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ABSTRACT

Accurate and reliable estimations are the most rapb factors for the development
of efficient stormwater pollutant mitigation strgies. Modelling is the primary tool

used for such estimations. The general architectutgpical modelling approaches is
to replicate pollutant processes along with hydymloprocesses on catchment
surfaces. However, due to the lack of understandinfpese pollutant processes and
the underlying physical parameters, the estimatiares subjected to gross errors.
Furthermore, the essential requirement of modebredion leads to significant data
and resource requirements. This underlines thessgefor simplified and robust

stormwater pollutant estimation procedures.

The research described in this thesis primarilyaitietthe extensive knowledge
developed on pollutant build-up and wash-off preess Knowledge on both build-up
and wash-off were generated by in-depth field itigaions conducted on residential
road and roof surfaces. Additionally, the reseatlelscribes the use of a rainfall
simulator as a tool in urban water quality reseaidte rainfall simulator was used to
collect runoff samples from small-plot surfaces.eThuse of a rainfall simulator

reduced the number of variables which are comma@moliatant wash-off.

Pollutant build-up on road and roof surfaces wasébto be rapid during the initial
time period and the rate reduced when the anteteattgndays increase becoming
asymptote to a constant value. However, build-up roofs was gradual when
compared to road surfaces where the build-up orfitbtetwo days was 66% of the
total build-up. Though the variations were diffaretht was possible to develop a
common replication equation in the form of a povwarction for build-up for the two

surface types witta as a multiplication coefficient and as a power coefficient.
However, the values for the two build-up equatioefticients,a, andb were different

in each case. It was understood that the powerficiesit b varies only with the

surface type. The multiplication coefficient variegth a range of parameters
including land-use and traffic volume. Additionallthe build-up observed on road
surfaces was highly dynamic. It was found that ygatt re-distribution occurs with
finer particles being removed from the surface thlisving coarser particles to build-



up. This process results in changes to the parSide composition of build-up.
However, little evidence was noted of re-distribatiof pollutants on roof surfaces.
Furthermore, the particulate pollutants in bothdr@ad roof surfaces were high in
adsorption capacity. More than 50% of the roadrande than 60% of the roof surface
particulates were finer than 1Q0n which increases the capacity to adsorb other
pollutants such as heavy metals and hydrocarbaraddition, the samples contained

a significant amount of DOC which would enhancedbleibility of other pollutants.

The wash-off investigations on road and roof sw$ashowed a high concentration of
solid pollutants during the initial part of eventdis confirmed the occurrence of the
‘first flush’ phenomenon. The observed wash-offtgrais for road and roof surfaces
were able to be mathematically replicated using exponential equation. The
exponential equation proposed is a modified versiban equation proposed in past
research. The modification was primarily in ternisuo additional parameter referred
to as the ‘capacity factorCg). Cr defines the rainfall’'s ability to mobilise solid
pollutants from a given surface. It was noted t@atvaries with rainfall intensity,
particle size distribution and surface charactesstAdditional to the mathematical
replication of wash-off, analysis further focused anderstanding the physical
processes governing wash-off. For this, both partsize distribution and physico-
chemical parameters of wash-off pollutants werdysed. It was noted that there is
little variation in the particle size distributiaf particulates in wash-off with rainfall
intensity and duration. This suggested that parscte is not an influential parameter
in wash-off. It is hypothesised that the particallatensity and adhesion to road
surfaces are the primary criteria that govern watghAdditionally, significantly high
pollutant contribution from roof surfaces was not&tis justifies the significance of

roof surfaces as an urban pollutant source paatilyuin the case of first flush.

This dissertation further describes a procedureganaslate the knowledge created on
pollutant build-up and wash-off processes usinglisphats to urban catchment scale.
This leads to a simple and robust urban water yuaditimation tool. Due to its basic
architecture, the estimation tool is referred to aastranslation procedure’. It is
designed to operate without a calibration proces&mwwould require a large amount
of data. This is done by using the pollutant natfrthe catchment in terms of build-

up and wash-off processes as the basis of measuteniherefore, the translation
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procedure is an extension of the current estimatemhniques which are typically
complex and resource consuming. The use of a &@msl|procedure is simple and
based on the graphical estimation of parametergamdar form of calculations. The
translation procedure developed is particularlyugate in estimating water quality in

the initial part of runoff events.
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Chapter 1 - Introduction

1.1 Background

Urbanisation leads to an increased percentage pérwvious areas on catchment
surfaces. Consequently, this leads to changeseryirologic and water quality

characteristics of catchments. Many researchers heyported that increased flood
frequencies and comparatively higher flood peaksagparent in urban catchments
when compared to rural catchments (ASCE, 1975; daioret al., 1978). Urban

stormwater quality is also one of the key environtakconcerns at the present time.
Due to increased anthropogenic activities on url@amds, various pollutants

accumulate on catchment surfaces. These polluametsvashed-off during storm

events thereby contributing higher pollutant lotmseceiving waters (Bannerman et
al., 1993; Novotny et al., 1985; Sartor et al., 497

With the growing awareness of stormwater pollutiomgny regulatory authorities
strive to implement stormwater management strase¢oe mitigate the adverse
impacts. Numerous research studies and stormwatdityg estimation procedures
have been developed in order to support the decisiaking processes. Computer
modelling is one such water quality prediction guhare that is widely used. There
are a number of stormwater quality models availdtle they are generally based on
similar principles. They first estimate the runefflume using given rainfall and
geographical parameters. Then, the quality of timeff is estimated using pollutant
process equations. The pollutant process equatom®ither a simplified form of
statistical relationships or replications of paddiot processes such as pollutant build-
up and wash-off (Akan and Houghtalen, 2003; Zop2601).

Stormwater quality computer models which are gdhebased on a simplified form

of pollutant export relationships using appropried@ations are termed ‘lumped time
base models’. These models estimate the long teflutgnt export from catchments
and are widely used for planning and decision ntakctivities. The use of lumped

time base models is limited due to two main issk@stly, the representation of
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catchment pollutant processes using a simplifielufamt export equation can be
misleading. Pollutant processes on catchment sgfaave complex characteristics
and are influenced by a range of factors such g lse, topography, rainfall and
climatic characteristics. Secondly, these modeéslram extensive amount of data for
calibration. The acquisition of such data can W&cdit and expensive (Akan and

Houghtalen, 2003; Rossman, 2004; XP-AQUALM-User-Meaih

Stormwater quality computer models which use sépamaathematical replication
equations for each pollutant process can be terfomdinuous time base models’.
The primary pollutant processes that are generafjicated in these models are
pollutant build-up and wash-off. These models aapable of simulating water
quality of each storm event in detail. They usdicagion equations for the two main
pollutant processes: pollutant build-up and wadgh-bfowever, due to limited
knowledge of these pollutant processes, this typeater quality model can lead to
gross errors (Akan and Houghtalen, 2003; Sartal.£1974).

1.2 Hypothesis

The knowledge on pollutant build-up and wash-ofigasses from small-plot urban
impervious surfaces can be translated to an urladchment scale to enable the

estimation of stormwater quality.

1.3 Aims and Obijectives

The primary objective of this research study waddweelop a detailed knowledge on
primary pollutant processes of pollutant build-upd avash-off in plot scale and
translate this knowledge to catchment scale leading catchment scale water
guality estimating tool.

The major aims of the study were to:

Chapter 1 - Introduction 2



» Develop a detailed understanding of pollutant bupdand its relationship to
antecedent dry days on common urban impervious&sfsuch as road and roof
surfaces using small plots.

* Develop a detailed understanding of pollutant walwith rainfall intensity and
duration from road and roof surfaces using rain&thulation on small-plot
surfaces to eliminate the dependency on naturalfalhiand its attendant
difficulties.

» Develop an appropriate simplified approach to tietesthe knowledge on build-
up and wash-off processes to an urban catchmeid¢ steorder to estimate

catchment scale stormwater quality.

1.4 Justification for the Research

It is widely accepted that pollutants originatimgri urban surfaces dramatically
alter receiving water quality. To mitigate the achee impacts of stormwater
pollution, it is essential to have appropriate nigmaent strategies and efficient
treatment designs. However, the effectiveness ol saitigation measures strongly

relies on the accuracy and reliability of stormwafeality estimations.

Modelling is the primary tool used for such estimas. The general architecture of
typical modelling approaches is to replicate palhit processes along with
hydrologic processes on catchment surfaces. Themoompollutant processes
replicated in typical water quality models are ptaht build-up and wash-off.
However, due to the lack of in-depth understandihthese pollutant processes and
the underlying influential parameters, the estiorai can be subjected to gross
errors. Furthermore, the essential requirement afdeh calibration leads to
significant data and resource requirements. Dué¢hé dependency on naturally
occurring rain events, generation of such dataiffcult and time consuming. A

further complexity is added due to the non-homogaaseaature of urban catchments.

The above discussion highlights the necessity fedepth investigations into
pollutant build-up and wash-off. However, in order eliminate the physical

constrains due to the heterogeneity of urban catdtsnand the dependency on
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naturally occurring rainfall events, special reshamethodologies were needed for
the investigations. Selection of small-plot surkaogas the approach taken to
eliminate the constraints arising from the hetenegy of urban surfaces. It was
hypothesised that the characteristics of influénaiables are fairly uniform over a
confined area of urban surface. Secondly, the @istiicially simulated rainfall
was the best approach to eliminate the dependemayaturally occurring rainfall.
This approach further provides better control ovariables such as intensity and
duration. However, once the in-depth knowledge oltugant build-up and wash-off
relating to small urban surface plots is createis, knowledge needs to be translated
to catchment scale for practical applications. Hetie extension of the knowledge
is on pollutant build-up and wash-off for the dephent of the translation

procedure.

1.5 Description of the Research

Special research techniques were used to investmgalutant build-up and wash-off
on road and roof surfaces. The investigations imtdd-up and wash-off were
undertaken on small-plot surfaces which were’3msize. This eliminated the issues
associated with non-homogeneous surface charawsrihe primary variability
considered during pollutant build-up was the ardeoé dry period. Variation of
build-up due to other factors such as land-use a@unted for investigating
multiple sites. A rainfall simulator was used ftwetwash-off investigations. This
helped to overcome constraints associated withddpendency on natural rainfall
events such as their unpredictable occurrence.ifestigations were focused on
understanding variability of wash-off due to vaoas of rainfall intensity and

duration.

The primary data for the validation of the develbgeanslation procedure was
obtained from three urban catchments. All thesehtaénts were residential in land-
use but contained slightly different residentiddam forms. The catchments had been
monitored for quantitative and qualitative paramet runoff. In order to maintain
compatibility of measurements, the investigatiom® ibuild-up and wash-off were

conducted close to these three catchments. Thesstigations were conducted on
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three road sites and two roof surface types. Manatf build-up with antecedent dry
days and variation of wash-off with rainfall intéigsand duration were the primary

focus of investigations.

Samples collected from build-up and wash-off inggdions and from the three
urban catchment outlets were tested for a rangehgtio-chemical parameters.
However, the primary focus was to test parametelated to particulates such as
total suspended solids, total dissolved solids zamticle size distribution. This was

due to the consideration of solids as the indicatdiutant for water quality.

A fundamental understanding of build-up and wadtpofcesses was created by the
analysis of build-up and wash-off data from sméditpsurfaces. The analysis
primarily focused on developing mathematical reglmn equations and
understanding the underlying physical processes iathematical replication
equations for each process were simulated for teglestorm events so that the water
quality in the three catchments could be estimataksed on the accuracy of
estimation in comparison to measured water quaisimplified modelling approach
or translation procedure was developed for estmgatatchment scale water quality

using data obtained from small-plots.

1.6 Scope

This research focused on urban stormwater pollufmocesses. The research
developed a detailed understanding of pollutanidiwp and wash-off processes and
was confined to a specific investigation framewadrfke important issues in relation
to this work are:

* The research was confined to the Gold Coast arb& [imits the research
outcomes in terms of regional and climatic paransetelowever, the generic
knowledge developed is applicable outside of thgioreal and climatic
characteristics of the Gold Coast.

» The field investigations were conducted only faidential land-uses. This limits

the wider applicability of some of the researchcoantes where land-use is a
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significantly influencing variable. However, oncgaa, the generic knowledge
developed is applicable for other land-uses.

e« The research was only confined to two primary pgahti processes, namely
pollutant build-up and wash-off. The transport allptants from catchment
surfaces was considered to be only by advectionmchwmtan be replicated using
typical runoff routing models.

* The investigation of pollutant processes was ceufito road and roof surfaces.
It was considered that these two surface typeesept the dominant impervious
fraction and are the most significant contributorstormwater pollutant load.

* The seasonal variability of pollutant build-up wast considered during the
investigations.

e Three road sites with variable urban-forms formlee $tudy sites. The traffic
volumes in these three sites are typical of residiearban roads. Variable traffic

volumes were not considered for the study.

1.7 Outline of the Thesis

This thesis consists of nine chapters. Chapter thesintroduction to the thesis.
Chapter 2 gives the outcomes of the state-of-theemiew of published research
literature. It describes the background informati@hating to the research and
identified knowledge gaps. Chapter 3 outlines ¢t the research tools used for
the investigations. The study site selection iuBsed in Chapter 4. Chapter 4
further describes the methodology adopted for splatl pollutant process
investigations and laboratory testing. The primdata analysis is discussed in
Chapter 5 and Chapter 6. Chapter 5 focuses onntlgsss of pollutant build-up on
road and roof surfaces whilst Chapter 6 discussesnalysis of pollutant wash-off
on road and roof surfaces. In these two chapteesobjective was to understand the
physical processes governing pollutant build-up awdsh-off, to develop
mathematical replications of each process, and ridenstand the variability of
physio-chemical parameters that influence the gdisor of other pollutants to
particulate pollutants. Chapter 7 discusses thedhygic modelling of study sites
which was undertaken to obtain the essential hgdrol information for the

development of the translation procedure. The Ia#ios procedure developed is
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discussed in Chapter 8. Chapter 9 provides thelasioas and recommendations for
further research. Finally, references used througtie thesis are listed. Appendices

A to F contain information additional to the main text.
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Chapter 2 — Urban Hydrology and Water Quality

2.1 Background

As the concept of sustainable development gaineease recognition around the
world, understanding the adverse impacts of urladiois on the water environment
is highly important. Water is one of the essentedources for human existence.
Urbanisation and consequent physical changes throant surfaces lead to the

deterioration of water quality.

Urbanisation transforms rural lands into residéntammercial and industrial land-
uses. The vegetated catchment surfaces are chanmgledthe introduction of
impervious surfaces such as roofs and road surf&esiously natural streams and
waterways are lined and natural flow paths are gbdrdue to the introduction of
artificial drainage systems (Hollis, 1975; Kibld982; Waananen, 1969; Waananen
et al.,, 1961). Apart from the physical changes ke tcatchment surfaces,
anthropogenic activities common to urban areas leadthe contribution of
significant amounts of pollutants such as soliggavy metals and hydrocarbons. The
pollutants found in waterways are greater in load diversity when compared to
rural areas (ASCE, 1975; Bannerman et al., 1993ise@t al., 1993).

Due to the severity of impacts of urbanisation lo@ Wwater environment, regulatory
authorities have sought to develop mitigation setyegs. For mitigation actions to be
efficient and productive, accurate estimation opacis is critical. Estimations are
primarily based on modelling approaches which ogpd hydrologic and water
quality processes (Akan and Houghtalen, 2003; ZopR001). However, lack of
knowledge of primary processes and the necesgity farge array of data for model

setup and calibration makes modelling inherentfyodilt.

This chapter focuses on identifying the primarygesses and related influential
parameters in urban hydrologic and water qualityimes. The chapter further

discusses the estimation methods for quantitatnecaalitative parameters of urban
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runoff. Additionally, the issues relating to quative modelling of runoff are
discussed to explore possible knowledge gaps.

2.2 Hydrologic Impacts

The impacts of urbanisation on the hydrologic regilmave received significant
research interest. The impacts are apparent ngtdauming storm events, but also in
the long term. The long-term impacts are mainlyngfes in the natural water
balance. Waananen (1969) noted that urbanisatiosesancreased long-term water
volumes originating from catchments. The primargsan is the presence of a high
fraction of impervious surfaces which reduces frdtion and increases the runoff
volume. On the other hand, both Hollis (1975) andavianen (1969) noted that
urban creeks which were previously perennial caoile ephemeral for significant
periods of the year. As they suggested, lack ofiggovater recharge and consequent
reduction of base flow are the primary reasonss Tiniderlines the reasons for large

floods and consequent droughts that urban catclsncentmonly undergo.

Q“p —— After Urbanisation - - - Before urbanisation
° Q% - Urban peak dis_charge
% Q% :- Natural peak discharge
5 t' :- Urban time to peak discharge
-‘Dﬂ V& ty :- Natural time to peak discharge
V" v :- Urban runoff volume
/ V" :- Natural runoff volum
n ~
Qb LT -

Time

Figure 2.1 - Changes in runoff hydrograph after urtanisation
(Adapted from Kibler 1982)
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Event based impacts on the hydrologic regime duerbanisation are the most
serious. As noted by Rao and Delleur (1974) urladiois causes significant
increases in flood levels which can cause sigmfiggoperty damage. Though the
increase of flood levels is commonly highlightedaasnique feature, it contributes to
a range of changes to the hydrologic regime. Asdhbly Brater and Sangal (1969)
and Kibler (1982), such changes in hydrologic regitan be better illustrated using

a runoff hydrograph as shown in Figure 2.1.

As seen in Figure 2.1, the primary changes to theoff hydrograph due to
urbanisation include:

* Reduced time of concentration or catchment lag;

* Increased runoff peak flow;

* Increased runoff volume; and

* Reduced base flow.

Physical changes to catchment surfaces such aasent imperviousness cause such
changes to the hydrograph. However, it is diffidatidentify the exact cause of
these changes to the runoff hydrograph. As expiinyeHollis (1975), Kibler (1982)
and Waananen (1969), the changes to the runoffogyalph are caused by a
combination of physical changes to catchment sasfand the drainage network.

Reduced time of concentration is primarily duergpioved hydraulic performance
of catchments. The primary causes for improved dwir performances are
introduction of impervious surfaces, uniform slome® lined channels. The high
fraction of impervious surfaces in urban catchmecas decrease the surface
roughness by a significant margin. This reducestithe of travel to the drainage
inlets. The time of travel is further reduced dwe regular slopes by limiting
depression storages. The improved performanceeotithinage network due to the
introduction of pipes and lined channels convesrtinoff faster. This leads to the
‘flashy’ responses of urban catchments to rairdatints (Kibler, 1982; Mein et al.,
1974; Seaburn, 1969). Such rapid concentratiommdff to the catchment outlet can
further lead to an increase in peak flows, whicbng of the most critical impacts of
urbanisation (Rao and Delleur, 1974). Espey e{(1869) reported a two to four

times increment in peak discharge in the developgdhment that they studied
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compared to a similar undeveloped catchment. Tadkdr noted that the increase in
peak flow is a simultaneous feature to the redaoctiothe time of concentration.

They reported that the reduction in the time ofamortration could be up to two-

thirds, depending on the drainage channel impromsnéVaananen (1969) also
noted that the time of concentration may be rediogeds much as 70% in an urban
catchment compared to its natural state.

Cech and Assaf (1976) observed that the highedt pe#offs occur in the most
urbanised regions. They studied over 25 yearsrefst flow records in the coastal
region of the Texas Gulf, USA. They observed thasturbanised and industrialised
areas produce three to five times larger peak flinaa the surrounding undeveloped
areas. It was noted however, that these largeréiftees could be attributed to
smaller flood events. For large floods, the effeofs urbanisation are partly
overshadowed by the magnitude of the event. HAES5) showed that the effect of
urbanisation is greatest for small floods and assibe of the flood and its recurrence
interval increases, the effect of urbanisation disties. This is due to two primary
reasons:

1. Surface roughness significantly affects the strdlow regime for relatively
smaller flow depths. Therefore, change in surfamgghness in the catchment
surface and drainage network is significant in radte flow conditions for
relatively smaller storms rather than for largersts (Boyd et al., 1987; Boyd et
al., 1979).

2. For higher return period storms, rural catchmendy imecome so saturated and
its surfaces would behave similarly to imperviougrfaces in an urban
catchment. The magnitude of the higher return pestorm events is capable of
overshadowing the limited initial loss of stormwatand relatively small
continuing losses due to saturated land surfaceghérmore, as most of the
higher return period storms are preceded by sraadfall bursts there is more of
a possibility of having saturated impervious-likeahment surfaces prior to the
higher return period storms. In such situationgh biitial losses and continuing
losses become even less (Hollis, 1975).

It is difficult to draw a general estimate of thedative increase in flood peaks due to

urbanisation as the ‘percentage impervious’ charigea catchment to catchment.
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Furthermore, the simple measurement of ‘perceni@gervious’ cannot show the
full extent of the urbanisation impact. Additionaldifferences in catchment sizes,
topography, geology and improvements to the dransgwork from catchment to

catchment significantly alter the relative incremienpeak flow (Hollis, 1975).

Urbanisation leads to an increase in runoff volwnean individual storm basis as
well as annual water yield (ASCE, 1975; Seabur$9]1®aananen et al., 1961). A
double mass curve analysis by Waananen et al. {1#81Santa Clara Valley
showed that outflow is only 76% of the inflow indlng sewer flows before
development and it increased up to 126% with urdb@relopment. Seaburn (1969)
has shown that the direct runoff from urban catamean increase from 1.1 to 4.6
times greater than the corresponding runoff ingreeurban period. Cech and Assaf
(1976) noted the significant reduction of infilicat and depression storages as the
main cause of the rise in runoff volume. They haxgued that even 100% runoff is
possible for some catchments under certain raicfafiditions. As an example, an
urbanised catchment with saturated pervious swsfdpe previous storms may

produce 100% runoff.

Urbanisation leads to a reduction of base flow (@wvdet al., 1988). The primary
reason for this is the reduction of infiltration s in turn leads to a reduction of
ground water recharge. Though artificial means rofugd water recharge such as
garden irrigation and leakages from water and sew@gs are common in urban
areas, research suggests that they are not particidignificant (ASCE, 1975;
Kibler, 1982).

2.3 Water Quality Impacts

Urbanisation has a profound impact on the qualitystormwater runoff which
consequently impacts on receiving water bodiesnfkiand resulting surface runoff
washes air and land surfaces which are a soureerarige of materials of physical,
chemical and biological origin. These materials premarily generated due to
anthropogenic activities common to urban areas.s€gument concentration of these

materials in stormwater will dramatically impact tire receiving water ecosystem.
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This leads to fundamental changes to the natuag sif water bodies (House et al.,
1993). The changes in hydrologic regime such ase@sed runoff velocities and

volumes further compound the qualitative impacte do enhanced erosion and
dislodgement and entrainment of pollutants builapsurfaces (Simpson and Stone,
1988).

Pollutants incorporated in stormwater have beeagmeised as a major contributor to
the receiving water degradation. This is primamlye to the magnitude of the
pollutant load carried and the wide diversity inlp@ant types. Sonzogni et al. (1980)
reported 10 to 100 times greater suspended satichatrient loads originating from
urban areas compared to similar un-urbanised labie et al. (2002) reported
approximately ten times greater solids loads andentban two times increased
nutrient loads from urbanised catchments compavediral lands. Lind and Karro
(1995) found that the heavy metal concentratioroadside top soil layer in Sweden
is two to eight times greater when compared tolrarads. Apart from such high
loads, the non-point source origin of stormwatelfypants makes the impact more

critical as it is often difficult to implement appriate control measures.

The difficulty of implementing control measuredusther attributed to complexities

inherent to pollutant processes. The complexities primarily due to the

involvement of many media, space and time scaldkanpollutant generation and
transport processes (Ahyerre et al., 1998). An@81) noted that pollutant loads and
concentrations show significant variation with thed-use. In a study involving 13
catchments in Victoria, Australia, the pollutanjper from an industrial catchment
was found to be approximately double compared ® risidential catchments.
Furthermore, the residential catchments showedhdurdifferences in pollutant

export relative to their age of settlement. Godieéke et al. (2005) noted that
variation of land-use is not the only factor thaftuences pollutant loads and types,
but also the characteristics of pollutants. Theteddhat the degree of solubility and
the fraction of pollutants associated with the fiqarticles vary with land-use

characteristics. The authors further noted the agadte understanding of the
physical processes which govern stormwater polufioocesses. This makes the

development of appropriate mitigation strategiesentiifficult.
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Therefore, in the context of mitigating the impaas$ stormwater pollution,
understanding the key elements and its primaryacheristics is highly desirable
(Bradford, 1977; Roesner, 1982). As reported iraesh literature, identification of
the primary sources and understanding the procesisas govern pollutant
accumulation on these sources and mobilisation fieem are most important steps
(Bannerman et al., 1993; Sartor et al., 1974; SérahE975; Vaze and Chiew, 2002).

2.3.1 Pollutant Sources

Due to the impact of raindrops and turbulence eckdiy runoff, pollutants are
entrained in stormwater from various urban surfgtésckay, 1999). However, rain
water can be polluted before it reaches the gr¢8hiba et al., 2002; Vazquez et al.,
2003). The source from which these pollutants patg is one of the most important
factors that influence pollutant composition. Thignary pollutant sources identified
in the research literature are:

* Road surfaces;

* Roof surfaces; and

* Gardens and lawns.

(Bannerman et al., 1993)

Even though urban catchment surfaces have becomeptimary source of
stormwater pollutants, these pollutants could beneged due to various
anthropogenic activities which may take place iheotareas. The most common
anthropogenic activities that generate stormwatéutants are:

e Traffic;

* Industrial processes;

» Construction and demolition activities; and

+ Erosion and corrosion in the built environment.

Road surfaces are the most significant source dtitpats in urban stormwater
(Bannerman et al., 1993; Sartor et al., 1974). ifiaén reason for this is the direct
and continuous anthropogenic activities such asiculdr traffic. The highest

proportion of the materials present on road sudasetraffic related. However,
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atmospheric depositions and eroded materials fraljacant land surfaces are
significant for some land uses. The pollutants gmésn the road surfaces are mainly
generated from:

* Vehicle exhaust emissions;

» Degradation of vehicle tyres and brake lining;

* Vehicle lubrication system losses;

» Degradation of road surfaces;

* Load losses from vehicles; and

* Atmospheric depositions and soil inputs.
(Bannerman et al., 1993; Shaheen, 1975)

Traffic volume and road surface conditions arekiéng parameters influencing traffic
related pollutants on road surfaces which will vlagm site to site (Novotny et al.,
1985; Sartor et al., 1974). Sartor et al. (1974)ied out a comprehensive survey of
a number of US cities for pollutant build-up onestr surfaces. Their research
showed that road surfaces are the most criticdlifamit source in urban areas. The
roads selected were subjected to moderately hagfictrAccording to their research,
the amount and composition of road surface poltstare influenced by a range of
factors such as land-use, road surface conditindsaatecedent dry days. The traffic
volume was not considered as a separate variallé ams represented by land-use.
The following is a summary of their findings:
1. Asphalt paved roads in fair to poor condition wésand to have substantially
higher amount of pollutants than good to fair roadd concrete paved roads;
2. The amount of pollutants present on the road sesfas dependent on the time
elapsed since the last clean either by street smgep by rain; and
3. The land-use of the adjacent areas has a signifinlnence on the pollutants

present on the road surfaces.

Traffic volume is a critical factor that affectsetamount of road surface pollutants.
Shaheen (1975) attempted to quantify the amourntaffic related pollutants that
accumulate on road surfaces. According to his edgtims, 0.7 g/axle/km of
pollutants is accumulated on road surfaces dueafict A high proportion of this
amount is vehicle exhaust and tyre wear. HoweVer, study failed to detect any
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discernable influence on pollutant accumulatiorr@ed surfaces due to factors such
as vehicle speed, traffic mix or the compositiohaf road surface material.

The load and type of pollutants on road surfacesfisenced by a range of traffic
related factors. Novotny et al. (1985) showed ti@t concentration of abrasion
products such as tyre particles is significantlghler near traffic signal lights and
other traffic bottlenecks such as bridges and heRkdsthermore, traffic volume,
driver behaviour and road geometry influence thuamlation of pollution on road

surfaces (Brinkmann, 1985).

Overall, the pollution concentration of roof sudamnoff is not significant when
compared to road surfaces (Bannerman et al., 1988;Metre and Mahler, 2003).
However, in general, roof surfaces could repreehighest fraction of impervious
surface, particularly in residential urban catchteernTherefore, for low traffic
density catchments, roof surfaces may be a sigmficsource of pollutants
(Bannerman et al.,, 1993). At the same time, roofases may be significant for
certain pollutant types. As an example, the heawtaimcontribution from roof
surfaces may be significant compared to the otberces for a catchment having an
appreciable percentage of metal roofs (Forster6}l9%an Metre and Mahler (2003)
showed that the amount of pollutants on roof tapsifluenced by factors that are
very site specific. They observed a higher amodnpadlutants on roof tops near
highways and industries than those further away.

Depending on the amount of runoff produced, gardams$ lawn areas could be
significant contributors to the stormwater pollutésad. For relatively large storms
where gardens and lawn areas produce runoff, tbeyribute significantly to the
suspended solids load. Furthermore, Bannerman €1393) showed that there is a
significant amount of nutrient loads originatingrir gardens and lawn areas. The
study showed that 14% of particulate phosphorusegidential areas and 47% of

particulate phosphorus in industrial areas origiriedm lawns.
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2.3.2 Significance of Impervious Surfaces in Stormater Pollution

A high proportion of pollutants introduced into arb runoff originates from
catchment surfaces. Bed and bank erosion of thaadya network is relatively low
since most urban channels are well protected. @anhsurfaces can be categorised
into two groups: impervious and pervious. Road aue$, roofs, parking lots and
driveways are the most common impervious surfacaghan catchments. Most of
these impervious surfaces are directly connecteth@éodrainage network. Gardens
and lawn areas are the most common examples ofiopensurfaces in urban

catchments.

According to Novotny et al. (1985), impervious swdés produce runoff for most of
the rainfall events since the initial losses arenparatively low. Therefore,
depending on the amount of pollutants accumulatethg the dry period and the
pollutant wash-off capacity of rainfall events, thellutant load originating from
impervious surfaces could be significantly highceimunoff occurs more regularly.
According to Sartor et al. (1974), there is a hpbssibility of accumulating a
significant amount of pollutants within the firskd days after a rain event. This
means that impervious surfaces are important @oitusources (Bannerman et al.,
1993; Forster, 1996; Mackay, 1999; Sartor et &74). Pervious surfaces on the
other hand, produce runoff only for relatively largainfall events as infiltration and
other initial losses are comparatively high. AugiraRainfall and Runoff (Pilgrim,
1998) states that the initial loss for Eastern @skad is 15 to 35 mm. This
indicates that at least 15 mm of rainfall is neetteghroduce runoff from pervious
surfaces. Consequently, some amount of dissolvédt@ats may infiltrate into the
ground and a portion of particulate pollutants ngay trapped within the pervious
area due to relatively low runoff velocities. Howevfor relatively larger and longer
duration storm events, pervious surfaces produsigraficant amount of pollutant
load, particularly suspended solids and nutriesitsse they have an infinite pool of
such pollutants (Mackay, 1999; Novotny et al., 1985

It is important to evaluate the relative significanof urban surfaces as pollutant
source areas. The significance varies with the las®l rainfall volume and other

catchment and anthropogenic parameters. The waialityg investigations by
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Bannerman et al. (1993) describe the relative itaooe of source areas. The
research was based on two typical urban sitessidengtial site and an industrial site
in Washington, USA. A small commercial centre weagased in the middle of the
residential site. Runoff samples were collectednftbese two sites and analysed for
three types of street surfaces, roof surfaces, lamas, driveways and parking lots.
Table 2.1 shows the summary of the results obtained

Table 2.1- Critical source area and contaminant-lod percentages
(Adapted from Bannerman et al 1993)

Feeder | Collector Arterial Lawns Drive ROOfS Parking Side Total
Streets Streets Street Ways Lots | Walks Load
Residential Source Area
Total Solids 56 20 7 12 5 |5664kg
Suspended Solids 62 18 7 9 4 ]14182kg
Total Phosphorus 39 19 14 20 8 |13109g
Dissolved Phosphorus 31 15 22 23 9 47179
Dissolved Copper 29 44 3 16 2 6 1259
Total Recoverable Copper 33 45 3 13 1 5 2889
Total Recoverable Zinc 42 38 2 11 2 5 2061g
Fecal Coliform 57 21 5 12 5
Commercial Source Area
Total Solids 22 35 10 31 2 367kg
Suspended Solids 27 41 3 27 2 194kg
Total Phosphorus 29 27 11 28 5 5979
Dissolved Phosphorus 30 20 16 27 7 1699
Dissolved Copper 19 31 10 39 1 20.4g
Total Recoverable Copper 22 38 7 32 1 41.1g
Total Recoverable Zinc 11 34 22 32 1 5039
Fecal Coliform 60 22 3 10 5
Industrial Source Area

Total Solids 17 3 15 5 60 6707kg
Suspended Solids 21 4 16 4 55 4274kg
Total Phosphorus 17 2 47 5 29 100639
Dissolved Phosphorus 17 1 69 2 11 3690g
Dissolved Copper 14 2 6 5 73 158g
Total Recoverable Copper 19 3 5 6 67 4679
Total Recoverable Zinc 7 2 1 60 30 77849
Fecal Coliform 9 1 70 1 19

_ indicates source area is not in the land use and _ _ indicates less than 1% of load

According to the research summarised in Table Sréet surfaces and parking lots
are the most significant source areas for urbarmstater pollutants. They are the

highest contributor for most of the pollutants spective of the land-use. Lawn areas
are significant in terms of phosphorus load. Bamaer et al. (1993) further noted

that the use of fertilisers may be the main reakmnhigher phosphorus load

originating from the lawn areas. Roof surfacestr@nother hand, are not significant
as a pollutant contributor except for metals sustZimc. The use of metal roofing

may be the main cause of high Zinc contributiomfr@ofs at the industrial site.
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2.3.3 Pollutant Build-up

Understanding the processes involved in pollutantiaulation is an important part
of stormwater quality research. Pollutant accunmuats a complex process since
many variables such as surface type, surface rasghrslope, antecedent dry days
and land-use play an influential role. Numerousaesh studies have focused on
understanding the variability of pollutant build-ugnd on developing suitable
models. Such research has sought to understaresissah as:

e Factors that influence pollutant build-up;

» Composition of pollutants in the build-up; and

* Mathematical replication of pollutant build-up.
(Namdeo et al., 1999; Sartor and Boyd, 1972; Shghe¥/5)

Many researchers have focused on studying polllaid-up on road surfaces since
roads are an important source area (Sartor et 1&874; Shaheen, 1975).
Theoretically, one can assume that the pollutamtosi@on on road surfaces is
uniform, in relation to spatial uniformity of digtution of traffic and dry deposition.
However, due to wind and traffic impacts, polluta@ire constantly moved away
from the turbulent areas and deposited in the ledas (Namdeo et al., 1999;
Novotny et al., 1985). During this process, there @more possibilities of losing
pollutants from the system by depositing them irvipeis areas or being re-entrained
into the atmosphere. Due to the continuous retdigton process on road surfaces, a
higher proportion of the total solids load is camicated in the kerb and near kerb
areas (Sartor et al., 1974). This type of pollutandlistribution is common for roads
where the traffic volume is significantly high.

The primary factors that affect pollutant re-distition, and hence build-up, are wind
and vehicle induced turbulence. According to Noyo#n al. (1985), at least a 20
km/hr wind velocity is required for appreciable Iptdnt re-distribution.
Furthermore, their research revealed that the rpaaicle size of the re-suspended
particles is around 1om and only 22% of the particles are larger thanugt
However, the general particle size range of thel maface depositions discussed in

other publications is well above the re-entrainedtiple size range. Sartor et al.
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(1974) noted that only 5.9% of the near kerb ddjmos are less than 48n. Traffic
and traffic-induced turbulence could be the modgicat parameter that influences
pollutant re-distribution. Studies by Sartor et @974) and Ball et al. (1998)
revealed that pollutant concentration in near kareas is significantly high
compared to the centre of the road. As they havtedndhe reason for this is the
movement of pollutants to the less turbulent regioe to vehicular induced wind
turbulence. Furthermore, Vaze and Chiew (2002) chtbat the pollutant build-up
may vary along the longitudinal direction of thedodepending on the slope and the

presence of traffic signals and bottlenecks.

The composition and particle size distribution etw@mulated pollutants on road
surfaces are important parameters in water quadiearch. This is due to the
variation of different particle size ranges in asaton with other pollutants, method
of transport and the impact on the natural watetirenment. Sartor et al. (1974)
found that most of the pollutants are adsorbedatdigles less than 4@m. They
reported that 50% of the metals and one-third @ luadf of nutrients are absorbed to
the finer fraction. The finer fraction (less thaB dm) was only 5.9% of the total
solids. Bradford (1977) also found that 60% of lleavy metals are associated with
6% of the finer fraction of solids. The conceptthé coarser dominant particle
weight and finer dominant pollutant adsorption vimgher supported by Shaheen
(1975). He reported that the bulk of the accumdlgiarticles are in the range of
500-2000um. Ball et al. (1998) noted the influence of regibmand catchment
management practices on pollutant build-up anddtaposition. They observed less
pollutant load in typical suburban roads in SydnAystralia when compared to
North American roads. However, the particle sizetrtbution of the accumulated

pollutants that was observed was similar to thpored by Sartor et al. (1974).

Contradictory reporting is evident on build-up arsdcharacteristics on road surfaces
where the traffic volume is significantly less. Hgren et al. (2006a) found around
85% of the solids belong to finer particle sizeug® which was less than 7 in
industrial and residential roads. The research bes®d on roads where the traffic
volume is relatively low and the antecedent dryiqgemwas between one to seven
days. However, similar to most other researchdrsy bbserved higher pollution

composition in the finer fraction of solids.
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Figure 2.2 - Pollutant accumulation rate for different land uses
(Adapted from Sartor et al., 1974)

Sartor et al. (1974) revealed that the pollutarduamlation on the road surfaces
varies with the land-use of the surrounding arediara function of antecedent dry
days. They published pollutant accumulation curfgesresidential, industrial and
commercial land-uses (see Figure 2.2). These politaccumulation curves are the
basis for most urban stormwater quality models oy et al., 1985). As Sartor et
al. (1974) noted, the pollutant accumulation ondrcarfaces can be replicated
mathematically using a decreasing rate increasimgtion. They developed an

exponential function in the form of:

% =l -aP Equation 2.1
Where,
P = Amount of pollutants in the kerb;
I = Sum of all inputs;
t = Time; and
a = Removal coefficient.

Ball et al. (1998) noted that build-up in the ndarb area can be replicated
mathematically using a power equation. They teateahge of equations in different

forms for build-up replication and recommended aveo function as the most
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suitable. Their research was based on typical Alatr suburban roads with
relatively moderate traffic. As they recovered tigkly less pollutants, the results
obtained using the replication equation are sigaiftly different from the equation
proposed by Sartor et al. (1974). However, the phmmmon of decreasing rate
increasing variation of build-up was confirmed. Shisuggested similar
characteristics of build-up irrespective of lan@&udraffic and other factors.
However, due to greater variability of influentigdrameters such as land-use and

traffic, the amount of build-up could be highlyesgpecific.

2.3.4 Pollutant Wash-off

The pollutants accumulated on urban surfaces dijeced to wash-off during storm
events. During the initial period of rainfall, tbatchment surfaces get wet and most
of the soluble pollutants begin to dissolve inlanfof water. At the same time, some
of the materials are loosened from the surfacesasgended in the water film by the
energy of the falling raindrops. As the water fibmilds up and begins to flow down
slopes, it also develops an ability to hold poliisain suspension due to the flow
turbulence. The kinetic energy of the raindropsamiparatively higher than the flow
energy for overland flow situations. However, whee flow is concentrated into
channels and gutters and as the depth increasesaitidrop energy becomes less
important (Mackay, 1999).

The amount of pollutants washed-off from imperviossrfaces is primarily

influenced by the amount available on the surfabéchvin turn is related to the
pollutant build-up process (Duncan, 1995). As disedl in Section 2.3.3, build-up is
a dynamic process which primarily varies with th&#eaedent dry period. This
indicates the influence of antecedent conditionshenamount of pollutant wash-off.
However, as far as the wash-off process is condethe influence of the amount of
build-up is limited. The other parameters, primarginfall and runoff parameters,
are the most influential in the wash-off process\diny et al., 1985; Sartor et al.,
1974).
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Explanation for the processes governing pollutaasiwoff varies in the research
literature. However, all hypotheses centre around influencing rainfall and runoff
variables: rainfall intensity, rainfall volume, rofifi rate and runoff volume (Mackay,
1999). These variables correlate with each otlnarefore, it is difficult to discern
the degree of influence exerted by them indiviguadh wash-off. Chiew and
McMahon (1999) investigated the relationship betweellutant wash-off and runoff
volume in urban catchments in Australia. They shbwbat the event mean
concentrations of suspended solids and total plowepk can be better estimated
using total runoff volume. This implies that thglmer runoff volume carries a higher
pollutant load. However, for an urban catchmenthwitell protected pervious
surfaces this may not be true since there showldya be an upper limit of pollutant
availability on the catchment surfaces. Chui (19%hpwed that event mean
concentration for total suspended solids (TSS)dmmical oxygen demand (COD)
increases with the rainfall intensity rather thaithwainfall volume. The rainfall
intensity correlates with the rate of kinetic energupplied by the raindrops.

Therefore, the pollutant removal capacity of rdinfaay increase with intensity.

Herngren et al. (2005a) showed that pollutant wathmay be influenced by

catchment surface properties such as texture dép#y. used simulated rainfall over
several road surface plots to investigate polluteash-off behaviour and found that
relatively rough road surfaces are capable of hgldi greater fraction of pollutants
within the surface. Furthermore, they showed tlmdiuant wash-off is influenced by
both rainfall intensity and runoff volume but thesere not able to determine the

relative importance of each parameter on pollutaagh-off.

The general understanding of pollutant wash-off liegp that rain storms only
remove a fraction of the pollutants from the catehinsurface. The experimental
study by Vaze and Chiew (2002) showed that afsgmificant rainfall event of 39.4
mm, only 35% of the total pollutants were washefd-blie following rainfall event

of 4 mm reduced total pollutant load by 45%. Basadfield measurements, Vaze
and Chiew (2002) have proposed two possible paitut@ash-off concepts, as
illustrated in Figure 2.3. These alternative prgessare termed as ‘source limiting’

(Figure 2.3a) and transport limiting (Figure 2.3B)ccording to their research,

Chapter 2 — Urban Hydrology and Water Quality 24



pollutant wash-off from impervious surfaces tha¢ aubjected to more frequent

rainfall events is more close to the source lingifomocess.

