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Summary

The sedim ent and pollutant load transported by pipe and gully storm water drainage 

system s was investigated through field sampling o f  a number o f  urban catchments. 

Storm water runoff from a residential catchment was monitored over an 18-month period, 

during which tim e 19 rain events were analysed for a range o f  pollutant parameters 

including suspended solids concentration (SSC), volatile suspended solids, particle size 

distribution (PSD), heavy metals and total phosphorus. Acute impacts from dissolved 

heavy metal discharges were determined to be unlikely from comparison with the UK 

Highways Agency threshold limits, but particulate-bound heavy metal concentrations 

exceeded probable effect concentrations for Cu, Pb and Zn. The median event mean 

concentration (EM C) o f  suspended solids was 29 mg/l and the distribution was log-normal, 

but the wide 95%  confidence interval (12-117 mg/l) implied that a suspended solids 

w ashoff model was required to reduce the uncertainty associated with the annual estimate.

A hydrodynam ic vortex storm water separator (HDVS) for the removal o f  stormwater 

suspended solids, the Downstream Defender®, was evaluated during 4 rain events on an 

inter-urban road catchment, and 14 rain events on the residential catchment. Suspended 

solids removal increased significantly for >150 ^m  particles on the inter-urban road.

The m onitoring o f  the residential catchment included the investigation o f  a mass balance 

between sedim ent and pollutant loadings on impervious surfaces, in the gully pots and in 

the storm w ater runoff for a range o f  particle sizes. A continuous m.odel o f  build-up and 

w ashoff o f  fine particles on urban surfaces was developed. The model considered the effect 

o f  the rainfall intensity separately, unlike the conventional exponential w ashoff 

formulation which assum es runoff over sub-catchm ents is proportional to rainfall intensity. 

This model was able to predict the mass o f  suspended solids in several size fractions which 

is a novel feature.

The fine fraction o f  pavem ent deposits, which typically bypassed the gully pots were 

source-limited. This conclusion was drawn from the automatic calibration o f  the w ashoff 

model to a com prehensive set o f  monitoring data. An alternative hypothesis was tested, 

that o f  a transported-lim ited store o f  fine particles; however, this model grossly over-
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estimated the observed total mass o f  the monitored events. The model o f  a source-limited 

catchment was validated by m easurem ents o f  pavem ent deposits before and after rainfall.

The solids mass balance revealed that the gully pots retained only 14% on average o f  the 

fine particle w ashoff transported as suspended solids to the outlet. Furthermore, the 

chemical analysis concluded that while the gully pots contained twice the mass o f  total 

solids (mostly coarse) compared to the suspended solids, the pollutant mass in the 

suspended solids was equal for Pb and Zn, 1.5 tim es greater for Cu and 2 tim es greater for 

total phosphorus.

The annual suspended solids mass predicted by the volum e-concentration method over

predicted the model output by a factor o f  2.8. Storm water event sam pling tends to discard 

small events, due the difficulties in measuring low flows and other m onitoring constraints, 

so the average EMC for a site may over-estim ate the total load when simply factored by 

the annual rainfall and runoff coefficient. The use o f  this method must therefore carefully 

consider the origin o f  the EMC measured or obtained from the literature.

Analysis o f  the heavy metal signatures o f  gully pot and storm water separator deposits 

revealed that minimal dissolution o f  heavy m etals occurred on the pavem ent surface or in 

the gully pots. Therefore, the particle-bound heavy metal concentrations associated with 

the storm water suspended solids could be estimated from the pavement or gully deposits, 

in the appropriate size fraction, to provide a relatively inexpensive screening-level 

assessm ent o f  urban runoff pollutants.

For future assessm ents o f  urban pressures, required under the W ater Framework Directive 

(W FD), annual em issions o f  fine solids from existing storm water drainage system s at large 

catchm ent scales should be estimated. Using particulate-bound heavy metal concentrations 

in the appropriate size fractions, annual emission rates o f  these contam inants should also 

be estimated. The previous WFD assessment o f  urban pressures (CDM , 2009a) considered 

storm water impacts only in the context o f  the assim ilative capacity in the w ater column o f 

the receiving system; however, the chronic effects o f  contam inated storm w ater sediments 

must also be considered.
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Chapter 1 Introduction

1.1 Preface

Stormwater management in Ireland and the UK in the past decade has focussed on the 

reduction o f  peak flows entering receiving watercourses. This has seen the introduction o f 

limits on new development discharge rates, typically 2-4 1/s/ha, and widespread 

construction o f sustainable urban drainage systems (SuDS), in the form of attenuation 

storage and flow control devices. Regulation o f stormwater quality has lagged behind the 

control o f stormwater quantities, partly due to a lack o f understanding o f  the processes 

involved in urban pollutant generation, and the scarcity o f  local stormwater quality data, 

but this situation cannot continue. In Ireland, 61% of rivers and 88% o f lakes and 

reservoirs have not achieved the ‘good’ ecological status required by the Water Framework 

Directive (WFD) (CDM, 2009b), primarily due to poor macroinvertebrate and/or fish 

status. In the UK, 28% o f rivers are designated as highly modified, and in the majority o f 

cases the reduced ecological functions have been linked to urban inputs.

Previous studies o f receiving water impacts o f urbanisation have consistently identified 

chronic pollution from slormwaler suspended solids and sediment-bound heavy metals as 

the leading cause o f receiving water impairments. A study o f urban pressures in Ireland 

(CDM, 2009a) concluded that stormwater discharges contribute the highest load o f heavy 

metals and the second-highest load o f  nutrients to watercourses in urban areas, when 

compared to other pollutant sources.

Statistical models are most commonly used for screening level estimations o f stormwater 

pollutant loads; this approach formed the basis o f the stormwater contribution to receiving 

water impairment as part o f the WFD assessment in Ireland (CDM, 2009a). The drawback 

o f the volume-concentration method is the high sensitivity o f the total load to the event 

mean concentration (EMC) value chosen from the literature, and the high uncertainty o f 

the EMC estimates for various urban land uses (Mitchell et al., 2001). The use o f  statistical 

methods also discourages the collection o f  local quality data, and ignores the physical 

processes involved. Semi-deterministic continuous models o f pollutant build-up and 

washoff on urban surfaces offer the potential to collect local catchment data which may
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reduce the uncertainty in annual estimates o f  stormwater suspended solids and sediment- 

bound pollutants, which is a key aspect o f the WFD characterisation.

The control o f  stormwater pollutant quality for new development will not address the 

current problems alone, as the adaption o f the urban landscape would take several decades. 

Therefore, disconnection o f traditional stormwater drainage systems in favour o f SuDS 

measures, or stormwater retrofit, will be an integral component o f  the WFD Programmes 

o f Measures. In Ireland, the UK and many other countries, surface water collection is still 

dominated by pipe and gully networks (Brady, 2010), so an understanding o f the processes 

involved in these systems is critical for designing retrofit solutions that integrate with 

current infrastructure. In particular, the particle size distribution is one o f  the key 

determinants o f  the treatment potential o f many SuDS devices.

Previous stormwater research in Ireland has focussed on highly-trafficked national routes 

(Bruen et. al, 2006), and while these catchments are a potential source o f highly- 

contaminated sediments, they account for just 6% o f  the Irish road network (NRA, 2009). 

Furthermore, residential development has not been the subject o f  previous stormwater 

monitoring studies in Ireland, despite representing the greatest proportion o f land use in 

urban areas. Therefore, the monitoring o f a residential catchment and a road catchment 

serving low traffic volumes were chosen for the detailed study o f  stormwater sediment and 

pollutant transport.

The monitoring o f the residential catchment included the investigation o f  a mass balance 

between sediment and pollutant loadings on impervious surfaces, in the gully pots and in 

the stormwater runoff o f a pipe and gully system for a range o f particle sizes. This built on 

the research o f Butler and Clarke (1995), which focussed on sediment loadings on 

pavement surfaces and gully pots, and the effect o f  street cleaning. The mass balance o f the 

residential catchment included the development o f  a continuous build-up and washoff 

model o f stormwater suspended solids for several size fractions. The research undertaken 

o f  sediment transport in stormwater pipe and gully systems was aimed at providing 

enhanced local data and assessment methods for the quantification o f sediment and 

pollutant loadings, to inform the design o f retrofit measures and provide a basis for annual 

loadings required for the WFD assessment o f  urban runoff impacts on receiving waters.
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1.2 Aim, Objectives and Scope

1.2.1 Aim

The aim o f  this research was to investigate the influence o f  particle size on the nature and

transport o f  sedim ents and associated pollutants in urban storm w ater drainage.

1.2.2 Objectives o f the research

Following the review  in C hapter 2 o f  national and international literature concerning 

storm w ater m anagem ent, the following objectives w ere identified:

To adapt and develop existing storm water sam pling protocols w hich facilitate the 

collection o f  reliable sedim ent and water quality data, with an em phasis on particle 

size classification.

- To determ ine the factors which affect particle build-up and w ashoff on urban 

surfaces, to estim ate accum ulation rates, and to characterise the sedim ent in terms 

o f  particle size and pollutant concentrations.

- To m easure build-up rates and factors influencing the accum ulation o f  sedim ents in 

gully pots.

To m easure the particulate-bound pollutant concentrations o f  the sedim ents 

accum ulated in gully pots and storm w ater separators and investigate the use o f 

these values as a surrogate for concentrations in storm w ater suspended solids.

To characterise pollutant concentrations in the runoff from a non-national road, 

carrying relatively low traffic volum es in com parison to the previous research 

conducted by the EPA/NRA in Ireland.

- To characterise storm w ater runoff in detail from an urban residential catchm ent 

over 18 m onths, to include analysis o f  rainfall-runoff, suspended solids, heavy
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metals and P, and particle size distribution, and to examine relationships between 

pollutant parameters and rain event characteristics.

To develop a rainfall runoff and suspended solids washoff model o f the residential 

catchment, in order to estimate annual discharges o f  sediments, and sediment- 

bound pollutants.

- To investigate the mass balance o f  sediment build-up on the pavement surface 

compared to build-up o f sediments in the gully pots and discharged in the 

stormwater suspended solids, for a residential catchment.

- To evaluate the treatment efficiency o f a hydrodynamic vortex stormwater 

separator in field conditions.

1.2.3 S tudy boundaries and context o f the research

The drainage systems investigated in this study were separate, stormwater pipe and gully 

systems only, as these are the most common form o f  stormwater drainage system found in 

Ireland. The catchment surfaces investigated for sediment production were limited to 

bituminous and asphalt roads, and concrete footpaths, since impervious surfaces contribute 

the highest loads o f  contaminants to urban runoff. Among the vast array o f  potential urban 

contaminants, the following parameters were measured which have been commonly 

detected in urban runoff: suspended solids concentration (SSC), volatile suspended solids 

(VSS), cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb) zinc (Zn), and 

total phosphorus (TP).

Previous research on stormwater runoff pollution in Ireland has focussed on road 

catchments: a localised study o f road runoff quality by O ’Reilly et al. (2004), and a large- 

scale project jointly conducted by the National Roads Authority and the Environmental 

Protection Agency (Bruen et al., 2006) which assessed the levels and impacts o f runoff 

pollution from highly-trafficked motorways in Ireland. An evaluation o f sediment 

accumulation on urban surfaces and in gully pots was conducted in the UK by Butler and 

Clarke (1995). This study extends that research by including the measurement o f 

suspended solids in the runoff, and also includes mass balances o f heavy metals and TP,
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whereas the work o f Butler and Clarke concentrated on the sediments only. The assessment 

o f sediment and pollutant loading rates on an urban residential catchment, including 

particle size classification in sediment deposits and from high-resolution stormwater 

sampling is a novel feature o f this research. There have been a great number o f predictive 

models for stormwater suspended solids, however the model developed in this study is the 

first continuous sediment build-up and washoff model calibrated for several size fractions.

1.3 Layout of the thesis

This thesis is organised into 12 main chapters. The main content o f  the chapters are as 

follows:

Chapter 1 presents an introduction to stormwater management issues nationally and 

internationally and sets out the objectives o f the research. The study boundaries and 

the originality o f the research are also discussed.

Chapter 2 presents a review o f the literature concerning the impacts o f  stormwater 

discharges, sources o f  pollutants and mitigation measures. It sets out the legislation 

relevant to stormwater discharges in Ireland and investigates the role o f retrofit in 

mitigating urban runoff impacts. Characterisation methods and typical values in the 

literature are summarised. The build-up and washoff model o f urban pollutants is 

presented, and a number o f modelling techniques are discussed. A review o f the 

research needs arising from the study objectives is also provided.

- Chapter 3 describes the study sites chosen and the monitoring equipment installed 

at each location. Protocols for laboratory analysis o f  stormwater parameters are 

developed including subsampling, particle size characterisation, and heavy metals 

analysis.

- Chapter 4 presents the results o f the pavement surface accumulation and washoff 

monitoring on the residential catchment. Build-up rates, particle size 

characteristics, and sediment-bound pollutant concentrations are summarised with 

reference to previous studies.
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- Chapter 5 summarises the sampling of gully pots and stormwater separators 

undertaken across a number o f sites, and includes a novel analysis of heavy metal 

signatures in the sediment deposits. The results of a long-term gully sediment 

accumulation study on the residential catchment are reported including sediment 

and pollutant loading rates in a number o f size fractions. The sediment-bound 

pollutant concentrations are also compared to eco-toxicity thresholds.

Chapter 6 presents the results of stormwater runoff monitoring on the inter-urban 

road. The suspended solids and pollutant characteristics of the monitored rain 

events are discussed in the context of previous research on highway runoff 

pollution in Ireland, and receiving water quality standards.

Chapter 7 summarises the results o f the stormwater monitoring o f the residential 

catchment. The rainfall-runoff response of the catchment is analysed and the 

stormwater pollutant characteristics are summarised for the 19 monitored events 

with reference to previous studies and receiving water quality standards. The 

suspended solids and particle size distributions are investigated in relation to the 

rain event characteristics.

Chapter 8 summarises the rainfall-runoff model o f the residential catchment. An 

automatic calibration tool for the USEPA SWMM program is developed, and the 

model calibration results are presented.

Chapter 9 describes the continuous sediment build-up and washoff model 

developed for the residential catchment. The model calibration and validation using 

the suspended solids and particle size distribution data is discussed. Finally, the 

model prediction of the annual mass of suspended solids is compared to the 

volume-concentration method.

Chapter 10 investigates the mass balance of sediment loading on the residential 

pavement surfaces, in the gully pots and in the stormwater suspended solids.
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Chapter I I  describes tiie field evaluation of a hydrodynamic vortex stormwater 

separator for the removal of suspended solids. This includes the rain event 

evaluations and the results of a controlled in-situ test conducted on the residential 

catchment. A novel method for particle settling velocity measurement of 

stormwater solids is also presented.

- Chapter 12 summarises the main findings of the research, discusses the novel

concepts developed through the research, and makes recommendations for

improved assessment methods to characterise urban stormwater sediment and

pollutant loading rates.

