased uptake in

permeable pavements as SuDS in parking lots.

6.6 Study Observations

6.6.1 Pavement Clogging

RPPS shows clogging in its lower section, evident as a thin sheen of water during rainfall.
This pavement likely requires maintenance soon, as the water build up is likely to provide a

nuisance to residents.

Figure 6-1: RPPS during rainfall. Note the ponding in the centre of the pavement
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NEB-B and NEB-A are developing a clogging front due to sediment spilled over from a rain
garden placed above the pavement curb. While this is localised and probably has not great
effect on the infiltration rate, it demonstrates a design flaw which could have easily been

avoided. NEB-A is also clogged along a linear stretch where road runoff deposited sediment.

Figure 6-2: NEB Pavers nearer the centre remain clear after one rainfall season (left). However, pavers near the rain
garden are filled with sediment (right)

This was further accelerated by construction sediment being washed into the road inlet
upstream from the site, illustrating how off-site practices can impact on PPS. It is well
documented in the literature that PPS are ineffective in areas where sediment generation is
high, but sediment sources may often be dynamic. Due consideration should be given to
preventative measures which could reduce clogging, and while these measures may be

physical changes in the design, stakeholder education is also likely to yield benefits
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7 - CONCLUSION

The aim of this study was to investigate the water quality performance of permeable
pavements in the South African context, as well as the suitability of PPS effluent for potential
stormwater harvesting and reuse. Performance was identified as a variable concept, with
different objectives and metrics for assessment. This study chose to compare absolute
concentrations to the South African Water Quality Guidelines and relevant literature results
rather than percentage pollutant reduction (USEPA, n.d.; Wright Water Engineers and
Geosyntec Consultants, 2007; Heal et al., 2009). Further, it investigated the progression of
pollutant concentrations of a newly constructed permeable pavement and the intra-event
variability of pollutant concentrations. The literature review found that PPS were commonly
associated with good pollutant removal and hydrological performance, but that percentage
reduction was commonly used as a performance metric. It also showed that PPS are most
likely to be impacted by poor construction practices, lack of maintenance as well as design

characteristics.

Results showed that NEB-B had been constructed with unwashed aggregate which exported
suspended solids. While this resulted in higher TSS levels than expected, these did not exceed
some of the ranges reported in the literature, and are unlikely to cause difficulties for re-use
or negative impacts in downstream ecosystems. The greater concern around the use of
unwashed aggregate is the clogging potential in lower layers of the PPS. Premature clogging
of lower layers would require labour intensive and costly maintenance processes which entail

removing the lower layers.

Nutrient concentrations in the effluent, while lower than most impermeable sites and with
less variability, were still sufficiently high to potentially elevate trophic levels in downstream
systems. Orthophosphate in particular was a concern and results from other studies found
similar effluent ranges. In order to reduce nutrients to acceptable levels, PPS should be used
in conjunction with other SuDS treatment options more suitable for nutrient removal. As
source controls, they would form the first section of a treatment train and other SuDS could
readily be placed downstream. Heavy metals consistently did not meet target water quality
ranges; while the literature quotes high reduction percentages of PPS, these are insufficient to
reduce heavy metals to an adequate concentration for aquatic ecosystems. The true impacts of

PPS contribution to downstream pollutant concentrations cannot be determined without
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knowledge of the existing pollutant concentrations and flow data for both PPS and the

receiving stream, however.

NEB-B effluent was found to be of sufficient quality for re-use in irrigation, and could be
used for Category 4 industrial processes where elevated TSS is not a concern. While
hydrocarbon and heavy metal removal have not been tested, these have commonly been
found to be low in PPS effluent. With NEB-B expected to exhibit lower TSS concentrations

with successive rainfall, this PPS has the potential to deliver fit-for-purpose water for reuse.

Both inter-event progression and intra-event variability was observed. NEB-B was shown to
exhibit initial concentrations deviating from the event mean for orthophosphate, TSS and EC
which could skew monitoring plans sampling only a portion of the event. Inter-event
progression, while observable, may require further study to explain. Correlations between
orthophosphate, TSS and TSLME indicate that event averages may be partially driven by

non-measurable rainfall events preceding outflow.

There are several aspects of PPS which can still benefit from further investigation. As the
City of Cape Town increasingly leans towards the implementation of SuDS for stormwater
management, it becomes essential to understand how SuDS scale from site-specific impacts
to catchment-wide impacts. Petrucci et al. (2013) suggest that careless implementation of
source-control strategies such as PPS may actually increase downstream flooding.
Catchment-wide strategies are required to manage cumulative and unexpected scale-

dependant impacts, but few studies are available to guide catchment-scale strategies.

Permeable pavements represent a class of SuDS which have the potential to provide
substantial improvements for downstream ecosystems, while providing the possibility for
significant other benefits to be derived from their use. They can act as decentralised pollutant
treatment and flow reduction devices without limiting space for development, facilitate water
harvesting, provide opportunity for renewable energy harvesting and reduce hydroplaning.
The success of their future use depends largely on careful design and planning on the

catchment and site scale and sufficient on-site maintenance.

The study met the objectives, and answered the research questions, but some findings from

the study could benefits from the following further research:

. An investigation into the toxicity of effluent, and the relative impact that effluent
may have on invertebrate community structures in downstream ecosystems, as
these are commonly an important base of the aquatic trophic system.
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Investigating the impacts of scaling PPS implementation from site to catchment
scale for hydrological impacts.

An investigation into the potential impacts of the use of unwashed aggregate; this
should include an analysis of the costs of using washed aggregate as well.
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APPENDIX A

This appendix contains correlation matrixes for inter-event averages from NEB-B, as well as

summaries and event progression from the pilot study.

A.l Pilot Study

The results of the pilot study are shown below. In total, 22 samples were taken from RPPS
and 7 from RTS. All samples were taken from RTS 1, as the distinction between the two sites
was only realised after the pilot study. Significantly fewer results were obtained from RTS
due to the ephemeral nature of surface runoff. Only three events were sampled, and each of

these events displayed a total event rainfall of between 11 and 19mm.

Table A-1: Summary statistics of results from RPPS Pilot Study

EC (uS/ecm) pH Orthophosphate (mg/1) Ammonia (mg/l)

‘ Average: SE: Average: SE: Average: SE: Average: SE:
RTS 2 ‘ 165.000 34.995 8.786 0.135 0.869 0.265 1.126 0.160
RPPS ‘ 235.570 11.165 8.652 0.113 0.263 0.037 0.197 0.041

Table A-1 above shows clear contrasts between RTS and RPPS. EC levels of RPPS are
significantly higher, with less variability. Orthophosphate levels in RPPS were about one-
third those of RTS, while Ammonia levels where more than five times higher in RTS than in

RPPS. Indeed, RTS Ammonia levels were consistently above the 0.5 mg/l accuracy

threshold.

A.li  Event-Specific Results

The following four plots show the event-specific averages and standard error for each
parameter along with rainfall characteristics. EC is the only parameter to show any clear
progression in such a small dataset. Orthophosphate appears to vary inversely with event
rainfall, but the error bars highlight significant variability. The high initial ammonia levels
are of interest, as these were not seen at this site in the remainder of the study. A potential
cause of this could be that significant organic material had accumulated in stormwater
chamber from which the samples were taken. During the winter study, this had been washed

away.
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