A * * rain *

(2) -

Surface pollutant load
s

Time

Figure 2.3 — Hydrologic representation of surface gllutant load over time
(Adapted from Vaze and Chiew, 2002)

According to Sartor et al. (1974), the rate at Whimainfall wash-off removes
particulate pollutants from road surfaces dependshoee primary factors: road
surface characteristics, rainfall characteristiog] particle size. However, they have
further suggested that the influence of rainfalensity is comparatively higher for
pollutant wash-off than for other parameters areube of rainfall intensity alone in
a pollutant wash-off equation produces acceptabtputs. The pollutant wash-off
equation developed by Sartor et al. (1974) is ipoaential form. Rosener (1982)
suggested that the pollutant wash-off equation éfiqn 2.2) developed by Sartor et
al. (1974) could be used for all impervious surgaddowever, the equation was

primarily developed based on research data from so&faces.

W =W, 1-e™") Equation 2.2
Where,
W, = Initial weight of the material of a given pargdize;
t = Time of rainfall;

| = Rainfall intensity;
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w = Weight of material of a given particle size rerad\after time; and
k = Wash-off coefficient.

The wash-off coefficientk varied with the street surface characteristict Wwas

found to be almost independent of particle size.

2.3.5 First Flush Phenomenon

As noted by numerous researchers, the ‘first flushan important phenomenon
which has strong links to pollutant wash-off ar@hsport. The ‘first flush’ refers to
the higher concentration of pollutants during thi#al period of the storm events. It
has been noted that the concentration peak pre¢kedasnoff peak (Deletic, 1998;
Duncan, 1995; Lee et al., 2002).

The first flush phenomenon is the primary justifica for most stormwater
treatment design. Most treatment facilities suchredsention and detention basins
have been designed so that they treat the intiabff which in turn contains the
highest concentration. The rest of the runoff tefbypassed without any treatment.
However, the uncertainty of occurrence of ‘firatsh’ and the presence of a high
amount of dissolved pollutants which is difficult treat using such facilities often

leads to failure of treatment (Harrison and Wilsb®35).

Although the occurrence of first flush has been emmly reported, the observations
are not consistent. Hall and Ellis (1985) and Sgnzet al. (1980) stated that the
significance of the first flush is overemphasised anly 60% to 80% of the storms
exhibit this phenomenon. Apart from the uncertaiotyoccurrence, Hoffman et al.
(1984) noted that the timing of the peak conceianator different pollutants could
vary. They noted that the peak of dissolved comaéinhs often occurs after the peak

of particulate concentrations.

The occurrence and nature of first flush can b&émiced by a range of factors.
Harrison and Wilson (1985) noted that the occureenicfirst flush is influenced by
the temporal and aerial variation of rainfall ewert is often noted that the highest
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intensity rainfall bursts are in the initial periad rain events. This could cause
higher pollutant wash-off during the initial pafttbe event which in turn magnifies
the first flush. Furthermore, first flush can begnidied by the presence of a higher
fraction of roof surfaces where most of the poltitaash-off takes place during the
initial period of runoff. Forster (1996) noted thabofs produce significant

concentrations of pollutants during the initial ipdr of runoff. Catchment

characteristics also have a pronounced influencehenfirst flush. Lee and Bang
(2000) and Lee et al. (2002) observed high strefigghflush occurrence in smaller
and highly impervious catchments compared to larged less impervious

catchments. However, Bertrand-Krajewski et al. @)99oted that the influence of

catchment size on first flush is minor.

2.4  Primary Stormwater Pollutants

As stormwater pollution leads to significant deteation of the quality of receiving
water bodies, identification of specific charadgds and types of urban pollutants is
critically important. Unlike rural catchments, arghogenic activities in urban
catchments result in a diverse variety of polligambdustrial processes, vehicular
traffic, construction and demolition activities ahdusehold chemical use are key
anthropogenic activities in urban areas. The commoltutants present in urban
catchments are:

» Litter;

* Nutrients;

* Heavy metals;

* Hydrocarbons;

* Organic carbon; and

» Suspended solids.

2.4.1 Litter

The primary categories of litter are packaging mal® such as paper, glass, metals,

plastics and grass and plant leaves. Litter isanotajor concern in terms of water
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quality degradation. However, most urban catchmpmsluce a significantly high
volume and mass of litter. Litter contributes taidrblockage and gives an unsightly
appearance to receiving waters. Therefore, theepoesof litter in stormwater runoff
is a considerable issue for urban drainage managefAemitage and Rooseboom,
1999; Matrais et al., 2001). The research by Allisbal. (1998) in an inner suburban
catchment in Melbourne, Australia, suggested that rtutrient contribution from
litter is an order of magnitude smaller than th&ieats present in typical stormwater
runoff. This implies that the significance of littess comparatively low purely as a

water pollution agent.

2.4.2 Nutrients

Nutrients are chemicals that are essentially reguior plant growth. However, high
contributions of nutrients from urban lands causeessive growth of plants such as
algae. The excessive growth of algae alters thgaViappearance of water bodies.
The visual impact may include colour, turbidity afhohting matter. Consequently,
death and decomposition of vegetation will altetewajuality parameters such as

dissolved oxygen demand (Brezonik and Stadelmad®R;20'Reagain et al., 2004).

Total nitrogen (TN) and total phosphorous (TP)tAemost important nutrients that
cause water quality degradation. Many researchax® tshown that stormwater
runoff is a significant source of nutrients (foraexple, Sonzogni et al. (1980).
However, the primary source areas that they redeare different. According to
Bannerman et al. (1993) and Novotny et al. (198fgnificant amounts of nutrients
originate from gardens and lawns in residentiatio@ients which could be the result
of the use of fertiliser. Shaheen (1975) found tted surface runoff contains
significant nitrogen and phosphorous compoundsthatl a significant fraction of
these pollutants is due to vehicle exhausts. Fo($896) showed that almost all the
nitrogen compounds originating from roof surfacee atmospheric depositions.
Significant amounts of nutrients may originate frone degradation of leaf litter.
However, Allison et al. (1998) showed that the emir contribution from leaf litter is

two orders of magnitude less than the typical patrloads in urban stormwater.
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2.4.3 Heavy Metals

Urban stormwater can contain significant amounteezvy metals. The research by
Lind and Karro (1995) showed that the top soil dfamn roadside green areas contain
two to eight times more heavy metals than top soilural areas. These roadside
green areas are designed as stormwater infiltratieas in stormwater management
practice. The common heavy metals found in storrematmoff are Zinc (Zn), Lead
(Pb), Copper (Cu), Cadmium (Cd), Nickel (Ni) andr@hium (Cr) (Lind and Karro,
1995; Sorme and Lagerkvist, 2002).

The main sources of heavy metals in the urban enwient include household and
commercial chemical use, traffic related pollutaratmospheric depositions and
building materials. Sorme and Lagerkvist (2002) esbed that one of the main
sources of Cu is tap water and roof runoff. Thegearch mainly focused on tracking
heavy metal sources in the urban environment. Eurtbre, they identified that one
of the largest sources of Zn was galvanised bugldimaterials and car washing
liquids. Sartor et al. (1974) and Zenders (2004wsdd that road surfaces contain a
significant amount of heavy metals. According teithresearch, vehicle exhausts,
tyre and brake lining, and asphalt pavement caminhs are the main sources of

heavy metals in a road surface.

2.4.4 Hydrocarbons

Stormwater runoff is a major contributor of hydrdman load in an urban
environment (Gray and Becker, 2002). Datry et aD0@) showed that the bed
sediment of stormwater detention basins containnifsignt amounts of

hydrocarbons. They tested bed sediment of a storenvaetention basin in France
which had operated for over thirty years. The sssihowed that 52.9 mg/kg of dry
sediment were present including 15 types of hydtmwas. According to their

research, most of the hydrocarbons were attachegohtioiculate matter and were
rarely found in the dissolved phase.
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Hydrocarbons can originate both from natural anthrapogenic sources. Natural
sources such as degradation of organic matter amebtffires contribute a minor
fraction of hydrocarbons to the urban environmémthropogenic activities are the
major source of hydrocarbon load including Polyychromatic Hydrocarbons
(PAHs). Van Metre et al. (2000) showed that theraasing trend of PAH in
stormwater runoff is caused by combustion sourddwey observed that PAH
concentrations track closely with an increase itomobile use. However, Ngabe et
al. (2000) commented that the chemical compositibRAHs found in stormwater
runoff is more closely related to lubrication diherefore, non-combusted oil losses
could be a major source of hydrocarbons in roathsarrunoff.

2.4.5 Organic Carbon

Organic carbon is an oxygen demanding material viicommonly found in urban

stormwater runoff. The major impact of organic carlis the reduction of dissolved
oxygen in water. Excessive loads of oxygen demandmaterials can reduce the
amount of dissolved oxygen in receiving water apdde cause significant damage

to aquatic life (Warren et al., 2003).

Gromaire-Mertz et al. (1999) showed that the largesount of organic carbons
originates from road surfaces in urban environmeiitge variations of organic
matter on urban surfaces were found to be depermteatrange of parameters such
as antecedent time since the last street cleaningpinfall event and land use
characteristics. Sartor et al. (1974) showed thgammic matter accumulates on road
surfaces much faster than inorganic matter. Rogat. €1998) showed that in road
surface runoff the organic carbon concentratiosigsificantly high in particles less

than 50um.

2.4.6 Suspended Solids

In an urban environment, the pollutants availabiepaved surfaces such as roads,

roofs, and gardens are mostly in particulate foDuring rainfall events some of
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these pollutants dissolve in stormwater, but aiB@mt amount is transported as
particulate pollutants. These particulate polllsaate commonly referred to as
suspended solids. It has been noted that partecplaitutants are kept in suspension

by the raindrop induced turbulence in overland fldhackay, 1999).

The size range of the suspended solids varies ey fine solid particles to large
particles depending on the turbulence created éydimdrops. Relatively larger and
dense particles may settle and re-suspend duriegflohv and the possibility of

settling in the receiving water bodies is high. Tatgsical impact of these settable
solids include smothering of bottom dwelling fauswad flora and changes to the

substrate.

Finer particles remain in suspension for a longmiga of time. This is due to the
larger surface area compared to mass and the peeséelectrostatic charges (Dong
et al., 1983). Therefore, fine textured particles most likely to reach receiving
water bodies. Andral et al. (1999) noted that tighér fraction of finer particles
which are less than 1Q0n remains in suspension for a longer period of twhést

a higher fraction of coarser particles which areaggr than 10Qum will settle
rapidly. They further noted that treatment for fhmeer fraction will remove 90% of

the solids which have a high potential to reacleirgieg waters.

Finer particle ranges are not only actively avddaim water bodies by being in
suspension but they are also associated with afhagtion of other pollutants such
as hydrocarbons and heavy metals. Herngren e2@056) showed that heavy metal
and hydrocarbon concentrations are strongly cdeelavith the total suspended
solids load. Sartor et al. (1974) noted a signifigahigh percentage of nutrients and
organic material in the finer fraction less than48 which was only 5.9% of the
total solids. Since the correlation of suspendéidisto other pollutants is strong, the
use of suspended solids as a surrogate to estiotlage pollutants is a common
practice. This is the primary reason for the commapproach of selecting suspended
solids as an indicator pollutant in stormwater guaksearch (Akan and Houghtalen,
2003). The capacity for adsorbing other moleculaseg with the size, structure and
physio-chemical properties such as electrical cotidity of the particles (Pechacek,
1994; Tai, 1991). As noted by Hamilton et al. (1P84d Warren et al. (2003), the
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other factors influencing pollutant adsorption arganic carbon concentration and
pH.

2.5 Hydrologic and Water Quality Modelling Approaches

With growing awareness of both the hydrologic andtew quality impact of
urbanisation, hydrologic modelling and water qualmodelling are increasingly
used as estimation tools for understanding the tgyaand quality impacts of
stormwater runoff (Zoppou, 2001). Hydrologic modate generally used as a flood
estimation tool for simulating individual storm ew¥e or a series of events which has
occurred over a period of time. Unlike hydrologiodels, water quality models have
been developed to estimate the long-term pollutargact on receiving waters.
However, there are a number of models, such as SWWiMh have been developed
to estimate pollutant load from an individual stoeawent (Rossman, 2004). Both
hydrologic and water quality models were first deped for natural or rural
catchments. With the increasing demand for urbairdiggic and pollution models,
both types of models have been modified to handlarucharacteristics (Ahyerre et
al., 1998; Zoppou, 2001). In this section, the techl capabilities of hydrologic and

water quality models in an urban context are diseds

2.5.1 Urban Hydrologic Models

Hydrologic models are usually a combination of neathtical procedures used to
replicate hydrologic processes. This combinatiaimmaltely generates quantitative
estimates of stream flow runoff. The main hydrotogrocesses in a catchment are

illustrated in Figure 2.4.
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Figure 2.4— Hydrologic processes
(Adapted from O’Loughlin and Stack, 2004)

Different mathematical procedures have been deedlop estimate each component
of the hydrologic processes (Boyd et al., 2003; reason and Mein, 1995;
O'Loughlin and Stack, 2004). As an example, Hogomfiltration equation is a
recognised estimation procedure for rainwater tnafilon. However, most of the
developed mathematical procedures focus on rurabtural catchments. There are
significant quantitative differences in urban hydgic processes when compared to
rural hydrologic processes in relation to infiliost and depression storage
(Laurenson, 1962; Waananen et al., 1961). Models dio not account for these
differences may lead to erroneous estimationsrderao overcome these estimation
errors, modifications have been included in rusalrblogic models so that they can
replicate urbanisation effects. In most cases,udaachment surfaces are considered
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as a combination of three different land cover sypmpervious — directly connected,

impervious — supplementary and pervious. Separatamatical procedures have
been developed to replicate rainfall and runoffcpsses in these three types of
surfaces (Boyd et al., 2003; O'Loughlin and Sta€k4).

With the advancement of research knowledge, acewatl complex mathematical
procedures have been developed to replicate eadhlrand runoff process. Use of
these procedures in a hydrologic model increasesainplexity. Therefore, model
users often simplify the aspects of urban hydroldggya manageable level of
complexity. However, oversimplification of catchnidrehaviour may lead to errors.
On the other hand, more complex models need margutational effort and data
resources (Goonetilleke, 1998; Phillips and Yu,20oppou, 2001). The simplicity
or complexity of a model depends on the needs. Mewea number of primary
features have been recommended to be includeddmlmgic models in order to
improve their prediction power (Laurenson, 1964)e3e are:

* Temporal and spatial variation of rainfall excess;

» Distributed nature of the catchment; and

* Non-linearity of the catchment response.

Hydrologic models which use different mathematigabcedures with different
complexity are available. The types of models viaoyn simple models which are
only capable of estimating peak discharge to compledels that can be used to
estimate the runoff hydrograph. The decision onctvimodel to use depends on the
capabilities of the model and the complexity to ethiusers are accustomed
(O’Loughlin and Stack 2004).

2.5.2 Hydrologic Modelling Approaches

The rational formula is the simplest form of thediglogic model (Rossmiller,
1980). It is a simple statistical relationship beém measurable parameters such as
rainfall intensity, peak discharge and catchmentsjgal properties. The formula is
only capable of estimating peak discharge. The gmymadvantage of using the
rational formula is its simplicity. It requires cparatively less data and resources to
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perform calculations. Although the formula is wiglelsed in the urban context, care
has to be taken in selecting an appropriate rucwefficient. Furthermore, due to the
level of simplicity, the estimations could be faorh reality. The fundamental
assumptions used are:

* The design storm is uniformly distributed in timedsspace;

* The storm duration is equal to the time of conarun;

» Peak flow is a fraction of average rainfall rattiean the rainfall excess;

» The return period of the peak flow is equal torgterrn period of storm; and

» Rainfall runoff response is linear.
(Dayaratne, 2000; Goonetilleke, 1998).

With the advent of computers it has become posdiblereate models that can
handle complex rainfall temporal patterns as in@utd use complex mathematical
replications as hydrologic processes. In this type complex model, the
mathematical procedures used for estimation caseparated into a loss model and a

routing model.

The loss model represents the rainfall and runofic@sses such as interception,
depression storage, infiltration and evaporatiome Tloss model enables the
estimation of the rainfall excess which is the ortof water available for runoff.
The most common types of loss models are:

» Initial loss — continuing loss model;

* Initial loss — proportional loss model; and

« Infiltration models such as Horton’s infiltration@ation.
(Boyd et al., 2003; Laurenson and Mein, 1995; Oftdun and Stack, 2004)

For urban catchments, two different loss models @sed for impervious and
pervious surfaces. For impervious surfaces, onlyiratial loss is commonly
subtracted from the rainfall in order to calculedanfall excess. The general range of
initial loss for impervious surfaces is 0 to 5 mBoyd et al., 2003; O'Loughlin and
Stack, 2004). For the pervious area, the initigkle- continuing loss model is the
most widely used and it is the recommended modelnfost parts of Australia

(Pilgrim, 1998). The common procedure is to sultt@mplete losses from the
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rainfall prior to routing. However, there are somedels which subtract depression
storages first, then calculate the runoff using tbeting model and subtract
infiltration losses from the runoff. This latter mpach is more realistic since
infiltration may occur continuously during the rdhperiod (O'Loughlin and Stack,

2004).

The routing model transforms the rainfall exces® ia runoff hydrograph using
catchment properties. Routing models incorporagk pétenuation and travel time of
runoff due to the storage action of the catchmadtchannels. Some of these routing
models are theoretically based and others are ptuedemodels. The main types of
routing models are:

* Unit hydrograph models;

» Kinematic wave routing models;

» Atrtificial storage routing models; and

* Time area routing models.

A Unit Hydrograph Models

The unit hydrograph is the catchment response famiaof excess rainfall. Models
developed based on unit hydrograph methods deloga fhydrographs from the
given rainfall excess hyetograph. To keep companati effort to a minimum, the
catchment parameters are limited to area, length sdope (Espey et al., 1969;
Pilgrim et al., 1981; Sarma et al., 1973).

The basic theoretical contradiction of the unit togtaph method is its linearity. In
the unit hydrograph method, the rainfall excessramaff are assumed to be linearly
related (Kitheka et al., 1991). However, it is chgaunderstood that the rainfall-
runoff relationship for any catchment is nonlindaitken, 1975; Askew, 1970;
Laurenson, 1962). Researchers have attempted licdenenodifications to the unit
hydrograph method to adapt it to an urban contexsome cases, such as in the
work of Espey et al. (1969), attempts have beenentaanodify the unit hydrograph
for urban catchments. They have investigated ruredponses from various urban
catchments in order to develop a general urbanhyditograph. In other cases, the
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parameters of conceptual models based on the ydibgraph have been modified
in order to replicate urbanisation effects (Sarmale 1973). The latter method was
relatively more successful than the former. Howgetleg use of models based on the
unit hydrograph is becoming less popular with thge rof non-linear, more

theoretically-sound, physically-based models.

B Kinematic Wave Models

Mathematical models have been developed to simthat®verland flow of general
irregular surfaces. These models have been usebydnologic modelling of

catchments. The capability of simulating accurathdviour and routing of flow in
irregular and complex catchment surfaces usingethesdels is not well known.
However, there are several approximate models conially available. The use of a
simplified form of kinematic wave equation is onetbe most popular forms of
mathematical models. These models are generalgyreef to as ‘physically-based
models’ (Liu et al., 2004; Sugiyama et al., 1997).

Even though the kinematic wave models are a simdliform, they are relatively
accurate for low flow depths and steep slopes. cdighh physically-based models
provide similar reliability and accuracy as therate routing models and time area
routing models (to be discussed later), they neemtencomputational effort.
Therefore, the inclusion of the distributed natoféhe catchment into the model by
subdividing it into a number of subcatchments isnptex. These are the main
reasons for the relatively low use of kinematic evawodels in Australia (Pilgrim et
al., 1981; Zoppou, 2001).

C Storage Routing Models

Storage routing models are among the most popalarban hydrologic modelling.
The storage routing method is simple and requiess tomputational effort when
compared to physically-based models. Storage rgutindels have been developed
for rural catchments and most of them are capabbmnalysing partially urbanised
catchments with necessary modifications to the rhatleicture. The pioneering

storage routing model was proposed by Laurensor4(19In his model, the
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catchment was subdivided into sub-areas on the loddines of equal travel time or
isochrones. Each sub-area was considered as aoieserth non-linear outflow
behaviour (Boyd et al., 1979; Boyd et al., 1996yrGl§ 2002; Laurenson, 1962,
1964; Mein et al., 1974).

The basis for most of the storage routing modelgely similar to the Laurenson
(1964) model. The main difference in each modethis method of interpreting
physical derivations of sub-areas into a resermetwork and the parameters of the
non-linear equation. RAFTS (Laurenson, 1964), RGR&irenson and Mein, 1995)
and WBNM (Boyd et al., 2003) are the most commordei® developed based on

the storage routing procedure.

D Time Area Routing Models

The time area diagram shows the variation of cbutimg area to the flow with time
at the outlet for a constant rainfall event. Thaaffi hydrograph for a given
catchment and given rainfall event can be calcdlatging a time area diagram as
illustrated in Figure 2.5.

The time area diagram is drawn based on the célonga of the time of
concentration for the various parts of the catchmiéor urban catchments, the time
of concentration is the sum of property drainageetioverland flow time and gutter
flow time. Separate calculation procedures arelabia to calculate each flow time
depending on the physical properties of each dgaingem (O'Loughlin and Stack,
2004). The time area diagram could be of concav@movex shape depending on the
shape of the catchment and other factors. Howewest of the time area routing
models consider time area diagram as linear. Maoslath as ILSAX and DRAINS
are the most widely used hydrologic models in Aalirthat are based on time area
routing (O'Loughlin and Stack, 2004). These two slsdhave been specifically
developed for urban catchments. The models alstaitcohydraulic procedures to
calculate pipe and channel flow.
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Figure 2.5 — Time area calculation
Adapted from O’Loughlin and Stack (2004)

2.5.3 Urban Water Quality Models

The techniques used for water quality simulatioa aery similar to hydrologic
simulations (Zoppou, 2001). The primary inputsy@ter quality models are rainfall
data, geographical data and pollutant load data. Water quality models provide
estimations of pollutant concentrations or loadginating from a catchment. There

are a number of modelling approaches adopted (dgan1).

Stormwater quality modelling can be performed ofumped time base or on a

continuous time base (Akan and Houghtalen, 200@nped time base modelling is
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relatively easier and produce estimates of pollutead (in kilograms) generated

from a catchment over a relatively long periodiofe (say a month or year). These
types of models are based on general pollutant rexgguations for the entire

catchment. Continuous time based models are relgticomplex and produce

estimates for pollutant concentration in relativehorter time steps (a few minutes).
(Akan and Houghtalen, 2003; Zoppou, 2001).

A Continuous Time Based Models

Continuous time based models are based on a conannaf mathematical
procedures which are used to replicate stormwatlutpnt processes. The common
pollutant processes that these models replicat@altetant build-up and wash-off.
In most cases, the replication equations are omystispended solids. Suspended
solids are considered as the indicator pollutadt@her pollutant concentrations are
estimated assuming a constant ratio to the susfdesulels concentration (Akan and
Houghtalen, 2003).

Different models use different forms of pollutantld-up equations. However, most
of these models use build-up equation in the fofdecreasing rate increasing
function. The most common equations in this foren @ower function or exponential
function. An exponential function in the form of &&agion 2.2 is the most common
form of replication equation for pollutant wash-gfkan and Houghtalen, 2003;
Ball et al., 1998; Novotny et al., 1985; Sartoraét 1974; Tsihrintzis and Hamid,
1997; Zoppou, 2001).

The replication of pollutant processes alone is adequate for water quality
modelling. Estimations of hydrologic parametershsas runoff volume are essential
to estimate pollutant concentration. Furthermorée tcalculated pollutant
concentration should be routed to the catchmeneétouthis highlights the necessity
of parallel simulation of a hydrologic model. A sian procedure to a hydrologic
model is commonly used to route the pollutant catregions. In this regard, the
pollutant is assumed to be transported only vieeation. Advection is the primary

mode of particulate transport in fast flowing watékan and Houghtalen, 2003).
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Model calibration, which is the refinement of adaide model parameters in order to
represent the actual performance of the catchneetite most important process in
stormwater quality modelling. Measured boundaryadauch as pollutograph or
instantaneous water quality data is used to caélite water quality model (Gaume
et al., 1998). The calibration parameters are m $ets. Firstly, parameters related to
the build-up equation need to be adjusted untsgeloorrelation is achieved between
measured and predicted pollutant load. Secondly, ghrameters relating to the
wash-off equation need to be adjusted until clageement with the measured and
predicted pollutograph is achieved. Though thesearpaters represent unique
characteristics, separate calibration of them fficdit. Therefore, simultaneous
calibration of parameters is highly recommendek@IRAP, Version 2004).

B Lumped Time Based Models

Continuous time based models provide detailed failuload and concentration
estimations. This level of detailed estimationsias required for many engineering
applications, particularly planning level studiék&n and Houghtalen, 2003). Mean
annual loading rates are often adequate for suphcapons. Lumped time based
modelling is one such long-term pollutant loadraation procedure (Ahyerre et al.,
1998; Charbeneau and Barrett, 1998; Phillips and2001).

The fundamental concept in the Ilumped time baseddethng is very
straightforward. The model estimates the annudufaoit export from a particular
catchment using catchment, land-use or rainfabup@ters. There are different types
of models that use different pollutant export etpret of varying complexity
(Letcher et al., 1999). For example, the equatevetbped by the US Environmental
Protection Agency (EPA) to estimate annual pollutaading is one of the widely
used methods (Akan and Houghtalen, 2003). The mojuigt

Ms=aPfs Equation 2.3
Where,
Ms = Weight of pollutant generated per unit land peaury
a = Pollutant loading factor;
P = Annual precipitation;
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f = Population density function; and
S = Street sweeping factor.
(Akan and Houghtalen, 2003)

The information on pollutant loading (the pollutdoading factora) needs to be
estimated depending on factors such as land-ugaylggen density and traffic

volume (Letcher et al., 1999).

Comprehensive modelling packages have been devklmgmed on the lumped time
based method, including estimation tools for quatitie and qualitative parameters
and management tools. XP-AQUALM is one such modsighed for long-term
runoff and pollutant export estimations and costamgl policy assessments (XP-
AQUALM-User-Manual, 1996). The non-point source &rafuality analysis model
of XP-AQUALM consists of a hydrologic model and npaint source pollutant
export model. The hydrologic model is a continumdel, which calculates runoff
on a daily basis. Water quality is estimated ugntjutant export equations. These
equations typically consist of a runoff parameted aalibration coefficients. Runoff
parameters are pre-estimates using the hydrologadem whilst calibration
parameters have to be obtained using the calilorgtiocedure (XP-AQUALM-User-
Manual, 1996). Measured event mean concentratibatahment outlets are often
used as data for calibration exercises (Chiew antMi&dhon, 1999; Phillips and Yu,
2001).

2.7 Conclusions

The following discussion summarises the importamctusions drawn from the
review of research literature relating to the hyogac and water quality regime. The
conclusions are mainly focused on the current sthtenowledge with respect to
hydrologic and water quality impacts of urbanisatiey pollutant processes and

current modelling approaches and related issues.

Changes to the hydrologic cycle and quantitativpaots of urbanisation are well

documented in literature. Due to the presence gdemious surfaces and lined

Chapter 2 — Urban Hydrology and Water Quality 42



channels in urban catchments, both rainfall losampaters and runoff parameters
undergo changes. Consequently, this leads to arase in peak discharge, runoff
volume and reduction of base flow. Furthermore,aarlcatchments commonly
exhibit a rapid response to rainfall events. Theaa be a diversity of hydrologic

impacts of urbanisation due to climatic, land-useé sgopographic changes.

The focus on water quality impacts of urbanisatiorof relatively recent origin.
However, there is a significant amount of resedhat has been done in this field
and fundamental knowledge on water quality is abdd. It is common knowledge
that anthropogenic activities in urban catchmentases produce various pollutants.
These pollutants are washed-off during storm eyeméating significant impacts on
receiving waters. In the context of stormwater gyalimpervious surfaces are
critically important due to two reasons. Firstlypsh of the impervious surfaces such
as roads hold significant amount of pollutants. ddety, these surfaces are

hydrologically active even for a small rainfall exe

Pollutant sources and pathways are clearly idewtifin stormwater quality research.
Road surfaces have been recognised as the laasibator to the pollutant load.
However, the extent of contribution varies fromagaldo place depending on the land
use of the surrounding area, traffic volume andirearface conditions. On the other
hand, other impervious and pervious surfaces agaifgiantly dominant under
certain conditions. The best examples for thisgarelens and roof surfaces. Gardens
are a significant source of suspended solids amdents for relatively large storm

events. Metal roof surfaces can be a significant@®of heavy metals.

Understanding key pollutant processes is criticatlportant in urban water quality

research. Significant research has been carriedmoyollution build-up and wash-

off from urban impervious surfaces. However, outesrof most of this research are
site specific. Due to the significant variation mbllutant processes with rainfall,

topographic and land-use characteristics, it iBadit to explain pollutant processes
in general terms. Furthermore, research in thipees exhibits significant data

scatter. Therefore, the processes that have bestoged for pollutant build-up and

wash-off may not be directly applicable for all ie@ts.
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The primary water pollutants identified in litere¢uinclude suspended solids,
nutrients, hydrocarbons, heavy metals and orgaamicon. Suspended solids are the
most common pollutant in stormwater runoff. Most tbe other pollutants are

chemically adsorbed to these particulate pollutadence, the chemical impacts of
the suspended solids are of concern. Due to tlasacteristic, suspended solids are

commonly considered as an indicator pollutant.

Numerous predictive models have been developed gigantity and quality

estimation of stormwater runoff. The estimation aiantity characteristics of

stormwater is a well developed field. There is a@evrange of estimation tools
available. Use of these tools for a specific probldepends on the nature of the
problem and acceptance of the tool within the msifn. The estimation tools for
quality characteristics of stormwater have beeretigped recently. Due to the lack
of understanding of underlying pollutant procesaed variables, the use of water
quality models can often lead to gross errors. Aterssive amount of data is
generally needed to calibrate water quality mod€he production of such data is
resource intensive and difficult. Furthermore, dige high costs and inherent
difficulties involved in producing appropriate dathe accuracy of results from the

use of water quality models can be questionable.
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Chapter 3 - Study Tools

3.1 Background

Chapter 2 explained the necessity for an in-depiedtigation into pollutant
processes and the underlying parameters in storenwatlity research. Due to the
complex nature of pollutant processes, significamay of data is required to
understand them. As reported in research literatheetechniques used to generate
such data are highly variable. For example, bugdsampling from urban surfaces
has been conducted using vacuum systems. Howedwerspecifications of the
systems used in different research are varied. \éamk Chiew (2002) used an
industrial vacuuming system to collect street stgfdepositions. They noted that the
higher power generated by the system increasedampling efficiency which was
termed as the ratio of collected pollutants to labkée pollutants. Deletic and Orr
(2005) used a floor and carpet vacuuming systemravhetions of washing and
vacuuming simultaneously apply. This was due tdéigefficiency in retaining finer

particles.

The techniques used to investigate pollutant wdskkmw even greater variability.
The variability is primarily in terms of conceptgale and apparatus used. Sartor et
al. (1974) and Herngren (2006a) used simulatedfaidiior wash-off studies.
However, the simulation techniques used and thell-qich area selected for
simulation were significantly different. Vaze andi@v (2002) used a completely
different technique where they sampled pollutamtenf road surfaces before and
after natural rain events. The investigation teghaiused by Roesner (1982) was
further different, and involved the sampling of offrat catchment outlets in order to
understand the wash-off behaviour.

From the above discussion it is clear that a rapigéechniques is available to
conduct investigations in water quality researchclEinvestigation technique has
specific advantages and disadvantages. The bestbf@s$echnique has often been

selected by rating these advantages and disadesngagording to user preferences
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and to suit specific research requirements. Thdbghechniques are different, most
of them have earned creditable recognition amoegrédsearch community, given

that their performances were verified under specdsearch conditions.

This chapter introduces the sampling apparatus aaradytical tools used for this
research. It was intended to use simple approafdrethe investigations, so that
these methods can be reproduced in future stades.apparatus were selected to
ensure the requirement of portability. The anafftiools were selected after close
consideration of the requirements. The selectedhodstwere simple and reliable for
their designated use. The primary study apparatdsaaalytical tools used for the

research included:

1) Vacuum collection system;

2) Rainfall simulator;

3) Model roof;

4) Statistical and chemometrics analytical toots] a
5) Hydrologic modelling software.

3.2 Vacuum Collection System

Sampling techniques used to collect pollutants frobran surfaces show significant
variability. However, most of these techniquesiartne following two categories:
1) Brushing / sweeping; and

2) Vacuuming.

These two methods have specific advantages andwdistages. Researchers often
used combinations of these methods in order to rexgh¢he collection efficiency

(Deletic and Orr, 2005; Robertson et al., 2003)usBing or sweeping of road

surfaces are generally efficient in collecting tiekly larger particles. Robertson et
al. (2003) noted that brushing and sweeping thé saface can result in biased
outcomes for larger particles. They suggestedtthatmethod is more suitable when
finer particles are not important. Bris et al. (29%uggested that vacuuming is
preferable in order to collect road surface pohitgadue to the efficiency that can be

achieved in collecting finer particles. They congzhtwo vacuum collection systems
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and noted that a wet vacuum system was preferaie the conventional dry
vacuum system. This is due to their high level fficiency in the collection and
retention of finer particles. The wet vacuum sysiggad by Deletic and Orr (2005)

was a modified form of a carpet cleaning system.

3.2.1 Selection of Vacuum System

It is commonly understood that more power is regglito enhance the collection
efficiency of particulate pollutants from road swoés. Many researchers have used
industrial vacuum systems which are relatively pdwigShaheen, 1975; Vaze et al.,
2000). However, Tai (1991) noted that the collectedfficiency should not be the
only criteria to be considered. The efficiency lo¢ tconventional domestic vacuum
system he used was 96.4% and this was achievedlyglue to the high level of
efficiency in retaining finer particles. As he nadtéigher retention efficiency can be
achieved due to the fine and effective filtratioystem used in domestic vacuum
systems. These findings highlight the necessitysi® a vacuum system with a high
powered and efficient filtration system for roadfane pollutant sampling. However,
it was difficult to find such a system in the opmarket. Therefore, additional steps
were taken to include techniques that enhance dh®le collection and retention

efficiency.

It was decided to use a simple portable vacuunmesydor the research as a large
number of sample collections had be carried oue Técuum system selected was
the Delonghi Aqualand model which consist of a higtompact 1500W motor and
efficient filtration system. The same vacuum systead been used by Herngren
(2005) for his research. In order to enhance thiectmn efficiency, an attachment
consisting of a small vacuum foot with a brush waed. Use of the brush was
primarily to enhance the collection efficiency hglddging finer particles. As noted
by Bris et al. (1999), the finer fraction is moteosgly bound to the asphalt surface
than the coarser particles. The use of a smallifotite vacuum system concentrates
the air flow into a smaller area so that the poafethe system is more effectively
used to collect even the larger particles. Theeefeaombined performance of the
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vacuum system with the brush and the smaller fomd wa the range of industrial

vacuum systems.

A water filtration system along with a High Efficiey Particulate Air (HEPA)
filtration system attached to the Delonghi vacuystesm ensured minimal escape of
finer particles through the exhaust. The filtrateystem for the vacuum is shown in

Figure 3.1.

Figure 3.1 — Water filtration system in Delonghi Agialand vacuum cleaner

The water filtration system consisted of a mechartis direct the air intake through
a column of water so that the particulate polligaaute retained in the water. The
retention efficiency of the filtering system wasufal to be as high as 99.9% in the
water column and the HEPA filter as noted in thenafacturer’s specification. Since
the collected particulate sample is retained inviager column, it is easy to extract
samples from vacuum compartment and easy to prepareacuum system for the

next sampling episode.

3.2.2 Sampling Efficiency

The sampling efficiency of the vacuum system wastett under laboratory

conditions using a 400 x 400 mm sample road surfélce average texture depth of
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the sample surface was in the range of 800 toy®@0The condition was similar to
the road surfaces encountered in the field samplgndescribed in Section 4.4.1. The
pollutant sample used for the validation test wasoumly graded from 1 to 1018
um. This was the particle size range expected duoag surface pollutant sampling.
Figure 3.2 shows the section of sample road suréamk section of actual road
surface that was used for the field sample cobbectPhotographs (a) and (b) in

Figure 3.2 are in same scale.

() (b)

Figure 3.2 - a) Section of sample road surface ara) section of road surface at
Gumbeel Court.

Particle size distribution of the pollutant samplas measured prior to spreading on
the sample road surface. The sample surface wasezeby repeated vacuuming and
flushing with water and allowed to dry by applyiagtream of air. A solids sample
of 100 g mass and known particle size distributi@s spread evenly on the surface
using a straight edge and a fine brush. Care wentéo ensure that none of the
solids spilled over the edge. After cleaning théew@ompartment, hoses and foot
thoroughly, the vacuum system was filled with 3 Ldmionised water. A blank

sample was taken from the deionised water befongripgp the water into the

compartment. The solids sample spread on the sasaplace was collected using
the vacuum system. The procedure adopted was taunathe surface three times in
perpendicular directions. After the collection, trecuum cleaner compartment was
emptied into a clean container and the compartmes washed thoroughly with

deionised water. Also, all the hoses and the bmehe washed four times using
deionised water and poured into the container ab lthss of particulate pollutants

was minimal. The collected sample was oven driedl the recovered solids were
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weighed. The total weight recovered was 97 g. Aolldlly, a particle size
distribution of the recovered solids was undertalkc@rcomparison purposes. Figure
3.3 shows the comparison of particle size distrdvuif the original sample and

recovered sample.
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Figure 3.3 — Comparison of particle size ranges itihe original sample and
recovered sample

As evident in Figure 3.3, losses occur primarilytie 1 to 200um particle size
ranges. The maximum percentage loss was for tbeld gm range, which was 8%.
These losses are mainly attributed to systematiorernn sample filtration and
entrapment of particles in the vacuum cleaner cotnpnt and hoses. Furthermore,
during the vacuuming process particles may beftost the sample surface due to
the action of the brush. The overall efficiencytlo¢ system was found to be 97%,

which was considered adequate for the field ingasns.

3.3 Rainfall Simulator

It is understood from the overview in Chapter 2 ghallutant wash-off is a complex
process and varies with a range of rainfall, runafdtchment and climatic

parameters. Investigation of such complex procebgessing naturally occurring
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rainfall events faces inherent difficulties. Ths primarily due to the aerial and
temporal variability of rainfall parameters such r@snfall intensity and kinetic

energy. Furthermore, lack of control over the r@inparameters and uncertainty of
occurrence makes investigations difficult (Ahyese al., 1998; Herngren et al.,
2005b). In such a context, the use of artificiajgnerated rainfall events in urban
water quality research is worthy of consideratidiis eliminates a significant

number of constraints that arise due to the randwature and variability of

characteristics of naturally occurring rainfall at® Additionally, the use of rainfall

simulation can produce a large amount of datashat period of time (Herngren et
al., 2005a; Herngren et al., 2005b).

A rainfall simulator has been designed and fabeddiy the Queensland University
of Technology water quality research group so titatan be used in urban
stormwater quality research. Details on the desigpects of the rainfall simulator
can be found in Herngren et al. (2005b) and Hem¢2605).

The rainfall simulator consisted of an A-frame stane with three Veejet 80100
nozzles equally spaced on a swinging nozzle boae f&gure 3.4). The nozzle
boom is connected to a small motor in order to gwmeither direction. The speed
of the swing and delay time is controlled usingedctronic control box which in
turn enables the simulator to be calibrated fdied#nt rainfall intensities. The water
used for the simulations needs to be specially grexp according to regional
rainwater quality and pumped to the simulator framexternally located tank. The
water pressure at the nozzle boom can be adjustedvalve so that the simulator
creates the required drop size distribution.
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Figure 3.4 — Rainfall Simulator
(Adapted from Herngren, 2005)

3.3.2 Calibration of the Rainfall Simulator

The rainfall simulator had been designed using alsoation of theoretical
knowledge and field experience as reported in ésearch literature. As most of the
researchers have noted, the primary objective iofalh simulation is to replicate
natural rainfall events as closely as possible ¢abse et al., 1997; Barnett and
Dooley, 1972; Bubenzer et al 1985; Erpul et al9&3Grierson, 1977; Loch, 1982;
Meyer and McCune, 1958). The performances of thmulsitor used and
characteristics of the simulated rain need to breded and verified prior to field

investigations.
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The rainfall simulator used for the field study ha@viously been calibrated for its
intensities and verified for kinetic energy andmize distribution in 2003 for the
research published by Herngren (2005). The proeeche adopted was well
documented (Herngren et al., 2005b). However, duke need to introduce a new
kinetic energy dissipater, the rainfall simulataadhto be re-calibrated for this
research study. The kinetic energy dissipater waessary to reduce the original
kinetic energy of the simulated rainfall to the ugqd level to simulate rainfall

intensities less than 40 mm/hr. The kinetic enengyeases with rainfall intensity up
to a threshold value and then remains constantefiRely 1986). Additionally, re-

calibration also helped to adjust the control bettisgs in order to allow for wear

and tear of the mechanical components in the dagifaulator.

3.3.3 Rainfall Intensity and Uniformity of Rainfall

Both rainfall intensity measurements and unifornaibalysis of rainfall over the plot
area were carried out by placing an array of coetai under the simulator in a grid
pattern and measuring the volume of water colledigihg a known simulated rain
duration. A similar procedure had been used by grem (2005) and Loch (1982) to
calibrate their rainfall simulators. In this instenfifteen containers were placed
under the rainfall simulator in three rows (as show Figure 3.5) and exposed to 5
min of rainfall simulation. The amount of water legckted was measured using a
measuring cylinder and later converted to a deptiaia per unit time (mm/hr). The
experiment was repeated for different settingshef ¢ontrol box. The control box
consists of two control knobs: one to control theexl of oscillation and the other to
control the delay time. The speed control was deatad 1 to 5. The delay control
was demarcated from A to M. The control box settifigr the rainfall intensities
used in this research are shown in Table 3.1. Dneptete intensity calibration can
be found in Appendix A, Table A.1. The basis foe gelected rainfall intensities is
discussed in Section 4.4.1. It was found that #iefall simulator was capable of

simulating intensities ranging from 20 to 188 mm/hr
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Figure 3.5 - Intensity calibration and uniformity testing of rainfall simulator

Herngren (2005) observed that the simulated rdirdabws significant spatial
variability over the plot surface. According to Hgren, spacing of the nozzles was
selected so that the jet sprays overlap. In thig Wwavas possible to minimise the
longitudinal (in the direction of nozzle boom) \ability of rainfall. However,
Herngren observed higher longitudinal variabilitpnpared to cross sectional

variability in the performance testing undertakeeg Figure 3.6).
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Table 3.1 - Measured rainfall intensities for the dferent control box settings

Rainfall Intensity (mm/hr) Speed Setting Delay bett
20 1 A
40 1 H
65 2 I
86 3 I
115 3 J
133 3 K

Figure 3.6 — Spatial variation of the rainfall intensity for control box setting 3—I
(Adapted from Herngren, 2005)

It was not intended to investigate the characiesisbf the spatial variability of
simulated rainfall in this research. A realisticasere of the spatial variability; ‘the
uniformity coefficient’ was calculated using the talacollected during rainfall
intensity calibration. The same coefficient was dusy Christiansen (1942) and
Herngren (2005) in order to describe the unifornafythe simulated rainfall. The

formulation of the uniformity coefficient is as fols:

X
Cu= [1—Z—]X100 Equation 3.1
mxr

Where,
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Cu = Coefficient of uniformity;
X = Deviation of individual observation from mean;
= Mean value; and

n = Number of observations.