The rain event hydrographs, pollutographs and water quality data, along with the program 

code are contained in Volume 2.
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Chapter 2 Literature review

2.1 The problem of urban runofT

Urban stormwater runoff has been recognised as a major pollution threat to receiving 

waters. The problem was first identified in the 1970’s with the implementation o f the 

Clean Water Act (CWA, 1977) in the United States. The act was intended to improve the 

quality o f water bodies in the US through the regulation and control o f point discharges 

from municipal and industrial wastewater treatment plants. Once these sources were 

controlled, the contribution o f urban runoff to receiving water impairment was highlighted. 

Since then, numerous governmental and academic studies have identified many pollutants 

in urban runoff. These include suspended solids, heavy metals, hydrocarbons, pesticides, 

oxygen-demanding substances and bacteria (Makepeace et al., 1995).

The Nationwide Urban Runoff Program (NURP, US EPA (1983)) was one o f the first 

major studies o f urban runoff characteristics and receiving water impacts. The programme 

encompassed monitoring, mostly in residential areas, in 28 cities throughout the US. The 

study concluded that the highest risk to aquatic organisms was posed by discharges 

containing copper (Cu), lead (Pb) and zinc (Zn). Studies o f receiving water impacts from 

urbanisation have consistently identified chronic pollution from suspended solids and 

sediment-bound heavy metals as the leading cause o f receiving water impairments. The 

principle reasons are: low levels o f toxic pollutants can accumulate at much higher 

concentrations in sediments; sediments serve as a source and sink for pollutants; sediment 

pollutants affect benthic organisms and the species that feed on them; and sediments form 

a part o f the aquatic environment where feeding, spawning and rearing o f organisms occur 

(Beasley and Kneale, 2002).

Fitzpatrick et al. (2004) examined historical streambed data for 43 watercourses in the US, 

reporting a correlation between reduced biota scores and elevated Cr (Cr), Cu, and Ni (Ni) 

concentrations, particularly where urban land cover exceeded 40%. A similar trend was 

established by Roy et al. (2003), where degraded habitats were linked to geomorphic 

variables such as bed sediment size, total suspended solids, heavy metals, Nitrogen (N) and 

Phosphorus (P). Effects were observed where urban land cover exceeded just 15%.
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M otorway and industrial land uses w ere show n to result in the greatest receiving water 

impacts in an assessm ent o f  62 source areas in Yorkshire, UK (B easley  and Kneale, 2002), 

although reductions in biodiversity have a lso  been observed in small catchm ents receiving  

residential runoff (R obson et al., 2006). In the latter study, o f  the 10 m etals investigated, 

sedim ent-bound Cd, Cu and Zn w ere the major com ponents o f  potential in-stream toxicity.

Marshall et al. (2010) investigated direct tox ic  effects by placing sam ples o f  streambed 

sedim ents in an unpolluted wetland. Sedim ent sam ples from pristine streams to highly  

urbanised streams w ere placed within separate m icrocosm s o f  the wetland, and exposed  to 

insect colonisation  over tw o m onths. Reduced com m unity diversity w as linked to heavy  

metal and hydrocarbon pollutants in the urban streambed sedim ent above the fo llow ing  

thresholds: Cr, 43 m g/kg; Cu, 31 .6  m g/kg; Pb, 35.8 m g/kg; N i, 22 .7  m g/kg; Zn, 121 

m g/kg; and total petroleum hydrocarbons, 860  m g/kg. This approach confirm ed the effects  

o f  contam inated sedim ents on stream eco lo g y , when isolated from other urbanisation 

effects.

A study o f  Irish highw ays by Bruen et al. (2 0 0 6 ) exam ined water quality, sedim ent quality, 

vegetation, macro invertebrates and fish in 13 watercourses receiving highw ay runoff. 

Com parison o f  upstream and downstream  data revealed no apparent impact o f  the highw ay  

discharges, even though Annual A verage D aily Traffic (A A D T ) exceeded  30 ,0 0 0  at m ost 

sites. H ow ever, the authors acknow ledged that the majority o f  sites investigated were 

already impaired by upstream diffuse pollution.

The UK H ighw ays A gen cy  evaluated the effects o f  soluble and particulate-bound  

pollutants on the eco lo g y  o f  receiving stream s. R unoff specific  thresholds (R ST s) w ere 

established from ecotoxicity  tests and ex isting  data (Table 2.1): the RST24hr, a threshold  

below  w hich aquatic organism s are not at risk; and the RSTehr, above w hich aquatic 

organism s are probably at risk. The thresholds w ere then compared to d issolved  

concentrations o f  routine highw ay runoff pollutants (heavy m etals and PA H s) collected  

during com prehensive m onitoring o f  24  UK highw ay sites (Crabtree et al., 2008); only  

dissolved  Cu and Zn exceeded  the R STs. The water hardness w as also considered in the 

case o f  Zn, as it contributes to tox icity  (M akepeace et al., 1995). The R ST s w ere more 

likely to be exceeded  for high traffic densities (A A D T  > 8 0 ,0 0 0 ), and 97%  o f  potentially  

polluting sam ples w ould require less than 5 tim es dilution to satisfy the RST criteria.
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confirming that toxic effects from dissolved pollutants were unlikely for most sites 

(Crabtree et al., 2008). However, the effect o f dissolved pollutants may be greater where 

receiving water flows are lower, such as in summer months.

Threshold
Cu
( îg/1) Low

Zn (^g/l) 

Hardness 

Medium High

RST24hr 21 60 92 385

R S T f t h r 42 120 184 770

Table 2.1 Runoff specific thresholds for soluble Cu and Zn (Source: UK Highways 

Agency, 2009)

In parallel, the toxic effects o f particulate-bound pollutants were evaluated downstream o f 

UK highway discharges (ECUS, 2008). Negative impacts were observed where there was 

minimal flow and turbulence in the receiving watercourse, particularly where fine sediment 

(< 63 [am) accumulated, again problematic for summertime dry weather flows. Sediment 

quality thresholds were set at two levels (Table 2.2): the threshold effect level (TEL) and 

the probable effect level (PEL). The derived soluble and insoluble threshold values form 

the basis o f the risk assessment tool for highway runoff discharges to surface waters (UK 

Highways Agency, 2009).
Substance

C
opper

Zinc

C
adm

ium

Total P
A

H

P
yrene

Fluoranthene

A
nthracene

Phenanthrene

Unit mg/kg mg/kg mg/kg Hg/kg Mg/kg Mg/kg ^g/kg
TEL 35.7 123 0.6 1684 53 111 46.9 41.9
PEL 197 315 3.5 16770 875 2355 245 515

Table 2.2 Threshold levels for sediment bound pollutants (Source: UK Highways Agency, 

2009)

Urban runoff transports solids with a wide variety o f particle sizes which may be floating, 

in suspension, dissolved or settleable. Median particle sizes for different storms can range 

from 10 [im to over 1000 nm (Bent et al., 2001). Suspended solids are considered to have 

the most acute impact in terms o f turbidity, adsorption o f pollutants, substrate smothering.



and chronic pollution from accum ulated benthic sedim ents (US EPA, 1983). The aquatic 

light clim ate is im portant for subm erged vegetation in triggering phonological events such 

as germ ination, and m aintaining tem peratures (Best, 2001). Suspended solids reduce light 

penetration and have been shown to lim it aquatic abundance and vegetation cover in 

m arine and freshw ater environm ents (Caux et al. 1997; Eriksson & Johansson, 2005). 

Reduced growth rates in fish have been recorded in laboratory conditions with turbidity as 

low as 25 N TU s (nephelom etric turbidity units), Sigler et al. (1984). Behavioural changes 

have also been docum ented, such as a lower perception o f  predatory risk in turbid waters, 

dem onstrated by fish spending increased tim es between cover objects (Shaw & 

Richardson, 2001).

In the US, 42%  o f  stream m iles are in poor ecological condition, with stream bed sedim ents 

posing the greatest ecological risk (US EPA, 2009). In the UK, 28%  o f  rivers are 

designated as highly m odified, and in over 90%  o f  cases the deterioration o f  physical, 

hydrom orphic, water quality and ecological param eters have resulted from urban inputs 

(Ellis et al., 2012). In Ireland, surface w ater runoff has been identified as contributing the 

highest load o f  heavy m etals, and second highest input o f  nutrients to w atercourses in 

urban areas (CDM , 2009a). Therefore, the control o f  contam inated sedim ents from urban 

runotT is vital if receiving waters are to be protected.

2.2 Sources o f urban runoff pollutants

A vast array o f  pollutants can be found in urban areas, prim arily relating to the location, 

land use and catchm ent activities. In term s o f  im proving receiving w ater quality, it is 

useful to differentiate pollutants originating from the atm osphere, which are difficult to 

control, and those originating on the catchm ent, which m ay be possible to m anage. W ithin 

the catchm ent, the typical urban pollutants arise from landscaping, construction sites, 

building and pavem ent deterioration, and vehicles.

2.2.1 Atmospheric pollutants

The main types and sources o f  pollutants in the atm osphere are shown in Table 2.3. They 

m ay accum ulate on urban surfaces during dry w eather through sedim entation, m olecular 

diffusion and advection. These processes are dom inant in arid clim ates (Sabin et al., 2005);
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how ever in w et clim ates such as Ireland, w et deposition is the primary transfer m echanism , 

involving the scavenging o f  pollutants during precipitation (Gatz and D ingle, 1970).

E llis (19 8 6 ) reported the total deposition rate o f  atm ospheric pollutants, and their 

contribution to pollutants in runoff (Table 2 .4). The contribution w as high, particularly for 

sulphates, nitrates, Pb and Zn. H ow ever, the current air quality assessm ent for Ireland 

(EPA , 2012) suggests that the influence o f  atm ospheric pollutants on urban runoff is less  

significant:

- The sw itch from solid  and liquid fuel to natural gas in pow er generation and 

industry has resulted in a five-fo ld  decrease o f  NOx (nitric ox id e and N dioxide) 

em ission s between 1990 and 2 0 1 1. Road transport is now  the primary source o f  

NOx in the atm osphere in Ireland. The reduced reliance on coal-fired power stations 

and the application o f  flue gas desulphurisation has also led to a dramatic decrease  

in sulphate em issions: from 180 kilotons in 1990 to less than 4 0  kilotons in 2010. 

Major urban areas benefitted from a ban on sm okey (bitum inous) coal in the early 

1990s. The effect o f  the ban can be seen in Figure 2.1 . The m easurem ent unit o f  

black sm oke concentration is equivalent to the particulate matter finer than 4  ^m; 

today this has been replaced by the PM 2 5 and PM 10 units (less than 2.5 ^m and 10 

fim, respectively).

The contribution o f  atm ospheric deposition to heavy m etals in runoff is likely to be 

m inim al, as Ireland d oes not have a history o f  heavy industry in urban centres. 

L evels o f  arsenic, Cd, N i and Zn w ere w ell below  the target values for risk to 

human health and the environm ent (SI 58, 2 0 09). Pb concentrations w ere 100 tim es 

less than the lim it value, primarily due to the phasing out o f  leaded petrol in the 

1990s, show n clearly in Figure 2.2.
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Pollutants Sources

Traffic, particularly diesel engines

Particles
Dust from streets and buildings
Industry
Marine particles (salts)

PAH, polyaromatic Wood-burning stoves
hydrocarbons Diesel engines

Gasoline and diesel engines
Nitrogen dioxide, NO 2 Power plants

Secondary pollution
Ozone, O3 Secondary pollution
Sulphur dioxide SO2 Combustion o f  coal and oil

Leaded gasoline (in general
Pb considerably reduced

compared with previous use)
Gasoline Cars (evaporation and spills)
Carbon monoxide, CO Cars
Note: The table also shows major secondary sources for pollutants
(i.e., pollutants that are produced via chemical transformations in
the atmosphere).

Table 2.3 Sources o f  pollutants in the atmosphere (Source: Hvitved-Jacobsen et al., 2010)

Pollutant
Total

Deposition
Rate

Wet
Deposition

Rate

% Contribution 
to Runoff

•)

g/m .year mg/1

Suspended solids 8.4 - 36.2 5 - 7 0 1 0 - 2 5
Chemical Oxygen 
Demand

0 . 4 4 - 3 1 . 6 8 - 2 7 1 5 - 3 0

Sulphate 6 - 1 5 4 . 8 - 4 6 . 1 31 - 100
Total P 0.021 -0 .2 0 4 0.02 - 0.37 1 7 - 140
Nitrate 1 . 8 - 8 . 2 0.5 - 4.4 3 0 - 9 4
Pb 0.04 - 4.0 0 . 0 3 - 0 . 1 2 1 5 - 5 4
Zn 0.1 - 1.3 0.05 - 0.38 2 0 - 6 2

Table 2.4 Loading rates o f  atmospheric pollutants (Source: Ellis, 1986)
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Figure 2.2 Annual mean Pb concentrations in Dublin, 1988 - 2012 (Source: EPA, 2012) 

2.2.2 L an d scap in g

N and P m ay be leached in significant quantities from decom posing vegetation and lawn 

fertilizers. In urban areas in Ireland, urban ru n o ff contributes a higher proportion o f  P and 

N to surface w aters than CSO discharges (C D M , 2009a). P is regarded as the limiting 

nutrient in m ost surface w aters (Tunney et al., 1998), with excess concentrations 

prom oting eutrophication.

N utrient loadings were estim ated for a 59 km^ catchm ent in South Dublin, Ireland (M COS, 

2001), containing 63%  rural area, 19% residential, 15% industrial, 2%  developing and 1% 

m ajor highway. Stream  and storm  event sam pling was conducted during the study, 

although the storm  sam pling period was short (4 m onths). Industrial land uses contributed
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the highest proportion o f  P (61%), followed by residential (22%) and rural (12%). The 

loadings in urban areas were mostly related to rainfall events. Loading rates for total P 

were: industrial, 2.9 kg/ha/yr; residential, 0.72 kg/ha/yr; and rural, 0.19 kg/ha/yr.

A study o f two residential catchments in Wisconsin, USA, found that lawns contributed 10 

-  15% o f  suspended solids in the runoff, but 44 -  67% o f total P (Waschbusch et al., 1999). 

A large proportion o f  this load in urban areas can coincide with the autumn leaf fall 

(Waller and Hart, 1986), and this period can also be problematic for blockages in gullies 

and sewers.

2.2.3 Construction sites

Runoff from construction sites can routinely contain concentrations o f suspended solids o f

15,000 to 20,000 mg/1 (Daniel et al., 1979), over 100 times typically found in runoff from

developed sites. The main source o f  sediments is the erosion o f bare soils and construction 

aggregates. Ditches and streams surrounding construction sites can be protected from 

sediments by installing check dams and straw bales on banks. These mitigation measures 

were shown to minimise effects on receiving waters for a major highway construction 

scheme in Ireland (Purcell et al., 2012). However, on smaller urban and residential 

developments, where an Environmental Impact Assessment is not required, these controls 

are less likely to be implemented. Drainage systems are one o f  the first elements to be 

constructed on such schemes, so it is important that the system is sealed until building 

work is complete, otherwise sediment controls are needed prior to discharge.

2.2.4 Deterioration of buildings and pavements

The deterioration o f  building materials as a source o f heavy metals was highlighted by 

Davis et al. (2001), by applying artificial runoff to a variety o f building surfaces. The 

highest levels o f  heavy metals were derived from painted wood and brick surfaces: 0.4 -  

1.7 fig/m^, 23 -  34 ng/m ^ and 76 -  110 jxg/m^ for Cd, Cu and Pb, respectively. The 

highest Zn loading was derived from painted wood and concrete surfaces (1400 -  1600 

|ag/m^). The lowest levels were recorded for unpainted wood, metal and vinyl finishes. In 

the same study, roof runoff samples from a residential area yielded relatively low levels o f 

pollutants: Cd, 0.12 |ig/l; Cu, 7.5 ng/1; Pb, 1.5 ng/1; and Zn, 100 ^ig/l. However, Gromaire-
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Mertz et al. (1999) measured heavy metal concentrations o f  m ore than an order o f  

m agnitude higher in the centre o f  Paris. The w ide range o f  pollutant loads arising from roof  

areas in various studies may stem from the variability in roo f m aterials, gutter and flashing  

materials, and the influence o f  atm ospheric deposition . N ew  roofs are likely to contribute 

low er pollutant levels, utilising U PV C  for roo f gutters and facias.

The quantity o f  material from abrasion o f  the road surface is related to the surfacing type, 

age, and the traffic density, in Ireland, the majority o f  roads are surfaced in asphalt; 

particles abraded from this surfacing are usually coarse, with diam eters > 100 |im  

(PO LM IT, 2002). Asphalt binder also contains arom atic hydrocarbons, N , and sulphur, but 

asphalt m ixes can vary greatly (Thorpe and W ilson, 2008). M uschack (1990) reported 

average abrasion rates from a number o f  studies in Berlin, Germany. Total abrasion o f  

sedim ent ranged from 694  kg/km .yr for residential roads to 4508  kg/km .yr for distributor 

roads. The sam e ratio between street types w as also applied to the heavy m etals. The 

average em ission  rates for the residential roads were: Cr, 248  g/km .yr; Cu, 35 g/km.yr; Pb, 

71 g/km.yr; and Zn, 114 g/km .yr.

2.2.5 Vehicles

V ehicles are major contributor o f  tox ic  substances in urban runoff (Pitt, 1995; M itchell et 

al., 2001). Iron, Cu, Pb and Zn are found in high concentrations in brake linings, and are 

em itted as fine particles during braking, the bulk o f  w hich are in the PMio range (Garg et 

al., 2000). Particles em itted from tyre wear have been show n to have a mean diameter o f  

20 (xm (D annis, 1974), and as much as 1% by w eight o f  the tyre is com posed o f  Zn (B lok, 

2005). Tyre wear is also a source o f  Cd, Cu and Pb.

V ehicle em issions consist o f  a m ix o f  com plete and partial com bustion products, losses  

from lubrication and coo lin g  system s, fuel additives and engine wear. T hese com pounds 

include carbon m onoxide, NOx, hydrocarbons, sulphur d ioxide, methane, Pb, and other 

heavy m etals (PO LM IT, 2002). Car ow nership in Ireland continues to rise, with an 

increase o f  16% o f  households having at least one car between 2006  and 2 0 1 1 (CSO , 

2012a). The basis for car taxation in Ireland changed in 2008 from engine capacity to C O 2 

em issions. This has had the unintended consequence o f  increasing d iesel car sales, 

accounting for 74%  o f  passenger cars in 2012 , w hich may lead to future increases in NOx
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and particulate emissions (POLMIT, 2002; Leinert et al., 2013). Benzene concentrations in 

the atmosphere, primarily arising from vehicles in Ireland, have been rising since 2008 

(EPA, 2012). Wilson et al. (2003) examined PAH ratios o f sediments in ponds treating 

urban runoff in Scotland, concluding that motor vehicle and oil-fired boiler emissions were 

more important sources o f  toxic compounds than pollutants from oil spills.

2.3 Urban runofT collection and transport

Surface water drainage systems in most urban areas comprise o f inlet structures such as 

gully pots for paved areas and gutters for roof areas. These are connected to either 

combined sewers, which transport sanitary waste and surface water, or storm sewers, 

which transport surface water only. The latter system has been mandatory in Ireland and 

the UK since the 1970s (Dublin City Council, 2005). In general, the gully pot is intended 

to remove coarse particles which would otherwise block downstream pipework. In 

contrast, storm sewers are designed with self-cleansing velocities that mitigate the 

deposition o f solids.

From the early 1990s in the UK, particularly Scotland, and in the last decade in Ireland, 

natural forms o f drainage have been promoted, commonly referred to as Sustainable 

Drainage Systems (SuDS). These systems, including vegetated filtration structures and 

balancing ponds, incorporate sustainable water management in terms o f quality, quantity 

and amenity (Woods-Ballard et al., 2007).

2.4 Mitigation o f urban runoff pollution

The use o f  SuDS is widely accepted as the most effective mitigation strategy for urban 

runoff pollution (Dublin City Council, 2005; Woods-Ballard et al., 2007). SuDS 

installations are intended to replicate natural drainage processes in a series o f small, 

discrete units, referred to as a treatment train. An important principle o f the treatment train

is that urban runoff is managed as close to source as possible. The hierarchy o f  the

treatment train is as follows (Woods-Ballard et al., 2007):

Prevention techniques;

- Pre-treatment;

Source control techniques;
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Site or regional techniques.

2.4.1 Prevention techniques

Prevention techniques include good site design, such as providing green corridors to 

function as natural drainage paths, and positioning green open spaces at the lowest 

elevation in developm ent plots.

2.4.1.1 Street sweeping

Street sw eeping is regularly undertaken by Local Authorities, traditionally  for aesthetic 

reasons rather than w ater quality concerns. Early studies o f  m echanical street sw eepers 

reported good rem oval efficiencies for coarse particles, but poor perform ance for fine 

particles: Sartor and Boyd (1972) m easured rem oval efficiencies o f  ju st 20%  for su b -100 

^m  particles. Sim ilar efficiencies were m easured by G rottker (1987), how ever it has been 

suggested that m odern high-efficiency street sw eepers are now  capable o f  rem oving up to 

70%  o f  sub-63 |im  particles (Sutherland, 1998).

N evertheless, there are practical d ifficulties in im plem enting street cleaning. Firstly, the

prevalence o f  on-street parking in urban areas m eans that the sw eeper can miss large

sections o f  road at the kerb edge, w here the m ajority o f  particles accum ulate (Deletic and 

Orr, 2005). Secondly, the schedule o f  street cleaning is unlikely to coincide with the peak 

m ass o f  accum ulated sedim ent; street sw eeping after heavy rainfall would be a waste o f 

resources. In Dublin city, high footfall areas and m ajor roads are cleaned on a daily or 

w eekly basis, with residential streets cleaned quarterly.

2.4.2 Pre-treatment

Pre-treatm ent devices are designed to rem ove sedim ent, debris and litter that would 

otherw ise cause flooding or interfere with the operation o f  dow nstream  conveyance and 

treatm ent system s. They include tradition m easures such as gully pots and catch pits, and 

com plex devices such as hydrodynam ic separators and filtration system s.
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2.4.2.1 Gully pots

The roadside gully is a ubiquitous feature in urban surface w ater drainage, and is still the 

prim ary inlet adopted by local authorities in Ireland (Dublin C ity Council, 2007). The 

standard gully pot in Ireland and the UK is generally 450 mm in diam eter with 450 mm 

storage depth below  the outlet pipe. It is usual practice to provide one gully per 150-200 

m^ o f  im perm eable area drained (Dublin C ity C ouncil, 2007). In contrast, drainage inlets in 

the US, A ustralia and elsew here are often designed for areas o f  0.6 -  1.0 ha (Lager et. al, 

1977), and consequently are much larger, up to 1.2 m in diam eter, and are referred to as 

catch pits.

In recent decades, the role o f  the gully pot as a pre-treatm ent device has received increased 

attention, in particular its ability to trap and retain finer particles which are associated with 

the pollutants in urban ru n o ff Two approaches have been adopted: laboratory studies, 

where the influent material and flow rates can be precisely controlled, and field testing, 

where m ore com plexities arise, such as the heterogeneity o f  the source m aterial. The main 

processes which determ ine the effectiveness o f  the gully pot have been sum m arised by 

Butler and M em on (1999):

Sedim entation o f  solids;

Sedim ent build-up in the gully pot;

Erosion o f  the top sedim ent layer;

Dilution and w ashout o f  dissolved and suspended solids in the top layer;

Re-aeration o f  the gully pot liquor.

Early laboratory studies o f  catch pits by Lager et al. (1977), identified the inflow rate and 

the particle diam eter as the key factors determ ining the removal efficiency. They 

recom m ended a storage depth o f  4 tim es the outlet diam eter for m axim um  sedim ent 

capture, and recom m ended cleaning o f  the catch pit once the sedim ent level reached h a lf o f  

the storage depth. A pproxim ately 90%  o f  the >2 mm solids were rem oved by the catch pit, 

in com parison to only 50%  o f  the 260 -  840 (xm solids and ju s t 10% o f  solids from the sub- 

100 fim fraction.

Butler and K arunaratne (1995) exam ined the standard Ireland/UK gully pot in laboratory 

conditions, inflow rates o f  0.5 -  1.5 I/s w ere tested, equivalent to  rainfall o f  up to 27
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mm/hr, and influent concentrations o f  20 -  300 mg/1. The removal efficiency was most 

sensitive to the particle size o f the influent solids, followed by the flow rate, but was 

independent o f the concentration. The placement o f  a bed o f  sediment in the gully pot had 

a minimal effect on removal efficiency, indicating that washout o f sediments was 

negligible. Where washout occurred, the duration o f  erosion was only 20 to 40 seconds. 

Removal efficiencies ranged between: 1 5 -3 0 % , 6 3 - 1 0 0  jim solids; 4 0 -6 0 % . 1 0 0 -  150 

l^m solids; and 75 -  95%, 150 -  300 nm solids. Using a similar experimental design, 

Bolognesi et al. (2008) measured removal efficiencies approaching 90% for the solids 

greater than 300 ^m.

Studies have also investigated the nature o f  the material deposited in gully pots. Deletic et 

al. (2000) sampled gully pot sediments from residential and commercial areas in Dundee, 

Scotland, recording median particle sizes o f 3000 |im and 200 ^m, respectively. The 

pavement condition was deemed to be the main influence on the particle size. There was 

less o f a divergence in the dio values, 120 ^m and 80 nm, which indicated the gully 

treatment process being more influential for this particle range. Other researchers have also 

observed small quantities o f fine solids in gully pot deposits. Butler and Clarke (1995) 

found less than 10% o f  gully sediments were finer than 100 ^m for 5 residential 

catchments. In contrast, the majority o f suspended solids sampled at stormwater outlets are 

finer than 100 |im (Selbig and Bannerman, 2011), suggesting the road gully is inefficient 

in retaining this size fraction.

2.4.2.2 Hydrodynamic separators

Hydrodynamic separators are flow-through treatment devices, i.e. they do not provide 

volume attenuation. Since they are installed underground and have a small footprint similar 

to that o f a standard manhole, they are ideal for confined urban sites and retrofit schemes. 

Internal baffles force the incoming runoff into radial flow patterns which increases the 

distance particles travel, enhancing separation. Separated particles settle to the base, and 

tloatables are confined at the top o f  the device by a dip plate. Most designs also 

incorporate an internal bypass for flows in excess o f  the treatment capacity. A range o f 

proprietary devices are available, with or without screens, but they are generally regarded 

as pre-treatment devices suited to the removal o f  coarse solids and floatable material only 

(US EPA, 1999).
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Performance claims for individual devices are generally verified by laboratory testing to 

ensure consistency. For example, Hydro International’s Downstream Defender® is certified 

to for a 70% mass removal efficiency at a loading rate o f 45 l/s.m^, using a test material 

with a concentration o f  240 mg/1, median particle size o f  120 |im, and specific gravity o f 

2.65 g/cm^ (NJCAT, 2005). While laboratory tests provide a basis for reliable 

benchmarking o f products, field evaluations are difficult to compare due to a variety of 

experimental methods and the challenges in sampling coarse sediments (Andoh and Saul, 

2003). Furthermore, high influent concentrations result in greater treatment efficiencies: 

they promote coagulation and flocculation processes, and higher concentrations in runoff 

are associated with coarser particles (Kim and Sansalone, 2008). However, the particle 

size, particle density and flow rate have been identified as key factors in determining 

efficiency (Wilson et al., 2009).

Arias et al. (2013) monitored a screened hydrodynamic separator over 10 storm events. 

The removal efficiency was relatively high for particles greater than 75 |am, but reduced to 

34% for 25 -  75 ^m particles, and was just 4% for sub-25 fim particles. Similar 

efficiencies were observed by Kim and Sansalone (2008), but an average efficiency o f just 

25% for four devices was measured by Yu et al. (2013). Particle size was not reported in 

the latter study, but it is likely that fine material was a significant component o f the 

suspended solids in the runoff. Given the variable field performance o f  these systems, 

which is influenced by the characteristics o f  the particles washed o ff individual 

catchments, laboratory testing is more suitable for benchmarking o f  devices. The limited 

range o f particles removed by hydrodynamic separators may restrict their application to 

pre-treatment, however it is possible to incorporate filtration media within some o f these 

systems to form a treatment train (Hilliges et al., 2013).

2.4.3 Source control techniques

2.4.3.1 Green roofs

Green roofs utilise vegetated cover in place o f traditional impermeable roofing materials. 

Intensive green roofs generally have a substrate depth o f  up to 300 mm, and support all 

forms o f vegetation from trees to grasses, whereas extensive green roofs o f 150 mm depth 

support shrubs and grasses only (Van Lennep and Finn, 2008). The substrate layer is
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effective in attenuating rainwater volumes: up to 88% o f  events can be retained for small 

storms less than 25 mm (Carter and Rasmussen, 2006). The characteristics o f  the substrate 

including composition, depth and antecedent moisture are key factors in determining the 

level o f attenuation. Due to the limited long-term storage potential in the substrate, green 

roofs may act as sinks and sources o f heavy metals, nutrients and other pollutants in the 

rainwater (Bemdtsson, 2010; Gnecco et al., 2013).

2A.3.2 Soakaways and infiltration systems

Infiltration o f urban runoff is an effective source control method o f reducing hydraulic 

loads to downstream systems. Small soakaways are now the preferred method o f roof 

drainage for single dwellings (Dublin City Council, 2005; Laois County Council, 2007). 

The required storage volume in the soakaway is calculated from the difference between the 

inflow from a 1 in 10 year storm, and the measured infiltration rate determined from onsite 

percolation testing (BRE, 1991). The excavation is backfilled with stone, or precast 

perforated rings can be used. The performance o f  the soakaway will depend on the rainfall 

characteristics and antecedent conditions, but since soakaways should be designed to 

empty completely in 24 hours, there is potential for interception o f a high proportion o f the 

runoff. For example, David and Sousa (2008) modelled a 1 m diameter precast soakaway 

o f 1.5 m depth and percolation rate o f  5 mm/hr, using a 19-year rainfall record. They 

estimated that 63% o f  the annual runoff would be infiltrated from a 100 m^ roof area.