The uniformity coefficient is expressed as a paage and higher percentages
indicate little spatial variability. The averageiformity coefficient for the complete
range of rainfall intensities tested for the cutretndy was around 85%. This was in
close agreement with the results obtained by Hem@005) where the uniformity
coefficient was 80%. More details of the calculatad uniformity coefficient can be
found in Appendix A, Table A.1.

3.3.4 Drop Size Distribution and Kinetic Energy ofRainfall

In simulating rainfall close to natural events,stimportant to verify the kinetic
energy and drop size distribution of the simulataihfall. These two parameters,
along with rainfall intensity, are the primary paeters essential for characterising
rainfall events (Herngren et al., 2005b; Hudsor6319 och, 1982). Considering an
individual raindrop, the kinetic energy is greaihfluenced by the size of the drop.
This is due to the variation of both mass and teamnvelocity associated with the
drop. However, as far as a rain event is concerkie@fic energy is influenced by
rainfall intensity. Variation of kinetic energy cdée simplified to a reducing rate of
increasing variation from 0 to around 25 3mm for rainfall intensities of 0 to 40
mm/hr. Beyond that, the kinetic energy is fairlynstant at around 25 J#mm
(Herngren et al., 2005b; Rosewell, 1986). The edinsimulator was originally
designed to simulate kinetic energy in this cortstagion where rainfall intensities
are greater than 40 mm/hr. For this range, as rewrded by Herngren et al.
(2005b), the pressure at the nozzle boom shoul@dpasted to 41 kPa. During
rainfall simulation, a change of rainfall intensisyachieved by varying the speed of
the nozzle boom movement. Since there is no chemgienulator hydraulics, there is
expected to be the same kinetic energy for all ititensities. Therefore, the
verification test was only to check the appropnats of the pressure at the nozzle

boom to simulate the required drop size and kiretergy.

Chapter 3 — Study Tools 56



Two simple methods have been widely used for thectimeasurement of raindrop
size distribution. The first method is the use tafrs marking media such as blotting
paper. The second method is the use of pellet gakiedia such as flour or cement.
In both methods, the diameter of the stain mangetiet has to be calibrated with the
known diameter or weight of the water droplets Asdme et al., 1997; Hudson,

1963). Due to easy preparation and measurementfldbe pellet method was

chosen. The flour pellet method was developed bgsdn (1963). The procedure
consists of using a thick, uncompacted layer otirfflexposed to rain for a few
seconds allowing a significant amount of raindrtapall on the flour. Then the flour

was oven dried and pellets were separated usirmgerof sieves. Hudson (1963)
calibrated the procedure by establishing a relatigm between raindrop and flour

pellet diameters.

Reservoir

Needle

Cotton
wool 3.2m

Collecton————»
beaker

Figure 3.7 — Experimental setup for drop size test

The experimental procedure as developed by Hudk®83] could be influenced by
a range of factors. This includes the type of flosed and the degree of compaction
of the flour. In order to eliminate the influencktbese factors, a pilot experiment
was conducted. The results from the pilot experimeere used to validate the
relationship developed by Hudson (1963). The expental setup is shown in Figure
3.7. The apparatus used for the experiment werarge | reservoir of water,
connection tube, ten medical needles of differeaineters, a collection beaker and

cotton wool. The connection tube was used to suppaler from the reservoir to the
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needle. The reservoir connected to the needle Teaeg at a 3.2 m height in the
laboratory so that water droplets emitting throtigd needles reach a velocity close

to their terminal velocity during the fall.

Water was supplied to the needles at approxima@hgtant pressure. Ten droplets
were collected to a pre-weighed beaker in ordeatoulate the median weight of the
water droplets. The beaker was lined with cottoromt prevent splashing and
evaporation. The mean diameter was then calculagety the standard density of
water. Flour pellets were made simultaneously Ipfaeng the beaker with a tray
containing a thick layer of uncompacted flour. Tstinct flour pellets were made
and oven dried. Finally, the separated and cledioed pellets were weighed to
determine the average weight. The experiment wpsated for each of the ten
needle sizes and the data points were plottedgragh, as shown in Figure 3.8. The
flour pellets made during the experiment are shawfigure 3.9. The pilot study
was only able to verify the drop size range of thdbration curve developed by
Hudson (1963). It was not possible to reproducesthaller range of droplets using
needles under laboratory conditions. However, #milts obtained were in close
agreement with the calibration curve. This suggk#tat the experimental procedure
used was consistent with the Hudson (1963) proeedmd the calibration curve

Hudson developed could be used to determine rain sizes.
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Figure 3.8 — Calibration curve for flour pellets
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Figure 3.9 — Range of flour pellets developed durgpilot experiment
(Drop size diameter is indicated in mm)

The drop size distribution of the simulated rainsvagetermined by exposing a tray
(500 mm x 400 mm) of thick uncompacted flour inteeswing of water spray from
the simulator. The tray was then oven dried andotiets were carefully separated
from the flour. Later, the pellets were separatedgelven size groups by passing them
through a set of sieves. The size classes selestex

1) >4.75 mm

2) 4.75-3.35mm

3) 3.35-2.36 mm

4) 2.36 —1.68 mm

5) 1.68—-1.18 mm

6) 1.18 —0.85 mm

7) <0.85 mm

Average weight of a pellet in each size class vedautated by dividing the weight of
the pellets by the number of pellets available e alass. The average weight of a
pellet was then converted to a drop size usingctidbration curve developed by
Hudson (1963). The median drop diameter was themleéed and was found to be
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2.05 mm. The median drop size diameter for nataiafall events is in the range of
2.0 to 2.5 mm (Hudson, 1963). The calculated medrap size was within the range
of the natural drop diameter and therefore the dipe distribution of the simulated
rainfall was considered to be satisfactory for tegearch study. A complete set of

calculations of drop size distribution is showrAppendix A, Table A.2.

The terminal velocity for each drop size class vestimated using the tables
provided by Laws (1941). From the average drop siiemeter and the
corresponding terminal velocity, the kinetic enexggs calculated. It was ensured
that the raindrops produced by the rainfall simardawere reaching the terminal
velocity. As described in Herngren et al. (2008hg simulator height of 2.5 m is
adequate to reach terminal velocity for any sizedadplets with initial velocity
provided by 41 kPa of internal pressure in a Ve8f#00 nozzle. The calculated
kinetic energy was 21.3 J¥fmm and was close to the natural rainfall kinetiergy
for South-East Queensland where the average astedpoy Rosewell (1986), is
around 25 J/Aimm. Further, Rosewell reported significant vadigpiin rainfall

kinetic energy around the average value.

As explained in Section 4.4.1, it was important simulate 20 mm/hr rainfall
intensity in order to encompass the rainfall intgnsange in the study region. The
typical rainfall kinetic energy for 20 mm/hr intetysis in the range of 16 to 18
J/inf/mm (Rosewell, 1986). The simulator is only capablesimulating constant
rainfall kinetic energy of 21.3 JAmm. Therefore, in order to simulate 20 mm/hr
rainfall intensity, the kinetic energy needed to tmeluced. However, physical
changes to the simulator or changes to the hydraharacteristics of the system
were not options that were considered. This wastdube possibility of degrading
fundamental simulator design concepts such asagitudinal and cross sectional
rainfall uniformity. Therefore, it was decided teeua system external to the original

rainfall simulator setup in order to reduce theckic energy.

The best approach to reduce the kinetic energyteveeiuce the average drop size of
the simulated rain. This in turn would help to reelthe mass and terminal velocity
of raindrops which would lead to kinetic energyuetibn. The concept was to use a

meshed frame placed just below the nozzles in dadbreak the large droplets. Two
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mesh materials, shade cloth and fly screen meste tested for this purpose. The
use of fly screen mesh showed satisfactory resudtthe calculated kinetic energy
reduced to 16 J/ffmm. Reduction in kinetic energy was mainly due t@duction in
the drop sizes. The kinetic energy obtained wasidened appropriate to simulate
20 mm/hr rainfall intensity. With the new setupge thainfall simulator was re-
calibrated for 20 mm/hr intensity. The re-caliboaticonfirmed that the original
control box setting for 20 mm/hr as stated in Tehlk was satisfactory. However,
the presence of the kinetic energy dissipater rediube uniformity coefficient to
78%. This was mainly due to the change of direcod the water droplets after
coming into contact with the fly screen mesh. Nthaless, the use of a fly screen
mesh as an energy dissipater was considered apiepor the simulation of 20

mm/hr rainfall intensity.

3.4 Model Roofs

For residential catchments with relatively lesdfitegenerated pollutants on roads,
roof surfaces can be a significant contributor tiban stormwater pollution. This is
primarily due to the presence of a high fractionnopervious surfaces. Though it is
not conclusive, there is evidence to claim thatghmary pollutant processes on roof
surfaces are significantly different from the rosutfaces. As noted by Van Metre
and Mahler (2003), build-up on roof surfaces pritgasriginates from atmospheric
sources which are significantly site specific. Rartmore, the amount of pollutants
and their characteristics were found to be sigaifity different from the road
surface pollutants. Forster (1996) noted a compafst high concentration of
pollutants from roof surfaces during the initiakipe of runoff events. It was further
suspected that the ‘flashy’ contribution from reoifrfaces leads to a first flush. This
suggested the possibility of differing wash-off idderistics in roof surfaces. These
factors highlighted the necessity for separate stigations into pollutant build-up

and wash-off on roof surfaces.

Due to the difficulty in coordinating and obtainipgrmission from residents and
local authorities, residential roofs in the studgtcbhment were not considered.

Additionally, there were technical difficulties insing the rainfall simulator to
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investigate pollutant wash-off on actual roofswés decided to fabricate two model
roof surfaces to support the research study.

3.4.1 Materials and Dimensions

The selection of roofing materials and dimensiohthe model roofs were done so
that they were representative for the study regind appropriate to be used under
pre-established experimental methodology. As teedeea for the rainfall simulator

was 1.5 x 2.0 m, it was a requirement to desigfsrtmthe same dimensions.

Two roofing material types, namely corrugated steeld concrete tiles are
dominantly used within the study region as wellrma$outh-East Queensland. The
design guidelines for these roofing materials haeen published by numerous
manufacturers. The appropriate roofing angle igd 8@ (Bristile-Roofing, 2004;
Stramit-Manual, 2005). Two model roofs were desigagan angle of 20The roof
surfaces were intended to be kept at a typicallesistpried roofing height. The
primary reason for this was to limit the humanuefice and to reduce the influence
of traffic-induced turbulence close to ground lev@Hara et al. (2006) noted that a
2.5 m height is appropriate to minimise the infleerof turbulence close to the
ground in atmospheric deposition sampling. Consetlyiethe maximum height of

the model roof surfaces was selected as 2.5 m.
3.4.2 Design and Performance Testing

A scissor lift arrangement was designed so thatdbés could be lifted to the 2.5m
height and when needed, could be lowered to gréenvel for sample collection. In
this way, the technical difficulties of rainfallnsulations on roof surfaces were

overcome.

The scissor arrangement used to mount the rocieesfconsisted of a base frame of
2.1 m x 1.5 m, double scissor arrangement and afreope. A hydraulic jack
powered by a 2.4 kW hydraulic pump was used tahit arrangement. Figure 3.10
shows the scissor arrangement. The structural sechamical design of the scissor
lift was done with reference to 2615, AS/NZS (19f5)hydraulic trolley jacks and
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2549, AS/NZS (1995) for cranes. The scissor armareges were fabricated and

assembled in the university workshop. They wereetk$or structural, mechanical

and operational safety to satisfy university healtld safety regulations. Tests were
done according to testing procedures given in 261b2549, AS/NZS (1995).

Figure 3.10 — Concrete tiled model roof mounted ogcissor lifting arrangement

3.5 Statistical and Chemometrics Analytical Tools

Tools for analysis of the generated data were tleafter careful consideration of
data, capabilities of different analytical toolsdathe type of analysis to be
performed. Extra effort was made to use the sim@aalytical tool for each task.
Therefore, simple univariate statistical methodsreweften selected. However,

complex methods were used when they became mdabkuior the analysis.
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The purpose of using the analytical tools was priljw¢éo understand the patterns of
data variability. This was done using plotted gsaghpported by simple univariate
statistical measurements such as mean, standar@tidevand coefficient of
variation. However, the presence of pollutant psses which have high variability
can limit the use of these simple methods. Thiblera was overcome by the use of
multivariate analytical approaches. In this regadalytical suitability of several
multivariate approaches such as principal compoaeatysis, cluster analysis and
discriminate analysis was considered. Ultimatelyingpal component analysis
(PCA) was selected due to its wide use in watelityueesearch (Alberto et al.,
2001; Bengraine and Marhaba, 2003; Petersen &04l1).

3.5.1 Mean, Standard Deviation and Coefficient of &riation

Three statistical measurements: mean, standarctaevi(SD) and coefficient of
variation (CV) are commonly used in order to ddseithe characteristics of a single
variable date set. The mean is primarily the megtasentative single value that can
be used to describe an entire data set. SD desdtibespread or dispersion of data
points with respect to the mean. A smaller SD regmés a concentrated data set
whereas a larger SD represents a spread dataaab(ig, 1994).

SD is also useful in describing how far an indidtdata point departs from the
mean of the data set. This is primarily done byuaking the ‘standard score’, by

dividing the deviation of the individual data poifrom the mean by the SD.

However, from an analytical point of view, a meastow describe dispersion of an
entire data set from the mean is the most impartamth a measure is obtained by
expressing standard deviation as a percentageeofmiman, which is termed the
coefficient of variation (CV). A data set with C\éds than 10% is considered
uniform (Hamburg, 1994).

3.5.2 Method of Least Square

Development of mathematical predictive equationsthe observed variations of
pollutant processes is one of the major compone@ftghis research. These
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mathematical equations needed to be the ‘besfdit'the observed data. In this
regard, it was important to establish criteria &dine goodness of fit. Among many
methods, the method of least squares was selestiéte anost appropriate. As noted
by Hamburg (1994) this is the most commonly apptadve fitting technique. The

method of least squares imposes the requirementitbasum of the squares of the
deviations of observed values from the correspandomputed values must be the

minimum. The method can be expressed in matheah#tions as:

D (O-P(x,y...))* is the minimum Equation 3.2
Where,
O = Observed value;
P = Predicted value; and
X, y... =Coefficients influencing predicted value.

Minimisation of the square of deviations is typilgalone by adjusting coefficients
on a systematic basis. Algorithms for such adjustno¢ coefficients are embedded
into most analytical software. The algorithm usedthis research was the ‘Solver’
in Microsoft XL. The final outcome of the methodlefst squares is an optimum set

of coefficient values.

3.5.3 Principal Component Analysis

Principal Component Analysis, or PCA, is essemntialpattern recognition technique
which can be used to understand the correlationsngnifferent variables and

clusters among objects. It has been used extepsagehn analytical tool in water
quality research. For example, Bengraine and Mah2b03) used PCA to obtain
the temporal and spatial variation in river watealgy and Petersen et al. (2001)
used it to understand the water quality processesiviers. Regardless of the
widespread use, as noted by Kokot et al. (1998A BCOmore an exploratory tool

rather than one which can be used to obtain tla $iolution in pattern recognition.

The PCA technique is used to transform the origuaalables to a new orthogonal
set of Principal Components (PCs) such that tlet BC contains most of the data

variance and the second PC contains the secondstamgriance and so on. The
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orthogonality of PCs enables user to interpretdéi variance associated to each of
PCs independently. Furthermore, though PCA prodtloesame amount of PCs as
the original variables, the first few contain mo$the variance. Therefore, the first
few PCs are often selected for interpretation. Toissequently reduces the number
of variables without losing useful information imetoriginal data set. The number of
PCs to be used for interpretation is typically stdd using the Scree plot method
(Jackson, 1993). The Scree plot is the graphicahatvan of Eigen values extracted
for each PC. Eigen value interprets the data vanaassociated with each PC
(Adams, 1995). Detailed descriptions of PCA carfidomd elsewhere (Adams, 1995;
Kokot et al., 1998).

To perform PCA, the data should be arranged in &ixnaith selected variables

arranged in columns and individual measurement®lpects arranged in rows.

Standard pre-treatment techniques are often usetimonate the biased outcomes
due to measurements being in different scales aitd. LColumn standardisation is
the most common pre-treatment method used (Kokait,et991, 1992). This implies

that each cell in a given column is divided by skendard deviation of that particular
column. Hence, each variable is equally weightetth wistandard deviation of one.

The application of PCA to a data matrix generatésading for each variable and a
score for each object on the principal compone@tmsequently, the data can be
presented diagrammatically by plotting the loadifiggach variable in the form of a
vector and the score of each object in the forna dfta point. This type of plot is
referred to as a ‘Biplot’. The angle between vadgakectors is the indicator of degree
of correlation. An acute angle between two varigbfelicates a strong correlation
whereas an obtuse angle indicates a negative aborel A right angle between
variables indicates no correlation. Clustered qbetimts in a biplot indicate objects

with similar characteristics.

3.6 Hydrologic Modelling Software

Hydrologic modelling is often used as a support tnoawvater quality modelling. As
noted by Zoppou (2001), hydrologic modelling toslgpply the essential runoff
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information to the water quality modelling tools order to calculate pollutant
concentrations and hence facilitate estimating upatit transport to catchment
outlets. For example, water quality model XP-AQUAIldderates with a hydrologic

model based on daily water balance.

In this study, calculation of pollutant responsette catchment outlets was to be
determined using a similar procedure to that useaater quality models. This gave
rise to the need for an accurate and reliable Hgdio modelling tool. As noted by
Zoppou (2001), the selected hydrologic model ndgedse highly compatible with
the procedure adopted to calculate pollutant meddilbn. Additionally, ASCE
(1985) lists a range of criteria in order to selectsuitable hydrologic model.
Considering all these facts, the following selattmiteria were used to choose the
hydrologic model:

1) Formulation of the model — The model needed to ased on the time-area
method which is a scientifically based hydrologimalgtical procedure
(O'Loughlin and Stack, 2004). This was to ensure tlompatibility of the
hydrologic model to pollutant mobilisation calcudats.

2) Output — Due to the relatively faster hydrologidamater quality response from
small urban catchments, the ability to simulatee filmes steps (1 min) was
important.

3) Data availability — The accuracy and reliabilityaomodel is based on the correct
interpretation of catchment parameters and inplitss suggested that model
setup and input parameters should be based onpropsjate set of data. Since
different models have different data requiremetitg, selection of the model
should be in accordance with the available data.

4) Processes — The simulation of hydrologic and hydraprocesses using
scientifically valid procedures is important. Theguirement for the time-area
method in hydrologic modelling has already beeredabove. Additionally, it
was also a requirement to have a scientificallydvpipe flow routing procedure
to calculate the flow through the urban drainagevoek.

5) Parameters — Models with different mathematicalmidations operate with
different sets of parameters for representing ca&tt and input conditions. For
successful modelling, these parameters should ke tabbe derived from the

already available measured data or by calibratroogsses.
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6) User-friendliness — It was important to select adeldhat can be easily setup,
calibrated and simulated.
7) Acceptance — It was important to select a moddlithevidely used and accepted

among the research community.

A number of models which are extensively used istAalia were evaluated against
the selection criteria. The models evaluated were:

« WBNM (Boyd et al., 2003);

* DRAINS (O'Loughlin and Stack, 2004); and

« Mike STORM (Mike STORM, 2004).

Table 3.2 shows the comparison of the models ageath selection criteria.

Chapter 3 — Study Tools 68



Table 3.2 — Comparison of model characteristics agast selection criteria

Criteria WBNM DRAINS Mike STORM
Hydrologic Storage routing  Time area Three different
representation method method methods

including time

area method

Simulation Fine time steps  Fine time steps  Fine time steps

frequency (2 min) (2 min) (1 min)

Data requirement Can be obtained Can be obtained Can be obtained
by simple by simple by simple
procedures procedures procedures

Pipe and channel Channels are Manning'’s Three different

flow routing considered as a equation procedures
function of including
catchment area. dynamic wave
Channel lag routing

factor is used

Nature of parametersParameters Parameters Parameters
should be should be should be
obtained by obtained by obtained by
calibration experience calibration

User-friendliness Easy to setup andasy to setup andEasy to setup and
simulate simulate simulate

Acceptance Accepted for botiMostly accepted Accepted for both
design and for design design and
investigation purposes investigation

In consideration of all the above factors, the MEKEORM model was the most
suitable. Mike STORM can simulate a range of hyalya procedures including the
time-area method. The number of parameters requiresktup and simulate Mike
STORM is comparatively small and the parameterseasaly obtainable from the
measured data. Furthermore, the pipe flow routimggdure available in the model

is appropriate for the purpose. The model is usendly and well recognised among
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the research community. In addition to all the p@uiynfeatures, Mike STORM
consists of an advection — dispersion simulatioocedure which can be directly

used to calculate pollutant transport.

3.7 Conclusions

The primary research apparatus used during thesarels were:
1) Vacuum collection system;
2) Rainfall simulator; and

3) Model roof surfaces.

The vacuum collection system was designed to dofladiculate matter from road
surfaces. The system was pre-tested for collecmhretention efficiency and was
found to be satisfactory. The rainfall simulator swealibrated to simulate six
different rainfall intensities. A kinetic energydaker was included in the system so
that smaller rainfall intensities could also be giated. Performance of the rainfall
simulator was evaluated in terms of drop size ithstion and kinetic energy. It was
found that the simulated rainfall is a close regdien of natural rainfall. In order to
eliminate the technical difficulties of collectirmgild-up and wash-off samples from
roof surfaces, two sets of model roofs were deverloghese model roofs consisted
of scissor arrangements where the roof can bedliftethe conventional roofing
height for pollutant build-up and lowered to thegnd level for build-up and wash-
off sampling.

The analytical tools were selected so that theyevesst suited for the purpose of the
analysis to be undertaken. The tools were selemteal case by case basis and extra
effort was made to select the simplest tool. PCA welected to perform analysis
when multiple variables are involved. After evaloatof a number of commonly
used models, Mike STORM was selected according reeeptablished selection

criteria. This was to support the pollutant transpalculations.
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Chapter 4 - Study Area and Sample Collection and Testing

4.1 Background

The field investigation methodology was designedobtain the data specifically
required to develop essential knowledge on stormwvpbllutant processes. The
investigations were in two phases. Catchment soalkestigations were required to
accomplish the data required for validation of thenslation procedure. For this,
three urban catchments where in-depth catchmenitonioig programs have been in
place were selected. The primary investigation wasbtain both quality and
quantity data at the catchment outlets. The dateeated by runoff sampling at
catchment outlets were used to derive knowledgethen combined impact of

heterogeneous urban surfaces and anthropogentttiaston catchment surfaces.

Small-plot scale investigations were required toetlegp a relevant knowledge base
on pollutant build-up and wash-off processes fadrand roof surfaces. Knowledge
on these processes was needed as the basis fdewapment of the translation
procedure. The investigations were planned to belucted on selected sites. As
noted by Herngren (2005) and Vaze and Chiew (20062¢stigations on defined and

limited surfaces enable researchers to obtain smeeific and detailed knowledge.

4.2 Study Area

The study area was selected after careful congideraf water sampling and field
data collection infrastructure in place. The Goldaét is one of the few places in
Australia where a comprehensive catchment mongorprogram has been
established. The Gold Coast is the Australia’shslatgest city. The city is located
along the coastline, just north of the New Southé&and Queensland border. The
city spans 1042 kfof land, featuring 70 km of coast line. The citpgspulation is
approximately 469,000 and is expected to reachOD00n 2021. The Gold Coast is

one of the most famous tourist destinations in Aalist with approximately 12% of
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the population being visitors. The beaches and watgs in particular are the most
important tourist attractions (GCCC-Web, 2006).

The Gold Coast has a subtropical climate with maidetemperatures and summer
dominant precipitation. The summer average temperaanges from fao 29C
and winter temperatures range from’ 16 21°C. The city’s stormwater drainage
system features many natural and artificial watgsvahese waterways include five
major rivers and numerous creeks, many of whichneonto artificial lakes and
canals. The city’'s major drainage basins are shiowfigure 4.1. These waterways
flow from the surrounding westward hilly area todsthe Pacific Ocean coastline.
Natural vegetation occupies a significant fractafnthe regional land particularly
west of the city. High density urban areas aretkgtalose to the coastline. Most of
the residential settlements have been developeacetj to the City’s integrated
waterways promoting luxurious waterside living. Hower, this extensive urban
development alongside waterways influences key renmental values of the
waterway ecology (GCCC-Web, 2006).
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GOLD COAST CITY

MAJOR CATCHMENTS
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Figure 4.1 - Waterways of Gold Coast city

(Adapted from GCCC-Web, 2006)
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4.3 Catchment Scale Investigation

Among the many catchments monitored by Gold Coaist Council (GCCC), three
small catchments within the Highland Park resigdrarea were selected for further
investigations. This was primarily due to theiridesitial land-use. Highland Park is
within the boundary of the Nerang River catchm@nsmall tributary, Bunyip Brook is
the study catchment’'s primary stormwater draindgstarts from the westward hilly
area and flows towards the Nerang River. The iategr pipe and channel network
connecting various parts of the area to the trityufarther facilitates the stormwater
drainage. Highland Park is totally sewered and istssf several forms of urban
residential developments. The three small catchsnerte selected to account for these
residential forms (see Figure 4.2). The residentibhn forms of these three catchments
are:

1. Alextown, which is a tenement townhouse developréaround 60 properties;

2. Gumbeel, which is a duplex housing development watound 20 dual

occupancy residences; and

3. Birdlife Park, which is a high socio-economic avéth single detached houses.

4.3.1 Catchment Characteristics

Most of the catchment details were provided by GG@Ghe form of maps. These
included:

» Contour map with 5 m height intervals;
* Land use maps;

* Detailed drainage network including creek, pipdsammels and locations of
gully pits (manholes); and

» Aerial photographs.

The provided maps can be found in Appendix B, Fedgsul to B.4.
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Birdlife Park

Legend

@ Depth Gauge and water sampling equipment

@ Rainfall gauge

Figure 4.2 — Highland Park residential area, demaration of three catchments and locations of the gauty instruments
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These maps were used to obtain the primary parasnefethe study areas. The
parameters obtained included: catchment areas,rumps fractions for various

surface cover types, locations and sizes of pipebk sitormwater gullies and the
catchment and drainage line slopes. The paramealees obtained for the catchment
areas and impervious surface fractions are showhalrle 4.1. These parameters
were used in various stages of the research anphliticular in the catchment

modelling.

Table 4.1- Characteristics of Alextown, Gumbeel an8irdlife Park catchments

Catchment Area (ha) Impervious Fraction (%)

Alextown 1.9 Road surfaces — 10.5
Roof surfaces — 38.1

Driveways — 8.6

Gumbeel 2.1 Road surfaces — 10.3
Roof surfaces — 19.2

Driveways — 11.2

Birdlife Park 8.6 Road surfaces - 12.4
Roof surfaces - 23.4

Driveways — 11.2

Simple techniques were used to obtain most of th&chment parameters.
Information from contour maps and drainage netwodps was used to demarcate
catchment boundaries. Catchment area was measas®t! lon these boundaries
using functions in Mapinfo GIS software (MapInf@(®&). The impervious fraction
of each subcatchment was determined from aeriaioghaphs. By visual inspection
of aerial photographs, it was possible to demarddferent surface covers such as
roads, roofs and driveways. Such demarcations d@me for the entire area of each
catchment. These areas were measured separataichment area measurement. A
similar technique was used by Charlesworth (200®)identify the fraction
imperviousness for water quality modelling. Boydd aMilevski (1996) suggested

that the use of aerial photographs is one of teéepred methods to calculate fraction
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imperviousness. Figure 4.3 shows a sample demancatrried out to obtain the
impervious fraction for the Birdlife Park catchment

Figure 4.3 — Calculation of Fraction Imperviousness

Most of the other catchment parameters, such estiéoc and size of pipes and
gullies, had been included in the maps in the fofndata points. The information

was directly extracted from the maps.

4.3.2 Catchment Monitoring

The three catchments, Alextown, Gumbeel and BedRark, have been monitored
since 2002 by the GCCC. This was done by estahtisimonitoring stations at
catchment outlets which were equipped with:

1. Depth gauges which record water depth at 15 mervats; and

2. Automatic water sample collection equipment.

The depth gauges were fixed just upstream of Vimattructures which had
calibrated rating curves to convert the depth mesmsents to flow measurements.
Figure 4.4 shows the V-notch structures and deptiggs at the three catchment

outlets.
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Figure 4.4 - Depth gauges and V-notches at the treecatchment outlets

Figure 4.5 — Interior of automated monitoring statons

The sample collection equipments (see Figure 4% lbeen set to trigger when the
flow depth reaches a pre-set depth. This depthesaiiom sampling station to
sampling station depending on the downstream sir@ictt the collection point. Once

the sampler is triggered, samples are collecte80immin intervals until the runoff
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depth is above the datum. Each sampler has theitapa retain 24 samples. The
sampler itself creates a log of the sampling tilare details on the protocol

followed during sample transportation and storaayelwe found in Section 4.5.

4.4  Small-plot Scale Investigations

As stated in Section 2.3.2, a high fraction of st@ater pollutants originates from
urban impervious surfaces. In particular, roadase$ are the most critical. House et
al.(1993) and Novotny et al.(1985) noted that pgalt impacts associated with road
surface runoff can be significantly higher thanosetary treated domestic sewage
effluent. As they further noted, the higher polhitdoad from road surfaces often
overshadows the contribution from other sourcesvéd@r, in general roof surfaces
can represent the highest impervious fraction @alerly for residential catchments.
Therefore, the pollutant contribution from roofs ulb also be significant
(Bannerman et al., 1993). As such, investigatioms small-plot pollutant processes

were conducted on both road and roof surfaces.

4.4.1 Road Surface Investigation

A Study Sites

All the small-plot investigations on road surface®re conducted within the
Highland Park area. This was to obtain represemtatieasurements for the study
catchment. Most of the roads within the catchmeet @access roads which are
primarily used by local traffic. The roads are air fto good condition. Except for the
most upstream portion of the catchment where coctsbn activities are ongoing,

most of the pervious areas are well turfed and ta@iad.

Highland Park is predominantly a residential atéawever, there are differences in
residential urban form in different parts. In order encompass such variability,
study sites were selected within each of the ufbams. However, due to restricted

access into Alextown, the townhouse area, no sitee selected within this
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catchment. The access roads selected for the stedy Lauder Court, Gumbeel

Court and Piccadilly Place (see Figure 4.6).

The exact study locations on these three roads sadeeted after consideration of
longitudinal slope and alignment, traffic conditsprtraffic safety and space for
investigations. A straight road section of aboutrbdength with mild slope was
selected for the investigations. Wide road sectiware selected so that local traffic
flow was not affected. Furthermore, it was decidedselect sites with different
traffic volumes. In this regard, the traffic volum&as assumed to be proportional to

the number of surrounding households.
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Figure 4.6 — Locations of the study sites within Hjhland Park catchment

Primary characteristics of the road surfaces wétaioed prior to the investigations.
These characteristics included surrounding urbam.fonumber of surrounding
households, longitudinal slope of the road andurexdepth of the road surface.
Table 4.2 shows the summary of these charactexisibe texture depth was
measured using the sand patch test as explain€dsinMethod No E 965 (ASTM,
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2006). The procedure was to spread a measuredityuainglass beads in a circular
patch on the cleaned road surface and measurenhlediameter. An empirical

equation is available to relate the diameter of ghteh to the texture depth of the
surface. The texture depth is considered to be mheseriptive in describing the road

surface condition in relation to pollutant build-apd wash-off.

Table 4.2 — Characteristics of road sites

Slope of Texture Number of
Site Residential urban-form  theroad depth ofthe households
(%) surface (mm)
Ic_:auder Single detached housing area 10 0.66 12
ourt
Gumbeel .
Court Duplex housing area 7.2 0.92 25
E:ccadllly Single detached housing 10.8 0.83 41
ace

Investigations were conducted on one side of thed reo that traffic was not
disrupted. The small-plot surfaces for the invedtans were selected in the middle
of one traffic lane along the road. There was aplioit assumption that the pollutant
distribution on the road surface was uniform. Asedoby Sartor et al. (1974) road
surface pollutants are concentrated in the nedr &s¥a and concentration gradually
reduces towards the centre line of the road. Ag tia@e hypothesised, this is caused
by re-distribution of pollutants due to vehicle-iméd wind turbulence. Therefore,
selection of the middle strip of one traffic lare fnvestigation provided an average

concentration of pollutants across the road section

B Sampling Pollutant Build-up

As stated in Section 2.3.3, pollutant build-up dyaamic process which varies with
a range of parameters. These parameters incluadkuksm traffic volume, road
surface characteristics and antecedent dry pe8Botte the study focused only on
residential catchments, land-use variability was considered. However, the three
sites selected had slightly different residentigbam form. Traffic volumes were
relatively uniform for the catchment. However, anori variation of traffic was

incorporated by selecting sites with different nemsbof surrounding households.
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The road surface conditions for the selected rote$ svere typical to residential
catchments. The only variability considered duriing investigation was that due to

antecedent dry days.

Three road surface plots of size 2.0 m length xm.%idth were selected at each
road site for the investigations. These plots welearly demarcated for later
identification. Plots were initially cleaned by egged vacuuming and pollutant
build-up was allowed to occur for the required aatent dry days. At the end of
each antecedent dry period, pollutants were ceiteétom the plot surfaces. The
antecedent dry periods considered were 1, 2, 347and 21 days. The vacuum

system (discussed in Section 3.2) was used tootdHe build-up samples.

Figure 4.7 - Dry sample collections from road surfee plots

In order to maintain consistency of sample coltetctithe same procedure and
equipment was consistently used. The componentiseofacuum system were first
cleaned and 3 L of deionised water was added tadhgpartment as the filtration

agent. Vacuuming was done three times in perpelatidirections in order to ensure
all the available pollutants were collected. Thermtary of the plot was demarcated
by placing a wooden frame (see Figure 4.7). Atath@ of the collection, the samples

retained in the filtration compartment were transfe to polyethylene containers.
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The vacuum compartment and all the hoses were ugbtp washed and the water
was added to the container. Sample containers \wezevashed according to
Standard Methods (APHA 1999). The protocol followedhe sample transport and

storage is discussed in Section 4.5.

For uninterrupted investigation, a long dry peneas needed. However, there were a
few rain events which affected the continuationtleé dry periods. After such
interruptions, the plot surface was cleaned andpagiwas undertaken after the

requisite antecedent dry period.

C Sampling Pollutant Wash-off

Pollutant wash-off on a surface is a process whscinfluenced by a range of
parameters. These parameters include rainfall sitigenduration and road surface
condition. Since the variability of road surfacendiion is accounted for by
selecting multiple sites, the primary variables sidared during the investigations
were rainfall intensity and duration. These wer@licated using the rainfall
simulator. Further details on the rainfall simutadioe available in Section 3.3.

Wash-off investigations were conducted in the sasites where the build-up

investigations were conducted. However, the otlter sf the road was used in order
to reduce the influence of wash-off on build-upastigations. Altogether, seven plot
surfaces were selected at each site using the peosnedure as described for build-
up sampling. This was to simulate six rainfall irgities and to collect a sample of
the initially available pollutants. The space betweplots was such that the

simulation of rain in one plot would not influenitee adjacent plots.

It has been noted that wash-off from road surfasemfluenced by the initially
available pollutants on the surface (Duncan, 19€8)ce, it was decided to collect a
representative build-up sample from each roadpsite to wash-off investigations. It
was assumed that the pollutant distribution isamifthroughout the road section.

Six rainfall intensities were selected so that teegompassed the common range of

regional rainfall events. This range was determibgdundertaking a statistical
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analysis of rainfall intensities over a five yearipd from 1999 to 2003. The rainfall
data used for the analysis was obtained from thregauge established within the
study catchment, as shown in Figure 4.2. Data obthwas compared with the data
from adjacent rain gauges obtained from Departnoémifleteorology to verify the
accuracy. For the analysis, the maximum 5 min alinihtensity from every
significant rain event was extracted. For the asiglythe maximum 5 min rainfall
intensity from every significant rain event wasragted. The extracted intensities
ranged from 5 mm/hr to 150 mm/hr. The analysis aaa that rainfall intensities
were in the range of 15 to 140 mm/hr for more tB&M%6 of the total number of
events. However, the selected six intensities uetlkee range of 20 to 133 mm/hr. It
was not possible to expand the selected intensitge further due to technical
difficulties in simulating rainfall using the raimf simulator. Nevertheless, it was
noted that the selected intensity range represmot® than 90% of the regional
rainfall events. The rainfall durations were sedelcbased on results published by
Herngren (2005). He observed that there was nafisignt wash-off of pollutants
beyond a threshold rainfall duration. The selectgdfall intensities and durations

used are given in Table 4.3.

Table 4.3 — Rainfall intensities and durations simlated during the study

. ' Rainfall Duration (min)
Rainfall Intensity (mm/hr)

Eventl Event2 Event3 Event 4

20 10 20 30 40
40 10 15 25 35
65 10 15 20 30
86 10 15 20 25
115 5 10 15 20
133 5 10 15 20

A plastic frame with dimensions 1.5 m x 2.0 m wasdito demarcate the plot area
during wash-off investigations. This was to prevemter entering or leaving the

demarcated plot so that the total runoff could lbdected. A rubber flap was
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attached to the plastic frame and the inward sid@erubber flap was fixed to the

road surface using waterproof tape. This furthesuesd watertightness around the
plastic frame. One end of the plastic frame wad kg@en to fix the catch tray used
for runoff collection. More details of the rainfaimulator can be found in Section
3.3. Figure 4.8 shows the arrangements for ploa atemarcation and runoff

collection. Figure 4.9 shows the rainfall simufatet up in the field.

Gutter tap/

<+— Plot boundary

<«— Catch tray

Figure 4.8 — Plot Surfaces Boundary and sealing ntetd

Figure 4.9 — Rainfall simulator setup at Gumbeel Ct
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The runoff samples were collected into polyethyleoatainers using the vacuum
system through a narrow opening in the catch tregure 4.10 shows the collection
of runoff into containers. The vacuum system wasdame as discussed in Section
3.2. The collected samples were transported taddates, and preserved and stored

under stipulated conditions. Further details on @antransport and storage are
discussed in Section 4.5.

Figure 4.10 — Collection of runoff samples to polybylene containers

The efficiency of the runoff collection system wasmarily dependent on the quality
of the sealing of the plot boundary and catch trélge loss of runoff during

collection into the polyethylene containers wasimad due to careful handling. The
overall efficiency of the runoff collection was mtared by comparing the water
volume used for simulation with the collected wateiume. Table 4.4 gives the
percentage recovery of runoff.

Table 4.4 — Percentage recovery of runoff volume agparison with simulated

rain volume
Simulated rain Percentage recovery of runoff (
Intensity (mm/hr) Gumbeel Ct. Lauder Ct. Piccadilly PI.

2C 78.2 - 90.2
40 84.1 72.7 85.5
65 59.6 72.1 721
86 50.3 64.3 55.1
115 49.6 76.0 69.8
133 81.2 81.4 89.1

Total 62.3 70.4 73.5
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As seen in Table 4.4, the runoff volume can be egpbly less compared to the
simulated rain volume. This could be due to factush as initial and continuing
losses on road surfaces. During simulations, ik tooe to three min for runoff to
reach the catch tray, indicating almost compless lof rainfall during this period.
This is considering the fact that the length of phat was 2.0 m. A similar range of
rainfall losses was observed by Boyd et al. (2008ey noted that typical rainfall
loss for road surfaces was in the range of 2 tarb frhis is equivalentto a 1.5 to 4.5
min delay of runoff for a 65 mm/hr rainfall simulat. Additionally, possible water
leakages through the plastic plot boundary couldehi@d to comparison errors.
Furthermore, the recovery water volume percentage86 mm/hr is significantly
lower compared to other intensities. Since thisasimon to all three sites, error in
simulating rainfall intensities would be the primaeason. However, these errors
were kept to a minimum by careful plot surface isgglcontrol box settings and
constant monitoring of simulator intensities. THere, it was hypothesised that the

volume reduction was primarily due to losses.

4.4.2 Roof Surface Investigation

A Study Site

The roof surface investigations were conducted gudile model roof surface
described in Section 3.4. As the model roofs wererated with mechanical lifting
arrangements it was decided to install them inck-lgp space for safety reasons.
There was no suitable place available with lockfagilities in the Highland Park
catchment. Therefore, it was decided to relocatertiof surface investigation to a

location outside of the original study catchment.

The study site was selected after careful investigaof security, accessibility and
surrounding land use of a number of GCCC-owned gntgs. Table 4.5 shows the

characteristics of the sites and their suitabfbitythe envisaged investigation.

Considering the above criteria, the Southport Depad selected as the study site.

This was primarily due to the availability of lock space and the presence of
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commercial and residential land use in close viginAdditionally, a significant
number of other roads including the Smith Motorvarg within 1 km distance.
However, the site was an unpaved storage faciliigre there is occasional entry of
vehicles. The dust created by such vehicle movermiit influence the outcome of

the investigation.

Table 4.5 — Characteristics of the possible siterfooof surface investigation

Site Characteristics

Carrara Depot No lock-up space available. Limpgadlic access granted on
request. Unused grass-land around the premisesldRéal area

is around 2km away from the premises.

Southport Depot Lock-up space available. Limitetlljpuaccess granted on
request. Space available is adequate to place ddelmoofs.

Surrounding land use is commercial and residential.

Bundall No lock-up space available. Limited public accassited on
Pumping Station request. Space is not adequate to place the muoafsl r

Residential area is around 2km away from the presnis

B Sampling Pollutant Build-up

Due to the lack of detailed research, there istéthknowledge on pollutant build-up
on roof surfaces. However, the general influerfaators such as land-use, roofing
material and antecedent dry days could be the sigsificant on pollutant build-up.
Due to the fact that the model roofs were keptne tocation, the issue of land use
would not arise. The model roofs were made from t@mmon roofing materials
and hence it was possible to investigate the famtonaterial. Therefore, as in the
study on road surface build-up, the primary vagahbvestigated was antecedent dry

days.