Clogging o f the fill material and subsequent overflow is a major concern for infiltration 

systems. Large filter drain systems have been adopted for highway schemes in the past 

decade in Ireland due to their low capital cost. However, clogging o f these systems has 

been observed over time (Higgins, 2007), and there is now a preference for combined 

surface-flow and infiltration systems (O ’Keeffe, 2012). The rate at which infiltration 

systems become clogged is related to the flux o f fine sediment (Ellis, 2000), particularly 

sub-6 nm particles, since these are most likely to reach the filter/soil interface (Siriwardene 

et al., 2007). Therefore, clogging is likely to be a greater issue for high activity areas such 

as highways, compared to runoff from roof areas. Indeed, Wamaars et al. (1999) monitored 

infiltration o f roof runoff over 3 years, concluding that infiltration was effective even in 

low permeability subsoils (k = 10'^ m/s).
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Pollutant removal in infiltration systems occurs through a combination o f  filtration, 

adsorption and biodegradation processes (Woods-Ballard et al., 2007). Suspended solids 

removal rates o f  greater than 70% have been observed in a number o f field studies 

(Scholes et al., 2008); however their performance may decline as the filter material 

becomes clogged. Emerson et al. (2010) simulated long-term loading by draining a parking 

area to an infiltration trench which was undersized by approximately 30 times the 

recommended volume. Ponding greater than 300 mm above the trench base occurred on 

16% o f  days in year I, increasing to 38% in year 3. The average suspended solids removal 

rate was just 33%, which highlights the need for proper hydraulic functioning o f  the trench 

in order to retain solids.

Permeable paving systems, which have a larger ratio o f  surface area to the area drained, are 

less susceptible to blockage. Brattebo and Booth (2003) examined 4 permeable paving 

systems in parking bays after 6 years o f  operation, finding almost no loss in surface 

infiltration potential. The study compared the runoff quality infiltrated at 250 mm below 

the paving surface to runoff from an adjacent asphalt parking bay. Average concentrations 

o f infiltrated runoff were 90% lower for Cu and 60% lower for Pb. Concentrations of 

motor oil were below detection limits in the infiltrated runoff compared to 0.164 mg/1 in 

the asphalt runoff.

A study o f soil contamination below infiltration trenches and soakaways serving major 

highways in the UK found that heavy metals and hydrocarbons were captured in the upper 

600 mm o f soil (Scott Wilson, 2010). A further laboratory study simulated long-term 

loading o f uncontaminated soil cores from the test sites using artificial runoff. Mass 

balances revealed that 20 -  50% o f  the metals were leached in the simulated loading period 

o f 125 -  302 years (dependant on soil type), with leaching occurring in the following 

order: Zn>Cd>Cu. The clay content, organic content and pH were key determinants in the 

soil’s ability to retain the metals. Biodegradation was shown to reduce PAHs by 98% and 

total petroleum hydrocarbons by 83%. However, the introduction o f  sodium chloride 

readily mobilised the heavy metals and hydrocarbons, confirming observations o f short

term groundwater contamination coinciding with road salting. The authors concluded that 

the soil has a large, but finite potential for attenuation o f road runoff pollutants.
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2.4.4 Site or regional controls

2.4.4.1 Detention basins

Detention basins are surface storage ponds, which traditionally have been designed to 

attenuate stormwater volumes, but which can also provide mitigation o f stormwater 

pollutants. The main treatment process is sedimentation o f stormwater solids, although 

hybrid detention basins can also provide treatment through infiltration and other processes. 

Wet detention basins provide a permanent water storage volume whereas dry detention 

basins are constructed with the outlet level equal to the basin invert, and are therefore more 

susceptible to washout o f  accumulated sediments (Shamma et al., 2002). The hydraulic 

design criteria are generally the retention o f the 1 in 30 or I in 100 storm events, and 

control o f the outlet flow to the pre-development (Greenfield) rate. Current water quality 

design guidance in Ireland is simply the provision o f  permanent storage volume equivalent 

to 15 mm over the contributing catchment area (Dublin City Council, 2005), on the 

assumption that the ‘first flush’ o f stormwater contains the majority o f solids.

In practice, the basin performance is determined by the settling velocities o f the stormwater 

solids which are a function o f the particle size and shape, particle density and the viscosity 

and density o f  the water (Nix et al., 1988). Suspended solids removal rates o f  over 70% 

have consistently observed in field monitoring o f  detention basins (Leisenring et al., 

2012a), with associated removal rates o f  total Cu, Pb and Zn o f 50 -  60%. Detention basins 

which provide a permanent pool may be extremely effective in trapping fme solids. Greb 

and Bannerman (1997) measured average removal rates o f  87% for a pond with 10 mm of 

wet storage, even though the influent particle sizes were small; 40% (4 -  62 |jm) and 50% 

(< 4 ^m). However, detention basins are generally ineffective at removing dissolved 

pollutants (Leisenring et al., 2012a).

The performance o f detention basins will also vary according to the storm event 

characteristics; small, intense storms will generate high flows capable o f eroding 

accumulated sediments, while the small volume will lead to a faster drain down time 

leading to a lower residence time for solids (Shamma et al., 2002). The storm event 

characteristics will also influence the concentration and size distributions o f influent 

particles.
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2.4A .2 Constructed Wetlands

Constructed wetlands are shallow marsh depressions with permanent water storage that 

supports a wide variety o f  vegetation and micro-organisms (Woods-Ballard et al., 2007). 

The majority o f  wetlands for the treatment o f  runoff are surface-flow wetlands, although a 

small number are constructed with a gravel base, where the primary flow route is sub

surface. They are designed for longer residence times than detention basins, ideally 10 -  

15 hours, in order to promote adsorption o f  pollutants to sediments, uptake o f pollutants by 

plants, and microbial degradation o f  hydrocarbons. Consequently, a greater footprint is 

needed: where the plan area for a typical detention basin is 0.5% o f the drained area, a 

wetland is 0.5 -  5% o f  the drained area (Schutes et al., 1997). Their use is therefore limited 

in many urban areas, but where the footprint is not constrained, they also provide ancillary 

benefits such as enriched biodiversity and public amenity (Collins and McEntee, 2009).

Martin (1988) examined the performance o f a detention basin and wetland in series. The 

treatment system served an area o f  16.8 hectares comprising of: urban roadway, 33%; 

forest, 28%; high density residential, 27%; and low density residential, 13%. The footprint 

o f  the wetland was 2% o f  the drained area. Runoff entered the wetland from the basin via 

an earthen spillway. The reductions in suspended solids in the wetland were minimal, as a 

50% reduction had already occurred in the detention basin. However, there was an 

approximate twofold increase in the removal o f  both dissolved and particulate Pb and Zn, 

which reflected the addition treatment process occurring in the wetland.

There have been a limited number o f  studies o f  stormwater wetlands in Ireland. Collins 

and McEntee (1999) reported on the performance o f a wetland in Dublin’s Tolka Valley 

Park. The wetland provided permanent water storage o f 4 mm o f  the drained area. 

Phosphate levels decreased by 95% in the receiving waters in the first five years o f 

operation, and suspended solids did not exceed 10 mg/1. Higgins (2007) monitored a 

newly-constructed wetland o f 275 m^, which represented 2.5% o f  the highway catchment 

area. Removal efficiencies in the first year o f  operation included: suspended solids, 89%; 

total P, 62%; total Cu, 68%; total Pb, 62%; and total Zn, 85%. Sediment deposits were 

analysed in the wetland after 6 years o f  operation (Gill et al., 2014), with the highest 

concentrations o f  sediment accumulating at the inlet o f  the basin, and reducing over the 

flow path. Uptake o f  heavy metals in the plants was negligible compared to the total
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accum ulated m ass. The authors concluded that sedim entation w as the prim ary treatm ent 

m echanism  in the wetland.

2.5 Legislative Context

The European C om m unity (EC) is the prim ary source o f  environm ental legislation in 

Ireland. All European legislation is legally binding in Ireland and is required to be 

transposed into Irish law through Statutory Instrum ents, should the provision not be 

covered in current law. The key policy driver in the w ater sector is D irective 2000/60/EC 

(O JEC , 2000), com m only referred to as the W ater Fram ew ork Directive (W FD). The W FD 

takes a more holistic approach than previous legislation; for exam ple, focussing on 

ecological health o f  w ater bodies rather than chem ical indicators alone, and organising 

m anagem ent areas into river basin districts. The m ain aim s o f  the W FD are:

- The prevention o f  further deterioration, and enhancem ent o f  the status o f  aquatic 

ecosystem s, with the objective o f  achieving ‘good ecological status’ in all surface 

waters by 2015;

The enhancem ent o f  protection to aquatic ecosystem s by reducing the em issions o f  

priority substances, and the phasing out o f  dangerous substances;

The reversal o f  upward trends o f  pollutant concentrations in groundw ater;

The m itigation o f  the effects o f  floods and droughts;

The provision o f  good quality surface w ater for abstraction and ecological benefits.

The program m e for attainm ent o f  ‘good ecological status’ is set out in the W FD, including 

the follow ing m ilestones; the transposition o f  the W FD into national law (SI 722, 2003); 

characterisation o f  significant w ater bodies in each River Basin District (ERA, 2005); 

publication o f  R iver Basin M anagem ent Plans (RB M Ps), (CDM , 2009b); and review and 

publication o f  significant m anagem ent issues for the second draft o f  the RBM Ps (ongoing).

The classification process characterised water quality status as high, good, m oderate, poor 

or bad. The status is based on the deviation in biological, hydro m orphological and physio- 

chem ical conditions o f  the w ater body from those associated with the undisturbed 

condition. The characterisation o f  river basin d istricts also involved the identification o f  

potential pollution sources or ‘pressures’. A fter review o f  the characterisation reports, a 

further study was com m issioned, entitled ‘The A ssessm ent o f  Urban Pressures in Rivers,
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Transitional Waters and Ground Waters in Ireland’ (CDM, 2009a), as it was believed 

there was an insufficient understanding o f  the scale and impact o f urban pressures. The 

study selected the 33 largest urban centres in Ireland, having a population in excess of 

10,000. In these areas, the major land uses were on average: residential, 36%; open space, 

34%; urban roads, 10%; light industrial, 7%; and mixed use, 7%. The following pressures 

were then ranked in each o f the urban areas: WwTP discharges; diffuse urban runoff; 

combined sewer overflow (CSO) discharges; and atmospheric deposition.

To assess urban runoff loads, event mean concentrations (EMCs, refer to Section 2.7.3) 

were selected for each land use for a range o f nutrients (nitrates, nitrites, total N, total 

kjeldahl N, total P, and orthophosphate) and heavy metals (Cd, Cr, Cu, Ni, Pb and Zn). 

These values were based primarily on a database o f  European values compiled by Mitchell 

(2001), since there was insufficient local data available. The cumulative annual runoff load 

for individual land uses were then calculated as the product o f the area, annual rainfall, 

runoff coefficient and EMC value. Runoff coefficients were estimated from literature 

values for different land uses, for example, residential (0.55) and urban road (0.85). The 

total mass o f each constituent was compared to the assimilative capacity in the receiving 

watercourse, estimated as the product o f  the annual average flow in the watercourse and 

the environmental quality standard (OJEC, 2008) for each constituent.

The study concluded that urban surface water runoff was the pressure o f  greatest concern 

in terms o f heavy metal loadings to receiving streams, and the second most important 

pressure in terms o f  nutrients. Considering the high proportion o f residential areas, this 

land use was a critical input o f  pollutants. The study also found that loadings in streams of 

heavily urbanised catchments were most likely to exceed assimilative capacities, and in 

these areas retrofit o f  surface water drainage systems was recommended. The study also 

recommended that surface water quality data needed to be collected for urban areas in 

Ireland, and methods for assessment o f annual loads should be investigated.

A parallel assessment o f urban groundwater pressures (CDM, 2009c) considered the 

impacts o f industrial, transport, sanitary sewer leakage and other factors on groundwater 

quality. O f the 33 urban centres identified, data sets were available for just four urban 

areas: Drogheda, Dublin, Swords and Waterford. The pressure ranking system involved a 

source-pathway-receptor risk assessment. The scoring system required professional
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judgement; many o f the criteria contained subjective elements which could not be 

analytically quantified. The assessment concluded that the pathway and receptor were 

more important elements in the risk matrix, i.e. the degree o f protection from overlying 

soils and the significance o f the groundwater body for drinking water abstraction were 

more influential than the specific source o f  pollutants. Where drinking water standards 

were exceeded, these were generally related to a local industry; urban surface runoff was 

not identified as a problem in these areas. This is unsurprising, since the majority o f  urban 

runoff is collected and discharged to watercourses rather than to ground. However, as more 

sustainable systems are adopted, the risk to groundwater from urban surface runoff may be 

increased. The study also noted that urban groundwater is not an important element o f 

public water supply at present.

For classification purposes, the island o f  Ireland has been split between 8 River Basin 

Districts. The Eastern River Basin District (ERBD), including Dublin and surrounding 

counties, contains the highest population (approximately 1.5 million people) and the 

highest proportion o f urban land use (approximately 5%). The ERBD River Basin 

Management Plan (CDM, 2009b) presented the status o f all significant water bodies, set 

out the objectives for the future ecological status, and proposed a Programme o f Measures 

(POMs) to achieve these objectives.

As shown in Figure 2.3, there is considerable work remaining to achieve good ecological 

status in surface waters and lakes in the ERBD. In contrast, 90% o f groundwaters achieved 

good status. Considering the scale o f improvements needed in surface waters and lakes, it 

was agreed that the attainment o f  good status would be implemented in three planning 

cycles: 55% by 2015, 76% by 2021, and full implementation by 2027. The POMs needed 

to achieve these objectives have been classified as: basic measures; measures for high 

status waters and protected areas; measures for heavily modified and artificial water 

bodies; supplementary measures; and planned and potential measures. The basic measures 

are those required under existing European and Irish law. It is acknowledged that 

stormwater discharges are not currently regulated, and there may be a need for future 

regulation o f such discharges (CDM, 2009b).
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Bad High

Ecological Status o f Lakes and Reservoirs
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64%
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31%

Figure 2.3 Ecological status of Rivers, Lakes and Reservoirs in Ireland 

(Source: CDM, 2009b)

Supplementary measures are included in the RBMP in locations where the basic measures 

will not be sufficient to meet the ecological targets. In urban areas of the ERBD, diffuse 

urban pollution has been addressed by the following ‘key actions’ in the POMs (CDM, 

2009d):

- Gully management;

Implementation o f SuDS (Sustainable Drainage Systems), including green roofs 

guidance;

Storm sewers separation and qualitative improvement;

Street cleaning programme;

Further investigation/monitoring.

Basic measures include number o f Irish and European laws and Directives which are 

relevant to urban runoff. These are discussed briefly in the following sections.

2.5.1 Directive on Environmental Quality Standards

The European Directive on Environmental Quality Standards (OJEC, 2008) identifies 

pollutants which present a significant risk to receiving waters, classified as priority 

substances, with the most hazardous substances classified as priority hazardous 

substances. Measures must be undertaken to reduce the emissions of priority substances to 

waters, and eliminate the emissions o f hazardous priority substances. The Directive 

acknowledges the impact o f sediments on receiving water biota; they require appropriate 

locations to be monitored at least once every 3 years, or more frequently if necessary, to
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provide sufficient data for long-term trend analysis. Member States may apply the 

environmental quality standards (EQS) for sediment and biota quality rather than 

concentrations in the water column, provided the same level o f protection is afforded.

Table 2.5 lists the EQS values for the heavy metals identified as priority substances (Pb 

and Ni) and priority hazardous substances (Cd) for inland surface waters. The EQS is 

expressed as an annual average value (AA-EQS) which provides protection from long-term 

exposure, and a maximum allowable concentration (MAC-EQS) which protects against 

short-term exposures. The standards apply to the water body as a whole; however a limited 

mixing zone at the point o f discharge is permitted, where concentrations may exceed the 

EQS if they do not affect the rest of the water body. There are no comparable MACs for 

Cu or Zn with regard to the UK Highways Agency emission limits (Table 2.1). However, 

the 24-hour UK Highways Agency limits (medium hardness) o f Cu (21 pig/1) and Zn (92 

Hg/1) are broadly comparable to the AA-EQS values.

Parameter
AA-EQS MAC-EQS

Mg/1
Cd"> 0.08 - 0.25 32

Cr 111'̂ ' 4.7 -

Cr 3.4 -

Cu‘2> 5 or 30 -

Pb<'* 7.2 -

Ni<’' 20 -

Zn 8, 50 or 100'^^

‘” OJEC(2008), *̂ ’SI 272(2009), ^̂ ’Dependent on water hardness

Table 2.5 EQS values for heavy metals, inland surface waters (Source: OJEC, 2008)

2.5.2 Surface Water Regulations

The Surface Water Regulations (SI 272, 2009) require Public Authorities to promote 

compliance with the EQS values, and to undertake measures to progressively reduce inputs 

o f priority and hazardous substances to the water environment. It states that point and 

diffuse sources liable to cause pollution are prohibited, except where a prior system of
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authorization has been established. The manner in which these discharges are authorized is 

not strictly prescribed, but may include a combination o f the following:

A system o f emission limits which considers the receiving water’s assimilative 

capacity in relation to the EQS values;

Emission controls based on best available techniques. This approach may be suited 

to stormwater discharges, where emissions are sporadic and highly variable, 

leading to difficulty in applying absolute limit values. Best available techniques 

could include SuDS components or catchment management practices;

Basic measures including the Urban W astewater Treatment Regulations (S.l 254, 

2001) and Good Agricultural Practice for the Protection o f Waters Regulations (SI 

101,2009);

- Measures identified in the River Basin Management Plans.

2.5.3 Groundwater Regulations

The Groundwater Regulations (SI 9, 2010) aim to reduce the input o f pollutants into 

groundwater; specifically to reverse upward trends in pollutant concentrations. The direct 

discharge o f pwllutants is prohibited. However, the discharge o f  urban stormwater to the 

unsaturated zone is not considered a direct discharge to groundwater, and the soil cover 

overlying the groundwater body can be considered for the attenuation o f  pollutants in the 

risk assessment (EPA, 2011). The regulations set threshold values which are required for 

good chemical status o f  groundwater. Limits on heavy metal concentrations in 

groundwater are shown in Table 2.6 (a limit for Zn is not prescribed).

Parameter
Threshold value

^g/l
Cd 4
Cr 37.5
Cu 1500
Pb 18.75
Ni 15

Table 2.6 Groundwater threshold values for heavy metals (Source: SI 9, 2010)
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2.5.4 Urban Wastewater Treatment Regulations

The Urban W astewater Treatment Regulations (Si 254, 2001) require Public Authorities to 

provide secondary treatment o f wastewater in urban areas for populations greater than 

2000, where freshwaters or estuaries are the receiving water body. The emission limits are 

shown in Table 2.7. The limits o f total P and total N apply for discharges to sensitive 

receiving waters. Although designed for wastewater discharges which are continuous, the 

emission limits provide a useful benchmark to compare against stormwater discharges. 

Furthermore, the limit values imply that discharges at higher concentrations than those 

specified have a detrimental effect on receiving waters; these limits should apply 

regardless o f the source o f pollutants.

Limit value
Parameter mg/l
Biological Oxygen Demand 25
Chemical Oxygen Demand 125
Suspended Solids 35
Total P 2
Total N 15

Table 2.7 Emission limits for wastewater discharges to sensitive receiving waters (Source: 

SI 254,2001)

2.6 Retrofit of stormwater drainage

Urban runoff is a significant contributor to receiving water impairments, which must be 

addressed if the WFD targets are to be met. The implementation o f  SuDS and other 

measures should improve the quality o f  runoff from new developments. However, new 

development represents a small fraction o f the total urban land use. In Ireland, new house 

completions fell from a peak o f 93,400 in 2006, to 10,500 in 2011 (CSO, 2012b). 

Improved planning regulations should shift the current trend o f  urban sprawl to higher 

urban densities and infill development. In the UK, between 2000 and 2010, urban land use 

increased by just 5% (Khan and Powell, 2012). In 2011, 48% o f land changing to 

developed use in the UK was previously-developed (DCLG, 2013). Reliance on new 

development would require 50 years before the urban landscape could be adapted (Ashley 

et al., 2011). Therefore, disconnection o f  traditional stormwater drainage systems in favour
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of SuDS measures, or stormwater retrofit, should be an integral component of the WFD 

Programmes o f Measures.

Digman et al. (2012) set out the drivers for stormwater retrofit in the UK. These are 

summarised below:

They are the only affordable, flexible and multi-beneficial option for long-term 

surface water management;

Stormwater improvements brought about by new development will not be realised 

until a long time into the future;

Reducing stormwater discharges to receiving sewers will reduce downstream 

flooding and CSO spills;

- Vegetated SuDS measures are more resilient to climate change that piped systems; 

Retrofitting offers capacity in existing sewers for new development;

Retrofitting with SuDS can provide improvements to water quality, water quantity 

and amenity.

The barriers to stormwater retrofitting also apply in some respects to construction of SuDS 

in new developments. Vegetated SuDS can occupy more development land than traditional 

systems, and not all SuDS systems are currently adopted by the Local Authority (Dublin 

City Council, 2005). The cost of maintenance o f SuDS systems is perceived to be higher, 

even though SuDS systems have proven cheaper to maintain (Royal Haskoning, 2005). 

Retrofitting SuDS involves the further complications o f confined urban sites, land 

ownership issues, and existing services, which may explain why no large-scale SuDS 

retrofit schemes have been pursued to date by Water Companies or Local Authorities in the 

UK (Stovin et al., 2013). Nevertheless, retrofit o f SuDS is necessary if water in urban areas 

is to change from a threat to an opportunity (Ashley et al., 2011).

A limited number of small-scale stormwater retrofit projects, in the form of end-of-pipe 

solutions, have been monitored in the UK. Two wetlands were constructed on the Bourne 

Stream, which drained a 14 km^ catchment o f mostly residential development (Broocks, 

2004). Minor reductions were observed in dissolved oxygen, nitrates and E. coli across the 

wetland. Storm events were not sampled, so the treatment performance may have been 

underestimated.
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Heal et al. (2005) m onitored a constructed w etland in Livingstone, Scotland, retrofitted to a 

sew er serving 1.6 km^ o f  industrial areas and 0.45 km ‘ o f  residential areas. The wetland 

consisted o f  an inlet sedim entation pond, a perm anent w et pond, and a surface flow 

w etland. The authors considered the wetland to be undersized due to a lack o f  design 

guidance at the tim e o f  construction, and a lack o f  available land. A lthough treatm ent 

efficiencies w ere not reported, the dow nstream  river biological quality steadily im proved 

betw een 1997 and 2003, follow ing retrofit.

Two w etland system s w ere retrofitted to catchm ents in outer London in 1995, and 

m onitored over a tw o year period (Scholes et al., 1999). The first system , located at 

Brentwood, consisted o f  a settlem ent tank, constructed w etland, and outlet cham ber with a 

total surface area o f  360 m^. The second system , located at Dagenham , com prised o f  a 

settlem ent tank discharging to three w etland cells in series, with a total surface area o f  

1750 m^. M ean suspended solids rem oval efficiencies w ere 24%  at Dagenham , and 29%  at 

B rentwood, which w ere significantly less than typical w etland efficiencies recorded in 

previous studies (Leisenring et al., 2012a). It w as unclear from the authors w hether the 

poor perform ance was due to the characteristics o f  the influent loads, the size o f  the 

wetland relative to the catchm ent, or the system  configuration.

Com m on to the previous retrofit projects w as an apparent lack o f  characterisation o f  the 

influent hydraulic, sedim ent and pollutant loadings, and a design rationale for the treatm ent 

system. This is surprising, considering the costs in the planning and construction o f  a 

w etland system , as well as the land-take. The perceived cost and tim e involved in a 

m onitoring cam paign m ay hinder the assessm ent o f  baseline conditions. However, the 

collection o f  m onitoring data, particularly  sedim ent loads, pollutant and sedim ent 

associations, and particle size data w ould doubtless contribute to m ore efficient retrofit 

system s. The ability to characterise the influent loadings from established catchm ents, 

w hich is not possible on new developm ents, is a benefit in retrofit scenarios which should 

not be overlooked. In Ireland, surface w ater collection is still dom inated by pipe and gully 

netw orks (Brady, 2010), and the proportion is greater than 65%  in the US (M aestre and 

Pitt, 2005), so an understanding o f  the processes involved in these system s is critical for 

designing retrofit solutions that integrate with current infrastructure.

35



2.7 Characterisation of stormwater pollutants

2.7.1 Suspended Solids

Suspended solids refer to the finer particulates in the runoff, which are transported to the 

outlets o f drainage systems. The mass o f particles suspended in stormwater has been 

measured by two methods in the majority o f monitoring studies; total suspended solids 

(TSS) and suspended solids concentration (SSC). These terms have been used 

interchangeably in stormwater studies (Bent et al., 2001), even though the analysis 

methods differ significantly. The total suspended solids test (APHA, 1997) originated from 

wastewater analysis (Gray et al., 2000) and is measured on an aliquot o f the sample 

withdrawn using a wide-bore pipette. However, the subsampling process may not capture 

the heavier particles in stormwater (Bent et al., 2001). Suspended solids concentration 

(ASTM, 2009) is measured on the whole runoff sample, and has now largely replaced the 

TSS method. It is measured as the dry mass o f material passing a 1.5 nm sieve, and is 

expressed in mg/l.

The SSC is often used as a surrogate for other stormwater pollutants. The degree to which 

heavy metals and P are associated with the particulate fraction can vary greatly between 

studies (Gromaire-Mertz et al., 1999). However, from Table 2.8, it is apparent that 

approximately 70% o f  Cd, Cu, Cr and Ni are associated with the particulates. Pb has a 

stronger association, and Zn and P have less affinity with the particulate fraction. The 

dissolved concentration o f  pollutants is under-reported in many studies because 

concentrations are below detection limits; indeed, the NURP study (US EPA, 1983) 

reported that dissolved metals were rarely detected. Therefore, the particulates may 

represent an even larger proportion o f heavy metals.

Suspended solids in stormwater may also contribute directly to receiving water 

impairments, and since the measure derived from the wastewater industry, the parameter is 

already incorporated into Irish and EU legislation. The SSC test is also quick and 

inexpensive, so it is widely used as a basis for controlling stormwater pollution from new 

developments; for example in the US, the states o f  M assachusetts and Washington require 

removal o f 80% o f  post-construction SSC by stormwater management systems (Roesner et
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al., 2007). The measurement also forms the basis o f laboratory testing o f particle separators 

and filtration devices (TARP, 2003).

Land use
Sample
method*

#O bs Cd Cr Cu Ni Pb Zn P Source

Urban var. G 85 88 97 94 89 95 30 Pitt (1995)
Urban var. A 6 - 100 100 - 100 87 - Zgheib et al. (2011)

Commercial A 527 69 67 55 57 72 61 50
Maestre
(2005)

and Pitt

industrial A 566 70 75 62 64 80 44 60
Maestre
(2005)

and Pitt

Residential A 33 _ _ 63 46 64 Carleton
(2000)

et al.

Residential A 147 - - - - - - 63
Brezonik
(2002)

et al.

Residential A 1042 - - 42 - 75 57 48
Maestre
(2005)

and Pitt

Urban street A 13 80 - 72 - 97 75 -
Gromaire-Mertz
al.(1999)

: et

Highway A 185 30 72 69 56 93 75 25
Maestre
(2005)

and Pitt

Highways A 100 - - 69 - 78 85 - Higgins (2007)

Highways A 340 55 0 47 94 61 59 -
Crabtree
(2008)

et al.

Mean 65 68 67 72 83 62 52
* G, grab sample; A, automatic sample

Table 2.8 Percentages o f pollutants as particulates in runoff

2.7.2 Organic Content

The organic content o f the suspended solids is reported in many studies as it is an 

important potential source o f nutrient contamination, and organic carbon is a catalyst for 

heavy metal adsorption (Morrison et al., 1988). There is a reliable correlation between the 

organic content and the proportion o f  volatile suspended solids (Roesner et al., 2007), and 

is reported as either mg/l o f volatile suspended solids (VSS), or % organic (VSS/SSC). 

Lenhart et al. (2006) reported median organic contents o f 29% to 62% (VSS o f  12 mg/l to 

28 mg/l) in 6 commercial and car parking sites in the US, while a 55 hectare residential and
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commercial catchment in Galicia, Spain, yielded organic contents o f 21% to 36% (Anta et 

al., 2006). The organic content of solids washed from a catchment affects the performance 

o f SuDS devices which rely on settlement processes. The density o f organic particles is 

typically 1-1.5 g/cm^, whereas inorganic particles have densities o f approximately 2.65 

g/cm^ (Minton, 2005), which has a large influence on settling velocities.

2.7.3 Event Mean Concentration

The event mean concentration (EMC) is a flow-averaged concentration of stormwater 

constituents for a storm event, and is defined by the total mass o f solids transported divided 

by the total event volume (Hvitved-Jacobsen et al., 2010);

M ,
E M C = —  Eqn. 2.1

where, Mt = mass o f solids (g) and Vt = volume o f runoff (m^).

In terms of discharge and constituent concentration, the EMC is represented as:

JC(t)Q (t)-dt
EMC = — ------------  Fan 2 2

J  Q (t)dt ^

where, C(t) = concentration of constituent at time t (mg/1) and Q(t) = discharge at time t

(1/s).

However, since stormwater is usually sampled discretely, the EMC is computed in practice 

from;

I|=l Cj • Vj
EMC=  ------ Eqn. 2.3

where, Cj = concentration of j'*’ discrete sample (mg/l) and Vj = volume interval for j'*’ 

discrete sample (1).

An alternative to measuring concentrations in each discrete sample, is to create a 

composite sample, with the volume from each discrete sample determined by;
V j

Vj(composite) = — X Eqn. 2.4

where, X -  constant, depending on volume o f composite required (usually 100 -  500 ml).
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The distribution o f  EM Cs on individual sites can be characterised by a log-norm al 

distribution (M aestre and Pitt, 2005). This is advantageous in that the variability o f  

storm w ater pollutants between events can be described by ju s t tw o variables: the mean or 

m edian, and the standard deviation. W hen com paring EM C values betw een sites, the 

m edian value is a better representation o f  central tendency, since it is less influenced by the 

sm all num ber o f  high values, typical o f  log-norm al d istributions (US EPA, 1983).