During the investigation, samples were collectemimfrroof surfaces for different

antecedent dry periods. The same antecedent diydpeas for road surfaces were
used. At the end of each antecedent dry periodpkesmvere collected by washing
the roof surface four times with 7 L of deionisedtar. A soft brush was used for

brushing the surface. A common roof gutter wasqaao collect the sample and to
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direct it to a polyethylene container kept undethdhe gutter opening. The gutter
was thoroughly washed before and after each sangdlection. The model roofs
were lifted to the typical roofing height after eagample collection and prepared for
the next antecedent dry period. The collected sesnphere transported to
laboratories and stored under prescribed conditidhe protocol followed during
transportation and storage is discussed in Sedtmn

C Sampling for Pollutant Wash-off

Similar to wash-off investigations for road surfacevash-off on roof surfaces was
also conducted using the rainfall simulator. Themef the primary variables
considered were rainfall intensity and durationwidger, unlike road surface wash-
off investigations, different rainfall intensitiegere simulated on different days due
to the fact that only one model roof was availdbleeach roofing material. In order
to ensure that an appreciable amount of pollutams build-up on the roofs, the
interval between simulations was set at seven day®rder to obtain the exact
amount of pollutants available on the model roofstially available pollutant

samples were collected from half of each roof s#fgprior to each rainfall

simulation.

Only four rainfall intensities, 20, 40, 86 and ld®n/hr, were simulated on roof
surfaces. The 65 mm/hr intensity was not simulatieg to similar wash-off

behaviour observed for 40 and 86 mm/hr intensifléee 133 mm/hr intensity was
not simulated due to the rapid wash-off observegkglient sampling was not
technically feasible for intensities greater thd® Inm/hr. The durations for these
intensities were selected on site. Frequent sanwpéze collected during the initial
period of each event and simulations were conduatdd relatively clean runoff

resulted from the roofs. During simulations, thiafal simulator was placed exactly
above the lowered model roof (see Figure 4.11). $imeulator was raised to
maintain 2.5 m average height from roof to nozalerh. A common roof gutter was
placed to collect roof surface runoff and to dirédb the polyethylene containers.

Samples were transported to laboratories and storder prescribed conditions.
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Figure 4.11 — Rainfall simulation on roof surfaces

4.5 Treatment and Transport of Samples

Two types of treatment procedures were used tolbaartl transport samples that
were collected in the field. Samples collected mgipollution build-up studies and
from catchment outlets were transported to the ritboy immediately after
collection. The average time taken to reach therktbry from collection was
around one hour. The samples were tested for pHEERdmmediately after they
reached the laboratory. A portion of each sample pvaserved for further testing by
refrigerating under %€ as specified in Australia / New Zealand StandéwdsVater
Quality Sampling (AS/NZS, 1998). Deionised watearids and field water blanks
were included during each sample collection in ptdemaintain standard quality
control procedure as specified in AS/NZS (1998).sWaff samples took a longer
time to collect in the field and the average voluaiesach individual sample was
around 15 L. The samples were transported and toopgoreserved similar to the

build-up samples after recording pH and EC.
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4.6 Laboratory Testing

It is commonly understood that a significant frantbf pollutants are associated with
particulates in stormwater runoff (Pechacek, 199drtor et al., 1974). This is the
primary reason for using suspended solids as ttiieator pollutant in stormwater

quality modelling. A common approach used in madglis to estimate suspended
solids using rainfall and runoff parameters anddjute other pollutants by

proportioning (Akan and Houghtalen, 2003). Therefom-depth knowledge of

suspended solid characteristics in stormwater fusafitical.

Laboratory testing was primarily focussed on solid$oth build-up and wash-off
samples. Therefore, priority was given to testltstsspended solids (TSS), total
dissolved solids (TDS) and particle size distribnti Additionally, the physio-
chemical parameters that influence the adsorptfootieer pollutants to particulate
pollutants were also tested. As discussed in Sec@d.6, the primary physio-
chemical parameters that influence the adsorptioatizer pollutants to solids are
pH, EC, total organic carbon (TOC) and dissolveghaaic carbon (DOC) (Hamilton
et al., 1984; Pechacek, 1994; Tai, 1991; Warreasl.e2003). Therefore, laboratory
tests were conducted to obtain these parametarse Slirect testing for TOC and
DOC is difficult, total carbon (TC) and inorganiarbon (IC) for original sample and
filtrate were tested. The complete set of parametested during the laboratory
analysis was:

1) Particle size distribution;

2) TSS;

3) TDS;

4) pHand EC; and

5) TC and IC for original sample and filtrate.

4.6.1 Particle Size Distribution

Different techniques have been used to investitaeparticle size distribution of
suspended solids. Among many methods, wet or gl is the most widely used.

For example, Vaze and Chiew (2002) used 13 sieaagjng from 38 to 2800m, to
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categorise samples into size classes. Howevertadtie greater number of samples
to be tested, a faster, accurate and a less labtemsive method was needed.

Therefore, a Malvern Mastersizer S instrument wsaglun this research.

The Malvern Mastersizer S uses a laser diffracteminique to analyse the particle
size distribution. The laser beam creates a scp#tieern from a flow of particles. It

then uses a Reverse Fourier lens to determineizbeo$ particles from the scatter
pattern. The specific lens used in this researchav@everse Fourier lens of 300 mm
diameter. As specified, it is capable of analyspagticles in the range of 0.05-900
um. The accuracy of the process is specified as alffte volume median diameter

in this size range (Malvern-Instrument-Ltd, 1997).

Figure 4.12 - Malvern Mastersizer model S

The Malvern Mastersizer S consists of a sampleetéspn unit connected by two
flow cells to the optical unit (see Figure 4.12heTresults obtained from the optical
unit were converted to percentage particle sizeiligion using specialised software
supplied by the manufacturer. Two important issieesote in the interpretation of
results from the Malvern Mastesizer are:

1. The patrticle size distribution is volume based; and

2. The patrticle size is determined by analysing volunigally and equating

this volume to an equivalent sphere.

(Malvern-Instrument-Ltd, 1997)
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4.6.2 Other Physio-chemical Parameters

The test methods specified in Standard Method$\fater and Wastewater (APHA,
1999) were used for the laboratory analysis. Thay#ical procedure followed for

each test parameter is as follows:

A Total Suspended Solids and Total Dissolved Solids

TSS concentration was analysed by measuring thevelight of solids retained on a
glass fibre filter paper (jtm pore size). For the filtration, a known volumesafmple
was used. The sample volume was chosen so thatdigase in dry weight of filter
paper is significant. The sample volumes used 26 mL for build-up samples
and 500 mL for wash-off samples. The filter papessd were pre-washed and oven
dried before use. TDS was analysed by measuringrtheveight of solids dissolved

in a known volume of water. In this regard, 20 nilfibrated sample was used. The
Petri dishes used for the analysis were pre-washedoven dried before use. The
oven temperature used was 1030 108C. The test methods used were 2540C and
2540D (APHA 1999).

B pH and EC

pH and EC were measured immediately after the sssnplached the laboratory. A
combined pH /EC meter was used for the measureraedtshe instrument was pre-
calibrated using standard solutions. The test nisthsed were 4500H and 2520B
(APHA 1999).

C Organic Carbon

Organic carbon was measured using a Shimadzu T@QGATotal Organic Carbon
Analyser. The instrument is capable of measurimgganic carbon and total carbon
separately. The original sample and filtrate waalys®d separately to obtain the

dissolved component of organic carbon.
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4.7 Conclusions

Two different approaches were adopted to colleetribicessary data for the research.
Catchment scale investigations were undertakenbtairo the necessary data for
validation of the translation procedure. For thisiter samples collected from three
catchment outlets were tested for a range of watdity parameters. Small-plot
scale investigations were undertaken to obtain gnyrknowledge on pollutant build-

up and wash-off processes for road and roof susface

The primary variable considered for pollutant buill was the antecedent dry
period. Build-up samples were collected from road eoof surfaces belonging to a
range of antecedent dry periods. The primary vigltonsidered for wash-off
investigations were rainfall intensity and duratidvash-off samples were collected
by simulating a range of rainfall intensities faffetent durations on both road and

roof surfaces.

Samples collected were tested based on prescrdiedlaltory test procedures. The
primary parameters tested were TSS, TDS, partizéedistribution, pH, EC, TC and
IC.
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Chapter 5 - Analysis of Pollutant Build-up

5.1 Background

Among the knowledge requirements for the develograoethe translation procedure

is detailed understanding of pollutant build-upgasses. The field investigations, as
discussed in Section 4.3, generated the primay aatbuild-up. The main focus of

this chapter is to discuss the analysis of the tatderive relevant knowledge on

build-up processes and for better understandirteotinderlying physical processes
of build-up.

Fundamental knowledge on the build-up process whias essential for the
translation procedure was developed by the anabfss®lid pollutant loads. In this
regard, the processes were defined in the formathematical replication equations.

However, it was necessary to understand the undgrphysical processes of build-

up.

5.2 Data and Pre-processing

The data obtained from the laboratory testing wabkjested to extensive pre-
processing prior to analysis. The pre-processinghou®logies adopted were
different for different test parameters. A compleet of the data used for pre-

processing is shown in Appendix C, Tables C.1 axd C

A TSS and TDS

The laboratory test results for TSS and TDS pararsetvere in the form of

concentrations (mg/L). Since build-up is typicadlypressed in terms of solid loads,
it was necessary to convert concentration datalodds. For this, each data point
was multiplied by the corresponding sample voluifee addition of loads obtained
for TSS and TDS resulted in the total solids (T8ad for each sample. For
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standardisation, the TS loads were divided by tivéase area where the samples
were collected. The final outcome was in the forfrtgém?).

B Particle Size Distribution

The laboratory results for particle size distribatiwere in the form of volumetric
percentages. Since TS is given as a load, theclgasize distribution also needed to
be expressed in load percentages. This was donenegsthat there is no variation
in average particle density among different pagtsike classes. This assumption was
made despite the understanding that particlesratigig from different sources can
have different densities. For example, wear-offrfrtyres could be much lighter in
density compared to wear-off from road surfacesweéier, the assumption is still

valid if particle size distribution of each densifgss is the same.

B pH and EC

pH and EC were analysed immediately after sampésched the laboratory.
However, prior to measurements, the sample volume lvought up to 7 L which
was the approximate volume for build-up samplesthis way, the measurements
were standardised and therefore, the outcomes dmildomparable with samples
obtained from different sites. It was understooat ttne pH and EC measurements
would be influenced by the initial pH and EC readirof the deionised water used in
the vacuum system for sample collection. Howevexas noted that the variation of
pH and EC in the deionised water was low. The phiyed from 6.7 to 7.0 for
deionised water used in various stages of buildsample collection and the
variation of EC was 2 to 10S. Therefore, the laboratory test results obtainecke
directly used in the data analysis without furthes-processing.

C TC, TOC and DOC

As discussed in Section 4.6, the parameters olotaineng laboratory testing were

total carbon (TC) and inorganic carbon (IC) for thginal sample and for the

filtrate. From these parameters, values for totghnic carbon (TOC) and dissolved
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organic carbon (DOC) were calculated. TOC was eéefias the difference between
TC and IC results for the original sample. DOC wassidered to be the difference

between the TC and IC results for the filtrate.

5.3 Build-up on Road Surfaces

The pollutant build-up on road surfaces within ¢edy area was investigated based
on three road surfaces. The road sites were Gunbeett, Lauder Court and
Piccadilly Place. Details of these road sites ao®ided in Section 4.3.1. Six to eight
build-up samples were collected from each siteesgmting different antecedent dry
days. The antecedent dry days considered were 3,, 2,14, and 21. The primary
parameters used during build-up data analysis W8reoarticle size distribution, pH,
EC, TC, TOC and DOC.

5.3.1 Variability of Build-up

As discussed in Section 2.3.3, pollutant build-up npervious surfaces is
commonly understood as a decreasing rate incredsimggion with antecedent dry
days. Although this behaviour is commonly acceptedny researchers have noted
that the build-up rates and loads are site sped@faietic and Orr, 2005; Herngren et
al., 2006; Vaze and Chiew, 2002). The site speddture is primarily attributed to
the variability of the influential parameters suad climatic conditions, land-use,
traffic volume and road surface conditions. Howetee variability noted during this
investigation was limited. This could be due to tmeestigation of only residential
land-use. Nevertheless, the pollutant build-up slidw appreciable variation, as

shown in Figure 5.1.

As illustrated in Figure 5.1, pollutant build-uprahg the initial one to two days is
high compared to longer dry periods. The average day build-up is around 2.3
g/m’/day or about 66% of the total average build-up2bdays. After the initial two
days, the rate of accumulation is significantlyueedd. As the rate reduces, it could
be assumed that the build-up asymptotes to a aunstdue when the dry days
increase. As explained by Ball et al. (1998), theoalld be a state of dynamic
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equilibrium of build-up which occurs once the buiid reached its maximum level.
In this dynamic equilibrium state, the accumulatminsolids and removal due to
wind and vehicular-induced turbulence balance. &loee, the pattern of build-up
observed can be considered as being in agreeménthvat hypothesised by other
researchers (Ball et al., 1998; Sartor et al., 1974
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Figure 5.1 — Pollutant build-up on road surfaces

Although the observed pattern of build-up is inesgnent with current knowledge,
the amount of solids collected from road surfaced the rate of build-up are
significantly different. Sartor et al. (1974) obsgsd around 113 g/m of solids in
residential roadside kerbs, whereas Ball et al98)l®bserved only around 4 to 15
g/m. As noted by Ball et al. (1998) the variatidnpollutant load when compared
with results obtained by Sartor et al. (1974) wasnhy due to differences in traffic
volumes, land-uses and regional characteristicgveer, both research studies were
not completely comparable with research as the kmmpere collected from the
middle of one traffic. Vaze and Chiew (2002) notedt the build-up load is highly
variable depending on the site and was in the rafi@eto 40 g/r for road surfaces
that they investigated in Melbourne, Australia. Thad sites were located close to
the Melbourne CBD. Deletic and Orr (2005) obsergetb 25 g/m solids in the
middle strip of residential roads in Aberdeen, &owt. As seen in Figure 5.1, the

Chapter 5 — Analysis of Pollutant Build-up 98



maximum pollutant load collected from the threedgtsites varied from 3 to 6 gfm
This was significantly less compared to numerousentstudies. This could be
mainly due to the general variability associatethviduild-up arising from factors
such as regional, climatic, land-use, traffic anad surface conditions. However, the
build-up loads and rates observed in this researehrepresentative for low traffic
road surfaces in typical Australian residential dlauses. This can be further
confirmed by the results reported by Herngren e{24106), where similar pollutant
loads on road surfaces were observed for siteseirGbld Coast region. They noted
0.8 to 5.3 g/rh pollutants on low traffic roads in urban residehtiand-uses.
However, the loads that they observed belongedffiereht antecedent dry days and

were not in equilibrium conditions.

As evident in Figure 5.1, the build-up varies bedw¢he three study sites. The build-
up in the Gumbeel Court site is significantly higtigan in the other two sites. The
maximum build-up load observed in Gumbeel Cous siais 5.3 g/fy whereas for
the other two sites it was around 2.7 §/ith can be surmised that the variability of
build-up load and rate is due to variation in udbam, traffic volume and road
surface conditions (see Table 4.2). However, thr@atran of traffic volume among
the three sites is not significant. As discussedéattion 4.4.1, the variability of
traffic volume is expressed in terms of surroundimuseholds. The influence of
traffic would not be significant since the highestimber of households belongs to
Piccadilly Place site where the build-up is compeedy less. Among urban-form
and road surface conditions, urban-form would kertost influential on pollutant
build-up. This is due to the high degree of indireorrelation of urban-form and
consequent variation in population density with tdegree of anthropogenic

activities on catchment surfaces.

For the study area, the urban-form primarily ddmsithe population density.
Therefore, the influential variable for the pollatebuild-up could be attributed to
population density. There are two primary populattensity categories within the
study area. Population density equivalent to towrskoareas such as those in the
Gumbeel and Alextown catchments can be termed papulation density areas.
Therefore, the build-up in high population dens#iteas can be considered as

represented by the build-up variation observed imm@eel Court site. Low
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population density is equivalent to single detachedsing areas such as Birdlife
Park catchment. Build-up in such urban-form cadiesidered as represented by the

build-up variations observed in Lauder Court anct&dlilly Place sites.

5.3.2 Mathematical Replication of Build-up

In the context of stormwater quality modelling, a@te replication of build-up is
important. For this research, it is particularlysestial, since mathematical
replication was to be used in the proposed traonslgirocedure. As two different
build-up variations were noted for two populatioendity areas, two different

replications were needed.

As noted in Section 5.3.1, in a generic sense thig-p observed in this research
study is closely comparable to the commonly aceepdem. Therefore, it can be

considered that a common replication equation twih different sets of parameters
can be developed for the two build-up variationsthie research literature, a number
of different replication formats have been proposids hypothesised that these
differences could be the result of inconsistencyreésearch techniques and data
interpretations. For example, Sartor et al. (19 posed an exponential form of a
build-up equation which provided a reasonable lesMelaccuracy to be used in

stormwater quality models. Modified forms of thispenential equation are used
widely in various stormwater quality models inclogli SWMM (Huber and

Dickinson, 1988). Ball et al. (1998) noted build-igpbetter replicated by a power

function or a reciprocal function.

In order to identify the most suitable form for liepting pollutant build-up, four

equations were investigated in-depth. These were:
1) Reciprocal format y =a+ b ;
X

2) Logarithmic format -y =a+blIn(x);
3) Exponential format -y = ae™; and

4) Power format -y = ax".
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The equations were tested by developing best fitesufor each equation based on
their ability to replicate the observed pollutantil-up. Since two build-up
variations were noted, it was necessary to starsiaithese observations prior to
testing. Standardising was done by dividing eacta dmint by the maximum
possible build-up for that site. In this regard,xmaum build-up for Lauder Court
and Piccadilly Place sites was considered to betleeage of maximum build-up. It
was assumed that the build-up for all three sitesreached equilibrium level at the
end of each investigation period. The standardipathmeter was termed the

‘Fraction Build-up’. Figure 5.2 shows the performas of selected equation formats.
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Figure 5.2 — Comparison of different form of equatns with solid build-up on
roads

As evident in Figure 5.2, predictions by both lotiemic and power equations are
visually similar to the observed build-up variatidttowever, the power equation was
preferred ahead of the logarithmic equation toicepe build-up. This was mainly
due to the recommendation in a previous indepensieity by Ball et al. (1998).

Hence, the form of the build-up replication equatior road surfaces was taken as:

B=aD" Equation 5.1
Where,
B = Build-up load on road surface (d)m
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D = Antecedent dry days; and
a andb= Build-up coefficients.

Appropriate values for the build-up coefficientsandb, needed to be estimated
before the use of the equation. For this resedrtatysa andb were estimated based
on the observed results from the three study afdeseyefore, the parameters would
be most appropriate for the conditions in the stadyas. Two sets of parameters
were developed to account for the variability oledrfor the two population density

areas.

According to the behaviour of the power equatibnyas noted that a constant value
for the power coefficient), would be appropriate. However, there is a possilof
variation ofb with the surface type. Therefore, the constantevaleveloped is valid
only for similar road surfaces. More details of tha&face characteristics can be
found in Table 4.2. The multiplication coefficieat, denotes the pollutant build-up
rate on the road surface. The coefficians the primary parameter that accounts for
the variability of population density areas. Theref two values were obtained f@r

to represent high and low population density. Alifjo only population density was
considered in this researdncould be influenced by other factors such as lasel-

traffic volume and regional variables.

The two sets of build-up coefficients were devetbpesing the method of least
squares. This method adjusts the parameters satkhthcumulative square of error
associated with the prediction of each observed gaint is minimal. More details
on the method of least squares can be found indde8t5.2. The analysis was done
for low and high population density areas sepayaféhble 5.1 shows the values
obtained fora andb, and Figure 5.3 shows the predictive accuracy ofetipgation
with the given parameters. Table 5.1 further sheoles statistical significance of
prediction in terms of Mean and CV. It is evidemattthe accuracy of prediction for

low population density areas is quite good compévddgh population density area.

Chapter 5 — Analysis of Pollutant Build-up 102



Build-up (g/m?) Build-up (g/m?

Build-up (g/m?

Figure 5.3 — Predictive ability of build-up equatia for road surfaces
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Table 5.1 — Build-up coefficients for road surfaces

Road Site Characteristics a b Mean CV
Townhouse region with high
Gumbeel Court _ _ 290 016 105 19%
population density

Lauder Court Single detached housing 1.65 0.16

. . regions with low population 0.98 7%
Piccadilly Place _ 1.65 0.16

density

5.3.3 Hypothetical Build-up Process

As explained in Section 4.4.1, the sampling plotsrevcleaned and pollutants
allowed to build-up for a specified antecedent pleyiod. This would mean that the
developed build-up equation relates to the buildsupcess starting from near zero
initial pollutants. However, it is not reasonabteassume that build-up starts from
near zero under typical conditions in the fields&a on the observations from wash-
off investigations (Chapter 6), an appreciable amaf pollutants remain on an

impervious surface even after a heavy storm event.

The possibility of an appreciable amount of polisabeing initially available on the
road surfaces would mean that Equation 5.1 estsratéy the lower limit of build-
up. With the inclusion of initially available potants, the total pollutants present on
surfaces would always be higher than the estimabtedunt given by Equation 5.1.
Many researchers have noted that the simple additigre-existing pollutants after
the last storm would not be appropriate to estintfaeetotal build-up (Novotny et al.,
1985; Sartor et al., 1974). Such an approach adiotsathe already accepted physical
process of pollutant build-up which was considaedsymptote to a constant value.

An addition would unrealistically increase the mstied pollutant build-up.

The presence of pre-existing pollutants on the readace would influence the
initial part of the build-up processes, but it sldogtill asymptote to the same
constant value (Alley and Smith, 1981). Howevencsithe time taken to reach the

constant build-up is not known, it is reasonabl@seume that the build-up process
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commences from a pre-existing amount and will yzasallel to the curve that would
develop if there was no pre-existing pollutant amtoBased on these assumptions, a
hypothetical build-up curve can be developed,lastiated in Figure 5.4.

9]
w)

Estirhation of Equation 5§.1

Build-up (gim %)
A

Dry Days

Figure 5.4 — Build-up hypothesis

As shown in Figure 5.4, the build-up equation depetl in Section 5.3.2 represents
the lower limit of the build-up process. Dependimig the amount of pre-existing
pollutants available, the build-up curve moves uglsaThe amount of pre-existing
pollutants should be estimated by the analysisre¥ipus build-up and wash-off.
More details relating to the wash-off process aseussed in Chapter 6. As evident
in Figure 5.4, the influence of pre-existing pdnts at the initial period of build-up
is high. Although as the number of antecedent daysdincrease, the difference
between curves reduces. Therefore, it can be asktina¢ Equation 5.1 alone is

sufficiently accurate when the number of antecedentays is high.

5.3.4 Verification of Build-up Equation

Due to the compounding differences in land-usdficrand regional conditions, the

build-up load on Gold Coast residential roads maibe comparable with results
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from previous publications. This made it diffictdt find an adequate amount of data
from previous publications to test the validity toke build-up replication equation.
Therefore, the data collected during the initidlygant availability tests for pollutant
wash-off was one set of data that was used foda&@ain. For this data, the number
for antecedent dry days was obtained by analysiagdinfall records from a Hinkler
rain gauge which was less than 2 km distance tthallroad sites. Other than this
data set, the data published by Herngren et al§P@as partly comparable with this
research. Their research was done in the samenregid used exactly the same
methods for sample collection and testing. Howethex,samples that they collected
were from road surfaces where the surrounding lse$ included residential,

industrial and commercial uses.

For the comparison of observed data, prediction®weade with the corresponding
antecedent dry days. However, it was borne in ntivad the estimations resulting
from Equation 5.1 were only for the lower limit bfiild-up. The observed pollutant
loads and the predicted pollutant loads are showrable 5.2. The predicted

pollutant load is given as a range, since two §patameters were available.

Table 5.2— Comparison of observed and predicted bldiup pollutants

Observed Predicted

o _ Antecedent
Description Site pollutants pollutants
dry days 5 )
(9/m) (9/m’)
Data from initial Gumbeel 77 10.89 7.03
pollutant availability tests Lauder 27 3.11 2.67
Piccadilly 36 3.54 2.71
Data from Herngren et al.Residential 2 0.82 1.87-2.93
(2006) Industrial 7 2.29 2.23 - 3.96
Commercial 1 5.29 1.72-2.48

As shown in Table 5.2, the amount of pollutantdemdéd during investigation of the
initially available pollutants was predicted by theild-up equation. However, it can

be clearly seen that the observed pollutant loagl® wnder predicted. This could be
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partly due to the presence of pre-existing polltgarTherefore, Equation 5.1

typically provides an underestimation. Furthermadiee equation was developed
using field data of up to 21 antecedent dry daysweler, the three samples

collected during the initial pollutant availabilityest were well outside the

investigated range. The uncertainty of predictialgys increases when an equation
Is used for extrapolation.

As seen in Table 5.2, the data from Herngren €280D6) shows significant variation
with the predicted build-up ranges. Only the obedriuild-up for the industrial site
falls within the predicted range whilst the builg-in the residential site is below the
predicted range and in the commercial site it isvabthe predicted range. The
commercial site was a parking lot which may retaiare pollutants due to high
anthropogenic activities and flatness of the sexfaurthermore, pollutant re-
distribution would also be limited due to the reeldcspeed of vehicles. This
suggested that the predictions made using Equétibrare not suitable to estimate
the pollutant build-up at commercial sites. Botle tiesidential site and industrial
sites were road surfaces which had similar chargtts to the road surfaces
investigated in this research. In fact, the redidénite was particularly similar to the
Lauder Court site. Therefore, the differences betwebserved and estimated values
could be due to errors in the estimation equatibimis further highlighted the
uncertainty associated with build-up predictionswdéver, it is important to bear in
mind that it is pollutant wash-off that is signdiat rather than pollutant build-up,

even though the former is influenced by the latter.

5.3.5 Particle Size Distribution

Detailed knowledge on the solids composition ofygahts and its variation with a
range of influential parameters is essential fatdsainderstanding of the underlying
physical processes of pollutant build-up. For tteésearch study where the solids
were considered the primary pollutant, the compmsiof build-up was investigated
in terms of particle size distribution. It was welhderstood that the particle size
distribution can vary with a range of land-use,ioagl and road surface parameters
(Sartor et al., 1974; Shaheen, 1975).
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The outcomes of particle size distribution meas@m®s were in spectrum format
which can be categorised into any size class acwprb user preference. More
details on patrticle size distribution measuremeats be found in Section 4.6.1. For
ease of understanding, size spectrums were casegointo six size classes for the
primary analysis. Table 5.3 shows the average velumparticle size percentages

for six size categories.

Table 5.3 — Average percentage particle size distution

_ Solids (Volumetric Percentage)
Size Classym)

Gumbeel Court Lauder Court Piccadilly Place
<10 3.9 3.3 5.8
10-50 17.8 18.7 23.8
50-100 20.6 25.4 27.7
100-200 22.6 25.7 21.3
200-400 20.5 17.4 13.9
>400 14.5 9.5 7.4

As shown in Table 5.3, the particle size distribntfor the three road sites is similar.
This could be primarily attributed to similar traffvolumes in the three sites.
However, the solids composition noted is differemtthe results reported in other
research studies. On average, for all three sitasnd 50% and 70% of the solids are
less than 10@um and 20Qum size respectively. In contrast, Sartor et al.@)9bted
that only around 43% of the particles were smalam the 246um size for the
samples they collected from roadside kerbs. Furtbeg, they found that only 5.9%
of particles were smaller than 48n. Ball et al. (1998) noted a 10 to 30% particle
fraction less than 20@m on suburban road surfaces in Sydney. Deletic @md
(2005) noted 50% of the road surface solids wese than 23&m. They collected
samples from the middle strip of a residential raadScotland. Therefore, in
comparison to previous research findings, the @aete pollutants observed in this
research are significantly finer. This could bevarily attributed to the residential
nature of the land-use, low traffic volumes on aohd catchment management

practices.
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Apart from the comparison with previous researd@taiied analysis of the variation
of particle size distribution with the increaseaotecedent dry days was necessary to
understand the primary physical processes of lupldfhe outcomes of this analysis

are shown in Figure 5.5.
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Figure 5.5 - Variation of particle size distribution with antecedent dry days for
road surfaces build-up
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Figure 5.5 shows a significant variation of sol@snposition with antecedent dry
days. For all three sites, the semi-logarithmicveufor particle size distribution
moves from left to right with the increase in astgent dry days. This suggested that
the fraction of coarser particles increases with ithcrease in the dry period. As
noted by Roesner (1982), the particle size distionuof solids depositions can be
assumed to be uniform for any given dry day. Theeefit is hypothesised that it
would be the re-distributing factors that change plarticle size distribution during
build-up by constantly removing finer particles rfrothe surface. As noted by
Namdeo et al. (1999) and Novotny et al. (1985)]upaht re-distribution occurs
depending on the wind and traffic-induced turbuéenay re-suspending finer
particles. As they noted, there is a high possybitif these particles to be re-

deposited in nearby pervious areas.

As noted in Section 5.3.2, it could be hypothestbed the pollutant loads asymptote
to a constant value with the increase in dry dalswvever, the variation of particle
size distribution illustrates the dynamic naturebafld-up suggesting the ability to
accumulate newer particles after the removal oémwofshrticles so that there is little
variation in pollutant loads as the antecedentddys increase. This would mean that
the build-up on road surfaces continues as a dyng@mucess for a long duration

even though the changes to the pollutant loadirited.

5.3.6 Analysis of Physio-chemical Parameters

Since this research focused on suspended solidsratiige of chemical impacts
exerted on receiving water due to stormwater pioltuis not discussed in detail.
However, as noted in previous research studiesintpacts of chemical pollutants
such as hydrocarbons, heavy metals and nutrieattharmost significant (House et
al., 1993). Although the chemical pollutants weot specifically investigated, it was
well understood that most of them are associateth particulate pollutants
(Herngren et al., 2006; Sartor et al., 1974; Shah&®75). Therefore, understanding
the links between suspended solids and other cla¢madiutants would improve the

applicability of the research outcomes.
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The amount of other pollutants adsorbed to solatgeg with a range of parameters
including factors influencing the availability ofhemical pollutants and factors
influencing the adsorption of these pollutants. ehsthnding the factors influencing
the availability of chemical pollutants on a cat@nhsurface is well beyond the
objectives of this research study. However, undadihg the factors influencing the
adsorption of pollutants is important in order itiklthe outcomes derived from this
research study to the existing knowledge on thenatibns of other water quality

pollutants. The fineness of the solids is one efithportant properties in relation to
the adsorption of other pollutants. This is disedss detail in Section 5.2.4. The
other parameters which influence adsorption inclptie EC, TC, TOC and DOC

(Hamilton et al., 1984; Pechacek, 1994; Tai, 19%4&rren et al., 2003). Due to the
availability of multiple variables, principal compent analysis (PCA) was used for

data analysis. A description of PCA can be foun8ewstion 3.5.3.

The variables used in the analysis were pH, EC, TK&;, DOC and TS divided into
six particle size ranges: <10, 10-50, 50-100, 100;2200-400, >40Qum. The
number of samples used for the analysis was 2éwAnumber of samples used for
the analysis would reduce the confidence in PCA@uts. However, the number of
samples used was adequate for the developmennefaainderstanding. For better
interpretations of PCA outcomes, the original dditained from laboratory tests was
pre-processed. In this regard, TC, TOC and DOC @uinations were converted to
loads, and solid loads in each size class wereeartet/ into fractions. This was to
eliminate the influence of different build-up loaitiem the three different road sites.
Before the analysis, the data in the matrix wagested to column standardisation
which is one of the standard pre-processing praesdused in multivariate analysis.

The data matrix used for the analysis is given ppéndix C, Table C.3.

Figure 5.6 shows the PCA biplot which resulted frivm analysis.
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Figure 5.6 — Physio chemical parameters and antecest dry days for road
surfaces: Biplot of data against the first two prircipal components

The following primary observations can be deriviexhf Figure 5.6:

1) Particle size classes 100-200, 200-400 and »40@orrelate strongly with each
other and also with antecedent dry days.

2) Particle size classes 0-10, 10-50 and 50-400 correlate strongly with each
other. These size ranges show poor correlatioratcfe sizes greater than 100
um and to antecedent dry days.

3) TC, TOC and DOC show high correlations to part&iee classes 0-10, 10-50,
50-100um.

The strong correlation between patrticle size ckagseater than 100m confirms the

increase in coarse particles when the antecedgrdays increase. Additionally, the
lack of correlation for the size ranges less th@didn suggests relatively unchanged
solid loads for this size range. These conclusimesn that changes to the solid

composition during the build-up process make theraye particle size coarser. This
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observation further strengthens the descriptiothefphysical processes governing
build-up as discussed previously. In Section 5.8h4, dynamic nature of build-up
was discussed in detail. The outcomes from thigyaisaconfirmed that the threshold
value of patrticle size that change the re-distidsutharacteristics is 100m. Size

classes below this threshold size range would ligestuito a high degree of re-

distribution.

The correlation of chemical parameters with sizsss less than 1@Q@n points to
their high pollutant nature. A threshold value 601um means that, on average, 50%
of the solids have the capacity to adsorb othdufasits. It can be noted in Table 5.3
that, on average, 50% of the solids are less tharl®Oum size range. In contrast,
Sartor et al. (1974) noted that the major fractdrthe pollutants is associated with
only 5.9% of particles which were less than @®. The difference could be
attributed to land-use and traffic volume as wsltlze method of investigation. The
strong correlation of the size ranges less thanuifGo TOC and DOC suggested
most of these patrticles are organic. From the detiix used for the PCA analysis,
it was noted that more than 95% of the carbon camgs are organic and more than
80% of the organic carbon is in soluble form. Higbeganic carbon content in build-

up pollutants were also noted by Roger et al.(1998)

The presence of a high fraction of fine solids glésan 100um) suggests a high
adsorption capacity in the build-up solids. Sirtoe lbad of these particle size ranges
is subjected to little variability when the anteeetidry days increase, this capacity
remains fairly unchanged. The possibility of havingh DOC was also noted in the
build-up samples. This would lead to enhanced sigdhbf other pollutants such as
hydrocarbons and heavy metals in stormwater. THabgity could be further
enhanced due to low pH of build-up solids (Hamil&iral., 1984; Pechacek, 1994;
Tai, 1991; Warren et al., 2003).
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5.4  Build-up on Roof Surfaces

Two model roof surfaces, one with corrugated saeel another with concrete tiles,
were used to collect build-up samples. Furtherildete the model roof surfaces can
be found in Section 3.4. The methodology adoptadstomple collection can be
found in Section 4.4.2. Samples collected belongedl, 2, 3, 7, 14 and 21
antecedent dry day periods. The primary paramet#esned from the sample testing
were TS, particle size distribution, pH, EC, TC,d@nd DOC.

5.4.1 Mathematical Replication of Build-up

Research studies relating to pollutant build-upawf surface are extremely limited.
Consequently, the physical processes relating boitpat build-up on roof surfaces
are not widely understood. In past studies, theg@ry understanding on roof surface
build-up was gained by investigating roof surfanaaff. For example, Van Metre
and Mahler (2003) noted that pollutant concentretioriginating from roof surfaces
could vary from around 60 to 500 mg/L dependingtesurrounding land-use, roof
setup, and antecedent dry period. Bannerman €t303) also noted the significant

solids concentration that could originate from reoffaces.

Similar to the data analysis undertaken for roathse build-up, the pollutant loads
collected during field investigations were plotted understand the variability of

build-up with antecedent days. Figure 5.7 showsekalts derived.
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Figure 5.7 — Pollutant build-up on roof surfaces

As illustrated in Figure 5.7, the pollutant build-won roof surfaces is gradual
compared to road surface build-up. However, thaatian is similar, having a

decreasing rate increasing function. The rate dfihup is high for up to around 7
days, and beyond that, the rate of build-up sigaiftly reduces. First day build-up
for both roofing materials was in the range of §/d?, but as the number of days
increased, the build-up on corrugated steel exckd#ue build-up on concrete tile
roofs. However, the deviation between the buildarp the two materials is not
significant. The deviation of the 21 day build-ug the two materials was only 0.2
g/m?, with around 1 and 0.8 gfmbuild-up on corrugated steel and concrete tildsr0o
respectively. Therefore, it can be considered thatbuild-up is common for both
roofing materials. The build-up loads obtained froine research study partially
agreed with the outcomes of the study by Van Matré Mahler (2003). They found
that the build-up on roof surfaces varies in thegeaof 0.16 to 1.2 g/frdepending

on the magnitude of the antecedent dry period.rliheestigation was based on 4 m

high roof surfaces close to an expressway.

To improve the validity of the proposed translatfocedure, the development of a
replication equation for roof surface build-up wasportant. It was decided to
develop the replication equation for build-up ie florm of a power function similar

to Equation 5.1. It was previously discussed tihat power function is the most
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appropriate to replicate build-up. However, theapagters for the power function

needed to be specifically derived to suit the bujbdon roof surfaces.

Due to significant similarities in build-up, a coramparameter set was developed.
The analytical methodology used for the developnodérdoefficients was similar to
the analytical methodology adopted for the roadaser build-up data. The least
squares method was adopted and the most suitalbiesvi@ra andb were obtained
such that the square of deviation between prediatet observed data points was
minimal. More details on the method of least sgsi@an be found in Section 3.5.2.
The coefficient values obtained were 0.43 and 0f26& andb respectively. Figure
5.8 shows the predictive performances of the d@esleequation irrespective of the

type of roof.
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Figure 5.8 — Performances of the replication equatins for Build-up on roof
surfaces

The build-up replication equation developed for freorfaces can be used for
predictions. There was no requirement to incorgoeatpre-existing pollutant load
from the last storm event. This was due to the Hiightion of wash-off from roof

surfaces. Therefore, it can be considered that tiequé.1 with relevant parameters

would replicate the build-up process with suffitciancuracy.
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Similar to the procedure adopted for the road sedathe validity of the build-up
replication equation formulated was tested usirggdata obtained during the initial
pollutant availability sampling. It was noted thila¢ 7 day average build-up observed
was 2.5 and 3.9 gfffor concrete tile and corrugated steel surfacepaetively (see
Table 6.2). The sampling was done three times &edamounts collected show
significant variability. However, the predictionstdt using Equation 5.1 was 7.1
g/m’ of pollutants, which is a significant overestinati This illustrates the high
degree of uncertainty associated with roof surféceld-up predictions. The

uncertainty would be primarily due to climatic faxt such as wind.

5.4.2 Particle Size Distribution

Similar to the particle size distribution analy$is road surfaces, the particle size
distributions for roof surfaces were analysed prilpdy categorising into six size
classes. Table 5.4 shows the volumetric percenfagéise six classes.

Table 5.4 — Average percentage particle size distution — for roof surfaces

) Solids (Volumetric Percentage)
Size Class gm)

Corrugated steel roof Concrete tile roof
<10 3.34 3.27
10-50 29.72 22.59
50-100 24.79 24.23
100-200 16.16 19.50
200-400 14.23 16.71
>400 10.10 12.97

As shown in Table 5.4, only fractional difference®re noted in particle size
distributions between corrugated steel and condileteoof surfaces. For both roof
surfaces, a higher fraction of the solids was pladiless than 100m. Particularly
for the corrugated steel roof, around 60% of tHelsavere less than 1Q0m. This is
comparatively higher than the finer fraction ond@arfaces, which was 50%. This
could be attributed to the fineness of atmosphaeijgositions. Furthermore, due to

the reduced texture depth and greater slope ofswdéces, larger particles may not
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remain on roof surfaces. Similar to analysis fadeurface build-up, particle size
distributions for roof surface build-up samples evanalysed in order to understand
the governing processes. Figure 5.9 gives thegmize distributions of build-up

samples for the two roofing materials.
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Figure 5.9 - Variation of particle size distribution with antecedent dry days for
roof surfaces build-up

As evident in Figure 5.9, it is difficult to ideftticlear differences in particle size
distribution with antecedent dry days for the tvaofing materials. The changes in
particle size distribution were only marginal fafferent antecedent dry periods and
the differences do not show any clear pattern. Wasld suggest that only limited
re-distribution occurs on roof surfaces and thétaity deposited materials remain

on the surfaces for a relatively longer period iohet when compared to road
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surfaces. This could be attributed to the redunfildence of vehicular-induced wind
turbulence. As noted in Section 2.3.3, the re-thstron of pollutants on road

surfaces is primarily caused by the turbulenceterehy vehicle movements.

5.4.3 Analysis of Physio-chemical Parameters

A principal component analysis of physio-chemicakgmeters for roof surface
build-up samples was undertaken as shown in FigUr@. The primary parameters
analysed were pH, EC, TC, TOC, DOC and TS categriato six particle size

categories. The particle size categories used w&@e 10 to 50, 50 to 100, 100 to
200, 200 to 400 and >4Q0n. The number of samples used for the analysisl®as

The data matrix used for the analysis is shownppekdix C, Table C.4. The same
pre-processing techniques were used as describ8dditmon 5.3.6 to refine the data

matrix.
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Figure 5.10 - Physio chemical parameters and antedent dry days for roof
surfaces: Biplot of data against the first two prircipal components
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The following conclusions can be derived from tesulting biplot:

1) All particle classes strongly correlate with eatheo and with the antecedent dry
days;

2) EC strongly correlates with all particle size greuphereas pH shows strong
negative correlation with all the particle sizesslas; and

3) TC shows no correlation with the particle size g®whereas TOC and DOC

show partial negative correlation.

The strong correlation of all the particle sizeuge to antecedent dry days indicates
the increase in pollutant load with the increasantecedent dry days. This further
strengthens the conclusions relating to the charatits of build-up as discussed in
Section 5.4.2. However, in contrast to road surtagél-up where particles less than
100 um were subjected to a high degree of re-distrilmytioof surface build-up does
not indicate significant re-distribution of polluts. This could be primarily due to

the high elevation of roofs where vehicular-indut@dbulence is limited.

The strong correlation of EC with particle size e supports the increase in the
ionic nature of build-up solids. The strong negatnorrelation of pH shows the
increased of acidic nature of build-up solids. Huoédic nature of the atmospheric
depositions was confirmed by Novotny et al. (198%)e non correlation of TC and
the relatively poor negative correlation of TOC dD@C with particle size groups
indicate that there is no variation of these palii$ when the antecedent dry days
increase. This was further confirmed by the re&iwsimilar concentrations of TC,
TOC and DOC for all the antecedent dry days. & wlaserved that 95% of the TC is
organic and around 80% of the organic carbon slable format. The high fraction
of DOC and the high acidic nature of build-up saespionfirm the strong capacity to
enhance the solubility of other pollutants suchhaavy metals and hydrocarbons
(Hamilton et al., 1984; Pechacek, 1994; Tai, 199 4rren et al., 2003).
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5.5 Conclusions

The analysis of build-up samples from road and resoffaces was critical to
understand the processes involved in pollutantdayil and related influential

parameters.

Build-up on road surfaces

* Rate of pollutant build-up is significantly high rihg the first two days and
reduces as the dry period increases. This is ieemgent with the already
understood build-up process.

e It can be hypothesised that build-up load approseheonstant value over time.

» Significant variation in terms of build-up load wdstected between the three
road sites. This could be primarily due to the atwn in urban-form and the
population density.