2.7.4 Particle size distribution

The particle size distribution (PSD ) is a key param eter for the study o f  chem istry, transport 

and fate o f  urban storm w ater sedim ents (K obriger and G einopolos, 1984). A num ber o f  

particle size classifications are currently in use, and som e researchers adopt other size 

fractions that are particular to the analysis or research topic. This can m ake com parisons 

between studies difficult. Three exam ples o f  classification system s are shown in Table 2.9. 

The British Standard for soil classification (BSI, 1990) provides a com prehensive range o f  

size fractions. However, if  the analysis m ethod is sieving, the small m asses o f  solids 

transported in runoff may not be sufficient for reproducible PSD analysis in many size 

fractions.

The protocol for evaluating em erging storm w ater treatm ent technologies in W ashington 

State (W SD E, 2 0 1 1) sim plifies the size classification into ju st three bands: silts and clays; 

very fine to fine sands; and medium  sands. The storm w ater sam pling and analysis protocol 

produced by the W ater Environm ent Research Federation (R oesner et al., 2007) proposes 

only tw o fractions for solids, but settleability tests are specified to further classify the 

material. The num ber o f  size fractions will be determ ined by the m ethod (autom atic light 

scattering techniques can provide results in m any size fractions), and the specific 

inform ation required for the study. A com m on m ethod o f  sum m arising the PSD is to report 

the m edian particle size, the d5o(Selbig and Bannerm an, 2 0 1 1).
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BSI (1990)

< 0 002 0.002- 0.006- 
0.006 0.02

0.02- 0.063- 0.212-
0.6-2 2-6

0.063 0.212 0.6
Fine Medium 
silt silt

Coarse Fine Medium Coarse Fine
silt sand sand sand gravel

WSDE (2011)
0.0015- 0.0625-

>0.25
0.0625 0.25

Silt and
V.f. to
fine
sand

Medium
clay sand

Roesner et al. (2007)

<0.002
0.002-
0.075

0.075-5

Dissolved Fine Coarse
solids solids solids

*all particle sizes in mm

Table 2.9 PSD classification systems

Particle size distributions in suspended solids vary considerable between studies (Table 

2.10), however particles larger than 1000 jam are rarely detected, and the median particle 

size for typical urban runoff is estimated at 35 |im (Burton and Pitt, 2002). Selbig and 

Bannerman (2011) measured PSDs from outfalls o f 6 land use types; arterial streets; 

collector streets; feeder streets; parking areas; roof areas and commercial areas. The 

authors were not able to explain the wide variability in particle sizes (dso: 42 -  200 |nm); 

however, Muthukaruppan et al. (2003) found the underlying geology to influence the PSD 

envelopes in a study o f  5 residential sites.

Researchers have found that the PSD also varies widely within storm events, but definitive 

links between rainfall event characteristics and size fractions have not yet been established, 

most likely due to the multitude o f  contributing factors including particle build-up patterns, 

washoff mechanisms and drainage configurations. This requires a large dataset to isolate 

individual effects, whereas most catchment studies are limited to 10-15 events at most. 

Brown et al. (2013) observed that fine particles dominated the early part o f  the storm, and 

coarser particles are associated with larger rainfall depths (Furami et al., 2002). However, 

Arias et al. (2013) did not observe any significant relationships between size-fractionated 

suspended solids and rainfall intensity or flow rate.
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Studies of source area runoff tend to yield coarser particles, since the runoff is not pre

treated in gully pots or catch pits. For example, Kim and Sansalone (2008) reported a 

median particle size of 570 |am over 13 storms from a 300 m^ highway surface. They found 

the delivery of SSC was related to the rainfall intensity and duration, and the 2-8 |im 

fraction was readily eroded at the beginning of storm events.

Land use Analysis method
Number o f  

EMCs dso (nm ) Source

Highway Wet sieve 9 <50 Furami et al. (2002)

Residential Laser difTraction 29 23
Muthukaruppan et al. 

(2003)

Residential and 
commercial

Laser difTraction 4 31 Anta et al. (2006)

Highway Laser diffraction 16 3-7 Li et al. (2006)

Commercial
Wet sieve & 

Coulter counter
4 42

Selbig and Bannerman 
(2011)

M ixed use Wet sieve 8 35 Brown et al. (2013)

Residential Wet sieve 10 75 Arias et al. (2013)

Table 2.10 Median particle sizes in stormwater

Particle size has a strong influence on pollutant concentrations in runoff, since smaller 

particles provide a larger surface area per unit weight; i.e. they have a greater specific 

surface area (SSA, m“/g). Brown et al. (2013) examined pollutant distributions in 

suspended solids with a median diameter o f 35 ^m. They found that 50 -  60% of the 

EMCs o f Cu, Ni, Zn, enterococcus and E. coli were contained in the sub-6 |im fraction. In 

source area runoff, Sansalone and Buchberger (1997) measured concentrations of Cd, Pb 

and Cu in the 25 -  38 (im range that were approximately twice that o f the 150 -  250 ^m 

range, and the concentrations o f Zn were six times higher in the smaller size fraction.

Sansalone et al. (1998) measured the SSA of stormwater particles directly, by comparing 

the dry weight of the particles to those coated with a monolayer o f adsorbate. The SSAs 

calculated, assuming spherical particles and a specific gravity o f 2.65 g/cm^.
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underestimated the measured SSA by a factor of 1,000. When other factors are held 

constant, spherical particles yield the minimum surface area for a given mass, but under 

microscopic examination, features which would increase the SSA were evident such as 

folds, pores, notches, pits and roughness.

Particle settling velocity is a key parameter in the design o f SuDS, particularly detention 

basins and wetlands (Greb and Bannerman, 1997). Stoke’s equation (Eqn. 2.5) relates the 

theoretical settling velocity of a particle to the particle size and specific gravity, under 

quiescent conditions (Yang, 1996). Backstrom (2002) analysed the PSD of stormwater 

samples from a settling column test, thus enabling comparison o f the measured settling 

velocities with the velocities predicted by Stoke’s equation. The settling velocity measured 

for 20 fxm particles was approximately 1 m/hr. The measured settling velocities were 

reasonably predicted for particles > 20 |im, but measured velocities were much lower (up 

to a factor o f 10), for particles less than 20 ^m. The author suggested that a lower density 

in the fine particles (Sansalone et al. (1998) suggested the majority o f <75 |am particles are 

inorganic), irregularly-shaped particles, and electrostatic forces between particles were 

responsible for the deviation. The NURP study measured particle settling velocities in 46 

EMC samples from 13 sites, with 50% o f particles having a settling velocity less than 0.46 

m/hr (Driscoll, 1986).

.2 (Ps- Pw)
Vs = d Eqn.2.5

where, v = settling velocity (m/s), d = particle diameter (m), g = acceleration due to gravity 

(m“/s), ps = sediment density (kg/m^), = water density (kg/m^), and ja = dynamic

viscosity of water (kg/m.s).

2.8 Important aspects of stormwater quality

2.8.1 Buiid-up of sediment on urban surfaces

The quality of urban runoff is strongly linked to the characteristics o f sediments and 

pollutants accumulating on impermeable surfaces. The build-up process is complex, and is 

influenced by many factors including pavement condition, land use and activities within 

the catchment (Pitt, 1979). Deposited sediments may also be re-suspended by wind and 

vehicular traffic (Ball et al., 1998). The primary cleansing actions are street cleaning and
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washoflF o f  particles during runoff. Street cleaning is efficient at rem oving the coarse 

particles, but inefficient for removal o f  fine particles typically found in ru n o ff (Germ an and 

Svensson, 2002).

R esearchers have investigated sedim ent and pollutant accum ulation on urban surfaces in 

term s o f  m ass loading rates per m^ or kerb m ile, independent o f  tim e, or expressed as a 

daily or w eekly average loading rate. The form er m ay give a useful indication o f  relative 

loadings between catchm ents and land uses, but the latter is m ore useful in m odelling 

sedim ent transport in urban drainage system s. Tw o principle approaches have been 

adopted to estim ate loading rates. The first, including som e o f  the earliest studies (Sartor 

and Boyd, 1972; Pitt, 1979), sam pled urban streets at single points in tim e or at regular 

intervals, irrespective o f  m eteorological conditions. M ass fluxes were then inferred from 

the m ass sam pled and the tim e since street cleaning or rainfall. This m ethod allowed 

capture o f  data from a large num ber o f  catchm ents and land uses relatively easily, the 

disadvantage being that initial m ass loadings prior to the build-up period could not be 

ascertained. O ther researchers (V aze and C hiew , 2002; Zafra et al., 2008) sam pled over 

consecutive dry days, in an attem pt to capture dynam ic build-up patterns. These studies, 

requiring consistent deploym ent o f  resources, usually took place on a single catchm ent. 

Such an approach yields high-resolution data, but estim ation o f  build-up rates m ay still be 

ham pered by spatial effects, even at small scales (V aze and Chiew , 2002).

Sartor and Boyd (1972) sam pled extensively in 12 US cities. The average loading rate for 

residential areas was 338 kg/km , slightly h igher than com m ercial areas (290 kg/km ) and 

significantly lower than industrial areas (790 kg/km). Butler and Clark (1995) took 4 

separate sam ples on 4 types o f  residential developm ent: tree-lined, detached, terraced and 

m ulti-storey. Based on the dry period before sam pling, very sim ilar loading rates o f  

approxim ately 2 g/m^.day were estim ated for all residential areas. A sim ilar approach on a 

residential site in Sydney yielded an accum ulation rate o f  4 g/m^.day (Ball et al., 1998). 

Vaze and Chiew  (2002) sam pled parking bays along a street in the central business district 

o f  M elbourne over 36 consecutive days. Traffic density was approxim ately 3,000 vehicles 

per day. The sam pling area o f  300 m length w as divided into 3 zones. A lthough there was 

little correlation between accum ulation rates in the zones, overall, accum ulation rates over 

dry days o f  4 -  10 g/m^.day were m easured. In Cantabria, Spain, a sim ilar experim ental 

design w as adopted for a residential road receiving sim ilar traffic loadings o f  3,800
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vehicles per day (Zafra et al., 2008). Sampling was conducted over a continuous 65 day 

period. Loading rates were lower, between 1.6 g/m^.day and 2.5 g/m^.day. This 

demonstrates that sediment accumulation is dependent on many factors apart from traffic 

density, such as the proximity to landscaping, wind (which may re-suspend particles), and 

the pavement surfacing. For instance. Sartor and Boyd (1972) measured 80% higher 

loading rates for bituminous surfacing compared to concrete surfacing.

The particle size distribution o f  the street deposits is an important consideration, since this 

may determine the proportion o f material which is available for washoff by rainfall. Sand 

sized particles have tended to dominate the distributions o f  pavement sediments in many 

studies: Butler and Clark (1995) reported an average median particle size o f 400 nm, Pitt 

(1979) measured dso values o f 150-330 ^m across a number o f sites, and Vaze and Chiew 

(2002) reported dso values o f  400-1000 |im.

Deletic and Orr (2005) found that the sampling method may have had a large influence on 

the particle size distributions o f many studies. The common methods to collect sediments 

from pavement surfaces have included use o f  a dust-pan and brush (Charlesworth et al., 

1998), handheld vacuums (Ball et al., 1998; Vaze and Chiew, 2002; Zafra et al., 2008), and 

powerful industrial vacuums (Deletic and Orr, 2005). It has been suggested that dry 

vacuuming is an inefficient method o f sample collection for fine particles typically 

transported in runoff (Deletic and Orr, 2005). However, Bris et al. (1999) measured 

sampling efficiency o f  85% for sub-50 pim particles by dry vacuuming, while Ball et al. 

(1998) recorded a collection o f 82% for sub-75 m particles. In any case, it is difficult to 

disaggregate the influence o f  sampling method and catchment characteristics 

retrospectively. Where comparative tests o f  sampling methods have been done, they have 

assessed collection o f  test material, rather than the ability o f the method to collect the in- 

situ pavement material, some o f  which may have adhered to the surface over a long period 

o f time.

2.8.2 Washoff of sediment from urban surfaces

There are fewer documented studies o f washoff o f street surface sediments, due to the 

difficulty in obtaining data that accurately represents the process. Pitt (1979) compared
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street surface loadings before and after three rain events in San Jose, USA. Two o f those 

events, having total depths o f 5 and 29 mm removed 53% and 66%, o f the surface material, 

respectively, on the streets surfaced with asphalt in good condition. This included a 

significant washout o f  coarse particles: 40% and 58% removal o f 850 -  2000 nm solids. 

The mass o f  street surface material increased over the three rain events for the > 250 nm 

fraction for a street with rough asphalt surfacing. The author suggested the rough surfacing 

trapped particles washed o ff from other parts o f  the catchment during the rain events. The 

study also compared the change in mass o f  street surface solids before and after the event 

to the mass transported in the runoff. Ratios o f  0.16, 2.6 and 1.6 were measured for one 

street with smooth asphalt paving. The author concluded that rain event characteristics 

accounted for the disparity in ratios; for some events the mass o f  material eroded from 

areas outside o f the streets exceeded the mass washed o ff the streets, for other events the 

opposite was the case.

Sartor and Boyd (1972) found that washoff could be modelled by an exponential equation, 

dependent on initial mass, runoff rate and surface characteristics. Vaze and Chiew (2002) 

compared surface loading rates before and after three rainfall events. They observed 

complete washoff o f  the free load (sampled by vacuuming only) for the first two events o f 

39 mm and 4 mm total rainfall. The third event had a low intensity o f 0.2 mm/hr which did 

not reduce the free load significantly. The particle size distributions o f the street surface 

solids were finer after all three events, but washoff in each size fraction was not reported. 

By contrast, Zafra et al. (2008) measured average w ashoff rates o f just 10 and 14% for two 

street sampling zones over 10 rainfall events, even though the average total rainfall for 

each event was 25 mm. The particles most susceptible to washoff were sub-500 nm, and 

no washoff o f particles greater than 1000 nm was observed. However, the build-up period 

was less than 3 days for 7 out o f  the 10 events, so the w ashoff potential may have been 

limited by the mass o f erodible sediments available on the pavement surface. Grottker 

(1987) observed washoff in > 250 nm particles, but growth in < 250 |im particles on an 

urban road surface. The author concluded that the results may not have been significant 

due to the small number o f samples (number o f  events not reported), and suggested that 

future studies should relate the rate o f  washoff o f surface sediments to suspended solids in 

the runoff, and also consider the role o f  gully pots.
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2.9 M odelling o f Urban Stormwater Quality

Urban stormwater quality models are used to solve a variety o f engineering problems, such 

as the estimation o f urban runoff contributions to receiving water impairments, or in the 

design o f management measures. The mechanisms that determine the build-up and 

transport o f urban pollutants are complex in both temporal and spatial terms. Therefore, 

some simplifications need to be made. A model is a set o f  simplified mathematical 

descriptions o f  the process under investigation, thus the problem and the model complexity 

are interlinked (James, 2005).

Stormwater quality models can be broadly characterised as empirical, statistical, 

deterministic or stochastic (Hvitved-Jacobsen et al., 2011). Empirical models assign inputs 

to outputs based purely on field observations or very simplified laws. Statistical models, 

generally constructed using many observations from multiple sites, have been used to 

provide estimates o f the average values and variances o f  urban pollutants. These models 

are suitable for providing long-term estimates o f pollutant loads (kg/ha.year) and in 

comparing urban land use (Mitchell et al., 2005). Statistical models have also provided the 

basis for comparing the treatment efficiencies o f SuDS devices (Leisenring et al., 2012a). 

The advantage o f a statistical model for this purpose is that the influence o f local 

catchment effects or sampling methods can be minimised, given a large enough data set.

Regression models have been widely used to investigate statistical correlations between 

explanatory variables and response variables (Driver and Tasker, 1988; Kayhanian et al., 

2004; Crabtree et al., 2008). However, like empirical models, regression models cannot be 

transferred from one site to another without the re-calculation o f  regression coefficients, 

which requires further extensive monitoring data. Furthermore, correlation between 

explanatory and response variables does not imply causation (Box et al., 1978) and a 

further, unknown variable may be responsible. Perhaps the most important criticism o f 

empirical and statistical models is that they bypass the need for understanding o f the 

processes involved (James, 2005).

Deterministic models seek to describe the various physical processes in mathematical 

formulation. In urban stormwater quality models this involves the build-up o f  pollutants on 

urban surfaces, washoff o f  pollutants during rainfall, and transport o f  pollutants through
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the drainage system. The link between urban pollutant transport and hydrology is 

important for two reasons (Zoppou, 2001); contaminant concentrations and loads cannot be 

estimated without knowledge o f flows; and measures which manage stormwater quality 

and quantity are often complimentary.

Deterministic models can vary greatly in complexity. Two important aspects are the spatial 

and temporal detail o f  the model. Lumped models assume that input variables are constant 

over the catchment, but often sub-catchments o f  uniform characteristics are combined to 

create pseudo-distributed models (Nix, 1994). Single event models, simulated over small 

time steps (typically 10 minutes or less), are designed to provide detailed information on 

pollutant generation within storm events, which is particularly useful in the design o f 

treatment structures (Zoppou, 2001). Continuous models are used to assess long-term 

stormwater impacts and mitigation measures. Since this can be computationally expensive, 

continuous models tend to be less spatially complex or they are run over longer time steps 

(Nix, 1994).

Although the hydrologic and hydraulic processes in urban catchments are now well 

understood, there is still a large degree o f  uncertainty involved in stormwater quality 

modelling (Huber and Dickinson, 1992; Ahyerre et al., 2005). Most deterministic models 

rely on semi-empirical build-up and washoff relationships to estimate the mass o f solids 

available at the beginning o f rainfall, and to determine the proportion o f solids eroded 

during the event. Pollutants other than solids are generally modelled as mass fractions o f 

suspended solids (Zoppou, 2001; Akan and Houghtalen, 2003). Therefore, the build-up and 

washoff o f  sediment are central to deterministic stormwater modelling.

Stochastic models are a further development o f  deterministic models, which recognise that 

input parameters in real systems are more realistically represented by probability 

distributions rather than fixed values (Hvitved-Jacobsen et al., 2010). f-lowever, this does 

present the problem o f  defining probability distributions o f model input variables, since 

error measurement in monitoring studies is rarely undertaken. In practice, distributions 

must be inferred through literature review and professional judgem ent (Schellart et al., 

2008). Importantly, the use o f  stochastic modelling techniques encourages the 

consideration o f model uncertainty, since even advanced computer models are constrained 

by the amount o f  data collected for calibration, and the inherent random variability in
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natural processes. As summarised by James, 2005: computed and observed times series are 

more ethically represented as smudges rather than single-valued lines.

A large number of deterministic models are available for simulating runoff and suspended 

solids from urban catchments. Singh and Woolhiser (2002) identified 70 models applicable 

to urban areas. Elliot and Trowsdale (2007) reviewed 40 models for urban stormwater, 

selecting 10 that were not superseded, contained sufficient documentation in English, and 

were capable o f simulating runoff quality as well as quantity. These models are described 

in Table 2.11. The temporal resolution required for modelling of the residential catchment 

(sub-hourly) is provided by three o f these models: the model for urban sewers (MOUSE), 

the model for urban stormwater improvement conceptualisation (MUSIC) and SWMM.

MOUSE, developed by the Danish Hydraulic Institute in the late 1970s, is a distributed 

deterministic model for runoff generation and sewer sediment transport, and semi- 

deterministic for solids build-up and washoff from urban surfaces. The model is suitable 

for new sewer design, studies of combined sewer overflows, and real-time control of sewer 

systems (DHI, 1999a). The software offers four methods of surface runoff computation: 

the time-area method, linear and non-linear reservoir routing, and the unit-hydrograph 

method. Infiltration is modelled by the Horton equation, and sub-catchments can be 

divided into pervious and impervious areas. The advantage of this program compared to 

SWMM is that sediment accumulation and washoff can be modelled in two fractions: fine 

and coarse, with the division recommended as 100 |im (DHI, 1999b). The coarse fraction 

is considered unlimited in supply, whereas the fine fraction is limited by the mass built up 

in the antecedent dry period, using a linear or exponential build-up function. However, the 

modelling of washoff is event-based, with the ADP specified by the user, so the model is 

not suitable for long-term continuous simulation of urban sediment build-up and washoff 

(Bouteligier et al., 2002), and the cost of the model is somewhat prohibitive.

MUSIC was first developed in 2001 by the Cooperative Research Centre for Catchment 

Hydrology in Australia. The model includes a comprehensive set o f SuDS devices that can 

be integrated into the drainage network such as buffer strips, media filtration devices and 

constructed wetlands. In addition it is one o f the few models to include life-cycle cost 

assessment o f SuDS features. The limitation o f the software is that pollutant concentrations 

from urban surfaces (including SSC) are constant, derived from a log-normal distribution
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(W eber and Fletcher, 2010), and so cannot be used for the sim ulation o f  sedim ent build-up 

and washoff.

A nother com m only-used model for urban runoff is Infoworks SD (Innovyse Inc.), 

originally developed by W allingford Softw are in the UK. An advantage o f  th is program  is 

that sedim ent deposition and erosion in sew ers can be m odelled, and a first flush o f  

dissolved pollutants from gully pots can be sim ulated. This im proved functionality o f  this 

model (which is also offered by M O U SE) com es at the cost o f  greater data requirem ents, 

m ore model param eters to calibrate, and greater m odel uncertainty when com pared to 

sem i-determ inistic m odels (O bropta and Kardos, 2007).

The US EPA Storm w ater M anagem ent M odel (SW M M ) is a sem i-determ inistic model 

which sim ulates the quantity and quality o f  urban ru n o ff for single events, or continuously. 

There are m any m odels available capable o f  sim ulating storm w ater quality how ever 

SW M M  was chosen for m odelling o f  runoff and suspended solids since it is: w idely 

accepted by academ ics, consultants and regulators; freely available with open-source code; 

flexible; and technically advanced (A kan and H oughtalen, 2003). Furtherm ore, SW M M  

shares the sam e routines for storm w ater quality with a  num ber o f  o ther popular m odels 

(Zoppou, 2001).

The principal lim itations o f  SW M M  are as follow s (H uber and Roesner, 2013):

It is not applicable to  large-scale non-urban catchm ents;

It cannot be used with highly aggregated data (e.g. daily data);

No in-pipe sedim ent transport or erosion routines are m odelled;

No receiving w ater quality routines or subsurface routines are included;

It is an analysis tool rather than a design tool;

GIS linkages are lim ited to proprietary versions.
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Table 2.11 M odels used for urban storm w ater quantity and quality  sim ulation (Source: 

E lliot and Trow sdale, 2007)
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2.9.1 The SWMM model

T hree im portant aspects o f  storm w ater quality m odelling in SW M M , w ith reference to 

o ther sem i-determ inistic m odels, are discussed in the next sections:

R ainfall-runoff m odelling over catchm ents;

M odelling o f  particulate build-up;

M odelling o f  particulate w ash o ff

2.9.1.1 Rainfall runoff modelling

SW M M  divides large catchm ents into sm aller sub-catchm ents, w hich allow s description o f  

urban areas at flexible degrees o f  spatial resolution. Firstly, the area draining to  an outlet, 

typically  a road gully, is identified from topographical m aps. C ontributing areas are then 

divided into sub-catchm ents according to sim ilar land use type, for exam ple: lawns, paved 

areas and roads. A lthough in reality sub-catchm ents are irregularly shaped, they are 

m odelled as rectangular, with a single outlet channel (F igure 2.4).

F igure 2.4 Idealised representation o f  a subcatchm ent (Source: G ironas et al., 2009)

Each subcatchm ent is m odelled as a nonlinear reservoir, as shown in Figure 2.5. Rainfall is 

the single inflow to the reservoir. Flow m ay leave the reservoir by evaporation, infiltration 

or runoff. Sub-catchm ents may be divided into pervious and im pervious areas. For 

pervious areas, infiltration is calculated using the Horton or G reen-A m pt equations. 

A verage m onthly evaporation rates can be supplied by the user. R unoff only leaves the
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reservoir when the depth o f water exceeds the depression storage, dp, representing the 

volume in surface undulations and porosity which must be filled before water begins to 

flow.

E v ap o ra tio n  Rainfall

V
Infiltration

Figure 2.5 Nonlinear reservoir representation o f subcatchment

Runoff from each subcatchment is calculated as follows by coupling the continuity 

equation with Manning’s equation (Huber and Dickinson, 1992; Nix, l994).The continuity 

equation for a subcatchment is given by;

dV d(A d)
-5̂ -  - ^ - A i . - Q  Eqn,2.6

where, V (equal to A d) = volume o f water on the subcatchment (m'^), A = area o f the 

subcatchment (m^), d = depth o f water on the subcatchment (m), t = time (s), ie = excess 

rainfall = rainfall -  evaporation/infiltration (m/s) and Q = runoff rate from subcatchment 

(mVs).

Manning’s equation is used to model the outflow rate as a function o f the depth o f water 

above the depression storage;

Q = A, - ( l / n ) -R2/^-So ' / ^  Eqn.2.7

where, Ac = cross-sectional area o f flow (m“), n = Manning’s roughness coefficient, R = 

hydraulic radius o f flow over the subcatchment (m) and So = subcatchment slope (m/m).

The cross sectional area o f flow is;

Ac = W ( d - d p )  Eqn.2.8

where, W = width o f overland flow and dp = depression storage (m).
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The hydraulic radius is equal to the cross-sectional area divided by the wetted perimeter. 

For overland flow  the wetted perim eter can be approxim ated by the width, since the depth 

is very sm all in com parison. R is g iven by:

„ [W (d-dp)]  ̂  ̂  ̂ _
R =  —  = d - d p  Eqn. 2 .9

Substituting Eqn. 2 .8  and Eqn. 2 .9  into Eqn. 2.1 \

Q =  W - ( l / n ) - ( d - d p ) ^ ^ ^  So'/^ Eqn. 2.10

Substituting Eqn. 2 . 10 into Eqn. 2 .7  and divid ing by A:

d.d 

"dt
ie - [W /(A  • n)] • (d - S o '/ '  Eqn. 2.11

Eqn. 2 . 11 is so lved  at each tim e step using a fin ite d ifference schem e. The average outflow  

over the tim e step is estim ated by using the average depth o f  the tim e step, and rainfall is 

also averaged over the tim e step:

d ^  ■ d i  —

=  > e - [ W / ( A - n ) ]
1

d i +  r ( d 2 - d i ) -  dp S j / '  Eqn. 2.12
At

where, subscripts 1,2 =  values o f  the term s at the start and end o f  the tim e step, 

respectively , and At =  tim e step (s).

Eqn. 2 .12 is solved  for d2 using a N ew ton-R aphson  technique. The value calculated for di 

is then substituted into Eqn. 2 . 10  to calculate the ru noff at the end o f  the tim e step. An 

important subcatchm ent parameter is the w idth, W. Larger values o f  W wil l  reduce the 

length o f  flow  to the outlet, q t, show n in Figure 2 .4 , and result in a quicker response to 

rainfall. The subcatchm ent width can be estim ated by d ivid ing the subcatchm ent area by 

the longest flow  path; for urban areas Gironas et al. (2 0 0 9 ) recom m end a m axim um  length 

equal to the distance from a property to the centre o f  the street. H ow ever, i f  M anning’s n 

and the slope are fixed, W can be used as a calibration parameter for the hydrograph shape  

(Fiuberand D ickinson, 1992).

2.9.1.2 M odelling o f particulate build-up

The equations for sedim ent build-up on urban surfaces in S W M M  are based on the 

experim ents o f  Pitt (1 9 7 9 ), w here a linear accum ulation w as observed with dry days
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(Figure 2.6), and Sartor and Boyd (1972), where nonlinear relationships were observed 

(Figure 2.7). The available build up functions are linear, power, exponential and saturation 

(Figure 2.8). A similar linear build-up function is used by the US Corps o f  Engineers 

Storage, Treatment, Overflow Runoff model, STORM (Hydrologic Engineering Centre, 

1977), and the Hydraulic Simulation Program -  Fortran, HSPF (Johanson et al., 1984).

Two issues are worthy o f  consideration in the experimental studies o f  sediment 

accumulation. Firstly, the nonlinear build-up relationships assume that the initial mass on 

the pavement surface is zero. This is not necessarily the case, since street sweeping or 

previous rainfall may not have thoroughly cleansed the pavement surface. From a non-zero 

initial mass, the build-up relationship could be viewed as linear in Figure 2.7. Indeed, 

Butler and Clarke (1995) note that the data supporting the exponential build-up model was 

sparse, open to different interpretation, and challenged by more recent evidence. Secondly, 

the accumulation rates refer to total solids. The particles sampled from pavements, 

typically having a dso o f 150 -  1000 ^m, are much larger than those observed in runoff (dso 

~ 35 ^m). Considering that the gully pot used in Ireland and the UK is efficient in 

removing solids upwards o f  200 nm, it is the surface loading rates and patterns o f  the sub- 

200 nm particles which should be o f relevance in modelling existing storm water systems, 

and in designing end-of-pipe retrofit measures.
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2.9.1.3 Modelling of particulate washoff

The mechanisms by which urban sediments are transported by rain events are summarised 

by Sartor and Boyd ( 1972); particles are:

detached from the pavement surface by rain drop impact; 

entrained in the overland sheet flow  to the kerb;

- carried parallel to the kerb in the gutter flow;

- dropped into the gully pot where they settle (coarse particles), or they are 

transported in suspension through the pipe network to the receiving water (although 

some deposition and re-suspension in sewers is possible).

The researchers investigated sediment w ashoff patterns using simulated rainfall over a 

variety o f  urban surfaces. Rainfall was simulated over a 2 I/2 hour period, and runoff 

samples were collected every 15 minutes. The mass erosion rate was highest at the 

beginning o f  the test, when the greatest mass was available for washoff, and the 

relationship could be described by an exponential function (Figure 2.9, for example).
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Figure 2.9 Sediment washoff observed for simulated rainfall (Source: Sartor and Boyd, 

1972)

This exponential relationship forms the basis of pollutant generation in SWMM (Huber 

and Dickinson, 1992; Nix, 1994):

Pw(0 = Po ( 1 Eqn. 2. 13 

where, Pv, (t) = cumulative mass of sediment washed off at time (t), (kg), Pq = initial mass 

of sediment on the pavement surface (kg) and k = coefficient (s '). Other pollutants may 

be modelled from their correlations with the sediment.