* Pollutant build-up on road surfaces can be rematdty a power function in the

form of:

B=aD"
Where,
B = Build-up load on road surface (¢fm
D = Antecedent dry days; and
aandb = Build-up coefficients.

* Though the rate of increase of build-up load reduafter about 21 days, the
dynamic re-distribution of fine particles continues

* Reduced re-distribution of larger particles andstant accumulation result in
changes to the solids composition of build-up galhds.

* The fraction of fine particles (<1Q0m) dominates on road surfaces. The average
road surface particle size composition demonstrateque characteristics for
residential catchments.

* The behaviour of fine particle (<10@n) was completely different to that of
coarse particles in terms of associated organitceodonThe fine particles were
associated with a greater amount of organic matterpared to coarser particles.

* A reduced fraction of inorganic carbon content wasected on road surfaces
compared to organic carbon. Furthermore, a sigmitlg high fraction of organic

compounds present in road surface pollutants weseluble form.
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Build-up on roof surfaces

The rate of build-up is significantly high for up around seven days and then
reduces after that as the antecedent dry periagtgsees.

Similar to build-up on road surfaces, it can be dijpsised that roof surface
build-up approaches a constant value as the argetddy period progresses.
Build-up on roof surfaces can be replicated by wegyofunction similar to that
used for road surfaces. However, a different sdtuilfl-up coefficients needs to
be used.

On average, 60% of the solids deposited on rodases were less than 10
size.

Only a small variation was detected in the partstée distribution of particulates
belonging to different antecedent dry periods. Thigygested that on roof
surfaces there is only limited re-distribution witime.

A significantly high amount of organic compounds swdetected on roof

surfaces. Most of these compounds were in solubia.f
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Chapter 6 - Analysis of Pollutant Wash-off

6.1 Background

In the context of urban water quality researchinadepth understanding of the two
main pollutant processes, build-up and wash-offngortant. Due to the site specific
nature and variability with a range of factors,egdive investigations are necessary
to understand these processes. Chapter 5 disctisseoutcomes of the in-depth
investigation into pollutant build-up for residaitiroad and roof surfaces. This
chapter presents the outcomes of in-depth invesiiganto pollutant wash-off from

road and roof surfaces.

Pollutant wash-off is a complex process that vawéh a range of rainfall, runoff,
and catchment variables. Vaze and Chiew (2002) Madkay (1999) noted that
wash-off is influenced by rainfall and runoff vdrias namely, rainfall intensity,
duration, runoff volume and runoff rate. Howeves, @xplained by Chiew and
McMahon (1999), it is difficult to discern the degrof influence of these variables
on wash-off. Inter-correlation of these variableghe primary factor which causes
such difficulty. Therefore, extra effort was maderidg the data analysis to
understand the role of each variable in wash-othe® than rainfall and runoff
parameters, wash-off is influenced by the amouit @maracteristics of pollutants
available on catchment surfaces, which in turnaafenction of build-up during the
antecedent dry period (Duncan, 1995). Represestgb@llutant samples were
collected before the wash-off investigations andtew for physio-chemical
parameters to understand the influence exertedotiutgnt wash-off. Furthermore,
Herngren et al. (2005a) noted that wash-off maynbBaenced by the characteristics
of impervious surfaces. They observed variable aittaristics of wash-off for road
surfaces with road surface texture depth and sldpetefore, the influence of these
two primary road surface characteristic namelyjuex depth and slope was also
determined.

The highly variable nature of wash-off with a raraigparameters and unpredictable

occurrence of natural events can increase the @xitylof the experimental design.
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This was the main reason for using simulated rHifda wash-off investigations.
The use of simulated rainfall provided improved tcohover rainfall and runoff
parameters. Furthermore, it was possible to gemerddrge amount of data during a
short period of time (Herngren et al., 2005b). Detadiscussion on the use of

simulated rainfall can be found in Section 3.3.

This chapter presents the analytical outcomeseoptitlutant wash-off investigations
described in Section 4.3. The investigations wardettaken on three road sites,
namely, Gumbeel Court, Lauder Court and Piccadtligce, and two roof surface
types, namely, corrugated steel and concrete Tie wash-off samples collected
during investigations were tested for a range dewgquality parameters as discussed
in Section 4.6. Wash-off was separately analyseddad and roof surfaces. During
the analysis, the primary focus was to understardguantitative wash-off process,
variation of particulate composition of washed-pfillutants and the variation of
quality parameters. Prior to the analysis of waltdata, analysis was performed to
understand the primary characteristics of initiadlyailable pollutants which were

collected before each field test.

6.2 Initially Available Pollutants

Duncan (1995) noted that the pollutant load origgimtafrom catchments is directly
influenced by the amount of initially available haénts on catchment surfaces. He
further suggested that the initially available ptdhts may be influenced by the
antecedent dry period. This concept was confirme8drtor et al. (1974) noting that
wash-off is highly influenced by the characteristwf initially available pollutants
particularly the particle size distribution. Thesoposed a mathematical equation for
the replication of pollutant wash-off and notedttttze validity of the equation is
improved if different sets of parameters were depetl for different particle size

ranges.

Initially available pollutant samples were collettgrior to wash-off investigations
from both road and roof surfaces. Road surface Esmere collected from a 3°m

plot area at each site using the vacuum systemf. Roface samples were collected
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from a 1.5 mM area using a smooth brush. Further details on leaogilection and
testing can be found in Section 4.3 and Section 4.6

6.2.1 Road Surfaces

A Pollutant Load

Table 6.1 — Amounts of initially available pollutarts in road sites

Site Weight of Particles (g/mMi) Antecedent dry days
Gumbeel Court 10.89 77
Lauder Court 3.11 27
Piccadilly Place 3.54 36

The highest amount of initial pollutant availalyilivas noted at the Gumbeel Court
road site (see Table 6.1). The amount was almose ttimes higher than that from
the Lauder Court and Piccadilly Place road sitéss s quite understandable as the
sample from Gumbeel Court is the result of 77 adeont dry days which is the
highest among the three sites. Furthermore, Gum@eelt is situated within a
duplex townhouse region where the population dgnsicomparatively high. These
could be the primary reasons for having a high arho@iparticulate pollutants. The
amount of pollutants noted in both the Lauder Caumd Piccadilly Place sites was
similar. This could be primarily attributed to temilar build-up characteristics in
the two sites as noted in Section 5.3.1. The radluege of build-up for higher
antecedent dry days would be the reason for siroudd-up in the Lauder Court and
Piccadilly Place sites, though the antecedent @wys care different. However, the
amount of pollutants collected during the initiahgling was less compared to the
samples collected by numerous other research studadetic and Orr (2005) noted
5 to 25 g/m of pollutants on residential road surfaces whikz® and Chiew (2002)
noted that there can be 8 to 40 gl road surface pollutants depending on the site
condition. Alhough different to the previous stugithe amount of pollutants noted
is consistent with those amounts collected durimg pollutant build-up study as

discussed in Section 5.3.2.
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B Particle Size Distribution

Each sample collected during the initially avai@lgollutant investigation at the
three road sites was tested for particle size idigion. This was undertaken to
understand the composition of pollutants that conftlence the characteristics of
wash-off. Figure 6.1 shows the cumulative distiiutof volumetric particle sizes
for the samples collected. The particle size distion curves were plotted for
comparison along with the average particle sizéribigion curves for build-up

samples that are discussed in Section 5.3.5. Casoparof particle size distributions
for each road site are given in Appendix D, Figudesto D.3.
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Figure 6.1 — Cumulative particle size distributionsof initially available pollutant
samples from road surfaces

As seen in Figure 6.1 and Appendix D, Figures h1Dt3, the particle size
distribution of initially available pollutant samgd was mostly within the size
distribution envelope observed during pollutanidhuip investigations. Furthermore,
the particle size distribution curves for initialgvailable pollutants are closely
comparable with the 14 and 21 antecedent dry dasticle size distribution curves
which contain a high fraction of coarse particlés. the antecedent dry days for
initially available pollutant samples were 77, 27da36 days for Gumbeel Court,

Lauder Court and Piccadilly Place road sites respayg, it can be considered that
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the particle size composition of particulates ishie expected range. Furthermore, as
seen in Figure 6.1, the distribution curve for Gmbeel Court site is located to the
right of the curves for Lauder Court and Piccadilace road sites, particularly for
the coarser particle size ranges. This indicataglaer fraction of coarser particles in
Gumbeel Court site compared to the other two sitéss further strengthens the
argument developed regarding the change in parsiae distribution of build-up
samples when the antecedent dry days increasex@laimed in Section 5.3.5, the
composition of pollutants is subjected to contiriazhange with an increasing

fraction of coarse particles when the antecedentdys increase.

Figure 6.1 and Appendix D, Figures D.1 to D.3, ertshow that only around 30%
of the total initially available pollutants were alter than 10Qum particle size. As
discussed in Section 5.3.6, this is the size rdhgehas the capacity to adsorb other
pollutants such as heavy metals and hydrocarbonsth® other hand, 40% of the
particulate pollutants were larger than 2Qéh, where very limited pollutant
adsorption capacity exists. The samples collecteding this investigation show
significant deviations from the samples collectgdHerngren et al. (2005). They
have noted up to 90% of the solid particles beiegs|than the 15@m size.
However, the antecedent dry periods for those sesnpkre 1, 2 and 7 days, which

is comparatively low when compared to this investiimn.

6.2.2 Roof Surfaces

A Pollutant Load

Four samples of initially available pollutants werellected from each roof type

prior to each rainfall simulation. The rainfall sitations were for 20, 40, 86 and 115
mm/hr intensities. Table 6.2 shows the averageufaoit loads collected from each
roof type. The collection of samples was generfdlya seven day antecedent dry
period apart from the sample collected prior toudation of the 20 mm/hr intensity

which was a three day period.
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Table 6.2 — Amount of initially available pollutants in road sites

Site Weight of Particles (g/m) Antecedent dry days
Steel roof 0.39 3and7
Concrete roof 0.25 3and7

The average initial load of pollutants collecteoinirthe corrugated steel roof surface
was high compared to the concrete tile roof surfabés was in agreement with the
build-up observations noted in Section 5.4.1. Is\iirther observed during sample
collection that pollutants are strongly bound te #teel roof surface when compared
to the concrete roof surface. This could be dugrtuperties associated with the
paints used for the different roofing products. Taent used in the corrugated steel
roof could be developing chemical or electrostbbads with the pollutant particles,

leading to a higher build-up load. However, it wast possible to confirm this

hypothesis conclusively.

The amounts of pollutants collected during inifallutant investigations on roof
surfaces were less when compared to the amountscteml during build-up
investigations. The pollutant amounts collectedirdurbuild-up investigation for
seven antecedent dry days were 0.86 and 0.66 fymthe corrugated steel and
concrete tile roof surface respectively (see Figui®. During sampling for initially
available pollutants, 0.39 and 0.25 §/mmounts were collected from the
corresponding roof surfaces. Even the four sampddiected prior to each rainfall
simulation showed significant variation to eachestith a CV of 11.9% and 13.6%
for corrugated steel and concrete tile roofs rebpalg. The amounts of pollutants
collected during investigations are shown in Appen®, Table D.1. It is
hypothesised that build-up on roof surfaces is extbf to high variation due to
climatic factors when compared to road surfaces Tigh degree of uncertainty
involved in roof surface build-up was previouslytesh by Thomas and Greene
(1993) and Van Metre and Mahler (2003).
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B Particle Size Distribution

As samples were collected before each rainfall Etan, four data sets of particle
size distributions were available for analysis. Uregy 6.2 shows the particle size
distribution curves for the concrete tile and cgeted steel roofs separately. The

particle size distributions of build-up samples als®o shown.
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Figure 6.2 — Cumulative particle size distributionsof initially available pollutant
samples

As evident in Figure 6.2, the particle size digitibns for samples collected from
both concrete and steel roof surfaces are sinfar.both surfaces, samples show
fairly uniform distribution with dominant finer pcles size ranges. On average,
75% of the total solids from the corrugated steelf rand 67% of the total solids
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from the concrete tile roof are less than 10® However, the observed patrticle size
distribution is significantly coarser when compatedthe results reported by Van
Metre and Mabhler (2003). They noted a much smditbestion of solids from roof

surfaces which were larger than @B1. Anthropogenic activities and climatic
conditions in the area adjacent to the study sitédcbe a factor for such deviation in
particle size. However, the fact that the sizerittistions for all the samples collected
are within the particle size envelope generatedindubuild-up investigations

confirmed the consistency of the investigations.

6.3 Data and Variables

Pollutant wash-off was investigated using simulataidfall. As noted in Sections

4.4.1 and 4.4.2, six rainfall intensities on roadfaces and four intensities on roof
surfaces were simulated. The resulting runoff tetaP5 samples per road site and
27 samples per roof surface. These samples wegsltEs a range of water quality

parameters as discussed in Section 4.6. The paemetiuded TSS, TDS, particle

size distribution, pH, EC, TC, TOC and DOC.

6.3.1 Data Pre-processing

Total solids (TS) concentration was calculated bybining TSS and TDS. The TS
concentration was multiplied by the runoff volumentained in each container in
order to calculate the total weight of solids wakb# during a specific simulation

event. The cumulative wash-off weight was calcwldig adding the solids weight to
the corresponding duration components. For examipléhe case of the 20mm/hr
intensity and 20 min duration event, TS weight walsulated by adding the weights
belonging to the 0-10 min duration and the 10-26 chiration.

A Malvern Mastersizer was used to determining thdigle size distribution of the
suspended solids. The instrument software provithed percentage particle size
distribution curve and it was possible to disaggteghe sample into any given size
class at a later stage. However, the percentageas &olumetric form. For analytical

purposes, it was converted to weight distributissuaning that all particles have the
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same density. It is understood that there can Iocles such as tyre wear having
relatively less density compared to road surfacarwBre-processing of the other
quality parameters was done in an exactly similay v the pre-processing of build-

up samples noted in Section 5.2.

6.3.2 Selection of Rainfall and Runoff Variables

The primary rainfall and runoff variables that ughce pollutant wash-off are
rainfall intensity, rainfall duration and runoff kmme. Contradictory reporting has
been noted on the degree of influence that thesables have on pollutant wash-off
(Chiew and McMahon, 1999; Chui, 1997; Mackay, 1999 explained by Chiew

and McMahon (1999), these variables correlate wibh other and therefore, it is
difficult to discern the degree of influence. Fr@m analytical point of view, it is

difficult to analyse data with a range of correigtivariables. It is important to

eliminate variables that provide little informatiblom the analysis.

Selection of appropriate variables was undertalsémgua range of plotted graphs of
TS with each variable and combination of variablesvas observed that very little
information can be gained by relating wash-off uaaff volume. Therefore, it was
decided to select rainfall intensity and duratisrpamary variables. Further analysis
of wash-off was based on these two variables. @heedwo variables were also used
by Sartor et al. (1974) to describe the wash-aftpss.

6.4 Analysis of Wash-off from Road Surfaces

The six rainfall intensities simulated on road auds were 20, 40, 65, 86, 115 and
133 mm/hr. Five runoff samples from 133 mm/hr ralihintensity and four samples
from each of the other intensities were colleciBue rainfall durations from which
these samples were collected are shown in Table Fuher details on sample

collection and testing were provided in SectiorsMand 4.6.
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6.4.1 Variation of Wash-off with Influential Parameters

The analysis of wash-off data was carried out far three road sites separately.
Figure 6.3 shows the variations of wash-off witinfall intensity and duration for
the three sites. As evident in Figure 6.3, washpuffiutant load is significantly
influenced by initial pollutant availability on theoad surfaces. The maximum
pollutant load washed from the Gumbeel Court ratdvgas around 29 g whereas it
was 7.3 g and 9.2 g at Lauder Court and PiccaBithce sites respectively. This was
for the 133 mm/hr rainfall intensity and for 20 ndaration. Similar comparisons
can also be made for the other rainfall events. rEtatively higher pollutant load
washed-off from Gumbeel Court could be mainly htited to the higher initial
pollutant availability which was 32.7 g. It was falithat only 9.3 and 10.6 g of
pollutants were built-up at Lauder Court and PidbadPlace sites respectively.
However, the pattern of wash-off variations showsgificant similarities among the
three sites. For example, the ratio of the maximuash-off to initial pollutant
availability for the three sites was 0.9, 0.75 &®b. This confirms that irrespective
of the amount of initial pollutant availability, rsilar fractions of pollutants are
washed-off for the 133 mm/hr and 20 min duratioergyv This fraction was also
consistently similar for other events. This indeshtthat though wash-off load is
significantly influenced by initial pollutant avalbbility, the influence it exerts on the

wash-off process itself is not significant.
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Figure 6.3 — Variation of wash-off with rainfall intensity and duration
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In order to eliminate the influence of initial pathnt availability on the wash-off
process, a parameter defined as ‘fraction washwedB calculated. Fraction wash-off
for a particular event is the ratio of washed-affigtant load to the initially available
load. In this way, it was possible to compare thshvoff of pollutants from the three
road sites. Figure 6.4 shows the variation of foectvash-off with rainfall intensity

and duration for all three sites. Appendix D, Fgud.4 shows the variation of
fraction wash-off with rainfall intensity and duia for the individual sites.

Appendix D, Table D.2 shows the observed data &lufant loads and calculated
fraction wash-off for each site.
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Figure 6.4— Variation of fraction wash-off with rainfall intensity and duration

From Figure 6.4 and Appendix D, Figure D.4, two mednclusions can be derived.
Firstly, the largest fraction wash-off is in thengg of 0.75 to 0.9 and these values
belong to the 133 mm/hr intensity rainfall simuthtéor 20 min duration. In

comparison to rain events in South-East Queenstrah an event is in the range of
a ten year ARI event. This means that most of theerpl storm events are not

capable of washing-off all the pollutants from rosuatfaces. Similar conclusions
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were noted by past researchers. Malmquist (194®atedly simulated rain events
on an urban road section. The resulting wash-adfl ldecreased slowly in each
simulation and multiple numbers of events were eddor significant reduction in
wash-off load. Vaze and Chiew (2002) vacuumed readiaces immediately after
rain events and noted an appreciable fraction diufamts still remaining on the

surface.

Secondly, the variation of fraction wash-off foffdrent road sites is closely related.
For the 20 mm/hr rainfall intensity, fraction wagti-increases gradually up to
around 0.2 as the duration increases. Similar tit@anas evident for other intensities.
Furthermore, the gradient of the variation increasénen the rainfall intensity

increases. As seen in Figure 6.4, the data pogltsging to each rainfall intensity
are clustered into regions suggesting similar beha\of wash-off for all three sites.

As an example, the cluster for 133 mm/hr intenisitthown in Figure 6.4. Therefore,
it can be concluded that wash-off is a common m®a@nd relatively independent

from initial pollutant availability.

6.4.2 Mathematical Replication of Pollutant Wash-df

It is commonly accepted that wash-off from roadfates can be replicated by an
exponential equation. However, different forms gp@nential equations have been
suggested (Chiew et al., 1997; Sartor et al., 19VA¢ use of different rainfall and
runoff parameters as exponents of the wash-off mapimal equation is the most
common difference among various equations that Haeen proposed. In some
cases, runoff volume is used as the exponent asdnre other cases the runoff rate
is used (Chiew et al., 1997). However, it was coded (see Section 6.3.2) from this
research that wash-off is more closely relatedatafall intensity. Therefore, the
equation proposed by Sartor et al. (1974) was w#lexs the conceptual basis for the

replication of wash-off. The format of the selecegpiation is:

W =W, (1-¢e™") Equation 6.1
Where:
W Weight of the material mobilised after time t;

Wo Initial weight of the material on the surface;
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I Rainfall intensity; and
k Wash-off coefficient.
(Sartor et al., 1974)

Different derivations of this equation have beeadus various stormwater quality
models. For example, the US EPA’s Stormwater Mamege Model (SWMM) and

US Army Corps STORM model use similar exponentiquaions to replicate
pollutant wash-off (Huber and Dickinson, 1988; USAQ977)

In this study the original exponential equation ({Btipn 6.1) proposed by Sartor et
al. (1974) was tested in order to replicate theepked wash-off patterns. The

equation was re-written in order to define fractwash-off as:

Fw=" - a-e™) Equation 6.2

0
Where:

Fw Fraction wash-off.

The predictive capability of Equation 6.2 was tdsbyy comparing observed data
with the calculated fraction wash-off for corresdomg rainfall intensities and
durations. The comparisons were done separatelpéathree sites. In each case, the
wash-off coefficientk’ was estimated using the method of least squarabat the
deviations of predicted values from the observddesawere minimal. More details
on the method of least squares was provided ini@®e8t5.2. Appendix D, Figure
D.5 shows the performance of optimlrgenerated for Equation 6.2. Analysis of the
predictive capability of the equation was perfornmm®d calculating the mean and
coefficient of variation (CV). The mean was calteth for the ratio between
observed and predicted values. This makes the t&egetean equal to one. The CV
was calculated by dividing the standard deviatipnhe expected mean. More details
on mean and CV were provided in Section 3.5.1.mMbkans and CV obtained for the
three sites are given in Table 6.3.
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Table 6.3 — Predictive capability of Equation 2

Site Mean Coefficient of Variation (%)
Gumbeel Court 1.41 53.0
Lauder Court 1.04 22.7
Piccadilly Place 1.09 28.4

As evident from Appendix D, Figure D.5, predictionsing Equation 6.2 do not

provide adequate accuracy. As shown in Table B&jgh the mean is close to one,
which is the expected value, higher percentage€\Wfsuggested a scattering of
observed data with respect to predictions usingakgn 6.2. Among the three road
sites, the predictions were least accurate foGtmbeel Court site, where the mean
is 1.41 and CV is 53%.

It is evident from Figure 6.4 and Appendix D, Figup.4, that the fraction wash-off
approaches a finite value which is lower than ond this value varies with the
rainfall intensity. This phenomenon was observednduthe rainfall simulation. The
latter part of most of the less intense rainfalereg producesd relatively cleaner
runoff. A similar observation was also reported Hgrngren et al. (2005a). This
suggested that a rainfall event has the capacityntdilise only a fraction of
particulate pollutants on the road surface and dnaEsaches that capacity relatively
clean runoff results, even though a significantticm of pollutants is still available
for removal. The equation proposed by Sartor et (8874) is based on the
assumption that every storm event has the cap&uityemove all the available
pollutants from a surface if it were to continue &n adequate period of time. The
findings from this study confirmed the need to nfipthe wash-off equation.

The exponential pollutant wash-off equation was fiedl by introducing the

‘capacity factor’ Cg) and can be written as:

=C. (1-e™) Equation 6.3

I\

Where:
Cr Capacity factor.
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Cr indicates the rainfall event’s capacity to moleilgollutantsCg will have a value
ranging from 0 to 1 primarily depending on the falinintensity. However, other
factors such as road surface condition, charatiteyisf the available pollutants and

slope of the road may also have an influenc€gan

6.4.3 Estimation of Wash-off Parameters

To use the modified wash-off equation (Equatior),&t8 parameters andCr must
be estimated. The wash-off coefficidnis an empirical parameter with units (fm
with no physical meaning. Water quality models sashSWMM use a constant
value fork. However, there is evidence to claim that khis site specific (Millar,
1999). The valuk may vary with the pollutant type, rainfall intetysicatchment
area and catchment slope (Alley 1981; Alley and tBmi981; Millar, 1999).
However, the use of a constant valueKaevill reduce the complexity of the wash-off
equation. It has been noted by Huber and Dickid®88) that a constant value is

used in the SWMM model and it performs relativelgivin estimation.

Estimation of wash-off parameters was done in teteps:

1) The approximate values were first estimateddeby plottingF versus rainfall
duration. The curves were drawn freehand in ordeplitain the best visual
variation. Appendix D, Figure D.6 shows the plottediations and estimateci
values.

2) The best possible values 6 andk were determined using the method of least
squares. In this case, estimates obtained using wlkere used as initial values.

3) A single value was determined f&rso that the square of difference between
estimated and observed valuesFgf for one site is a minimum. Figure 6.5
illustrates the performance of the parameters deeel for Equation 6.3, and

Table 6.4 gives th€r andk values determined for the different sites.
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Table 6.4 - Estimated values foCr and k

Capacity FactoCr

Site Wash-off
Coefficientk 20 40 65 86 115 133
mm/hr  mm/hr mm/hr mm/hr  mm/hr  mm/hr
Gumbeel Court 5.6 x 10 0.20 048 050 050 0.73 1.00
Lauder Court 8.0x 1b - 048 054 054 0.80 0.89
Piccadilly Place 8.0x 1D 0.30 0.45 049 049 0.66 0.94

The validity of Equation 6.3 with estimated paraenetofCr andk was evaluated by
analysing the mean and CV. The combination of mesah CV provides complete
information on the validity of the predicted eqoati The mean was calculated for
the resultant of the predicted values divided by tibserved value for each data
point. CV was calculated by dividing the standaegidtion from the expected return

which was one. The mean and CV for each site areslin Table 6.5.

Table 6.5 — Validity of replication of pollutant wash-off using parameters in

Table 6.4
Parameter Gumbeel Court Lauder Court Piccadilly Place
Mean 1.12 0.98 0.98
CVv 27% 7% 12%

According to the results shown in Table 6.5, atleéhmean values are close to one
and therefore, it can be argued that the overatfopeance of the prediction
equation is satisfactory. However, the CV valuedicate that there is a certain
degree of error in estimating each data point. padormance of the wash-off
equation for the Gumbeel Court data is poor whetteaperformance of the equation
for Lauder Court and Piccadilly Place are satisfact The variation between
observed data and predicted data could be dueasmms such as the build-up data
being non-representative for the site and errorthén calculation of the equation
parameters. The Gumbeel Court site had a relativglly amount of pollutants. As

such there can be a greater possibility of selg@inon-representative sample.
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Considering the above, the most appropriate vafoesk would be the values
obtained for the Lauder Court and Piccadilly Plexa sites. The constakitalue of
8.0 x 10" is proposed for use in the prediction equationweler, selection of a
common value fok altered the performance evaluating parametersniban and
CV as described in Table 6.5. A new set of perforceaevaluation parameters was
calculated for the common parameter set as showialite 6.6. Common values for
Cr were obtained so that the mean square of errothfercomplete set of data
becomes minimal. The select€d values for different intensities were 0.3, 0.5, 0.
0.5, 0.75, 0.92 for 20, 40, 65, 86, 115 and 133 mmdinfall events respectively.
More discussion on the selection@f is included in Section 6.4.4.

Table 6.6 — Validity of replication of pollutant wash-off equation with the
common set of parameters

Parameter Gumbeel Court Lauder Court Piccadilly Place
Mean 14 0.95 1.02
CV 29% 9% 13%

As shown in Table 6.6, the use of a common setacdmpeters for wash-off altered
the performance evaluating parameters. The higleesinge occurred for the
Gumbeel Court site. This could be due to the irsmaatk from 5.6 x 1¢ to 8.0 x
10*. However, little change was noted for both the dexuCourt and Piccadilly
Place sites. Furthermore, for those two sites, kbt mean and CV is in a
satisfactory range. Therefore, it can be considdratithe common set of parameters

performs adequately in replicating observed wash-of

However, the variability in predicting observedalabints in the Gumbeel Court site
indicates the uncertainty involved in Equation &r&l of using a common set of
parameters. Therefore, care should be taken whieig tisese values particularly
when the initial pollutant availability is comparagly high. Apart from the variation

in initial pollutant availability, the Gumbeel Cduoad site was relatively flatter and
rougher in texture depth. These factors could @anple in assigning factors for

Equation 6.3.
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6.4.4 Understanding the Wash-off Process

Apart from the mathematical replicating equationgerstanding the mechanism of
pollutant wash-off is important. Figure 6.6 showsg tvariation ofCr with rainfall
intensity. The graph primarily consists of threetpaFor an intensity less than about
40 mm/hr,Ce increases linearly to almost 0.5. It is hypothesighat this is due to the
change in kinetic energy for different rainfall ensities. According to Rosewell
(1986), the kinetic energy of sub-tropical rain m¢eincreases from 0 to around 25
J/nf/mm for intensities from O to about 40 mm/hr, areydnd that, it is relatively
constant at about 25 Jmm. The kinetic energy value noted by RosewelB6)9
for a 20 mm/hr intensity storm was able to be satad using a flyscreen mesh as an
energy dissipater. It is hypothesised Gatvaries linearly with kinetic energy within

the 0 to 40 mm/hr intensity range.
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Figure 6.6 - Variation of C¢ with rainfall intensity

For rainfall intensities ranging from 40 mm/hr tooand 90 mm/hr,Cr has a

relatively constant value of 0.5. This indicatesttthe rainfall intensities in this
range have the capability to mobilise only arouf&o5of the pollutants available. It
was observed that even more finer particles ardesff during these rain events
when compared to particle size distributions difiafly available samples. Therefore,
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there is greater possibility of wash-off of mostloé finer and lighter particle ranges
during these events. It could be the case thaetrasfall intensities are not capable
of creating adequate turbulence to mobilise heaaier larger particles due to sheet
flow on the surface. However, the upper limit o ttonstanCr (90 mm/hr) could
change with the texture depth of the road and qertsize distribution of the
pollutants available. Rainfall events with intepsiif more than 90 mm/hr have a
greater capability to mobilise particulate matters hypothesised that this is due to
the high degree of turbulence in the overland flawe pollutant export study
undertaken in the same urban catchment confirmedigher mobilisation capacity
of high intensity rainfall events which results melatively higher pollutant

concentrations and larger average size of the wégtarticles.

6.4.5 Particle Size Distribution Analysis

The factorCr indicates a specific rainfall event’s capacitynmbilise particulate
pollutants from paved surface&s: varies with rainfall characteristics and particlyla
with rainfall intensity. However, the nature ofghelationship is not clearly known.
For example, a 65 mm/hr rainfall event generallynoges around 50% of the
pollutants available on the road surface. The rea$or the remainder of the 50% to
remain on the road surface needed to be understmdoted by Mackay (1999),
raindrop-induced turbulence is the primary fachat tkkeeps the particulate pollutants
in suspension. The kinetic energy in lateral flencomparatively low compared to
raindrop kinetic energy. However, this is sufficign move the particles that are

already in suspension.

A Variation of Particle Size Distribution with Rainfall Intensity

In order to better understand the regime goverpioldutant wash-off, the particle
size distribution of each sample was analysed.péngcle size distribution data was
in volumetric percentages and was converted to m®igViore details on the pre-
processing of particle size distribution data carfdund in Section 6.3.1. However,
the analysis was first undertaken to understand vleation of particle size

distribution with rainfall intensity. For this, thaarticle size distribution of the total
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pollutant sample washed per each intensity wasysedl The weight-based particle
size distribution developed from the analysis isvah in Figure 6.7. Figure 6.7

further shows the particle size distribution of thitially available pollutant sample

so that a detailed comparison is possible.
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Figure 6.7 leads to several important observatmmshe physical process of wash-
off. Firstly, it reveals that the higher fractiohwash-off particles is in the range of O
to 200um. The average weight of washed-off particles thas 200um in size was
73%. The coarser range (>20t) shows only fractional increments in weight when
the rainfall intensity increases. Therefore, itnist reasonable to argue that the
increment in wash-off load with rainfall intensity due to the increased capacity of
the rainfall in mobilising coarser particles. It tsie that the weight of coarser
particles washed-off has increased with rainfaiémsity. However, in comparison,
weight increment of finer particles is most sigrafnt. This suggested that there is a
fraction of finer particle size ranges which areé mmbilised during less intense rain
events. These particles are subsequently mobilisedn the rainfall intensity
increases. It is hypothesised that these fineigkarsize ranges remain on the road
surface due to their relatively high particle densir adhesion to the road surface
due to either physical or chemical bonding.

Secondly, as evident from Figure 6.7, the patténwadation of average particle size
distribution for all the intensities is similar. Fexample, the curve for the 86 mm/hr
intensity is a close replicate of the 20 mm/hr euwith a multiplier. This suggests
that there is a similar particulate composition &b the intensities. This further

strengthens the influence of particle density latien to wash-off. It would only be

the lower density particles and those only lightighering to the surface being
mobilised for smaller rainfall intensities. As timtensity increases, relatively higher
density particles and those more strongly bounthéosurface would be mobilised

depending on the turbulence created by the rainfall

Thirdly, in comparison to particle size distributi@f initially available pollutants,

wash-off resulted in a higher amount of finer pdes. As seen in Figure 6.7, the
weight of particles smaller than about 1n® in wash-off samples is greater than
that of the initially available pollutant samplaurthermore, the weight of particles in
the range of 150 to 60@m in wash-off samples is significantly less compa@the

initially available pollutant sample. These obsénigs point to the possible break-up
of coarser particles in this size range. This caddur due to the impact energy of

raindrops and turbulence in surface runoft.
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B Variation of Particle Size Distribution with Rainfall Duration

In order to understand the variation of particleesdistribution for a continuous
rainfall event, the pollutants in the wash-off bejong to each duration component
were analysed separately. As discussed in Sectbh, £ach intensity was simulated
for a minimum of four duration components. The dioracomponents can be found
in Table 4.4. However, in order to obtain a geneaaiation for three catchments, the
particle size distributions belonging to similarinfall intensity and duration
components were averaged. For example, the pastezedistribution data belonging
to 40 mm/hr intensity and for the 0-10 min duratmmponent from all three study
sites was averaged. Figure 6.8 shows the averatggiona of wash-off for the 20
mm/hr intensity. The 20 mm/hr intensity was simethin four duration components,
0-10, 10-20, 20-30, 30-40 min, and the correspangiarticle size distribution for
each component is separately shown. Appendix DYrEi@®.7 shows the percentage

particle size distributions for the other rainfaliensities.
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Figure 6.8 — Wash-off particle size distribution fo four durations — 20mm/hr
intensity

As evident in Figure 6.8 and Appendix D, Figure [Oif¥e variation of particle size

distribution for different durations for any patlar rainfall intensity shows similar
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characteristics. For all the durations, the higlesight percentage of particles is in
the 0 to 15Qum range. Therefore, it can be argued that thequéatie composition of
wash-off throughout a constant intensity rain evisnfairly uniform. This would
mean that the influence of rainfall duration on a$f particle size distribution is

minimal.

It was further observed that a significant fractadrsolids is being washed-off during
the initial period of the rainfall simulations. Tal6.7 gives the weight percentages
of washed-off particulates for different intensstieand duration components.
According to Table 6.7, the highest percentageanfiqulates is removed during the
initial period of the storm for all rainfall interies. This strengthens the concept of
‘first flush’ where the initial period of a runoffvent produces a higher pollutant
concentration and a concentration peak often pregetthe runoff peak (Duncan,
1995; Lee et al., 2002).

Table 6.7 — Percentage wash-off for different integities and durations

Pollutant Load Percentage (%)

Intensity 1 ond 3d 40 =h
(mm/hr) Duration Duration Duration Duration Duration

Component Component Component Component Component

20 56.6 23.8 9.0 9.1 -
40 42.2 21.2 19.2 16.1 -
65 36.9 19.5 21.9 20.2 -
86 39.8 18.1 21.1 18.6 -
115 37.9 27.1 15.1 18.3 -
133 29.3 25.0 17.5 14.8 12.5

It can be further noted from Table 6.7 that thetiom of pollutant contribution from
the latter part of events increases when the daimft&nsity increases. The particles
mobilised during the latter part could be the hagmsity particles or those more
strongly bound to the road surface. Thereforeait loe postulated that an appreciable

fraction of pollutants in the latter part of hightensity events is high density
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particles and that the mobilisation of these higimgity particles along the road
surface is comparatively slow. The slow movementldde due to the random
motion of particles which suspend with raindropaspl and then deposit quickly

when the turbulence reduces.

6.4.6 Physio-chemical Analysis

The quality impacts of stormwater are the most it (Goonetilleke et al.,
2005). This is primarily due to high concentratiasfsvarious pollutants such as
hydrocarbons, heavy metals and nutrients in stoterwkllowever, this investigation
did not focus on the characteristics of these pantits. Instead, the parameters that
influence the adsorption of these pollutants to tipalate pollutants were
investigated. This would enable the estimation ¢hfieo pollutants using the

predictive equations developed, with TS being agr&id as a surrogate parameter.

Many researchers have reported that physio-cherpaameters such as pH, EC,
TC, TOC and DOC influence the adsorption of othetlytants to particulate
pollutants. For example, Pechacek (1994) repottetl the adsorption capacity of
solid patrticles varies with size, structure andginchemical properties such as EC.
Tai (1991), Hamilton et al. (1984) and Sansalonealet(1995) noted that the
desorption of heavy metals is primarily enhancedldyer pH ranges and the
availability of DOC. Warren (2003) noted that tha@lubility of certain types of
hydrocarbons is influenced by pH and organic cadmtent.

The physio-chemical parameters in the form of cotreéions were used for the
analysis. This was due to the difficulty of conusgtparameters such as pH and EC
to loads. Furthermore, the use of concentratiorgbles easy interpretation of
outcomes. Other than the five physio-chemical patars, TS was also employed in
the analysis. This was to understand the behawbyrhysio-chemical parameters
with TS. In order to maintain the consistency oélgsis, TS was also used in the
form of concentration. Furthermore, TS concentratiovere separated into Six
particle size categories for better understandingacesses and easy interpretations.
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The analysis was performed using PCA techniqueA BCone of the common
techniques in water quality research that can kd us analyse multiple variables. A
detailed discussion of PCA was set out in Sectidn33 The outcome of PCA
provides an understanding of the degree of coroeldietween variables. However,
the understanding gained is in relative terms. &@mple, if X correlates with Y,
when X increases, Y increases. However, the exabhe\our of Y (whether it
increases or decreases) is not known until thetdetaviour of X is known. Due to
the nature of PCA outcomes, it was important toeusidnd the variation of one
variable with rainfall parameters prior to PCA as&. In this case, TS was selected
as the variable where primary understanding netalbd developed. The knowledge
on variation of TS with rainfall intensity and dtica is already known as discussed

in Sections 6.4.1 to 6.4.4. However, this knowlegeased on TS in terms of loads.

The primary understanding on the variation of TStarms of concentration was
developed by plotting TS concentration with raihfaitensity and duration.
Concentrations resulting from the laboratory tegtimere directly used in this
analysis. The complete set of data used is avail@bAppendix D, Table D.3. The
variation of TS concentrations with rainfall intégsand durations is shown in

Figure 6.9.

As illustrated in Figure 6.9, TS concentration sk@am exponential decay with the
rainfall durations. The first duration componentlod runoff event shows the highest
TS concentration. The concentration reduces exp@tigrfor the second, third and
fourth components. The concentration increases imahg when the rainfall
intensity increases. Such variation is clearly ewmidfor the Lauder Court and
Piccadilly Place sites whereas the Gumbeel Cotatssiows significant data scatter.
Furthermore, the TS concentrations for the Gumi@mirt site were significantly
high compared to the other two sites. This couldanaénly due to the higher amount
of initially available pollutants at the site. lhet context of PCA, such data scatter
and high concentration could influence the outcqrifatata from all the catchments
is analysed together. PCA primarily analyses daté&amce and high concentrations
of TC in Gumbeel Court could produce outcomes hidse/ards the Gumbeel Court
site data. Therefore, PCA was undertaken for daban fthe three road sites

separately. Figure 6.10 gives the resulting bipias the analysis.
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As evident from Figure 6.10, the biplots belongitmy the Lauder Court and
Piccadilly Place road sites show similar correlagiovhereas the biplot for the
Gumbeel Court road site shows slightly differerdireltteristics. The most significant
deviation is in the degree of correlation showmleein particle size groups less than
400 um and quality parameters TC, TOC and DOC. For bis¢hLauder Court and
Piccadilly Place sites, these two sets of parametieow good to partial correlation
whereas Gumbeel Court shows no correlation. Thiddckve due to the higher
amount of initially available pollutant load whidaused significant data scatter as
observed in Figure 6.9. However, the relative datien of parameters other than
that between particle sizes less than 4@0and quality parameters TC, TOC and
DOC is mostly similar for all three biplots. Theved, the following interpretations
are primarily based on the observations of bipbattonging to the Lauder Court and

Piccadilly Place road sites.

Figure 6.10 leads to the following observations:

1) Particle size classes less than 400 strongly correlate with each other,
whereas particle size classes greater thanu#@®(egatively correlate with
other size classes.

2) Three water quality parameters: TC, TOC and DOfongly correlate with
each other.

3) TC, TOC and DOC show correlations with particleesitasses less than 400
pm.

4) Particle sizes greater than 4Qth show negative correlation with TC, TOC
and DOC.

The strong correlation of the particle size cladess than 40@um with each other
suggested similar variation with rainfall intenségd duration. As these size ranges
represent the highest fraction (around 90%) ofttit@ solids, the concentrations of
these size ranges should marginally increase wieerainfall intensity increases and
reduce when the rainfall duration increases. Tlasethe general understandings
gained by the analysis of Figure 6.9. The negatoreelation of particle sizes greater
than 400um to other particle size ranges would illustrate tipposite behaviour to
other particle size ranges. Therefore, the consemuevould be the increase in
concentration of solids with particle sizes gre#ét@n 40Qum as the rainfall duration
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increases. This could occur when coarser partitddk® a longer time to be
transported through the plot surface.

The strong correlation of TC, TOC and DOC with eaxther indicates similar

variations of these parameters with rainfall intees and durations. As shown in
Table 6.8, a significant fraction of carbon compasims organic in nature and is in
dissolved form. The amount of carbon compoundsigsifscantly higher in the

Lauder Court and Piccadilly Place road sites coegpd@o the Gumbeel Court site.
This could be mainly attributed to the re-distribatof organic material in Gumbeel
Court site due to traffic-induced wind turbulenceridg the relatively longer

antecedent dry conditions compared to other twessit is commonly known that
organic materials would have a relatively lower gign In general, the average
amount of organic carbon observed in runoff sampeslosely comparable with
previous findings. For example, Herngren et al08X) noted significant variation in
DOC concentrations during their study in residéntammercial and industrial land

uses. The maximum limit of DOC they observed wds®g/L.

Table 6.8 — Average quality parameters and their vaation

Gumbeel Court Lauder Court Piccadilly Place
Parameter

Average Max/Min Average Max/Min  Average Max/Min
pH 6.0 6.9/5.5 5.9 6.1/5.6 6.4 6.7/6.1
EC @WS/cm) 45.9 123/8.8 188 312 /59 122.3 162/4.4
TC (mg/L) 8.2 13.2/5.3 8.0 17.8/4.2 10.6 215 6
TOC (mg/L) 6.7 108/39 7.1 17.7/4.1 10.0 B10
DOC (mg/L) 4.4 9.6/0.0 6.1 11.1/34 6.7 202 3.

The correlation of carbon compounds to particlessiess than 40@m and the fact
that the highest correlation is shown by the finEge suggest that a significant
fraction of the pollutants is associated with theerf particle size. This further
strengthens the concept established by previowsargsers such as Sartor et al.
(1974), Vaze and Chiew (2002) and Herngren et24l0%a). Due to the fact that
concentrations of finer particles are significaritigh during the initial part of the
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runoff event, there is a high probability of theshang-off of most of the associated
pollutants during this period. This further confgrthe concept of ‘first flush’ which
results in relatively highly polluted runoff durintpe initial part of runoff events
(Duncan, 1995; Lee et al., 2002). The correlatibrasbon compounds to particle
sizes less than 4Q0@n further confirms a decrease in pollutant con@dian when
the rainfall duration increases. The negative d¢atian of carbon compounds to
particle sizes greater than 4@én would mean that relatively few pollutants are

associated with particles larger than 40Q.

The negative correlation of pH with finer partidiges and other quality parameters
suggest that the runoff becomes less acidic asaih&all progresses. As evident in
Table 6.8, road surface runoff is acidic. The mimmpH shown in Table 6.8 mostly
belongs to the first duration component suggeséaiglic runoff during the initial
period of flow. The lower pH values could be atitdd to the higher amount of
initially available pollutants on road surfaces.eTlower pH in stormwater further

enhances the solubility of other pollutants.

6.5 Analysis of Wash-off from Roof Surfaces

The characteristics of wash-off from roof surfaees less well known than for road
surfaces. Forster (1996) investigated runoff froffecent types of roofs for water

quality parameters. As Forster (1996) noted, metahpounds were the most
significant in roof runoff particularly from metabofs. He also noted that most of
the roof surface pollutants were removed duringrtit&al period of storm events and
he suggested an exponential equation with negatk@onent to replicate the

dissolved component of pollutants whilst littleesion was given to understanding

wash-off of particulate pollutants.

The analysis of wash-off data from roof surfaces @ane based on the assumption
that it is similar to wash-off from road surfac&se assumption was strengthened by
the recommendation by Forster (1996) of an expaaleatuation (in the form of

Equation 6.3). Further, it can be argued that watlprocesses, as discussed in
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Section 6.4, will not change in its original forma a result of the change in surface
type.

The investigation of pollutant wash-off from roafraces was conducted for four
rainfall intensities: 20, 40, 86 and 115 mm/hr. Thkensities of 65 and 133 mm/hr
were not simulated on roofs. The durations of &dirdimulations were selected on
site so that the latter part of the events waslredally no pollutants. More details of
the rainfall simulations on roof surfaces can henfbin Section 4.4.2. Five to seven

samples were collected from each rainfall simutatio

6.5.1 Variation of Wash-off with Influential Parameters

The primary data analysis revealed that the fundéamheharacteristics of wash-off
from roof surfaces are very similar to the obseorst made during road runoff data
analysis. Figure 6.11 shows the variatiorFgfwith rainfall intensity and duration. It
is clearly seen that the variation is close togmeential relationship in the form of
Equation 6.3. Figure 6.11 further shows data powits F, > 1. This could be
primarily due to sampling errors and non unifornfiygant distribution.

As evident in Figure 6.11, wash-off patterns fothbtypes of roof surfaces show
similar characteristics. Therefore, it can be ssedithat the characteristics of wash-
off for both roof surfaces are similar. This led ttee development of a single
replication equation for roof surface wash-off. Hoe 115 mm/hr rainfall events, all
of the initially available pollutants were washeffi-iom roofs asFy approaches
unity at the end of the six minute duration. Tiitensity was considered as the upper
limit of intensity in wash-off investigations ina@ts. Technically, it is not possible to
have aFy value greater than one. However, it is possibleetnove the complete
amount of pollutants on the surface earlier thannsinutes for a rain event greater
than 115mm/hr intensity. Due to the short timefraamel difficulty of increasing
sampling frequency, it was not possible to invegggsuch variation. It was
considered that the intensities greater than 115hmnrvould result in the same
outcomes as for the 115 mm/hr intensity rainfathdation. For both the 40 and

86mm/hr rain events;y is approximately 0.9. This indicates that a similash-off
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pattern exists for the rainfall intensity range nfro4d0 to around 90 mm/hr.

Similarities in wash-off pattern for this rainfatitensity range were observed for
wash-off investigations on road surfaces. Howetteg,F value was around 0.5.

This could be primarily due to variation in surfaceexture. Due to the smooth
surface texture of roof surfaces, less kinetic gymexould be needed to suspend
particulate pollutants.
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Figure 6.11 — Observed fraction wash-offK\,) from roof surfaces

6.5.2 Mathematical Replication of Pollutant Wash-df

The exponential pollutant wash-off equation in fitven of Equation 6.3 was used as

the basis of wash-off replication from roofs. Eqoiat6.3 is re-stated below.

Fw=C. (1-e™)

The parameter€r andk were estimated based on the observed wash-ofrpatt
Similar to the estimation of parameters for roadagmes, the parameter estimation
process was based on minimising the square ofrdifte between observed and

predicted values. The initial values 10 were determined by careful observation of
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wash-off variation in Figure 6.11. It was intendeddevelop a range dIr values
according to rainfall intensity whilst keepirkgas a constant. Table 6.9 shows the

values obtained faEr while k is at its optimum value of 9.33 x $0

Table 6.9 — Optimum parameters for Equation 6.3

Capacity FactoCr

Roof Tvpe Wash-off
yp Coefficientk 29 40 86 115
mm/hr  mm/hr mm/hr mm/hr
Steel 9.33x 18 0.75 0.97 0.87 1.01

Concrete 9.33x1d 0.76 0.99 0.86 1.03

As shown in Table 6.9, the parame@robtained for both roof types is similar. This
suggests the possibility of generating a commono$gtarameters for both roof
types. Further, it is possible to develop a constarvalue for the rainfall intensity
range of 40 to 90 mm/hr. This is due to the sintis of Cr for this range as noted

in Table 6.9. Therefore, as for road surface wd§hta@an be assumed th&k varies
linearly from 0.75 to 0.91 for the 20 to 40 mm/htensity range, it is constant at
0.91 between 40 to 90 mm/hr intensities and vdmesrly from 0.91 to 1 for 90 to
115 mm/hr rainfall intensitie<Cr was considered to be constant at 1.00 for all the
intensities greater than 115 mm/hr. The valuesCiomwere obtained based on the
method of least squares. The rainfall intensitygemnare exactly the same as the

wash-off process for road surfaces (see Sectiad)6.4

Figure 6.12 shows the performances of the paramd&reloped for Equation 6.3 in
replicating wash-off from roof surfaces. Performaraf the developed parameters
was further verified by obtaining the mean for tta¢io between predicted and

observed values and CV ,as given in Table 6.10.
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Figure 6.12 — Performances of the replication equatn for roof surface wash-off

Table 6.10 — Performance of Equation 3 with commoset of optimum

parameters
Parameter Corrugated Steel Concrete Tile
Mean 1.01 1.00
Cv 10.3% 10.0%

As evident from Figure 6.12, the visual performaontdhe replication equation is
satisfactory. As shown in Table 6.10, the mearbfiih roof surfaces is close to one
and the CV is around 10%. This confirmed the abiit reproduce with adequate
accuracy the observed wash-off data set using Equét3. Therefore, it can be
considered that the replication equation in thenfof Equation 6.3 and the common
set of parameters as described above can be useplitmte pollutant wash-off from

roof surfaces.

It was possible to develop a replicating equatiothe form of Equation 6.3 for all

the investigated impervious surface types. The types of surfaces investigated,
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namely, roads and roofs, are vastly different imirthprimary characteristics
including, surface texture and slope. The abilityuse a similar equation for these
surfaces suggested the possibility of using theagop for all the other impervious

surfaces such as driveways.

The wash-off coefficienk also shows significant variation with surface tyged
characteristics of pollutants. For wash-off fromadosurfaces it was 8.0 x 10
whereas for roof surface wash-off it was 9.33 x°.1The parametek primarily
defines the shape of the wash-off curve which isenudosely related to the surface
type rather than the characteristics of pollutants.

6.5.3 Particle Size Distribution Analysis

The particle size distribution of individual sanmpleas tested in order to understand
the physical processes governing pollutant waslanif to identify the reasons for
the variation ofCr with rainfall intensities. Figure 6.13 shows thesiage particle

size distribution for both roof surfaces.

As shown in Figure 6.13, the variation in weight 4@ and 86 mm/hr rainfall shows
similarities, whereas the particle size distribntior 115 mm/hr is relatively high
when compared to the other two. The primary cawsetHis is the variation in
initially available pollutants. Table 6.11 shows timitially available pollutants for

the two roof surfaces.

Table 6.11 — Initially available pollutants prior to rainfall simulations

Pollutant load (g)

Roof Type
20(mm/hr) 40(mm/hr) 86(mm/hr) 115(mm/hr)
Steel 0.264 0.647 0.624 0.810
Concrete tile 0.288 0.386 0.339 0.461

As shown in Table 6.11, initially available pollata before the 115 mm/hr intensity

simulation is comparatively high when comparedh®e other three intensities. This
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could lead to significant variation in wash-off tbhaFurther to this, it is clearly
evident in Table 6.11 that the amount of initialailable pollutants on the steel roof
is significantly higher than for the concrete ti@of except prior to the 20 mm/hr

rainfall simulation. This would be the reason foe trelatively higher amount of
pollutant wash-off from steel roofs.
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Figure 6.13 — Averaged patrticle size distributiondr two roof surface types
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It was understood that both the 40 and 86 mm/mfatiievents are not capable of
washing-off all the pollutants from roofs. Since tliaction retained is low, it was
not possible to distinguish which particle sizeegatry was retained on the surface.
As evident from Figure 6.13, there are no signiftcdifferences in the pattern of
particle size distribution. The majority of the isigl are in the range of 1 to 1@
with the median around 5@m for all the samples from the two roofs. It woalter
the wash-off particle size distribution if the atifelial amount of pollutants washed-
off during the 115 mm/hr rain event belonged tcadipular particle size range. As
this was not the case, it can be surmised thatatitgtional amount of pollutant
retained on the roof surface is a well distribigachple.

Due to the fineness of the particles, it is morestae to retain particles on roof
surfaces by chemical bonds rather than gravity. firfez particles are more likely to
be polar and create electrostatic bonds with tlué sorfaces. On the other hand,
roofs are angled at 2@nd therefore, a significant fraction of the gtgvbrce is in
the direction of the roof slope. Additionally, tlev roughness of roofs compared to
road surfaces provides fewer pores within the texta trap pollutants. This would
mean relatively low resistance against wash-offer&fore, it can be surmised that
the retention of particles on the surface during tainfall intensities would be due
to their strong chemical bonds. The less intenge egents would not be able to
supply adequate energy to overcome these bond=bthatiowing the particles to be
retained on the surface.

In comparison to road surface wash-off, particleshed-off from roof surfaces are
significantly fine. This is primarily due to thenBness of the initial pollutants which
are mainly sourced from atmospheric sources. Tienéss of the particles on roofs
may create significant differences in terms of gedonal forces and chemical
bonds when compared to road surface pollutants.adevy the kinetics of the wash-
off observed from the two surface types were simHarthermore, it was possible to
develop a replication equation of similar form bmth surface types. Therefore it can
be surmised that rainfall parameters rather tharfasel type and pollutant
characteristics exert the higher degree of infleemn wash-off. The rainfall
parameters are the only unchanged parameters usied) ¢the analysis of wash-off

for the two surface types.
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6.5.4 Physio-chemical Analysis

The analysis of the water quality parameters obthinom the laboratory testing was
undertaken using PCA. Similar to the analysis otewajuality data from road
surface runoff, detailed understanding of the temmof TS concentrations was
needed for better interpretation of PCA outcomesis Tentailed the analysis of

variation of TS concentrations with rainfall intégsand duration as shown in Figure

6.14.
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Figure 6.14 — Variation of TS concentration with ranfall intensity and duration
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As illustrated in Figure 6.14, the concentrationwh an exponential decay when the
investigated duration components move from the foshe fourth. Furthermore, it
shows an increase in TS concentration particufmmythe first duration component
when the intensity increases. This observatiorery gimilar to the variations of TS
concentration in road surface runoff. Thereforeg thterpretation of the PCA

outcomes was undertaken using a similar approach.

Figure 6.15 shows the biplot resulting from PCA.eDwo the similarities in the
variation of concentrations and comparatively lgata scatter, a combined analysis

was done for both roof types.
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Figure 6.15 — Quality parameters for wash-off samg@s from roof surfaces:
Biplot of data against the first two principal components
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Figure 6.15 leads to the following conclusions:
1) All the particle size classes strongly correlatthveiach other;
2) TC, TOC and DOC strongly correlate with each othed
3) All the particle size classes show virtually noretation with TC, TOC and
DOC.

The strong correlation of all the particle sizessks with each other would mean
similar variation of all particle sizes during wagsth. As the variation of TS with
rainfall duration was understood as an exponemteday (see Figure 6.14), the
concentration of all the particle size classes khdwave similar variation with
rainfall parameters.

The strong correlation of TC, TOC and DOC with eather indicates similar
variations of these parameters during rainfall é&veHowever, the higher vectorial
length of TOC and DOC suggested a higher variatmmpared to TC. As shown in
Table 6.12, both TOC and DOC concentrations araifggntly high when

compared to road surfaces. Higher organic carbariecd could be due to the

significant fraction of surrounding unpaved land.

Table 6.12 - Average quality parameters and their ariation

Steel Roof Concrete Roof
Parameter

Value Max/Min Value Max/Min

pH 6.6 79/4.9 6.6 7.3/5.4

EC @S/cm) 193 371/61 160 351/61
TC (mg/L) 17.0 38.7/4.2 165 329/6.5
TOC (mg/L) 6.3 33.7/12 7.2 18.9/3.2
DOC (mg/L) 51 15.2/09 5.9 119/2.7

The negative correlation of pH to particle sizessks indicates that the acidic nature
of roof surface runoff decreases when the duratibrsimulations increase. The
average pH for all the initial duration componewts 5.67 while it was 6.18, 6.67
and 7.18 respectively for the next consecutive ttimacomponents. The lower pH in
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the initial part of the runoff events and its irese when the duration increases
means that the acidic nature can be primarilybatted to particulate pollutants.

Lower pH and higher fraction of DOC in roof surfac@off increases the likelihood
of having other pollutants in dissolved form (Henemgy et al., 2006; Warren et al.,
2003). This can be significant for steel roofs vehéigh concentrations of heavy

metals is a distinct possibility (Bannerman et H93).

6.6 Conclusions

This chapter discussed the analytical outcomeh@feiktensive investigations into
pollutant wash-off from road and roof surfaces. HEmalysis primarily focussed on
understanding the characteristics of wash-off afipalate pollutants. This was due
to the fact that particulate pollutants were addme the indicator pollutant in the
research study. Additionally, efforts were made uloderstand the factors that

influence the adsorption of other pollutants tadsol

The outcomes of the analyses are as follows:
1) Wash-off of particulate pollutants can be replidatesing an exponential
equation in the form of:
Fw=C.(1-e™")
Where;
I Rainfall intensity;
k Wash-off coefficient;
Fw  Fraction wash-off;
Ce Capacity factor; and
t Rainfall duration

Cr andk are parameters that need to be estimated in todgse the wash-off
equation. Parameter estimation was undertakerofaisr and roofs separately as
these are the primary types of impervious surfatesban areas.
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2) Analysis was undertaken to understand the charsiiterof each parameter
was defined as the rainfall capacity to mobiliséytants. However, it was found
that Cg is not purely a property of rainfall charactedstialone.Cr shows a
strong relationship to rainfall intensity, partidize distribution of pollutants and
impervious surface type. For simplicity of calcidas, Cr was estimated for
three rainfall intensity classes. For the 20 to mifh/hr intensity rangeCe
increased linearly, for the 40 to 90 mm/hr intgnsingeCr is a constant and for
above the 90 mm/hr intensity it varied linearlyatanaximum of one. The values
of Cr obtained for these rainfall intensity ranges difier the two impervious
surface types: roads and roofs. This is due talifierences in the characteristics
of the surfaces and particle size distribution whikable pollutants. Wash-off
coefficientk was estimated as a constant for each impervices tgpe. It was

8.0 x 10" for road surfaces and 9.33 xfor roof surfaces.

3) On average, 73% of road surface wash-off pollutaetsng to the 0 — 200m
particle size range. Furthermore, it was obserbed this particle size range is
dominant for all the rainfall intensities. The aage particle size distribution
curves for samples from different rainfall interest show closely similar

characteristics.

4) Up to 90% of the particles washed-off from rooffages belong to the 0 — 100
um size range. The particle size distribution showeasistent similarities when
both rainfall intensity and duration varied. Onlgmaall fraction of particles were
retained on the roof surface even after the sinmraof the lowest rainfall

intensity.

5) For both roof surface types, the highest amoumwash-off occurred during the
initial period of rainfall simulations. This strethgns the first flush concept noted

by many researchers.

6) It was noted that higher fractions of organic carlre in dissolved form and are
associated with the finer particle size ranges. @hwunt of organic carbon

reduces when the concentration of particulate pailis reduces.
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Chapter 7 - Catchment Modelling

7.1 Introduction

Chapter 5 and 6 provided extensive information on processes involved in particulate
build-up and wash-off from impervious urban surfaces. The understanding gained
from these investigations enabled the estimation of the amount of particulate
pollutant build-up on different impervious surface types for a given antecedent dry
period and the particulate load removed during a known storm event. In order to
relate the estimated solids load to catchment water quality, detailed knowledge is
needed relating to how discrete plot surfaces are hydrologically connected. The
hydrologic information that is needed is not only the amount of runoff volume that a
particular surface generates, but also the time taken for that particular volume to

transfer to the catchment outlet.

The most feasible approach to generate the requisite hydrologic information that is
needed is to use a calibrated hydrologic model. Hydrologic modelling is commonly
used to estimate runoff from catchments. However, in this case, the use of a
hydrologic model was not for typical use in relation to runoff predictions. The
primary use of a hydrologic model in this research study was to facilitate the
translation of pollutant concentrations from catchment sub-areas to the catchment

outlet.

This chapter discusses in detail the hydrologic modelling used to develop runoff
information. The modelling software used was Mike STORM which was developed
by the Danish Hydraulic Institute (DHI) (Mike STORM, 2004). The chapter first
discusses the basic architecture of Mike STORM and its simulation techniques. Then
the setting up of three catchment models and details of model calibration for a range
of storm events are outlined. The calibrated models were then used for the estimation

of water quality.
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7.2 Model Setup

7.2.1 Model Architecture

Mike STORM is an advanced and comprehensive surface runoff, open channel flow,
pipe flow and water quality modelling package for urban drainage systems (Mike
STORM, 2004). It is a combination of mathematical modelling procedures
developed for hydrologic, hydraulic, and water quality simulations. Table 7.1 shows
the different mathematical procedures embedded within Mike STORM for different
types of mathematical simulations. Most importantly, Mike STORM provides a
highly efficient platform for these mathematical procedures to operate with the same
input data and to link each type of routine as a chain of action.

Table 7.1 — In-build mathematical routines in Mike STORM

Hydrologic Hydraulic Water Quality
Procedure Procedure Routing Procedure
Time area method Dynamic wave Advection
method
Kinematic wave Diffusive wave Dispersion
analysis method method
Linear reservoir Kinematic wave Combination of advection and
method method dispersion

Mike STORM needs three categories of input data for simulations. These are
network, catchment and boundary data. Each input data file is linked to a ‘project’
file which is a dynamic file that updates information as each file is modified. Figure

7.1 shows the routine for linking each file and the sequence of simulations.

Network inputs are primarily of two types: nodes and links. Nodal information is
spatial location, dimension and elevation of nodal structures such as manholes,
basins and outlets. These nodal structures are connected by links which are primarily
pipes and channels. The primary link inputs are type of link, their hydraulic

properties such as roughness and information on upstream and downstream nodes.

Chapter 7 — Catchment Modelling 170



Inputs Simulations Outputs

Catchment
Properties ™N

Runoff
» Hydrographs for
each Sub-division

™ /Simulation 1
Hydrologic Simulation

Rainfall /|
Records

Network Data \

e Nodes _( Simulation 2 Runoff

\ T . Hydrograph at
H I lat
e Links B ydraulic Simulation Catchment Outlet

Outlet Water /
Level

\ 4

Figure 7.1 — File structure and simulation sequence in Mike STORM.

Catchment inputs primarily consist of catchment area and the node at which the
catchment drains. The catchment should drain to a pre-defined node from nodal
inputs. The same catchment input dialog box is used to define hydrologic parameters.

Separate windows are available to define variables for different hydrologic methods.

Two types of boundary inputs are used in Mike STORM: rainfall boundary and water
level boundary. Details of the rainfall event in the form of intensity time series
should be inserted as a rainfall boundary. There are options to insert several time
series for different rain gauges and to use distributed rainfall patterns for simulations.
The time series of the catchment outlet water level is used as a water level boundary.
This is used to calculate the back-water curve when limited drainage facilities are

available at the catchment outlet.
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7.2.2 Alextown Catchment

Alextown is a tenement townhouse development, 1.7 ha in area. The percentages of
impervious surfaces are 10.5%, 38.1% and 8.6% for roads, roofs and driveways
respectively. Further details of the catchment characteristics can be found in Section
4.3.1. The catchment consists of an efficient drainage system with rectangular gully
pits with steel mesh lids placed at the middle of the road to collect road runoff.
Detailed maps of the drainage network including sizes of gully pits and pipe
diameters were provided by the Gold Coast City Council (GCCC). These maps can
be found in Appendix B, Figures B.1 to B.4. Runoff from roofs is directly connected

to the drainage pipe network.

For the modelling, the catchment was divided into 16 sub-areas so that its distributed
nature can be adequately represented. The subdivisions were done after careful
investigation of the catchment contours and drainage network. The sub-areas were
demarcated such that each gully pit accounts for the surrounding drainage area.
Figure 7.2 shows the details of the drainage network and catchment subdivisions.
Appendix E, Figures E.1 to E.3 show the data input to Mike STORM for model
setup. The primary data inputs were location coordinates of gully pits, their surface
and invert elevations, properties of connecting pipes such as diameter and type,

extent of sub-areas and impervious percentages.
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Figure 7.2 — Drainage network and catchment sub-divisions for Alextown

Most of the input data as shown in Appendix E, Figures E.1 to E.3 was measured
data or obtained from GCCC data sets. However, there was information which
needed further investigation. Firstly, a constant value was used for impervious
percentages based on the average value measured for the Alextown catchment as
discussed in Section 4.3.1. It was assumed that impervious surfaces were distributed
equally over the catchment surfaces. Secondly, Mike STORM considers the gully
pits to be cylindrical shaped and a diameter is assigned as the primary dimension
parameter. However, physically all gully pits have a rectangular shape. An
equivalent diameter which was considered as the diagonal length of the rectangular
manhole was adopted for catchment modelling. Representation of gully pits in
different shapes would not introduce error to the modelling outcomes (Mike
STORM, 2004).
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7.2.3 Gumbeel Catchment

Gumbeel is a duplex housing development of 2.1 ha. The impervious percentages are
10.3%, 19.2% and 11.2% for roads, roofs and driveways respectively. The catchment
is located in a typical ridge shape area. However, most of the runoff from roads and
roofs is artificially directed to the drainage network. The length of the drainage
network is comparatively short compared to the other study catchments. The total
catchment was divided into two sub-areas and the required parameters were obtained
as for the Alxetown catchment. Figure 7.3 shows the drainage network and
catchment sub-areas and Appendix E, Figures E.4 to E.6 gives the input data for the
Mike STORM model.

G1
Qutlet)

Figure 7.3 — Drainage network and catchment sub-divisions for Gumbeel
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7.2.4 Birdlife Park Catchment

Birdlife Park is a high socio-economic single detached dwelling area of 8.6 ha area.
The catchment is in a valley, with a relatively greater slope when compared to the
other catchments. All the roof runoff in the catchment is directed to road gutters and
then collected by side manholes along with road runoff. Furthermore, any runoff
generated in pervious areas or driveways is accumulated with road runoff. The total
catchment was divided into 54 sub-areas. The parameters for each sub-area were
obtained in the same way as for the Alextown catchment. Figure 7.4 shows the
drainage network and catchment sub-areas and Appendix E, Figures E.7 to E.9 gives
the input data which was used for Mike STORM modelling.
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7.3 Model Calibration

Model calibration is one of the more important requirements in hydrologic modelling.
Calibration involves the estimation of model parameters which in turn enables the model
to closely match the behaviour of the natural system which it is meant to represent.
There are situations where the model parameters can be estimated using physically-
based measurements. However, in most cases, the model parameters need to be

estimated by trial-and-error processes (Gupta and Sorooshian, 1998).

Even after a model is calibrated to a high level of accuracy, there can be significant
uncertainty involved in its predictions (Pilgrim et al., 1981). However, hydrologic
modelling is the most reliable and accurate method of runoff estimation based on the
current state of knowledge, provided that the model is calibrated and used with care. The
primary uncertainty of hydrologic model prediction is due to the lack of measured data
for calibration. Generally, hydrologic models are calibrated using a number of rain
events that cover only a limited range of possible variations in rainfall characteristics.
Therefore, it is hard to justify the accuracy of prediction, particularly for those rain

events outside the calibrated range.

As noted by Beven and Binley (1992), further uncertainties associated with calibration
of models arise due to structural errors in the model and errors in measurements and
observations. The calibration procedure compensates for such structural, measurement
and observational errors by varying model parameters. Therefore, the parameter set
obtained during calibrations may not be the true set of parameters. It is hard to eliminate
such errors, but they can be minimised by using quality measurements and observations.
As discussed in Section 4.3, measurements were obtained using reliable measuring
systems and equipment. However, the quality of measurements alone does not eliminate
the problems associated with the calibrated model parameters. It is essential to have a
systematic calibration procedure to develop more reliable model parameters (Gupta and
Sorooshian, 1998).
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Various numerical procedures have been developed in order to assist model calibration
(Madsen, 2000; Seibert et al., 2000). These procedures, commonly referred to as
‘automatic calibration’, use different types of optimisation techniques to generate a set
of parameters so that the model output closely matches the measured response.
However, the useability of these techniques is still limited to reduce the parameter space
for manual calibration (Mike STORM, 2004). Mike STORM has an automatic option
that can be used to assist model calibration. However, it is recommended to confirm the
outcome manually. As noted by Beven and Binley (1992), automatic calibration
procedures can often lead to error due to inter-correlation of parameters and an excessive
number of parameters. Therefore, in this study it was decided to use the automatic
calibration procedure only to estimate the initial parameters and the final calibration was

done manually.

7.3.1 Measured Data for Calibration

Data for model calibration was obtained from the procedure explained in Section 4.3.2.
As explained, state-of-the-art technology was used to obtain both rainfall and runoff
data. The rainfall data was obtained from a tipping bucket rain gauge which was situated
within a 2 km proximity to the study catchments. It is acknowledged that the spatially
distributed nature of rainfall events could influence the accuracy of predictions (Shah et
al., 1996). In order to account for such variability, the recommended method is to
include data from surrounding rain gauges. However, the available rain gauges in the
region were further apart from the study catchments. Inclusion of data from these
surrounding gauges, therefore, was not considered to be feasible. It was hypothesised
that an accurate model can be developed using records from the closest rain gauge.

Consequently, the spatial distribution of rainfall was not considered.

The runoff from each catchment outlet has been measured for a range of storm events
since 2002. Measurements have been primarily done for runoff depth and later converted

to runoff rate using rating tables. The runoff data was in 15 min time intervals.
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The model calibration was based on selected rainfall events where measured rainfall,
runoff and water quality data is available. These events were selected by careful
inspection of the available data. The same events were used for the calibration and
verification of hydrologic models. Therefore, the error of calibration due to the selection
of non-representative data was minimal. Table 7.2 shows the number of events selected

for calibration and verification.

Table 7.2 — Number of events used for calibration and verification

Model Name Number of Events for Calibration
Alextown 7
Gumbeel 7
Birdlife Park 13

7.3.2 Methods and Parameters

Mike STORM consists of a range of hydrologic and hydraulic analytical models as
noted in Table 7.1. It is totally at the discretion of the user to decide which combination
of models is suitable for the task. The nature of the research and outcomes required are
decisive factors in such selection. For this study, the model was developed using the
‘time area method” to simulate catchment hydrologic behaviour. The ‘dynamic wave’
model was used for pipe flow modelling. The hydrologic model based on the time area
method was used since the same procedure was to be used in pollutant translation as a
part of the water quality estimations. The method was first developed by Laurenson
(1962) and is used in a range of models such as ILSAX and DRAINS (O'Loughlin and
Stack, 2004). Further discussion on the time area method and other catchment modelling

approaches can be found in Section 2.5.2(D).

Altogether five parameters are needed for the calibration of the Mike STORM model.
Those parameters are:

1) Time of concentration (Tc);

Chapter 7 — Catchment Modelling 179



2) Reduction factor (Rf);

3) Initial loss (IL);

4) Time area coefficient (a); and
5) Manning’s roughness (n).

Time of concentration (Tc) is one of the most critical parameters which govern the
efficiency of the drainage system. The parameter primarily varies with slope, drainage
length and a range of other factors. However, to maintain simplicity, effort was made to
obtain constant Tc for the sub-areas in each catchment. Variable Tc values were used
when the quality of the calibration became poor. In such cases, Tc was selected based on
the size of the sub-area. Catchment area is one of the primary measures that influences
the time of concentration (Askew, 1970; Boyd et al., 1979). The calibrated constant
values for Tc for Gumbeel and Birdlife Park sub-areas were 20 and 10 min respectively.
For Alextown catchment a range of Tc values were used depending on the extent of the
sub-areas. The values were 2, 8, 20 and 25 min for <100, 100 — 1200, 1200 — 1400 and

greater than 1400 m? extents respectively.

Reduction factor (Rf) is primarily a measure of the ratio of directly connected
impervious surfaces and the total impervious surfaces. As noted in Section 4.3, the total
impervious surfaces was measured using aerial photographs. However, it was difficult to
identify the directly connected impervious surfaces visually. Boyd and Milevski (1996)
suggested the analysis of volume ratio between runoff and rainfall would be the most
feasible approach to obtain the fraction of directly connected impervious surfaces. The
study they did on 29 catchments revealed that only about 75% of the impervious
surfaces measured from aerial photographs were directly connected. A similar analysis
conducted for the study catchments found that around 90% of the impervious surfaces
were directly connected. Consequently, 0.9 was initially used as Rf for all three
catchments and was subsequently refined during the calibration process. The final values
obtained were 0.95, 0.82 and 0.70 for Alextown, Birdlife Park and Gumbeel catchments

respectively.
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Impervious surface initial loss (IL) was one of the more important parameters that was
decisive in determining runoff volume. IL was determined by calibration and
commenced with the default value of 0.6 mm. As noted by Boyd et al. (1994) and Boyd
and Milevski (1996), the impervious area initial loss can vary from 0 to 5 mm depending
on the surface type and initial moisture content on the surface. IL can vary from event to
event depending on the initial moisture content of the catchment surface. However, for
simplicity of this study, a common value of IL was used for all events per catchment.
After calibration using the selected storm events, the common IL values selected were 3,
0.3, and 5 mm for Alextown, Birdlife Park and Gumbeel catchments. The values
obtained for IL could be influenced by the selected range of storm events for the
calibration. Furthermore, the difference in IL for the three catchments could be due to
factors such as variation of directly connected impervious fraction and variation in road

surface condition.

The time area coefficient (a) primarily represents the shape of the catchment sub-area.
As stated in the Mike STORM user manual (Mike STORM, 2004), the coefficient ‘a’
can vary from 0.5 to 2. Physically, 0.5 and 2 denote convergent and divergent triangular
shapes. The coefficient for a rectangular catchment shape is 1 and it makes the time area
diagram linear. During the demarcation, all effort was made to maintain similar length
width ratio for sub-areas. Additionally, several hydrologic models, for example ILSAX
use a linear time area diagram which means a has a constant value of 1. Therefore, a was

considered to be 1 for all the catchments and for all the events for this study.

Manning’s roughness is the primary parameter used for pipe and channel flow routing.
The drainage networks of all three study catchments were predominantly precast
reinforced concrete pipes. Typical Manning’s roughness coefficients for such pipes are
in the range of 0.012 to 0.015 (Mike STORM, 2004; O'Loughlin and Stack, 2004).
However, the roughness coefficients may vary from the default range due to various
reasons. Firstly, a pipe network consists of joints and gully pots which typically have
high flow resistance when compared to pipes. This makes the overall flow resistance

higher for the drainage network and should be compensated from pipe roughness.
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Secondly, pipe roughness may alter from its original value due to erosion and
depositions. However, due to comparatively shorter drainage networks, the influence of
Manning’s roughness was not clearly visible for the simulated hydrograph. Therefore,
the default value for smooth concrete (0.012) was used for all the models.

7.3.3 Calibration Sequence

As a range of parameters was available for calibration and some of them were correlated
to each other, extra care was needed during calibration. For example, both initial loss
(IL) and reduction factor (Rf) theoretically alter the runoff volume in model response
and it was difficult to decide which parameters were to be adjusted in order to calibrate

runoff volume with the measured response.

To avoid the correlation of adjusted parameters in model response, a definite sequence
of calibration was used. The first step was to adjust Tc so that the peak discharge from
model response and observed runoff coincides. For Alextown catchment, multiple
combinations of Tc were used for calibration since different Tc values were assigned for
different area categories. The second step was to adjust Rf and IL so that the simulated
runoff volume is closely comparable with the measured runoff volume. These two steps
were repeatedly adjusted so that the model response was closely similar to the measured

hydrographs. Default values of a and n were used during the calibration.

During the calibration, optimum parameter sets were first obtained for each calibration
event. After careful investigation of parameter sets, common values were selected to
represent models for each catchment. Using the common values obtained, simulations
were done for each event and the performance was evaluated. Evaluations were done for
both peak discharge and runoff volume. Figure 7.5 shows the variation of ratio between
simulated and observed peak discharges, and Figure 7.6 shows the variation of ratio

between simulated runoff volume and observed runoff volume.
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Figure 7.5 — Variation of peak flow ratio with observed peak discharges

15

0as 4 + Alextown

O Birdlife Park

Runoff Ratio (Predicted volume!
Observed volume)

+ Gumbeel
D T T T

0 500 1000 1500 2000

Observed Runoff Volume {mJ}

Figure 7.6 — VVariation of Runoff volume ratio with observed runoff volume

As seen in Figures 7.5 and 7.6, though significant data scatter is noted, it can be
considered that both simulated peak discharge and runoff volume are closely similar to
the observed peak discharges and runoff volumes. The averages of the peak flow ratio

and runoff volume ratio are 1.13 and 1.0 respectively. The peak flow prediction
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illustrates less consistency with CV being 30%. However, due to the low runoff rates
noted for all the catchments, the accuracy obtained for peak flow predictions was
considered to be in an acceptable range. The CV for volumetric predictions was 14%.
This suggested consistently accurate simulation of correct volumes by calibrated models.
Since the models were only used to facilitate the estimation of water quality by
translating pollutant concentrations from sub-areas to catchment outlets, the predictive

ability for this range was considered adequate.

7.4  Conclusions

Three models were developed to simulate hydrologic features of three urban catchments,
Alextown, Gumbeel and Birdlife Park. These three models were calibrated for a range of
storms so that they replicate catchment hydrologic features. The same storm events
which the models were intended to simulate were also used for calibration. In this way,

it was possible to develop the best calibrated models for the intended use.

The parameter set obtained for each model was the optimal for selected storm events.
Therefore, some of the calibrated parameters such as IL were different for the three
catchments. It was considered that this is due to the differences in selected storm events,
differences in the percentage of directly connected impervious surfaces of catchments
and differences in road surface conditions. With optimum parameter sets, notable
differences in prediction were observed for the three catchments. This was in

comparison to the measured peak discharge and runoff volume.
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Chapter 8 - Development of Translation Procedure

8.1 Background

Accurate and reliable estimation of stormwater quality is highly valued in urban
planning, catchment management and the design of stormwater treatment measures.
Water quality modelling is the primary tool used for such estimations. Water quality
models are typically based on the understanding gained about key pollutant processes.
The primary understanding of pollutant processes has been gained by detailed
investigations into small-plot surfaces (Letcher et al., 2002). For example, Sartor et al.
(1974) carried out a comprehensive investigation to understand key pollutant processes
on road surfaces. This investigation led to a better understanding of two key pollutant
processes namely, build-up and wash-off, and formed the base for a significant number
of water quality estimation models. Similar investigations for different land-uses and
regions have strengthened the knowledge base on these processes (for example Ball et
al., 1998; Deletic and Orr, 2005; Sartor et al., 1974; Vaze and Chiew, 2002).

Although an in-depth understanding of small-plot pollutant processes is used,
stormwater quality modelling is highly complex. This is primarily attributed to three
factors. Firstly, the understanding gained on small-plot pollutant processes is not totally
adequate to fully account for highly variable urban conditions. It can lead to inaccuracies
in estimations, and mismatches in the pollutant process used. Therefore, further
understanding on pollutant processes and associated physical parameters is needed.
Secondly, the estimation approach used in water quality models based on these
processes is complex. Typical water quality models are replications of both pollutant and
hydrologic processes in sequential order similar to natural occurrence. In order to
achieve higher accuracy, these replications are typically integrated into one platform and
simulated in small time steps. Thirdly, in order to use such complex and highly detailed
models, a large array of data is needed. The data requirement is primarily for the setting
up of the model and for calibration and verification purposes. Due to resource
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constraints, such data is difficult to obtain (Grayson et al., 1999; Letcher et al., 2002;
Letcher et al., 1999).

This research is intended to create further knowledge relating to the inherent
complexities that arise in stormwater quality modelling. Chapters 5 and 6 developed a
detailed understanding of the build-up and wash-off processes. This chapter focuses on
the development of a simplified but robust procedure to estimate catchment scale water
quality using the knowledge developed on small-plot pollutant processes. It is
hypothesised that the difficulties highlighted are primarily associated with the complex
approach of using knowledge of small-plot pollutants processes in water quality
modelling. The complexities that arise in modelling do not diminish the validity of the
understanding gained on small-plot pollutant processes. Though the understanding is not
necessarily comprehensive, it provides fundamental scientific explanations on pollutant
processes. This concept strengthens the validity of the use of small-plot pollutant
processes in water quality modelling. However, the approach adopted in the application
of this knowledge in water quality modelling should not be complex and should have

reduced data and resource requirements.

This chapter reports on the development of the approach to translate knowledge on
small-plot pollutant processes to catchment scale, leading to a simplified stormwater
quality estimation procedure. Initially, as part of the development of this procedure, the
degree of validity of small-plot pollutant processes for catchment scale water quality
was investigated. This was done by comparing the predicted water quality at the study
catchment outlets to measured water quality. The predictions were done by
simultaneously replicating pollutant and hydrologic processes which is the typical

approach adopted in simulation procedures in water quality models.

8.2  Estimation of Pollutant Build-up

Pollutant build-up was estimated using the build-up replication equations developed in

Chapter 5. As discussed in Chapter 5, build-up primarily varies with antecedent dry
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days, land-use and impervious surface type. Although build-up is subjected to such
variability, it was possible to develop a single replication equation. The variability of
build-up was accounted for by using different sets of coefficients for the build-up

equation.

A Road Surfaces

The pollutant build-up equation as discussed in Chapter 5 is in the form of:

B=aD"

The corresponding build-up coefficients for the equation are multiplication coefficient a
and power coefficient b. Values for these coefficients were developed for two residential

urban forms, as noted in Section 5.3.2. The coefficient values are as shown in Table 8.1.

Table 8.1 — Parameters for build-up on road surfaces

Urban Form a b
Townhouse regions (high population density) 2.90 0.16
Single detached housing regions (low population density ) 1.65 0.16

However, it was noted in Section 5.3.3 that the estimations obtained from using
Equation 5.1 give only the lower limit of the build-up. The total amount of pollutant
build-up further depends on the pollutant load remaining after a removal event such as a
stormwater runoff event. The most appropriate way to incorporate the pollutant existing
after such an event into the estimation is explained in Section 5.3.3 as a hypothesis.
However, the primary mathematical parameters defining the hypothesis are not well
known. Therefore, a simplified approach to the hypothesised build-up mechanism was

developed as illustrated in Figure 8.1.
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Figure 8.1 — Simplified Build-up model

A simplified curve of build-up was developed based on two facts. Firstly, as noted in
Section 5.3.3, the influence of the pollutant amount remaining after a wash-off event (or
pre-existing pollutants) is limited when the number of antecedent dry days is high. This
iIs based on the understanding that the build-up asymptotes to a constant value
irrespective of the amount of pre-existing pollutants. Therefore, the estimation based on
Equation 5.1 is closely accurate when the number of antecedent dry days is high.
Secondly, the high build-up rate is limited to the first two days. This is the region where
the influence of pre-existing pollutants is significant. However, the variation of build-up
for this region when the pre-existing pollutants are available is not directly known. It
was assumed that the variation is linear. A linear variation is acceptable in defining

build-up even when no pre-existing pollutants are available on the surface.

In order to estimate total build-up on roads, the antecedent dry period was first obtained
by investigation of rainfall records. Dry days were counted from the time of the end of
the previous storm. During the count, storms with less than 5 mm rainfall were

disregarded. It was found that the storms with less than 5 mm rainfall produce little
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runoff and are not capable of creating significant wash-off. Equation 5.1 was directly
applied if the antecedent dry days are greater than 21 days. For antecedent dry days less
than 21 days, the amount of pre-existing pollutants was estimated by analysing the
previous storm and the simplified variation (as shown in Figure 8.1) was used to
estimate build-up. The estimation procedure is further explained in Section 8.6.2.
Appendix F, Table F.1 shows the estimated build-up for sample storm events for the

three study catchments.

B Roof Surfaces

Equation 5.1 with a different set of coefficients was used to estimate the pollutant build-

up on roof surfaces. The coefficient set is given in Table 8.2.

Table 8.2 — Build-up coefficients for roof surfaces

Impervious surface type a b

Roof surfaces 0.43 0.266

As observed in wash-off investigations, a high fraction of pollutants are washed-off from
roof surfaces even for relatively small storm events. This means that there are very
limited pollutants remaining on roof surfaces after most frequent storm events.
Therefore, additional approaches to account for pollutants remaining after a wash-off
event would not be required. The estimates derived from Equation 5.1 with appropriate
coefficients were considered adequate for the analysis. Appendix F, Table F.1 gives the

estimated pollution build-up for the three study catchments.

8.3 Estimation of Fraction Wash-off (F)

As noted in Chapter 6, fraction wash-off can be replicated using an exponential equation

in the form of:
Fw=C.(1-e™)
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The variability accounted for in Equation 6.3 is rainfall intensity and duration. Though
the variability of rainfall intensity and duration was included, the equation was originally
developed for continuous and uniform rainfall events. However, most of the natural
storm events show significant temporal variation. Equation 6.3 was not designed to
account for such temporal variability. Therefore, an appropriate strategy was needed to

account for the temporal variability of rainfall.

8.3.1 Wash-off Model

In order to account for the temporal variability of rainfall events, a conceptual wash-off
model was developed. The wash-off model was primarily a strategy to select an
appropriate wash-off curve depending on rainfall intensity, and an appropriate time of
simulation depending on the fraction washed-off. It was required to change over
between curves to calculate total Fy when the rainfall is temporally variable. The basis
for such changeover was to select the starting point of the wash-off curve corresponding
to the given rainfall intensity based on the fraction of pollutants left on the surface after
the previous burst. Figure 8.2 illustrates the graphical interpretation of the wash-off
model. As an example, it explains the wash-off prediction for a hypothetical event with

20, 65 and 40 mm/hr intensities of 25 min duration.
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Figure 8.2 — Conceptual wash-off model

Figure 8.2 explains the methodology adopted to calculate total Fy for an event when the
intensities are temporally variable. For the initial 5 min duration (20 mm/hr intensity),
Fw is estimated using the original wash-off equation. Then, for the second 10 min
duration (65 mm/hr) Fy is determined commencing from an initial value equivalent to
the previously determined Fy for 20 mm/hr intensity. This is done by drawing a line
parallel to the horizontal axis to intersect the 65 mm/hr intensity curve as shown.
Accordingly, it is possible to account for the continuity of the event and calculate the Fy
for the next 10 min duration based on the fraction of pollutants available on the surface.

In simple terms, the wash-off model assumes that the 5 min continuation of 20 mm/hr
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intensity is equivalent to approximately 1 min continuation of the 65 mm/hr event. This
is based on the fact that both events result in the same Fy. Then the second 10 min
duration starts from the time determined, which is approximately 1 min. The
calculations then continue as illustrated in Figure 8.2. The final value of Fy represents
the total fraction of pollutant wash-off for the complete rainfall event. The main features
of the wash-off model are:

1) The method automatically calculates Fy based on the remaining fraction of
pollutants on the surface.

2) The model considers rainfall time series as a continuous event and estimates the
overall capacity to mobilise pollutants depending on a range of intensities. This
means that it is possible to generate zero wash-off for a low intensity rainfall time
step preceded by a high intensity rainfall time step. The primary reason for this is
that the capacity of the rainfall event is already reached prior to the low intensity
time step. The capacity of the event is therefore considered as a reflection of all the
previous rainfall time-steps continued up to a particular time step.

3) The model does not necessarily replicate the exact rainfall duration. The starting
point for a rainfall time step is the Fy value corresponding to the previous time step.

Calculation of the fraction wash-off based on the above methodology was done using
Visual Basic Macros in Microsoft XL. Appendix F, Figure F.1 shows the sample

calculation undertaken for road surfaces.

8.3.2 Parameters and Estimation Procedure

Other than the rainfall intensity and duration, Fy is influenced by parameters such as
surface type, texture depth of the surface, and slope of the surface. Variability of these
parameters is accounted for by specifying different parameter sets for Equation 6.3. As

noted in Chapter 6, two parameter sets were developed for road and roof surfaces.
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A Road Surfaces

Prediction of fraction wash-off from road surfaces was conducted using the parameters
developed in Chapter 6. The parameters used for prediction are given in Table 8.3.

Table 8.3 — Wash-off parameters for road surfaces

Parameter Range Value
. 5 to 40 mm/hr (0.01x1)+0.1
Capacity factor
c 40 to 90 mm/hr 0.5
F
90 to 133 mm/hr (0.0098 x 1) -0.38
Wash off coefficient k All intensities 8 x 10™
| - Rainfall intensity

As seen in Table 8.3, linear variation of Cr for the intensity ranges 5 to 40 mm/hr and 90
to 133 mm/hr were adopted. These variations are based on observations and analytical

outcomes as noted in Chapter 6.

For the prediction of fraction wash-off, all the selected rainfall events were converted
into temporal patterns of 5 min time steps. Rainfall events with a time step of 5 min are
in the typical format used for hydrologic modelling. This conversion resulted in a
significant number of time steps with relatively less intense rainfall. However, the
calculations revealed that most of these small intensity time steps are not capable of
producing a significant Fy value. This led to the adoption of a threshold value for
rainfall intensity where the intensities lower than threshold is not considered for the

calculations. The threshold rainfall intensity value adopted was 5 mm/hr.

Although the threshold for rainfall intensities was 5 mm/hr, the lowest rainfall intensity
simulated was 20mm/hr. This means that in order to calculate the Fy for intensities less
than 5 mm/hr, extrapolated parameter values needed to be used. Therefore, the
possibility exists that this approach can introduce errors in the estimation. However, due

to comparatively low Fy values resulting for less intense rainfall events, the magnitude
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of these errors would be limited. Furthermore, the presence of high rainfall intensity
time steps in rainfall events, which results in high Fy values would further reduce the
impact of such errors.

B Roof Surfaces

A different set of parameters was developed for the estimation of Fy from roof surfaces.

These parameters are given in Table 8.4.

Table 8.4 — Parameters used for the fraction wash-off estimations from roof

surfaces
Parameter Range Value
. 5 to 40 mm/hr (0.008 x 1) +0.59
Capacity factor
c 40 to 90 mm/hr 0.91
F
90 to 133 mm/hr (0.0036 x 1) +0.59
Wash off coefficient k All intensities 9.33x 107

I - Rainfall intensity

Similar to road surfaces, the variations of Cr were defined by analysing the outcomes
from Chapter 6. An approach similar to that for road surfaces was employed to estimate

the fraction wash-off time series.

8.4  Estimation of Stormwater Quality

It is well known that impervious surfaces are not the only pollutant sources in the urban
environment. Other sources such as pervious surfaces, channel beds and previously
deposited sediments in the drainage network can also contribute to the urban stormwater
pollutant load. However, contributions from these sources are highly variable. For
example, Bannerman et al. (1993) noted that the pollutant contribution from pervious
surfaces is highly dependent on the rainfall depth. For storm events with low rainfall

depth, the pollutant contribution from pervious surfaces could be relatively very little
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due to low runoff, high rate of infiltration and pollutant trapping within rough surfaces.
For storms events with large rainfall depth, pervious surfaces can be a large pool of
pollutants, particularly sediments. However, many researchers have noted that the
pollutant contribution from impervious surfaces is the major component in stormwater
runoff. Most researchers have specifically focused on road surfaces due to their critical
role in contributing stormwater pollutants (Bannerman et al., 1993; Bertrand-Krajewski
et al., 1998; Deletic and Orr, 2005; Sartor et al., 1974; Shaheen, 1975).

These observations suggest that the pollutant contribution from impervious surfaces can
be either major or minor depending on the nature of the storm event, characteristics of
the drainage network and the catchment management practices. This means that for a
given catchment with known catchment and drainage characteristics and for common
regional rainfall characteristics, the relative fraction of pollutants originating from
impervious surfaces could be within a constant range. Based on the above argument, it is
important to understand the relative fraction of pollutant contribution from impervious
surfaces. Furthermore, outcomes of such analysis provide important information as to
how representative small-plot pollutant processes are in catchment scale water quality

predictions.

The pollutant contribution from urban impervious surfaces was estimated based on
pollutant build-up and wash-off processes. The methodology adopted when using these
pollutant processes is discussed in Sections 8.2 and 8.3. Apart from these processes, both
hydrologic and hydraulic processes were also simulated to estimate the runoff. This was
to calculate the pollutant concentrations. The comparison of estimated pollutant
concentration with the observed value was done in two stages. Firstly, the comparison
was ‘event based’, which compared the event mean concentrations (EMCs) of estimated
and observed water quality. Secondly, instantaneous concentrations extracted from the
estimated pollutographs were compared with the corresponding instantaneous

observations.
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8.4.1 Event Based Water Quality Comparison

The estimations of pollutant amounts washed-off from road and roof surfaces were done
separately. These were later added together in order to determine the total amount of
pollutants washed-off. Calculation of pollutants washed-off from each impervious
surface type was determined by multiplying the amount of build-up per unit area by the
total area of impervious surface and fraction wash-off. The outcomes of the calculations
are presented in Appendix F, Table F.1. The total area of road and roof surfaces for each
catchment was determined using aerial photographs. Greater details of impervious area
calculations can be found in Section 4.3.1. Mean pollutant concentration for each event
was calculated by dividing the estimated load by runoff volume. The mean concentration
calculated for each rain event was compared with the measured event mean

concentrations for each catchment as shown in Figure 8.3.

It was found that driveways represent a significant fraction of impervious areas in urban
catchments and hence could have an appreciable influence on runoff quality. For the
three study catchments: Alextown, Birdlife Park and Gumbeel, the fraction of driveway
area to total catchment area are 8.6%, 11.2% and 11.2% respectively. For the analysis,
driveways were considered to have similar build-up and wash-off properties to road
surfaces. This assumption is more applicable for build-up estimations since driveways
are subjected to similar traffic-related and atmospheric depositions and pollution re-
distribution. However, due to relatively low texture depth of concrete driveways, the
wash-off could be different to roads. Nevertheless, due to greater variability of primary
surface characteristics such as texture depth, slope and porosity, the wash-off
characteristics of driveways can be significantly different to that of roof surfaces. Hence,
the adoption of wash-off replications of road surfaces for driveways was considered to

lead to less error.
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In the analysis it was noted that a relatively higher amount of pollutants was originating
from roof surfaces. For a significant number of events, the contribution from roof
surfaces is even higher than the contribution from road surfaces (see Appendix F, Table
F.1). This is due to the higher fraction wash-off from roof surfaces which can be
primarily attributed to the relatively smoother surface texture and higher slopes when
compared to road surfaces. This highlights the significance of roof surfaces as an urban
water pollutant source. The significance is particularly important for low intensity storm
events where a higher fraction of pollutants is washed-off from roofs when compared to
roads.

As seen in Figure 8.3, event based estimation of water quality using small-plot pollutant
processes is relatively unsuccessful. The estimated EMCs deviate significantly from the
observed EMCs for most of the storm events. For the Alextown catchment, predictions
are scattered compared to observed EMCs. The estimates relatively under-predict the
water quality at Birdlife Park catchment whereas they over-predict the Gumbeel
catchment water quality. The deviations between predicted and observed EMCs can be
primarily attributed to the following factors:

1) The predicted mean concentrations represent pollutants from impervious surfaces
only. Therefore, for the events where a significant fraction of pollutants originates
from other sources, the observed and predicted water quality would be different.

2) Sampling from storm events was done by pumping from a constant height from the
channel bed, irrespective of the flow depth. This could result in collecting non-
representative samples.

3) EMC samples were prepared from the runoff samples typically collected 30 min
apart. Due to the relatively smaller size of catchments and the ‘flashy’ nature of
storm events, water quality can vary significantly during this time interval. This can
lead to non-representative EMC results for events.

4) The predicted water quality was based on a number of assumptions and conceptual
pollutant processes. This may introduce errors to the predictions.
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The unsatisfactory correlation of predicted and observed EMCs suggested that the
replication of small-plot pollutant processes is not satisfactory for predicting the event
based water quality. However, due to the fact that non-correlation could arise from non-
representative EMC measurements, comparison of instantaneous water quality was

undertaken.

8.4.2 Comparison of Instantaneous Water Quality

Estimation of instantaneous water quality was undertaken by simulating pollutant build-
up and wash-off processes along with hydrologic processes. The simulations were done
so that the outcomes of each simulated process were temporally compatible. The
technique used for simulation was similar to the techniques used in typical stormwater
quality estimation models. Instantaneous water quality was then extracted from the
predicted pollutographs and compared with the corresponding observed water quality.
The estimated pollutographs were in 1 min time steps. The detailed procedure used for

simulations and the estimation of pollutographs is discussed below.

A Pollutant wash-off time series

The pollutant load washed-off from a unit area of each surface type was calculated in 5
min time steps. This was done by multiplying the time series of fraction wash-off by
build-up pollutant load. More details on the methodologies adopted to estimate build-up
load and fraction wash-off time series are given in Sections 8.2 and 8.3 respectively. The
resulting values for both road and roof surfaces were multiplied by their corresponding
surface area in the catchment and added together in order to calculate the total amount of
pollutants removed at each time step.

B Translation from Catchment Surfaces to Sub-area Outlet

Translation of estimated wash-off pollutant time series from catchment surfaces to sub-

area outlets was done using a routing procedure. For this, each catchment was
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subdivided into sub-areas similar to the catchment subdivisions in Section 7.2. A routing
procedure was developed based on the concept of the time-area method (see Section
2.5.2). When routing, each sub-area was considered to consist of strips with equal area,
having different times of concentration. The pollutants originating from each strip were
considered to arrive at the sub-area outlet at time periods according to their pre-assigned
time of concentration. During the routing, the pollutant load belonging to each strip was
calculated by multiplying each time step of the pollutant wash-off time series by the
ratio between the strip area to total catchment area and impervious fraction. For ease of
calculations, the routing procedure was coded as a Visual Basic Macro in Microsoft XL
interface. Consequently, it was possible to use a Microsoft XL spreadsheet as the
platform for rainfall and catchment data input and to obtain the resulting output.
Appendix F, Figure F.2 gives the Microsoft XL spreadsheet and Figure F.3 gives the
Visual Basic code.

The accuracy of the routing procedure was tested using a series of rainfall events instead
of pollutant loads. This was done due to the similarities of the routing procedure to
hydrologic routing. As the procedure is very similar to the method adopted in Mike
STORM, the outcomes of the routing were compared with simulated runoff using this
model. Furthermore, the primary parameters for the routing procedure were obtained
from the calibrated Mike STORM models as noted in Section 7.3. A sample comparison
is shown in Figure 8.4.
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Figure 8.4 — Performance of the routing procedure

As evident in Figure 8.4, the prediction from the developed routing procedure is closely
similar to the Mike STORM output. Considering the magnitude of the runoff rates, both
predictions can be considered as replications of the observed runoff hydrograph. This

indicates an appropriate level of accuracy from the developed routing procedure.

The use of the procedure for pollutant routing was based on the important assumption
that the transportation of pollutants in overland flow occurs only by advection. The
assumption is justified for suspended solids transport in highly turbulent overland flow.
As noted in Chapter 6, overland flow is highly turbulent and pollutants are kept in
suspension due to raindrop impact energy. The other means of pollutant transport such
as dispersion are dominant only for the dissolved fraction and for low turbulent
situations. Furthermore, the assumption is also justified for suspended solids transport in
gutter flow due to the inherent high velocity and turbulence (Francos et al., 2001,
Freyberg, 1986).
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C Translation from Sub-area Outlet to Catchment Outlet

In order to obtain the pollutograph at the catchment outlet, the resulting pollutant load
time series for sub-area outlets needed to be translated to the catchment outlet. This was
done using the Mike STORM advection-dispersion (AD) routing model. However, the
AD model is designed only to rout average pollutant concentrations from nodes to the
catchment outlet. Therefore, the average pollutant concentration was calculated for each
event. This was done by dividing the total pollutant load at each time step by the
corresponding runoff volume. The total pollutant load time series was obtained by
adding all the sub-area pollutant load time series together. The use of average

concentration in pollutant translation provides sufficient accuracy.

Apart from the average concentration time series, Mike STORM (AD) also needs both
hydrologic and hydraulic simulation results for each storm event. This was obtained by
simulating calibrated Mike STORM models for each catchment, as explained in Chapter
7. In order to establish the accuracy of estimations, both estimated runoff and water
quality were compared with the observed values. Figure 8.5 shows sample comparisons

for the three study catchments.
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Figure 8.5 — Comparison of continuous water quality estimations with observed
water quality
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D Comparison of Predicted and Observed Water Quality

As noted in Section 4.3.2, runoff samples have been collected from the study catchment
outlets and tested for a range of quality parameters. Apart from the quality parameters,
the exact date and time where each sample was collected was also available. These data
are referred to as instantaneous quality observations. From the estimated pollutographs,
the instantaneous water quality records corresponding to the exact collection time of
observed water quality records were extracted. However, prior to extraction, the time
scale of predicted measurements was adjusted so that the predicted hydrograph peaks
and starting points coincide with the peaks and starting points of observed hydrographs.
In this way, it was possible to eliminate the non-synchronised data logging between the
water sampling/flow measuring device and the rain gauge. The extracted data from the
predicted pollutographs and observed instantaneous data was compared to understand
the predictive capability. Figure 8.6 shows the comparison of observed and predicted
instantaneous water quality for all catchments. Appendix F, Figure F.4 gives the

comparisons for individual catchments.
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Figure 8.6 — Comparison of observed and predicted instantaneous concentration
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As seen in Figures 8.5 and 8.6, the variation of predicted water quality with respect to
observed water quality illustrates a common pattern. However, it is quite clear that the
predictions do not give perfect accuracy. It is commonly accepted that the prediction of
water quality is subjected to a high degree of variability. Consequent to the range of
simplifying assumptions used in predictions, the water quality estimations are subjected
to a high degree of uncertainty (Ahyerre et al., 1998; Huber, 2001). Additionally, non-
representative water sampling can lead to errors in observed water quality which in turn
reduces reliability when used for comparison. Considering these facts, it can be
concluded that the results obtained from the continuous water quality prediction are
within an accuracy range typical of those described in numerous research studies (for
example Ahyerre et al., 1998; Huber, 2001; Im et al., 2003; Leon et al., 2001,
Supriyasilp et al., 2003; Tsihrintzis and Hamid, 1998; Zug et al., 1999).

In the analysis of observed and predicted water quality, the initial water quality
observation of each event and the corresponding extracted quality from the predicted
pollutograph were noted. This was to distinguish the predictive capability for various
stages of the storm event. As seen in Figure 8.6, the accuracy of estimations is high for
the initial observation of each event. In statistical terms, the mean of the ratio between
predicted and observed instantaneous water quality is 1.2 for the initial observation and
15.2 for the others. For highly accurate estimations, the mean should be close to 1.
Furthermore, the initial observations show less data scatter compared to others. The CV
for the initial observation is 60% whereas for others it is 200%. This confirms that the
methodology adopted to estimate water quality is relatively more accurate for the initial

period of storm events.

It was noted during the analysis that estimated pollutant concentration is significantly
high during the initial part of runoff events. This can be particularly noted in Figure 8.5.
This could be primarily attributed to wash-off behaviour from impervious surfaces
where a higher fraction of pollutants is washed-off during the initial part of rainfall
events. Higher fraction wash-off is particularly common for roof surfaces where a

significant number of selected events resulted in 100% wash-off during the initial period
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of the rainfall event. The high concentrations of pollutants in the initial part of the runoff
event can also be noted in observed water quality. As noted in Figure 8.6, most of the
initial water quality observations are relatively high compared to others. Such high
concentration of pollutants is termed as ‘first flush® and has been reported by many
researchers (for example: Duncan, 1995; Lee et al., 2002). This revealed that the initial

part of the runoff is the most critical in terms of deterioration of receiving water quality.

The above discussion leads to two primary conclusions. Firstly, the initial part of the
runoff event is the most critical as a pollutant source to receiving water bodies.
Secondly, the methodology adopted to estimate the stormwater quality is reasonably
accurate in estimating the initial part of the runoff event. These two observations suggest
that pollutant build-up and wash-off measurements used for the estimation procedure are
representative in estimating water quality in the most critical part of the runoff event.
Therefore, the intended translation procedure based on pollutant build-up and wash-off

processes would result in estimations of acceptable accuracy.

8.5  Simplified Wash-off Estimation

Although the estimation procedure described in Section 8.4.2 provides reasonably
accurate results, the method is too complex to be used in simple water quality
estimations. The complexity can be primarily attributed to the procedure for simulating
pollutant wash-off and to the procedure used to translate the wash-off time series to the
catchment outlet. Simulation of wash-off is particularly complex due to the procedure
adopted to account for the temporal variability of rainfall events. In order to eliminate
this complexity, it was felt that a simplified method was needed. However, it was clear
that the use of a simplified method could reduce the accuracy of estimation.
Consequently, every effort was made to obtain the highest possible accuracy using a
simplified method.

The primary approach to simplify the simulations was to obtain an equivalent constant

rainfall intensity that results in a similar fraction wash-off. By this way, it is possible to
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eliminate the simulation of rainfall events with high temporal variability. However, it is
noted in Section 6.4.3 that F\y is subjected to a higher degree of variability with rainfall
intensity. According to Equation 6.3, the variability is primarily attributed to capacity
factor, Cg, which has different values for several ranges of rainfall intensity. This
highlighted the difficulty of obtaining a constant rainfall intensity to represent a

temporally variable rainfall event.

Instead of one constant rainfall intensity, several constant rainfall intensities for different
intensity ranges would be the most appropriate to represent a temporally variable rainfall
event. The rainfall intensity ranges used for defining values for Cr would be the most
appropriate. Intensity ranges of 5 to 40 mm/hr, 40 to 90 mm/hr and 90 to 133 mm/hr
were adopted to develop the simplified rainfall event. The average intensity for each
range was calculated by dividing the rainfall depth in each range by the cumulative
rainfall duration for the range. It was assumed that this average intensity continues for
the cumulative duration. The average intensities were arranged in ascending order to
facilitate easy manual estimation of Fy. This eliminates the possibility of giving non-
significant wash-off results for smaller average intensities if they were used at the end of
intensity time series. Figure 8.7 shows an illustration of the procedure used to obtain the
simplified rainfall intensity. The detailed calculations for Figure 8.7 are given in
Appendix F, Table F.2.

Chapter 8 — Development of Translation Procedure 207



Original Rainfall

Rainfall Intensity

| :

1245 1250 12:55 1300 1305 1210 1215 1320 1325 13\{0
Time (hh:mm)

1200
Simplified Rainfll
1000 +
800 +

60.0 +

{mmfhr)

400 +

Rainfall Intensity

200 +

1245 1250 1255 1300 1305 1310 1315 1320 1325 1330
Time (hh:mm)

0.0

Figure 8.7 — Method to obtain simplified rainfall event

In order to determine the degree of error involved in using the simplified rainfall events,
the resulting Fyw was compared to the F calculated for the original rainfall events. This
was done for road and roof surfaces separately. Figure 8.8 shows the variation of the two
sets of Fy values. The events analysed were those selected for the three study

catchments.
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As seen in Figure 8.7, the difference between the estimation of F values using original
rainfall events and simplified rainfall events is minimal for both road and roof surfaces.
The mean of the ratio between the two sets of Fy values estimated using original and
simplified rainfall events is 0.97 for road surfaces and 1.01 for roof surfaces. The CV for
road and roof surfaces is 9.3% and 3.8% respectively. This suggests that the estimations
resulting from using simplified rainfall events are consistently similar to those obtained
using original rainfall events. Therefore, it can be considered that the use of simplified
rainfall events in Fy estimation is accurate enough to be used in water quality

predictions.

8.6 Translation Procedure

A simple tool such as a translation procedure is useful to calculate the amount of
suspended solid pollutants washed-off from urban impervious surfaces. The method can
be based on the knowledge of small-plot pollutant processes, namely, pollutant build-up
and wash-off from road and roof surfaces. The predictions are limited to the amount of
pollutants originating from impervious surfaces. However, as discussed in Section 8.4.2,
urban impervious surfaces are the dominant pollutant source during the initial period of
runoff events. Therefore, the method is valid for prediction for more common storm

events where other sources such as pervious surfaces and erosion are not significant.

For better understanding and simple use, the translation procedure is described in tabular
form below. Table 8.5 shows the estimation procedure. The estimation procedure
requires a typical set of catchment and rainfall data that common water quality
modelling tools often require. This data includes catchment area, impervious percentage,
and temporal distribution of rainfall. The values relating to small-plot pollutant
processes that needed to be obtained from the charts are shown in the following sections.
The methods of using these charts are discussed in Sections 8.2 and 8.3.
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Table 8.5 - Estimation of Event Based Suspended Solid Pollutants from Urban Catchments by Translating Small-plot

Pollutant Processes to Catchment Scale

Storm | Catchment | Impervious Build-up on | Build-up on | Fw (Ro) | Fw (Rf) | Wash-off | Wash-off | Total
No. Area  (A) | Percentage (Im) | Roads (B) | Roofs (B) | from from from from Wash-off
(m?) (%) (g/m?) (g/m?) Roads Roofs Roads (g) | Roofs (g)
Roads and | Roofs (C) (D)
Driveways (Figure 8.9& 8.10) | (Figure 8.11) (Figure 8.12) (Figure 8.13)
A X Im X A X Im X
Method See Section 8.6.1 See Section 8.6.2 See Section 8.6.3 B x Fw. B x Fw. C+D
(Ro) (Rf)
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8.6.1 Data for Translation Procedure

The data required for the translation procedure is of two types; catchment data and

rainfall data. The required primary catchment data is catchment area and impervious

surface percentages. The required rainfall data is rainfall temporal pattern for the study
events and dry days prior to the rainfall event. Relevant considerations in relation to
these data requirements are:

1) Catchment demarcation is one of the most important parts of pollutant load
estimation. Since the research was conducted in relatively small urban catchments
with areas of 1.7 to 8.6 ha, it is recommended to demarcate catchments in similar
size. Use of small catchments also mean that pollutants from impervious surfaces

only are washed-off during the initial part of the runoff event.

2) The translation procedure requires percentages of impervious area for two surface
types. Due to similarities of small-plot pollutant processes, roads and driveways
were considered one surface type and roofs were considered a different type. The
percentage of impervious surfaces was measured using aerial photographs. Further

details on the method used are discussed in Section 4.3.1.

3) For the research study, data from the tipping bucket rain gauge situated within a 2
km distance to all sites was used for obtaining the temporal patterns for the rainfall.
However, depending on the aerial variability of rainfall and the accuracy required by
the user, commonly available rainfall data can be used. The same data can be used to
obtain the number of antecedent dry days. During the study, dry days were counted
from the end of the previous storm event to the start of the next storm. Rainfall

events less than 5 mm were disregarded during the count.

8.6.2 Estimation of Build-up

The amounts of pollutant build-up on both road and roof surfaces have to be estimated

separately using the charts provided in Figures 8.9, 8.10 and 8.11. The first two figures
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are for two different residential population density categories of low and high. The low
population density is equivalent to typical single detached housing. The high population
density is equivalent to townhouses. Most residential urban land-uses commonly belong
to these two categories. However, for any other conditions where these two land-uses are
not considered suitable, it is possible to develop specific curves by modifying the
relevant parameters. It is recommended to change the multiplication coefficient ‘a’ for
such instances. For mixed residential urban form, selection of an appropriate a is
recommended. Changing the power coefficient ‘b’ is only recommended if the surface
type is different from typical residential road surfaces. A similar approach to obtaining
the necessary parameters for roof surfaces is recommended. The typical build-up

variation for residential catchments is shown in Figure 8.11.

For the simplicity of predictions, charts for road surface build-up were separated into
two regions. The region up to two antecedent dry days is where the build-up is assumed
to vary linearly. For this region, the starting point for the build-up is considered to be
dependent on the pre-existing pollutant amount after the previous rain event. This
pollutant amount needs to be estimated by analysing the previous rain event. A linear
variation is then considered from the pre-existing amount at day zero to typical two day
build-up at day two. In the case where the pre-existing pollutant amount is more than the
two day equivalent build-up, no variation is considered. For the region beyond a two day
antecedent dry period, build-up is considered to be a power function. The estimation
resulting from the power variation is considered to be accurate if the pre-existing
pollutant load is less than the two day equivalent build-up. No variation is considered, if

the pre-existing pollutant load is greater than a two day equivalent build-up.

For the roof surfaces, a pre-existing amount is not considered to be available after a rain
event. This is due to the relatively high wash-off from roof surfaces which leads to near
zero build-up remaining for most rain events. Therefore, only the linear variation up to
two days and the power variation beyond that would be appropriate to estimate the

build-up on roofs.
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Line projections can be used to estimate the amount of pollutant build-up using these
charts. However, the first step would be to estimate the pre-existing amount of pollutants

that provides the starting point for using the chart. This can be determined when a series

of consecutive rain events have been analysed.
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detached housing regions)
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Figure 8.11 - Build-up on roof surfaces: common residential roofs (variation developed for corrugated steel and concrete tile
roofs with 20° roofing angle)
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8.6.3 Estimation of Fy

Fw for both road and roof surfaces has to be determined using Figures 8.12 and 8.13
respectively. Figure 8.12, which represents the wash-off from road surfaces was
developed for roads with 0.66 to 0.92 mm texture depth and 7.2 to 10.8% longitudinal
slopes. However, the variation of Fy as noted in Figures 8.12 and 8.13 would be
applicable to most of the common residential road surfaces. As similar pavement
methods are commonly used in road construction, the variation of texture depth would
not deviate significantly from the investigated range. Furthermore, no significant
variation of wash-off characteristics is expected due to changes in the longitudinal slope.
Figure 8.13, which represents wash-off from roof surfaces was developed for corrugated
steel and concrete tile roofs with 20° roofing angle. However, the outcomes are
considered to be satisfactory for most of the common roofing types and for different

roofing angles.

For the estimation of Fy, it is recommended to use simplified rainfall events. It was
noted in Section 8.5 that simplified rainfall events are capable of providing estimations
close to those obtained using the original rain events. The procedure to be adopted to
obtain a simplified rainfall event is given in Section 8.5 and illustrated in Appendix F,
Table F.2. The original rainfall events used in the analysis should be obtained from

measured data as explained in Section 8.6.1.

The variation of Fy for intensities other than those illustrated in the charts should be
interpolated and plotted. The interpolations would be valid only for the intensities
greater than 5 mm/hr and less than 133 mm/hr. Intensities less than 5 mm/hr can be
disregarded from the analyses due to relatively low Fy. It is recommended that the curve
for 133 mm/hr (as shown in Figure 8.12) should be used for any greater rainfall
intensity. The upper limit of intensity for Figure 8.13 is 115 mm/hr. The procedure for
the estimation of Fy, for other intensities can be carried out in a way similar to that for

the wash-off model discussed in Section 8.3.1 and illustrated in Figure 8.2.
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Figure 8.12 - Wash-off from road surfaces: typical residential roads (variation developed for roads with 0.66 to 0.92 mm

texture depth and 7.2 to 10.8 % longitudinal slope)
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Figure 8.13 — Wash-off from roof surfaces: typical residential roofs (variation developed for roofs with corrugated steel and

concrete tile roofs with 20° roofing angle)
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8.6.4 Issues in Using the Translation Procedure

A Validity of the Translation Procedure to Other Geographical Regions

The translation procedure is a simplified approach to estimate the amount of pollutants
washed-off from urban catchments. With the use of appropriate build-up and wash-off
data to best suit the characteristics of a given catchment, the procedure would be as

accurate as a typical stormwater quality modelling tool.

As discussed in Chapter 6, the variation of build-up on both road and roof surfaces is
parameterised by the multiplication coefficient ‘a’ and power coefficient ‘b’. It was
understood that b varies with the surface type, where two values were obtained for road
and roof surfaces. The values obtained for b would be appropriate for any common road
and roof surface types. However, investigations are needed if a high fraction of other

surfaces such as parking lots is present within the catchment.

The coefficient a defines the pollutant accumulation potential of the catchment surfaces
which would vary with population density, land-use, traffic volume and other regional
factors. Two coefficient values for road surfaces, specifically for high and low
population density residential urban form, and one coefficient value for common
residential roof surfaces have been derived. For catchments with characteristics other
than these urban forms, values for a can be obtained based on the amount of pollutant
availability on road surfaces. However, this would require experience and judgement.

Furthermore, a field investigation to justify the assumed values would be advisable.

As discussed in Chapter 6, the primary characteristics that influence pollutant wash-off
other than rainfall parameters are surface type and condition. The parameter values
defining wash-off from most common road and roof surfaces have already been
developed. Therefore, the curves shown in Figures 8.12 and 8.13 are applicable for most
of the road and roof surfaces in urban catchments with common land-uses. Furthermore,

it can be considered that driveways are equivalent to road surfaces. However, these
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values would not be appropriate for surfaces such as brick pavements and further

investigations are recommended.

B Interpretation of Outcomes

Since the translation procedure is based on pollutant build-up and wash-off, the
outcomes only reflect the pollutant amount originating from catchment impervious
surfaces. However, impervious surfaces are not the only pollutant sources in the urban
environment. Depending on the requirement, other methods can be used to estimate the
amount of pollutants originating from other sources such as pervious surfaces. Though
not comprehensive, the translation procedure estimates the most critical fraction of

pollutants which causes the most significant impact on receiving waters.

8.7 Conclusions

Prior to the development of the translation procedure the validity of small-plot pollutant
processes being representative of catchment impervious surfaces was evaluated. This
was done by replicating pollutant build-up and wash-off processes for a range of
selected rainfall events for the three study catchments where water quality observations
were available. Predicted and measured water qualities were compared using two

approaches.

Comparison of event EMCs of predicted and observed water quality showed limited
correlation. Therefore, it was considered that the validity of estimating event based
water quality using small-plot pollutant processes is not appropriate. It is hypothesised
that this is primarily due to pollutant contributions from pervious surfaces, non-

representative EMC observations and errors in water quality estimations.

The comparison of instantaneous water quality observations with quality data from
predicted pollutographs resulted in close correlations. The error associated with such

comparisons was considered to be in the acceptable range for water quality predictions
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which are generally highly variable. Therefore, small-plot pollutant processes can be
representative of catchment scale water quality particularly for the initial part of runoff
events. The translation procedure developed is limited to pollutants originating from
impervious surfaces which are the predominant source during the initial period of runoff

events.

The translation procedure is a simplified tool that can be used to estimate suspended
solid loads washed-off by a particular rainfall event. The method uses knowledge build-
up and wash-off processes developed for road and roof surfaces. However, the
knowledge developed relating to small-plot processes is limited to the specific land-uses

and surface types.
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Chapter 9 - Conclusions and Recommendations

9.1 Conclusions

The research project primarily developed a simplified procedure to estimate urban
stormwater quality by developing an in-depth understanding of pollutant build-up and
wash-off processes in small plots. The procedure was based on the hypothesis that the
translation of pollutant build-up and wash-off knowledge from small plots using rainfall
simulator can be used for predicting catchment scale water quality. However, build-up
and wash-off data is not readily available for various land-uses and climatic conditions.
This led to the development of fundamental knowledge on these processes as part of the
research study.

The data needed for the development of fundamental knowledge on pollutant build-up
and wash-off and the data for validation of the model were generated from in-depth
investigations undertaken on selected residential road and roof surfaces. Altogether,
three road sites and two roof surface types were investigated. Investigations were based
on small-plot areas. This was to eliminate difficulties inherent in the use of non-
homogeneous areas. Wash-off investigations were undertaken using simulated rainfall
events. This was to eliminate constraints inherent in the dependency of natural rainfall
events and their unpredictable nature. Data for the validation of the model was generated
by collecting runoff samples from three urban catchment outlets, namely, Alextown,
Gumbeel and Birdlife Park. Samples from a significant number of storm events have
been collected from these catchment outlets. Samples generated from all field

investigations were tested for a range of standard water quality parameters.

Data analysis was undertaken to develop mathematical replication equations and to
develop understanding on the underlying physical processes of build-up and wash-off.
The analysis further extended to an estimation of water quality of the three catchments

for a selected number of storm events. The accuracy of the estimations was tested by
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comparison with the measured water quality at the catchment outlets. Based on the

accuracy of prediction, the simplified water quality estimation procedure was developed.

9.1.1 Pollutant Build-up

Analysis of build-up data revealed rapid build-up during the initial period after site
cleaning. However, the build-up observed on roof surfaces was gradual compared to
road surfaces where the rate was 2.3 g/m?/day for first two days and account for around
66% of the total build-up. Rapid variation in build-up during the initial period was
considered to be due to the higher impact of anthropogenic activities on road surfaces
such as traffic. The rapid reduction in the rate of build-up with the equilibrium condition
attained for the latter period was considered to be due to the influence of pollutant re-
distribution. This concept is justified by the gradual build-up pattern observed on roof
surfaces. Roof surface pollutants are mostly from atmospheric sources and re-

distribution would be relatively limited.

Although the pattern of pollutant build-up is common, the build-up loads observed for
the three road surfaces were different. The build-up load on the Gumbeel Court site was
significantly high compared to the Lauder Court and Piccadilly Place sites. The build-up
loads observed at the Lauder Court and Piccadilly Place sites were similar. The
differences in urban form and population density were considered as the primary cause
for such variation. Notable variation of build-up load was also evident on two roof
surface types. It was hypothesised that this is due to differences in the properties of
coatings used on the roofing products. However, this difference in build-up load was not

considered significant in water quality modelling.

It was possible to develop mathematical replication equations for build-up on roads and
roofs in a common format. A power equation was the most suitable. The variation of
build-up on roads due to urban form and population density was accounted for by using
two sets of parameters. A separate set of parameters was also developed for roof

surfaces. The proposed build-up equation is in the form of:
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B=aD"

Where,
B = Build-up load on road surface (g/m?);
D = Antecedent dry days; and

a and b= Build-up coefficients.

The parameter values for the build-up replication equation are shown in Table 9.1.

Table 9.1 — Parameters values for build-up replication equation

Surface Type Characteristics a b

Road Townhouse region with high population density  2.90 0.16

Road Single detached housing regions with low 165 0.16
population density

Roof All residential land-use 0.43 0.266

According to observations of build-up and the analytical outcomes, the power
coefficient b varies primarily with surface type. This confirmed the applicability of
values generated for b for other geographical regions. The multiplication coefficient
primarily replicates the polluted nature of the impervious surface and varies with
parameters such as land-use and traffic volume. Values for a can be assumed
accordingly. However, verification of the selected value by using field data is

recommended.

Investigations into pollutant build-up further resulted in detailed understanding of the
underlying physical processes. For this, analysis was conducted to understand the
variation of particle size distribution and variation of physio-chemical parameters.
Different particle size distribution curves were noted for different antecedent dry days. It
was observed that the average particle size becomes coarser when the antecedent dry
period increases. It was hypothesised that this is due to pollutant re-distribution. This
would be the result of the removal of finer particles from the surface and the
accumulation of coarser particles due to wind and vehicular-induced turbulence.

Analysis of physio-chemical data for these samples suggested that particles less than 100
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um are highly susceptible to re-distribution. The analysis noted relatively limited change
in sample load for this range, whilst particles coarser than this range progressively
accumulate. However, the high degree of pollutant re-distribution was not evident on
roof surfaces. This would be due to the lack of influence of vehicle-induced wind

turbulence in the vicinity of roof surfaces.

The pollutants observed on both road and roof surfaces were significantly finer
compared to results reported in previous research. On average, 50% of the road surface
solid pollutants and 60% of the roof surface solid pollutants were finer than the 100 um
size range. The fineness of the road surface pollutants could be due to the low traffic
volumes in residential roads which formed the study sites. It was observed that a high
amount of soluble organic carbon is associated with the finer fraction of solids from both
road and roof surfaces. Hence, there is significant potential of having a relatively high
amount of other pollutants such as heavy metals and hydrocarbons being adsorbed to the

finer particles or in dissolved form when there is a wash-off event.

9.1.2 Pollutant Wash-off

Investigations into pollutant wash-off were conducted to understand the behaviour for a
range of influential factors and to measure the specific wash-off rates from impervious
surfaces. It was found that wash-off load is influenced by the initially available pollutant
amount on the surface. However, the wash-off process was found to be independent of
initial pollutant availability. This conclusion was based on the consistently similar
variation patterns of “fraction wash-off’ for the three road sites despite differences in
pollutant availability. Although a range of rainfall and runoff variables can be related, it
was found that the wash-off process is most adequately defined by two rainfall variables:
intensity and duration. These two variables were used in the mathematical replication of

wash-off.

The mathematical replication equation developed is a modified version of the original

exponential equation proposed by Sartor et al. (1974). The modification is primarily in
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terms of an additional parameter referred to as the ‘capacity factor’, Cr. The study
results showed that a storm event has the capacity to wash-off only a fraction of
pollutants available and this fraction varies primarily with rainfall intensity, kinetic
energy of raindrops and particle size distribution of the pollutants. The Cg is defined to
incorporate this capacity in the replication equation. The modified wash-off equation is
in the form of:
Fw=C,(1l-e™")

Where,

I Rainfall intensity;

k Wash-off coefficient;

Fw Fraction wash-off;

Cr Capacity factor; and

t Rainfall duration.

The modification made to the common pollutant wash-off equation is an improvement to

the current usage. The parameters developed are shown in Table 9.2.

Table 9.2 — Parameter values for wash-off replication equation

Parameter Range Value

For Road Surfaces

) 5 to 40 mm/hr (0.01x1)+0.1
Capacity factor
40 to 90 mm/hr 0.5
o 90 to 133 mm/hr (0.0098 x 1) -0.38
Wash off coefficient k All intensities 8x 10™
For Roof Surfaces
Capacity factor 5 to 40 mm/hr (0.008 x 1) +0.59
Cr 40 to 90 mm/hr 0.91
90 to 133 mm/hr (0.0036 x 1) +0.59
Wash off coefficient k All intensities 9.33x 107

| - Rainfall intensity
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The particle size distribution of washed-off pollutants from both road and roof surfaces
was significantly finer. From road and roof surfaces around 90% of the pollutants were
less than 200 um and less than 100 um respectively. It was further noted that there is
mismatch of these wash-off size range with the particle size distribution of initially
available pollutants. This could be the result of the fragmentation of larger particles due

to raindrop-induced turbulence.

The study further noted little variation in particle size distribution of suspended solids
with the variation in rainfall parameters such as rainfall intensity and duration. This
would mean that there is no variation of the underlying physical processes that govern
pollutant wash-off. These findings would help to enhance the current conceptual

understanding into wash-off processes.

The analysis of wash-off showed that the inherent processes led to relatively higher
concentrations of pollutants during the initial part of runoff events. This implies that
there should be a significant focus on the initial part of the runoff events for the design
of treatment systems.

Very limited research has been undertaken in the past on roof surface wash-off. This
research has contributed to the fundamental understanding of roof surface wash-off and
also developed a mathematical replication equation. It was found that the wash-off
behaviour is not different to road surfaces though the surface characteristics and particle
size distribution of the particulates are different. This confirmed that a common form of
wash-off behaviour could be assumed for most urban impervious surfaces. A high
fraction wash-off was observed during the initial part of rain events even when the
intensity was low. This could significantly increase the first flush effect. Furthermore,

this indicates that roof runoff is cleaner for most of the latter part of storm events.

In the data analysis, it was noted that a relatively high amount of pollutants was
originating from roof surfaces. Particularly for low intensity rainfall events, the load

originating from roofs exceeded the load from roads. These findings question the general
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understanding of the role of road surfaces as the primary pollutant contributor to
stormwater runoff. The higher contribution from roof surfaces is primarily attributed to
the large surface area and low surface texture that causes most of the pollutants to wash-
off even in low intensity rain. Therefore, the significance of roof surfaces arises in the
case of low intensity rain events where road surface contribution could be significantly
less. Also, low intensity rainfall events are the most frequent and therefore it is possible
that a relatively significant amount of pollutants would be generated from roof surfaces

when compared to roads.

9.1.3 Translation Procedure

Translation of small-plot pollutant processes to catchment scale is based on the
hypothesis that measured parameters can be used for direct estimation of catchment
scale water quality. Therefore, the translation procedure is a unique estimation tool that
shows significant conceptual differences to the common water quality modelling tools.
Water quality models replicate commonly known pollutant processes to predict water
quality. The translation procedure was based on the measured pollutant processes for
representative catchment surfaces. Therefore, the calculation is a direct estimation of the
water quality and there is no requirement for calibration. Hence, this reduces the
complexities commonly associated with urban stormwater quality modelling. The
translation procedure is simple to use and straightforward in calculations. Furthermore,
the procedure is reliable when compared to the empirical methods used in lumped

estimations.

The translation procedure was developed for residential land-uses in the Gold Coast
region. However, the procedure is applicable for other land-used in other regions with
appropriate coefficients for build-up and wash-off replications. Most of the coefficients
are applicable to other geographical regions with little modification needed. However,
the estimation of the multiplication coefficient ‘a’ in the build-up replication equation
requires attention. Apart from the appropriate coefficients, data on catchment

characteristics such as surface area, percentage impervious and rainfall records is needed
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as input data. These data requirements are typical for most water quality models. The
translation procedure estimates the amount of the pollutants washed from catchment
impervious surfaces which are the most critical in receiving water quality degradation.
Furthermore, the estimation represents the pollutant load generated during the initial part

of the storm event.

9.2 Recommendations for Further Research

The outcomes of this research have contributed to the current knowledge base in relation
to pollutant build-up and wash-off from road and roof surfaces. Furthermore, this
research developed a stormwater quality estimation tool based on an innovative
conceptual approach. Apart from these research outcomes, several areas were identified

where further detailed investigations are warranted as discussed below.

e During the research study, the high variability of pollutant build-up was noted. This
was primarily in terms of pollutant load, rate and composition variation mainly with
antecedent dry period, land-use, urban form and traffic related parameters. A
significant amount of past research has focused on identifying the variability induced
by these parameters. However, further research is still needed particularly in order to
identify the variability of pollutant composition with the increase of antecedent dry

days.

e The understanding gained on pollutant build-up by this research is limited to
residential roads and roofs. Further investigations are needed to understand the
build-up on other surfaces types, such as driveways and parking lots where such

areas are significant.

e Further investigation into pollutant wash-off is essential in order to strengthen the
existing knowledge base. The understanding gained from this research is limited to

typical residential roads and roofs. There are other impervious surface types
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common to urban areas such as concrete pavements, driveways and parking lots

where characteristics of wash-off were not investigated.

e Pollutant contribution from urban pervious surfaces and its characteristics are not
adequately understood. It is accepted that pervious surfaces can contribute
significantly depending on the storm characteristics. However, further investigations
are needed to understand the contribution and to develop appropriate mathematical

replications.

e Impacts of stormwater pollution are due to a range of pollutant types. This research
specifically focussed on suspended solids as it is an indicator pollutant. However,
further research is needed to understand the adsorption of other common pollutants
in urban stormwater. Such understanding provides valid platform to translate the

knowledge gained and estimation techniques developed, for other pollutants.
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CALIBRATION OF STUDY TOOLS
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Calibration of the rainfall simulator was done byllecting water in fifteen
containers which were placed under the simulata grid pattern for a five minute

period. The containers were positioned as shovguare A 3.1.

2000
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The volume of water collected in each container magasured for each control box
setting. Table A3.1 shows the volume of water abdld and calculated average
rainfall intensity. A sample calculation for cortdoox setting ‘1 — A’ and for a

20mm/hr rainfall intensity is shown below.

Sample Calculation - Calculation of rainfall intensty

For container position R1

Volume of water collected =9mL.

Area of the container opening = 5541.8mm

Depth of water =9 x 1000/5541.8

Depth of water per hour =9 x 1000 x 60/(5544.5
=19.5mm/hr
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Table A.1 Calculation of rainfall intensity from the measured water volume (1

of 2)
Control Box . Volume (mL) Intensity (mm/hr) Uniformity
. Position .-
Setting R M L R M L Coefficient
1 9 12 7 19.5 26.0 15.2
2 8 11 8 17.3 23.8 17.3
1-A 3 9 14 10 19.5 30.3 21.7 814
4 8 12 9 17.3 26.0 19.5
5 7 11 7 15.2 23.8 15.2
1 11 13 10 23.8 28.1 21.7
2 12 15 10 26.0 32.5 21.7
1-C 3 13 14 13 28.1 30.3 28.1 87.8
4 12 15 10 26.0 32.5 21.7
5 11 13 10 23.8 28.1 21.7
1 13 17 12 28.1 36.8 26.0
2 14 18 12 30.3 39.0 26.0
1-E 3 14 18 13 30.3 39.0 28.1 86.7
4 14 18 13 30.3 39.0 28.1
5 12 15 12 26.0 32.5 26.0
1 15 20 15 32.5 43.3 32.5
2 15 20 14 32.5 43.3 30.3
1-G 3 16 20 19 34.6 43.3 41.1 84.8
4 15 21 14 32.5 45.5 30.3
5 14 19 13 30.3 41.1 28.1
1 20 25 19 43.3 54.1 41.1
2 23 29 20 49.8 62.8 43.3
1-1 3 28 29 25 60.6 62.8 54.1 85.9
4 23 27 19 49.8 58.5 41.1
5 19 24 18 41.1 52.0 39.0
1 24 30 23 52.0 65.0 49.8
2 25 32 22 54.1 69.3 47.6
1-J 3 26 32 29 56.3 69.3 62.8 87.2
4 26 32 23 56.3 69.3 49.8
5 21 26 19 45.5 56.3 41.1
1 30 38 28 65.0 82.3 60.6
2 30 43 30 65.0 93.1 65.0
1-K 3 32 42 37 69.3 90.9 80.1 85.2
4 31 43 29 67.1 93.1 62.8
5 27 34 26 58.5 73.6 56.3
1 44 62 49 95.3 134.3 | 106.1
2 47 70 47 101.8 | 151.6 | 101.8
1-L 3 53 67 60 1148 | 145.1 | 129.9 84.6
4 52 69 47 1126 | 149.4 | 101.8
5 42 55 39 90.9 119.1 84.4
1 16 21 15 34.6 45.5 32.5
2 17 23 18 36.8 49.8 39.0
1-H 3 20 26 22 43.3 56.3 47.6 82.9
4 18 23 17 39.0 49.8 36.8
5 14 16 12 30.3 34.6 26.0
1 25 30 22 54.1 65.0 47.6
2 26 33 22 56.3 715 47.6
2-1 3 27 34 27 58.5 73.6 58.5 85.7
4 26 33 21 56.3 715 45.5
5 22 27 17 47.6 58.5 36.8
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Table A.1 Calculation of rainfall intensity from the measured water volume (2

of 2)
Control Box . Volume (mL) Intensity (mm/hr) Uniformity
. Position .
Setting R M L R M L Coefficient
1 33 41 28 71.5 88.8 60.6
2 33.5 43 28 72.5 93.1 60.6
2-J 3 34.5 42.5 35.5 74.7 92.0 76.9 86.2
4 34 44 27 73.6 95.3 58.5
5 33 33 23 71.5 71.5 49.8
1 42.5 52 37 92.0 112.6 80.1
2 44.5 55 35.5 96.4 119.1 76.9
2-K 3 45 53.5 45 97.4 115.8 97.4 84.5
4 45 58 35 97.4 125.6 75.8
5 31.5 42 30 68.2 90.9 65.0
1 62 77 55 134.3 166.7 119.1
2 65 83 53 140.7 179.7 114.8
2-L 3 66 82 71 142.9 177.6 153.7 85.1
4 67 86.5 54 145.1 187.3 116.9
5 55 67 42.5 119.1 145.1 92.0
1 41 57.5 40 148.0 207.5 144.4
2 44.5 60.5 37 160.6 218.3 133.5
1-M 3 47 60 50.5 169.6 216.5 182.3 83.2
4 46 60.5 36.5 166.0 218.3 131.7
5 38 49 31 137.1 | 176.8 111.9
1 45.5 59 43.5 164.2 212.9 157.0
2 49 64 40 176.8 231.0 144.4
2-M 3 48 62 52 173.2 223.8 187.7 84.8
4 50 65 40 180.4 234.6 144.4
5 41 52 33.5 148.0 187.7 120.9
1 39.5 49 36 142.6 176.8 129.9
2 40 52.5 35 144.4 189.5 126.3
3-L 3 43 52.5 44.5 155.2 189.5 160.6 84.6
4 43 54.5 32.5 155.2 196.7 117.3
5 33.5 42 27 120.9 151.6 97.4
1 35 40.5 30 75.8 87.7 65.0
2 38.5 48 34 83.4 103.9 73.6
3-1 3 46 55 45 99.6 119.1 97.4 84.6
4 40 50 32 86.6 108.3 69.3
5 34 39 30 73.6 84.4 65.0
1 42 52 49 90.9 112.6 106.1
2 50 58 52 108.3 125.6 112.6
3-J 3 57 70 63 123.4 151.6 136.4 89.7
4 56 56 54 121.3 121.3 116.9
5 40 52 48 86.6 112.6 103.9
1 54 64 52 116.9 138.6 112.6
2 58 74 56 125.6 160.2 121.3
3-K 3 64 75 64 138.6 162.4 138.6 89.4
4 58 74 57 125.6 160.2 123.4
5 53 62 53 114.8 134.3 114.8
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Table A.2 — Calculation of median drop size and kietic energy

Sieve Size| Weight of | Weight of Single | Number | Calibration| Mass of a Water | Total Masss | Terminal velocity| Kinetic Energy of Volume of
Class Pellets (mg) Pellet (mg) of Pellets] Ratio Drop (mg) (mg) of drops (m/s) |Individual Droplets (J)| Water (mm”3)

>4.75 249.8 83.27 3 1.27 105.75 317 9.17 0.0133 0.318
4.75 - 3.35 1739.4 36.78 47 1.27 46.71 2209 9 0.0895 2.213
3.35-2.36 7279.1 18.99 383 1.27 24.12 9244 8.6 0.3419 9.261
2.36 - 1.68 10395.4 6.50 1599 1.23 8.00 12786 4.42 0.1249 12.809
1.68-1.18 5646.9 2.83 1993 1.18 3.34 6663 6.09 0.1236 6.675
1.18 - 0.85 2252 0.86 2622 0.96 0.82 2162 4.64 0.0233 2.166
<0.85 270.9 0.33 815 0.76 0.25 206 3.27 0.0011 0.206
Total 7463 33588 0.7175 33.649

Calculation of Median Diameter

Total mass of water collected in the flour tray 33;588 mg

Total number of pellet (drops) counted = 7463

Average mass of a rain drop = 33588 /7463 4.5-mg

Volume of a median diameter rain drop =45%1098.2 M = 4.508 mm

Median diameter = (4.508 x Gy*° =2.05 mm

254



APPENDIX B

STUDY AREA
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Figure B.1 — Contour map for Highland Park residential area — contours are 5 m inteals
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Figure B.2 — Land-use map for Highland Park residential area
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Figure B.3 — Drainage network for Highland Park residential area
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Figure B.4 — Aerial photograph of Highland Park residential area (The electinic version is in high resolution)
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Table C.1 — Unprocessed data matrix for road surfae build-up

Antecedent Tatal Farticle Size Distribution pm Original Sample (mgdl) Filtrate (mg/L)

Road Site Dry Days  Solids () 010 ° 1050  &0-100 100200 200-400 =400 P EC 1) TC IC TG [&
Gumbesl 1 2.43 713 2814 3069 19.95 8.85 333 B.02 2239 7.21 i 545 i
Gumbeel 1 169 3.26 195 2277 N7 13.52 522 B.42 2187 B.701 i 518 0
Gumbeel 2 314 712 7E2 208 2017 11.49 509 591 196 8.19 0 .35 0
Gumbeel 2 2,60 272 1845 3028 %8 145 B.15 .31 271 10,09 i 521 0
Gumbeel 3 3.81 3.99 008 2414 76 1549 5.13 554 176 8.21 0 B.41 0
Gumbeel 7 4.04 3.3 12.35 1469 2173 2598 2147 56 15.2 7.03 i 521 0
Gumbeel 14 382 236 8.51 1168 2192 I 2353 572 15.1 8.21 0 5.14 0
Gumbeel 14 £.10 1.03 10,83 9,69 1952 3253 2606 574 153 5,199 i 485 0
Gumbeel 23 526 3.83 13 977 1358 2766 3101 562 149 5511 0 525 0
Louder 1 1.98 423 2077 351 25.71 8.01 4 565 18.16 5.23 i 518 0
Louder 1 163 154 20,61 2927 2911 1221 B.43 .35 1958 B.13 0 485 0
Louder 2 170 573 2588 73 223 B.82 3.99 567 16.02 E.78 i 591 0
Louder 2 104 164 22722 2644 7E3 1352 597 5.98 14.48 £.39 0 465 0
Louder 3 2.07 435 2166 3248 259 10.04 435 5,02 25 BB 7.13 i 5.04 0
Louder 7 2.09 529 20,61 253 2294 17.06 7.09 575 2275 7.3 0 592 0
Louder 14 2.20 0G 1474 20 25.28 2.3 12.09 B.05 16.78 £.93 i .21 0
Louder 14 263 15 13.12 1281 2549 2915 17 .44 572 16.22 £.38 0.88 493 0
Louder 23 272 2.71 B8.27 1245 2443 3134 19.83 560 1593 445 i 485 0
Piccadilly 1 1.91 8.4 3138 3253 17 .49 572 2.49 573 21.89 .21 0 493 0
Piccadilly 2 2.01 £.94 2315 2905 2304 1231 497 577 19.8 5,34 i 473 0
Piccadilly 7 236 536 2225 343 2275 10.35 B.1 5.85 197 £.39 0 561 0
Piccadilly 7 2.02 8.4 3138 3253 17.49 B.72 137 5.84 185 5.21 i 539 0
Piccadilly 14 2.48 415 2225 2381 25 52 17.2 BB B.57 17.23 7.21 0 498 0
Piccadilly 21 2,50 2.38 12.29 1592 2134 27E3 207 B.2 17 53 £.52 i 587 0
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Table C.2 — Unprocessed data matrix for roof surfag build-up

. Antecede  Total Particle Size Distribution prm Original Sample Filtrate (mg/L)
RoadSte i bny  molids () 00 T 10B0 G000 100200 200400 w400 pH- BCWS) —=¢ IC TC IC
Concrete t 1 0.42 247 2382 27&6 1812 1509 1154 E&l 534 1794 1682z 042 0.45
Concretet 2 0.46 319 1932 2206 2031 1931 1481 B.21 2.4 3.6 9 15 13
Concretet 3 0.54 343 2712 W47 1807 1317 1154 643 421 .92 96 196 177
Concretet 7 0.66 284 2332 2\06 1731 1831 133 598 542 874 B.71 17 165
Concretet 14 068 421 2412 247 274 1406 172 BA2 397 .23 B.66 193 173
Concretet 21 0.54 349 1782 2182 1986 2031 1481 B.01 342 1096 1049 326 281
Corugatec 1 0.38 325 3028 2489 BB 1504 a5 £.89 B02 13417 1204 0 0
Comugatec 2 0.48 394 3347 2521 1375 1207 1047 B34 624 6.4 527 0.07 0
Comugatec 3 0.66 444 3129 2559 1561 1404 784 £.49 57.1 .06 85 125 068
Comugatec 7 0.56 314 2949 w21 1375 1289 11Es 584 72.4 937 7.21 196 189
Corrugatec 14 101 214 2929 2321 139 1728 1169 B.71 £9.2 158 145 0 0
Comugatec 21 107 309 2447 2321 2275 1407 10417 B2 746 1159 1066 3.31 3.15
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Table C.3 — Data matrix used for physico-chemicalralysis of road surface build-up data

Fraction build-up for each particle size class

Site Days pH EC (uS) TC(mg) TOC (mg) DOC (mg)

0-10 10-50 50-100 100-200 200-400 >400
Gumbeel 1 6.02 22.39 50.47 50.47 38.22 0.17 0.68 0.75 0.49 0.22 0.08
Gumbeel 1 6.42 21.87 30.15 30.15 23.31 0.06 0.33 0.44 0.54 0.23 0.09
Gumbeel 2 5.91 19.60 57.33 57.33 44.45 0.22 0.86 0.82 0.63 0.36 0.16
Gumbeel 2 6.31 27.10 51.46 51.46 26.57 0.07 0.48 0.79 0.70 0.38 0.16
Gumbeel 3 5.54 17.60 57.47 57.47 44.87 0.15 0.76 0.92 1.05 0.61 0.23
Gumbeel 7 5.60 15.20 55.51 55.51 36.47 0.13 0.50 0.59 0.88 1.05 0.87
Gumbeel 14 5.72 15.10 57.47 57.47 42.98 0.09 0.33 0.44 0.84 1.22 0.90
Gumbeel 14 5.74 15.30 31.19 31.19 29.10 0.05 0.55 0.49 1.00 1.66 1.33
Gumbeel 23 5.62 14.90 33.07 33.07 31.50 0.20 0.68 0.49 0.71 1.46 1.63
Lauder 1 5.65 18.16 43.61 43.61 36.26 0.08 0.41 0.69 0.53 0.16 0.08
Lauder 1 6.35 19.58 29.42 29.42 23.28 0.03 0.34 0.48 0.48 0.20 0.11
Lauder 2 5.67 16.02 47.46 47.46 41.37 0.10 0.44 0.54 0.38 0.15 0.07
Lauder 2 5.98 14.48 30.67 30.67 22.32 0.03 0.43 0.51 0.54 0.26 0.12
Lauder 3 5.92 25.66 49.91 49.91 42.28 0.09 0.45 0.67 0.54 0.21 0.09
Lauder 7 5.76 22.26 51.45 51.45 41.44 0.11 0.43 0.53 0.48 0.36 0.15
Lauder 14 6.05 16.78 48.51 48.51 43.47 0.01 0.33 0.44 0.58 0.58 0.27
Lauder 14 5.72 16.22 34.97 29.25 32.05 0.04 0.34 0.34 0.67 0.77 0.46
Lauder 23 5.69 15.93 26.76 26.76 29.10 0.07 0.22 0.34 0.66 0.85 0.54
Piccadilly 1 5.73 21.89 36.47 36.47 34.51 0.16 0.60 0.62 0.33 0.13 0.05
Piccadilly 2 5.77 19.80 37.38 37.38 29.61 0.12 0.47 0.58 0.46 0.25 0.10
Piccadilly 7 5.86 19.70 44.73 44.73 39.27 0.13 0.53 0.74 0.54 0.24 0.14
Piccadilly 7 5.84 18.50 43.47 43.47 37.73 0.17 0.64 0.66 0.35 0.14 0.03
Piccadilly 14 6.57 17.23 50.47 50.47 34.86 0.10 0.55 0.59 0.63 0.43 0.16
Piccadilly 21 6.20 17.53 45.64 45.64 41.09 0.06 0.32 0.41 0.55 0.72 0.54
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Table C.4 — Data matrix used for physico-chemicalralysis of road surface build-up data

Fraction build-up for each size class

Surface type Days pH EC TC TOC DOC

0-10 10-50 50-100 100-200 200-400 >400

Concrete 1 6.81 53.4 53.82 51.06 49.11 0.011 0.104 0.121 0.079 0.066 0.051
Concrete 2 6.21 28.4 34.51 29.26 26.95 0.015 0.088 0.101 0.093 0.088 0.068
Concrete 3 6.43 42.1 34.72 27.86 27.405 0.018 0.146 0.142 0.097 0.071 0.062
Concrete 7 5.98 54.2 52.44 42.24 30.3 0.019 0.154 0.166 0.115 0.121 0.089
Concrete 14 6.42 39.7 32.92 252 19.72 0.029 0.165 0.153 0.155 0.096 0.080
Concrete 21 6.01 34.2 49.32 34.65 34.56 0.029 0.150 0.183 0.167 0.171 0.124
Steel 1 6.89 60.2 39.51 39.51 36.12 0.012 0.115 0.095 0.063 0.057 0.032
Steel 2 6.34 62.4 22.4 22.155 18.445 0.019 0.161 0.121 0.066 0.058 0.049
Steel 3 6.49 57.1 36.24 31.24 31.28 0.029 0.206 0.169 0.103 0.092 0.052
Steel 7 5.84 72.4 42.165 33.345 23.94 0.027 0.253 0.225 0.118 0.111 0.100
Steel 14 6.72 69.2 20.61 20.61 20.025 0.022 0.295 0.234 0.140 0.174 0.118
Steel 21 6.12 74.6 46.36 33.12 30.04 0.033 0.262 0.248 0.243 0.150 0.109
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Table D.1 — Amount of pollutants collected during initially available polluaint
investigation on roof surfaces

Amounts (g/nT)

Sampling Description

Concrete tile Corrugated
steel
Sample 1 — before 40mm/hr rainfall simulation 0.26 0.43
Sample 2 — before 65mm/hr rainfall simulation 0.31 0.54
Sample 3 — before 86mm/hr rainfall simulation 0.23 0.41
Average 0.27 0.46
Cv 13.4 % 12.0 %
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Figure D.1 — Cumulative particle size distribution: Comparison of Initidly
available pollutant sample with build-up samples for Gumbeel Court oad site
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Table D.2 — Observed wash-off data and calculation of fraction wash-off

TSS

Wash-off

Cumultive

Site / Sampling I(%?T:]ﬁ:?)/ Dtﬁﬂ?” Concentration | Pollutant Load Wash-off V’f/':;rt]'_%?f
(mg/L) (mg) Load (mg)
Gumbeel - wash-off 20 10 189.8 1267.9 1267.9 0.04
Gumbeel - wash-off 20 20 62.4 507.9 1775.8 0.06
Gumbeel - wash-off 20 30 31.2 237.1 2012.9 0.06
Gumbeel - wash-off 20 40 28.8 255.2 2268.1 0.07
Gumbeel - wash-off 40 10 224.8 3484.4 3484.4 0.11
Gumbeel - wash-off 40 15 175.2 1531.2 5015.6 0.16
Gumbeel - wash-off 40 25 155.2 2421.1 7436.8 0.23
Gumbeel - wash-off 40 35 129 2458.7 9895.5 0.31
Gumbeel - wash-off 65 10 213.6 2806.7 2806.7 0.09
Gumbeel - wash-off 65 15 162.8 1756.6 4563.3 0.14
Gumbeel - wash-off 65 20 233.6 2560.3 7123.6 0.22
Gumbeel - wash-off 65 30 197.2 4582.9 11706.5 0.36
Gumbeel - wash-off 86 10 205 3735.1 3735.1 0.12
Gumbeel - wash-off 86 15 119.6 1356.3 5091.4 0.16
Gumbeel - wash-off 86 20 128.8 1566.2 6657.6 0.21
Gumbeel - wash-off 86 27 193.6 32215 9879.1 0.31
Gumbeel - wash-off 115 5 273.4 3390.2 3390.2 0.11
Gumbeel - wash-off 115 10 236.2 4006.0 7396.1 0.23
Gumbeel - wash-off 115 15 211.8 3177.0 10573.1 0.33
Gumbeel - wash-off 115 22 267.4 4925.5 15498.6 0.48
Gumbeel - wash-off 133 5 336.4 5987.9 5987.9 0.19
Gumbeel - wash-off 133 9 326 7595.8 13583.7 0.42
Gumbeel - wash-off 133 13 253.6 5908.9 19492.6 0.61
Gumbeel - wash-off 133 17 233.6 5456.9 24949.5 0.77
Gumbeel - wash-off 133 20.5 178.2 4095.0 29044.5 0.90
poﬁu‘{’;‘rﬁelgga'“'t'a' 5209.4 32694.1

Lauder - wash-off 40 10 117.6 1665.2 1665.2 0.18
Lauder - wash-off 40 15 42.8 335.6 2000.8 0.21
Lauder - wash-off 40 25 28.8 459.6 2460.4 0.26
Lauder - wash-off 40 35 32.4 419.3 2879.7 0.31
Lauder - wash-off 65 10 100.2 2104.2 2104.2 0.23
Lauder - wash-off 65 15 39 474.2 2578.4 0.28
Lauder - wash-off 65 20 33.6 408.6 2987.0 0.32
Lauder - wash-off 65 30 42.2 1053.3 4040.3 0.43
Lauder - wash-off 86 10 115.4 2538.8 2538.8 0.27
Lauder - wash-off 86 15 30.6 508.0 3046.8 0.33
Lauder - wash-off 86 20 40.2 668.1 3714.9 0.40
Lauder - wash-off 86 25 26.2 365.2 4080.1 0.44
Lauder - wash-off 115 5 165.8 2961.2 2961.2 0.32
Lauder - wash-off 115 10 100 2308.0 5269.2 0.56
Lauder - wash-off 115 15 26.6 611.3 5880.5 0.63
Lauder - wash-off 115 20 14.2 333.7 6214.2 0.67
Lauder - wash-off 133 5 135.8 3305.4 3305.4 0.35
Lauder - wash-off 133 10 54.6 1381.4 4686.8 0.50
Lauder - wash-off 133 14.4 52 1322.9 6009.6 0.64
Lauder - wash-off 133 18.5 34.8 827.5 6837.2 0.73
Lauder - wash-off 133 20 21.8 204.0 7041.2 0.75
Lauder - Initial pollutant 1340.8 9332.0

load
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Table D.2 — Observed wash-off data and calculation of fraction wash-off

(Continued
Site / Sampling I(rr:t]?/sritr))/ Dtlr:ﬁﬂ?n Conc-traitsration Pom?:r?t 0Lféad We?suhTouflful\_/gad Vf;:‘:ﬁ_%?f
(mg/L) (mg) (mg)

Piccadilly wash-off 20 10 113.2 923.7 923.7 0.09
Piccadilly wash-off 20 20 42.6 407.3 1331.0 0.13
Piccadilly wash-off 20 30 12.8 122.6 1453.6 0.14
Piccadilly wash-off 20 40 13 114.1 1567.7 0.15
Piccadilly wash-off 40 10 103.2 1583.1 1583.1 0.15
Piccadilly wash-off 40 15 34.6 289.9 1873.0 0.18
Piccadilly wash-off 40 25 40.2 723.6 2596.6 0.24
Piccadilly wash-off 40 35 27 489.2 3085.9 0.29
Piccadilly wash-off 65 10 118.2 2531.8 2531.8 0.24
Piccadilly wash-off 65 15 35.8 436.0 2967.9 0.28
Piccadilly wash-off 65 20 36 437.0 3404.9 0.32
Piccadilly wash-off 65 30 21.8 535.8 3940.8 0.37
Piccadilly wash-off 86 10 111.8 2443.9 2443.9 0.23
Piccadilly wash-off 86 15 35.4 435.4 2879.4 0.27
Piccadilly wash-off 86 20 36.8 459.3 3338.6 0.31
Piccadilly wash-off 86 25 24.6 309.5 3648.1 0.34
Piccadilly wash-off 115 5 157 2665.9 2665.9 0.25
Piccadilly wash-off 115 10 45.4 1003.3 3669.2 0.35
Piccadilly wash-off 115 15 39.6 805.5 4474.7 0.42
Piccadilly wash-off 115 20 73.6 1533.8 6008.5 0.57
Piccadilly wash-off 133 5 158.6 3314.7 3314.7 0.31
Piccadilly wash-off 133 10 96.8 2425.8 5740.5 0.54
Piccadilly wash-off 133 13 47.8 1265.7 7006.3 0.66
Piccadilly wash-off 133 17 45.4 1187.7 8194.0 0.77
Piccadilly wash-off 133 20 42.2 838.1 9032.0 0.85
Piccadilly - Initial 1303.2 10634.1

pollutant load
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Table D.3 — Data matrix used for analysis of quality parameters resulted from
road surface investigations

Particulate Concentrations (mg/L)

ID pH EC TC TOC DOC
<10 pm 10-50 pm 50 - 100 um 100 - 200 ym 200 - 400 ym  >400 pm
G11 6.3 54.9  13.2 108 9.6 6.2 36.0 47.9 44.0 36.1 19.8
G12 6.1 22.3 9.8 96 82 2.0 9.7 13.4 15.1 13.4 8.9
G13 6.1 19.7 6.4 53 47 1.6 6.1 6.9 7.4 6.1 3.0
G14 6.2 15.3 8.3 6.5 3.9 0.9 5.0 6.4 6.8 6.2 3.6
G21 5.6 26.2 9.6 84 58 9.3 40.1 52.1 57.8 43.7 22.1
G22 5.8 28.6 95 71 -01 7.8 33.2 40.1 46.4 36.9 10.8
G23 5.8 28.7 5.3 53 51 5.2 23.7 29.7 29.4 33.0 46.7
G24 5.7 64.7 6.3 47 3.2 3.5 17.0 20.6 17.7 22.2 49.0
G31 5.8 77.0 107 85 6.6 10.4 45.8 48.0 48.7 39.4 21.6
G32 57 123.0 8.9 6.8 4.1 5.5 26.1 32.9 35.5 36.4 26.7
G33 6.9 75.5 9.4 65 2.8 8.5 52.8 67.9 62.7 32.8 9.0
G34 6.1 46.5 8.0 6.0 3.2 3.9 21.0 27.4 34.0 55.3 56.4
Ga1 5.6 53.5 9.4 77 49 9.4 43.1 49.0 43.9 32.0 25.9
Ga2 6.1 63.5 8.3 81 55 4.2 24.9 32.0 34.2 21.3 3.1
Ga3 6.3 62.0 8.5 6.1 3.0 3.0 25.3 33.8 33.9 23.5 9.3
Gaa 6.3 80.0 8.8 61 2.9 5.7 38.9 45.6 45.9 40.9 16.6
G51 5.8 66.0 9.8 81 7.2 27.9 86.7 57.8 47.3 40.0 13.6
G52 5.7 66.1 8.1 7.0 46 11.4 53.1 50.0 44.4 43.3 34.4
G53 6.2 37.4 55 55 5.0 11.8 56.0 51.8 44.2 29.5 18.7
G54 6.2 38.2 8.2 66 3.2 12.2 61.9 62.5 54.8 45.2 31.1
G61 5.7 36.7 8.6 77 52 39.6 105.1 71.2 54.5 43.0 23.3
G62 6.1 22.8 5.6 48 38 19.1 98.1 93.2 59.8 36.2 20.0
G63 6.2 18.5 7.7 59 28 7.8 50.3 54.7 48.6 42.9 50.3
G64 6.2 10.5 5.7 40 27 6.3 39.0 47.3 40.2 36.9 65.8
G65 6.2 8.8 55 39 27 9.3 43.6 49.9 44.9 27.6 4.0
L21 58 2190 14.2 13.9 111 6.5 25.8 30.0 25.0 18.3 12.1
L22 56 1820  17.9 17.7 8.2 2.9 9.5 9.9 6.7 5.8 8.1
L23 59 1743 8.5 79 76 1.8 6.5 45 3.0 45 8.6
L24 6.0 171.8 6.7 41 65 1.7 7.0 5.9 4.7 6.0 7.3
L31 58 114.8 9.3 88 7.6 7.0 32.6 24.1 16.8 11.8 8.1
L32 6.0 92.3 6.4 45 6.2 1.3 7.9 11.2 4.6 3.2 11.1
L33 6.1 90.6 6.0 55 4.9 2.1 10.0 7.4 5.7 4.7 3.8
L34 6.1 75.9 7.1 6.2 43 0.9 4.9 9.4 3.7 2.1 23.5
L41 5.7 66.4 126 101 8.2 7.0 33.6 28.2 23.3 14.4 8.9
L42 6.0 50.8 6.4 44 6.1 1.1 7.7 8.5 55 3.5 4.3
L43 6.0 113.4 7.2 59 49 2.2 9.9 8.6 6.0 5.0 8.3
L44 6.0 149.6 11.1 9.0 54 1.4 6.7 7.7 4.7 3.7 2.0
L51 58  226.0 8.9 62 85 13.0 52.5 36.7 30.9 20.0 12.8
L52 59 2296 7.0 70 6.4 2.7 14.8 22.8 11.5 9.0 43.2
L53 6.0 249.1 6.3 63 53 9.4 41 1.6 2.3 5.6 3.7
L54 6.1 254.0 5.3 53 4.0 0.3 1.7 3.2 2.2 2.3 4.6
L61 57  296.0 7.5 54 59 25 19.8 33.0 28.1 26.9 27.4
L62 57 311.0 7.1 71 52 1.2 8.4 13.4 7.8 8.7 15.3
L63 57 3120 4.9 49 48 0.8 41 12.6 13.0 7.3 20.8
L64 59 312.0 4.2 42 38 0.4 3.2 7.8 6.1 4.2 16.3
L65 59 2522 4.4 44 38 0.4 2.3 4.2 3.1 2.3 10.7
P11 6.3 107.3 21.0 21.0 195 8.3 38.0 33.0 22.8 9.5 1.6
P12 6.7 81.2  13.6 132 95 2.6 8.1 8.9 10.0 9.5 3.5
P13 6.4 79.2 111 108 7.6 0.4 3.0 45 1.7 1.4 1.8
P14 6.3 74.4 108 99 56 0.6 2.8 2.7 2.4 2.7 1.8
P21 6.7 81.2  16.0 159 13.1 8.5 41.5 26.2 13.7 7.8 5.7
P22 6.5 96.2 115 111 85 1.8 9.2 7.7 5.6 5.7 4.7
P23 6.3 100.4 9.9 9.7 6.9 1.7 9.5 9.4 8.0 6.4 5.2
P24 6.3 105.1 9.8 9.0 47 0.9 4.4 6.5 3.8 2.9 8.7
P31 6.4 1374 118 115 9.8 14.6 38.1 31.1 23.7 11.0 1.0
P32 6.3 1248 9.7 89 4.4 1.9 7.7 8.2 7.2 7.2 3.7
P33 6.4 1258 6.5 6.4 57 1.9 7.8 7.6 6.7 6.2 5.9
P34 6.3 125.4 6.6 6.0 4.0 0.6 3.2 6.3 4.8 3.2 3.7
P41 6.3 1514 126 126 117 11.8 40.1 30.0 17.2 7.7 5.0
P42 6.3 1395 107 103 5.2 1.8 10.0 10.5 6.6 3.7 2.9
P43 6.3 137.6 10.1 100 4.7 1.6 10.3 12.3 5.7 1.8 5.6
P44 6.4 135.1 7.8 76 46 0.3 3.4 14.9 2.3 1.9 15
P51 6.2 1623 13.4 115 8.9 19.3 50.2 35.9 26.5 18.7 6.5
P52 6.4 1315 9.7 9.0 4.9 1.2 6.5 17.2 10.9 4.2 5.5
P53 6.5 136.3 9.4 86 3.8 0.7 5.3 11.8 6.3 3.7 12.8
P54 6.4 1279 10.3 92 49 3.2 18.4 18.8 15.6 11.2 6.4
P61 6.1 1545 115 107 5.2 16.3 37.1 34.7 375 25.0 8.0
P62 6.4 139.4 8.9 74 38 4.6 21.1 31.9 25.4 6.4 7.7
P63 6.5 1345 8.5 73 32 1.2 8.4 13.4 13.4 7.9 3.6
P64 6.4 1335 6.5 6.0 43 1.1 8.3 10.3 11.2 10.6 3.9
P65 6.5 135.3 6.6 61 3.7 0.3 2.4 4.4 3.2 7.8 24.6
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CATCHMENT MODELLING
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Figure E.1 — Information of nodes for Alextown catchment
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Figure E.2 — Information of links for Alextown catchment
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Figure E.3 — Information of sub-areas for Alextown catchment
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Figure E.4 — Information of nodes for Gumbeel catchment

Figure E.5 — Information of links for Gumbeel catchment
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Figure E.6 — Information of sub-areas for Gumbeel catchment
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Figure E.7 — Information of nodes for Birdlife Park catchment
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Figure E.8 — Information of links for Birdlife Park catchment
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Figure E.9 — Information of sub-areas for Birdlife Park catchment
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Table F.1 — Estimated build-up on impervious surfaes for selected storm events (1/3 — Alextown)

Build-up Load {gfm2)

Fraction Wash-off (Fud

Wash-off Load (g/m®)

Total Wash-off ()

Event Date

Gumbeel  Louder/ Piccadilly  Roof Foad Foaf Foad Foaf Foad Foof
2002-08-21 B.74 2595 1.28 0. 16k 0.557 1.121 1.141 3803 725
2002-08-25 2.Bh 1.86 0. 46 0.057 0.594 0.095 0.272 331 1841
2002-11-13 5.06 275 1.10 0.354 0.910 2249 1.001 7Bz B/ 74
2002-11-14 475 243 0.87 0,363 0.953 1726 0.530 5556 5619
2002-12-10 273 1.89 0.47 0.155 0.796 0.432 0.378 1467 2543
2002-12-26 420 233 0.76 0.053 0.635 0.2 0.456 7az 329
2003-02-02 316 203 0.55 0.013 0407 0.042 0.226 141 1525
2003-02-03 210 1.66 0.35 0.095 0631 0.206 0.240 Sis 1624
2003-02-01 240 177 0.41 0.024 0.526 0.055 0.215 198 1457
2003-03-01 537 283 1.00 0162 0.595 .56 0.594 2549 EO45
2003-03-07 264 1.86 0.45 0.095 0.544 0.2a9 0.383 578 2554
2003-03-12 314 202 0.55 0.131 0.131 0.410 0.072 1352 4587
2003-03-13 3581 2.4 0.B2 0175 0.557 025 0.534 2122 3613
2003-10-24 210 1.66 0.35 0.440 1.012 0923 0.357 3133 2416
2003-12-14 472 247 0.87 0,352 0.910 1.804 0.783 B126 5335
2003-12-16 3581 2.4 0.B2 0.153 0.593 0537 0.559 1822 3706
2004-01-16 3.9 224 0.70 .08k 0.720 0,335 0.502 1137 3399
2004-02-24 280 1.84 0.45 0.465 0.910 1.217 0.406 4128 2746
2002-10-27 210 1.66 0.35 0124 0756 0262 0.277 Ba0 1876
2003-04-27 538 2.hd 1.00 0.201 0.572 1.0584 0.574 3675 5513
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Table F.1 — Estimated build-up on impervious surfaes for selected storm events (2/3 — Birdlife Park)

Build-up Load (g/m2) Fraction Wash-off (Fw) Wwash-off Load (gfm?) Total ¥Wash-off (g
Event Date
Gumbeel  Louder / Piccadilly  Roof Hoad Roof Hoad Hoof Road Roof
2002-04-28 475 248 0.a7 0155 0.765 0.392 0667 7304 13628
2002-04-29 260 1.84 0.45 0.065 0.740 0127 0330 2394 G740
2002-05-04 3.46 212 0.61 0152 0.876 0.323 0537 G095 105975
2002-05-04 210 1.66 0.35 0037 0.606 0.062 0214 1168 4363
20020602 540 266 1.02 0010 0.320 0.026 0327 459 BE92
2002-06-04 273 1.89 0.47 0.016 0.436 0.031 0.206 580 4204
2002-06-16 4.49 24 0.a2 022 097 0.545 0750 10283 15329
2002-08-1 5.78 295 1.29 0174 0.857 0514 1.146 86593 23416
2002-08-27 266 1.86 0.46 0.014 0.357 0.0Z7 Q77 505 3618
2002-09-1 5.86 275 1.10 0175 0.870 0.480 0957 8052 19560
20021027 537 263 1.00 0.043 0.617 0.112 0616 2115 12682
2002-11-15 293 1.95 0.51 0.363 0.953 0.710 0.436 13387 9525
2002-11-13 432 250 0.89 0334 0.910 0.9558 0807 18073 16483
2002-12-10 5.04 256 0.94 01558 0.755 0.405 0748 7645 16294
2002-12-10 218 1.69 0.37 0535 1.079 0.90% 0.396 17148 8099
2003-03-13 248 1.80 0.42 0174 0.857 0.314 0363 AE22 7424
2003-04-27 210 1.66 0.35 0136 0.865 0.225 0,305 4243 B33
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Table F.1 — Estimated build-up on impervious surfaes for selected storm events (3/3 — Gumbeel)

Build-up Load (g/'m2)

Fraction Wash-off (Fw)

Wash-off Load (g/m?)

Total Wash-off (g)

Event Date

Gumbeel  Louder / Piccadilly  Roof Foad Foaf Foad Foaf Hoad Foaf
2002-04-23 475 248 087 0.158 0.765 0.757 0.667 3382 2654
2002-04-29 280 1.84 0.45 0.0639 0.740 0.179 0.330 806 1327
2002-05-04 345 212 061 0.152 0.576 0.827 0.537 2376 2161
2002-05-04 2.10 1.66 0.35 0.037 0.606 0.078 0.214 353 860
2002-03-05 2.23 1.71 0.38 0.009 0.303 0.019 0.114 87 460
2002-06-02 550 266 1.02 0.010 0.320 0.055 0.327 246 1318
2002-06-04 273 1.89 0.47 0.016 0.436 0.045 0.206 201 528
2002-06-16 4.49 241 082 0.226 0.7 1.015 0.750 4576 3019
2002-09-21 5.86 275 1.10 0175 0.570 1.024 0.957 4613 3852
2002-11-13 432 240 0.89 0.384 0.510 1.852 0.807 8343 3245
2002-11-15 293 1.95 051 0.363 0.953 1.064 0.456 4795 1954
2002-12-10 2.18 1.65 037 0538 1.079 1.173 0.396 5285 1595
2003-02-25 441 239 0.80 0.062 0.673 0.272 0.540 1224 2174
2003-03-13 248 1.80 0.42 0.174 0.857 0.433 0.363 1949 1462
2003-10-24 2.10 1.66 0.35 0.440 1.012 0.923 0.357 4161 1436
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Figure F.1 — Conceptual Wash-off model: Sample caltation and Visual Basic
coding
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Figure F.2 — Rainfall and pollutant routing model: Inputs, catchment characteristics and outputs
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Figure F.3 — Rainfall and pollutant routing model: Visual Basic coding
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Table F.2 — Sample simplification of rainfall events

Original Rainfall Event Analysis
. Rmnfa?ll Intensity Rmnfa?ll ﬂv_erage Number of
Date - Time Intensity  Catogary Intensity Rainafall Ti
o o . . . Timesteps
{mm/hr) {mm/hr) Category Intensity {mm/hr)
2002-11-15 12:45:00 0.a £-40 T 158.4 3
2002-11-15 12:50:00 459 40 - 30 40 - 30 B0.B 3
2002-11-15 12:55:00 102.2 a0 - 133 a0 - 133 102.2 1
2002-11-15 13:00:00 887 40 - 30
2002-11-15 13:05:00 471 40 - 30
2002-11-15 13:10:00 203 5-40
2002-11-15 13:15:00 26.0 5-40
2002-11-15 13:20:00 2.1 5-40
2002-11-15 13:25:00 0o
2002-11-15 13:30:00 0.a

Simplified Rainfall Event

Rainfall

Date - Time Intensity
{mm/hr)

2002-11-15 12:45:00 0.a
2002-11-15 12:50:00 18.4
2002-11-15 12:55:00 15.4
2002-11-15 13:00:00 15.4
2002-11-15 13:05:00 B0.B
2002-11-15 13:10:00 B0.B
2002-11-15 13:15:00 B0.B
2002-11-15 13:20:00 102.2
2002-11-15 13:25:00 0o
2002-11-15 13:30:00 0.a
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