The mass o f material on the pavement surface may be expressed as ( P q -  Pw), so Eqn. 2.13 

may be expressed as;

Pr(t) = Po e-'̂ ‘ Eqn. 2.14

where, Pr = mass o f pollutant remaining on the subcatchment at time t (kg).

The SWMM model assumes that the rate of washoff is proportional to the mass o f material 

remaining on the pavement surface:

dPr
-Poft = = -k • Pr Eqn. 2.15

The coefficient, K, is assumed to be proportional to the runoff rate (the STORM model 

takes the same approach):
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k = R, r Eqn. 2.16

where, Rc = washoff coefficient (mm ') and r = runoff rate over subcatchment (mm/sec); r 

can be calculated from Eqn. 2.7 and r = Q/A.

Substituting Eqn. 2.16 into Eqn. 2.15 and multiplying by -1:

-dP r
P o f f = - j ^ = R c  T  - P r  Eqn. 2.17

A limitation o f Eqn. 2.17 is that when the sediment washed off the catchment is expressed 

as a concentration, as in Eqn. 2.18, the runoff term (r) is cancelled, thus the concentration 

of sediment must decrease over the duration of the event. This may not always be the case, 

such as when a flow peak occurs at the end of the event.

PofT Rc • r ■ Pr Rc • Pr
C= Q A r A Eqn. 2.18

This problem is overcome by raising the runoff rate to a power. Eqn. 2.17 then becomes:

Po(T=Rc T" Pr Eqn. 2.19

where n = washoff exponent.

Eqn. 2.19 is solved using a finite difference approximation:

Pr(t + At) = Pr(t) • Eqn. 2.20

where k is calculated using the average runoff over the time step. At:

k = Rc • [r(t)" + r(t + At)"] • 0.5 Eqn. 2.21

Eqn. 2.19 assumes that the rate o f solids wash off is determined by the runoff rate over the 

subcatchment only, i.e. that runoff is in proportion to rainfall. However, urban surfaces 

including roads can exhibit a large degree o f permeability (Wiles and Sharp, 2008), in 

which case rainfall and runoff may not be proportional. This approach also ignores the 

detachment energy supplied by rain drop impact; the rainfall intensity may be a more 

important factor than the runoff rate (Brodie and Dunn, 2010), so rainfall intensity should 

be a separate input parameter. Eqn. 2.19 also lacks differentiation between size fractions, 

even though previous research (including the original study by Sartor and Boyd (1972))
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indicates that fine particles are eroded at different rates than coarse particles. The ability to 

discriminate between particles sizes is highly relevant to urban runoff management, since 

the fine particle transport the majority o f  pollutants, and SuDS removal efficiencies are 

related to settling velocities for many devices.

2.10 Summary and research needs

Previous studies o f receiving water impacts o f  urbanisation have consistently identified 

chronic pollution from suspended solids and sediment-bound heavy metals as the leading 

cause o f  receiving water impairments. In the UK, 28%  o f  rivers are designated as highly 

modified, and in the majority o f cases the reduced ecological functions have been linked to 

urban inputs. In Ireland, 61% o f rivers and 88% o f  lakes and reservoirs have not achieved 

the ‘good’ ecological status required by the WFD (CDM, 2009b). A study o f urban 

pressures (CDM , 2009a) concluded that stormwater discharges contribute the highest load 

o f heavy metals and the second-highest load o f  nutrients to watercourses in urban areas, 

when compared to other pollutant sources; W wTPs, CSOs, atmospheric deposition, and 

agriculture. It is worth noting that stormwater loadings in this study were calculated based 

on UK and international data, since sufficient local data was not available.

The ROMs needed to achieve ‘good’ ecological status in all waters by 2027 have included 

the promotion o f  SuDS. These systems range from natural vegetated systems, including 

swales and ponds, to proprietary manufactured treatment devices, such as hydrodynamic 

separators. In common with many o f these devices, vegetated and manufactured, is the 

sensitivity o f  pollutant removal efficiency to the PSD o f  the influent solids. The PSD of 

stormwater solids is rarely assessed in monitoring studies, due to the additional cost and 

complexity involved in comparison to simple measures such as the SSC. However, the 

characterisation o f  particle size is critical in assessing the suitability o f  SuDS devices, or 

predicting their removal efficiency. Furthermore, the pollutant concentrations attached to 

the particulates per unit weight increases with increasing specific surface area (Sansalone 

and Buchberger, 1997; Brown et al., 2013).

Current guidance on the design o f  SuDS for stormwater quality in the UK is more 

qualitative than quantitative (Woods-Ballard et al., 2007). A comprehensive study o f  urban
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drainage in the Greater Dublin area (Dublin City Council, 2005) provided minimal 

guidance on storm water pollutant mitigation since:

‘More research is required on the quality o f  catchment runoff and the processes by 

which pollutants are transported, specifically, data is needed on the relationship between 

particle size and the pollutant load’;

'Simple water quality systems are available but may be limited by the lack o f  Irish 

site data fo r  calibration

The implementation o f  SuDS in new development alone will not meet the WFD targets, 

given that reliance on new development would require 50 years before the urban landscape 

could be adapted (Ashley et. al, 2011). Previous stormwater retrofit schemes in the UK 

have yielded mixed results in terms o f solids removal efficiencies (Scholes et al., 1999; 

Heal et. al, 2005). A common thread in these projects was a lack o f  influent loading 

characterisation prior to retrofit design and construction, which may have been due to the 

perceived cost involved in a monitoring programme. The current stormwater collecting 

infrastructure in Ireland is dominated by pipe and gully systems (Brady, 2010), which have

been constructed separately to the foul system since the 1970s. Therefore, an

understanding o f  sediment fluxes in pipe and gully systems is needed if effective

stormwater retrofit solutions are to be implemented.

Butler and Clarke (1995) investigated the inter-relationships between sediment transport in 

drainage systems, and build-up on urban surfaces in six urban catchments in London. 

However, the study aim was to identify sediment management strategies, and the data 

collection focussed on build-up on urban surfaces, sediment accumulation in gully pots, 

and street-cleaning efficiency. Suspended solids in the runoff were not monitored, nor were 

the accumulation rates separated by size fractions. Pollutant concentrations in the

sediments, such as heavy metals and nutrients were also not included in the study. A 

sediment mass-balance for a pipe and gully system, which considers particle size and the 

associated heavy metal and nutrient concentrations, has yet to be undertaken.

The retrofit o f  vegetated stormwater treatment systems in urban areas may be limited in 

certain instances due to space constraints, existing underground services, and safety 

concerns with respect to standing water in ponds and similar vegetated features. In the US, 

manufactured treatment devices have been widely adopted for use in these situations in the
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past decade. Hydrodynamic separators are now being introduced in Ireland to comply with 

planning conditions requiring stormwater treatment in the absence o f  formal regulation o f 

storm water discharges. Although extensive field testing o f  these devices has been 

undertaken in the US, no field validation has been conducted in Ireland or the UK. Testing 

under local conditions is important since: the upstream drainage infrastructure differs in 

comparison to the US (small gully pots versus large catchpits); the urban landscape is 

substantially different (more kerbs and boundaries, and narrower streets in the UK and 

Ireland); and there are widely varying meteorological conditions. These factors may 

contribute to different PSDs o f influent solids, which is a key determinant o f  the treatment 

efficiency.

Modelling o f  suspended solids and associated contaminant emissions from urban 

catchments has developed into three common approaches: statistical and volume- 

concentration methods; semi-deterministic models o f  build-up and washoff; and detailed 

deterministic models. Statistical models are most commonly used for screening level 

estimations o f stormwater pollutant loads; this approach formed the basis o f the stormwater 

contribution to receiving water impairment, as part o f the WFD assessment in Ireland 

(CDM, 2009a). The drawback o f  the volume-concentration method is the high sensitivity 

o f the total load to the EMC value chosen, and the high uncertainty o f  the EMC estimates 

for various urban land uses (Mitchell et al., 2001). Regression models are limited to the 

catchments in which the model was developed; re-calibration o f  the regression coefficients 

is required for application to other catchments, which somewhat undermines the use o f a 

model in the first instance. The use o f  statistical and regression models also deters the 

collection o f local data, and ignores the underlying physical processes involved.

The generation and transport o f  urban pollutants is a highly complex process (James, 

2005); however semi-deterministic models have been successfully applied to simulate the 

critical processes, namely the build-up o f  solids on urban surfaces in dry weather, and the 

subsequent washoff and transport during rainfall. The early experiments o f  Sartor and 

Boyd (1972) concluded that an exponential model o f  pollutant build-up on urban surfaces 

was appropriate, but the findings o f  Pitt (1974) contradicted this view, which was 

supported by a detailed study o f including long-term daily sampling by Vaze and Chiew 

(2002). Furthermore, the climate o f Ireland and the UK, where long dry periods are
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infrequent, means that an upper limit o f sediment build-up is unlikely to be reached in most 

circumstances.

The work o f  Sartor and Boyd also led to the development o f  the widely-used exponential 

w ashoff function, which forms the basis o f  pollutant generation in SWMM, HSPF and a 

number o f  commercial software packages. Sutherland and Jelen (2003) identified two 

major omissions o f  this washoff formulation: sediment w ashoff rates are highly sensitive to 

the rainfall intensity and the particle size, but neither o f  these terms are included in 

exponential w ashoff function. High-resolution monitoring o f  PSD is required to test the 

assumption o f SWMM and the majority o f  stormwater quality models: that the solids 

build-up and washoff o f  is non-selective with respect to particle size.

Previous research on stormwater quality in Ireland and the UK has focussed on highway 

catchments (Bruen et al., 2006; Crabtree et al., 2008). In particular, monitoring has been 

conducted on highly trafficked roads, since high AADTs have been linked to increased 

pollutant concentrations in some studies. However, urban roads constitute just 10% o f  land 

use in Ireland, compared to 36% for residential land uses (CDM, 2009a). Furthermore, the 

majority o f  Irish roads are o f  regional or local status, carrying low traffic volumes 

compared to those monitored by Bruen et. al (2006). The characterisation o f pollutant 

loads from an urban residential catchment and a local road would provide valuable data for 

future WFD assessments o f  urban contributions to receiving water impairments.
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Chapter 3 Sampling and analysis methodology

3.1 Site selection

The aim o f the site selection process was to identify catchments which represented typical 

urban land use and stormwater drainage practice. The Assessment o f Urban Pressures 

(CDM, 2009a) reported the following major land uses among 33 urban areas in Ireland: 

residential, 36%; open space, 34%; urban roads, 10%; light industrial, 7%; and mixed use, 

7%. Light industrial catchments were not investigated, as the stormwater pollutants could 

be linked to specific local industrial activities, preventing the wider application o f  the 

results. Mixed-use developments were also discounted due to potential difficulties in 

isolating pollutant sources from a variety o f  land uses. The residential land use was o f 

primary interest, since this category occupied the greatest proportion o f  urban 

development. Furthermore, while motorways have been studied previously (Bruen et al., 

2006), no significant investigation o f  urban residential runoff has been undertaken in 

Ireland. It was intended that the open space land use would be incorporated into the 

residential catchment chosen; it was assumed that other open spaces such as parks would 

cause minimal receiving water impacts. Urban roads were also investigated, since they are 

potentially a large source o f  heavy metal pollutants, and there is uncertainty whether traffic 

levels are a robust predictor for pollutant concentrations (Crabtree et al., 2008).

Sites were only considered where the drainage systems comprised o f  separate pipe and 

gully drainage systems, since these are the most prevalent stormwater drainage systems in 

urban areas, and therefore the typical scenario for retrofit. Furthermore, sites were chosen 

which facilitated monitoring o f Downstream Defender® stormwater separators, which were 

already in place, or were planned for installation. Since these devices are installed at the 

outlets o f drainage systems, a further constraint was the availability o f  a downstream 

manhole prior to discharge, for installation o f  monitoring equipment. The catchments had 

to be well-defmed, and free from groundwater infiltration or misconnections from foul 

sewers. Other considerations were: permission to access sites and report on stormwater 

contaminants; points o f  safe access where traffic could be controlled where necessary; and 

available space within manholes for the sampling equipment. Two sites were selected for 

detailed monitoring: the Ballyman Road, an inter-urban road (lUR) linking Bray with
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Enniskerry, Co. W icklow ; and an urban residential developm ent in K im m age, Dublin city. 

A dditionally, tw o sites w ere chosen for analysis o f  sedim ent sam ples: an urban link road 

(LR) at M illenium  Park, N aas, Co. K ildare; and a retail car park in Ballym un, N orth 

Dublin. A  location plan o f  the sam pling sites is show n in Figure 3.1.

a  Margdfets Dubfap //  I  7 ' '
^

* U  * Poftmamock -Dunbr

Bal lym un
Klksck BaldoyteDubSn.17

Dubir 11
ClonsMUa

r**"Maynooth
D u b b r

Sutton

Balyoulsler
O u M n ^tO Cl

DuMT 4
D ubm

C«(bridoe Dublin 6Dubim 10 D ijb m B a Y

K im m a g e
Clondatkin

S tra R ^ r

BuoterKtowr
Blacknack 

i» to w n
Ar dough Mentor.CiyV M «: jfi Laogftaire

l* ( 'iM M ryJt
D u(*o16 iX n d m n J - 's 5 S g a n (  i  j

R lld  .Ddlkvy

KiHirey

DuMiin 24
UHtx:ooia S a g u d t :

M il le n i um  
Park

Dubnn 16

b m i ^ y

S te p astd e '^v  , . 4  i
• ^  LouoNinstowr

^  J^BaHytxack 
j N i n s t o w r l

Two Rock
Jottnslo«vn Kiiteel

S K a n k »Rathmure
Bal lym an  

Roa d
Bies6if>olor>>

P r r - f  KllrTX>it^ 
( S m

Manor Kinride

OMcourt 
( B ta M k tg lo r ^

aatysfnuttan Upper

Figure 3.1 Locations o f  sam pling sites (M ap Source: Bing M aps)

3.1.1 Description o f sampling sites

3.1.1.1 Inter-urban road

The catchm ent consists o f  a section o f  road realignm ent, 750 m long and 7 m w ide, 

constructed o f  hot rolled asphalt (H RA ), w ith 1.5 m w ide concrete footpaths on either side. 

The catchm ent falls steeply to the m idpoint o f  the road (F igure 3.2), w ith an average 

longitudinal gradient o f  7% . The road cross fall is 2.5%  with a kerb upstand o f  125 mm. A 

1-hour traffic count from 8-9 am  on a w eekday yielded an average tw o-w ay daily  traffic 

level o f  2,300 vehicles/day, calculated in accordance w ith standard traffic expansion 

factors (N R A , 2012).
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The drainage system is split into two sections, discharging at the low point o f  the road to 

the Glenmunder Stream (Figure 3.3). Both are pipe and gully systems with 450 mm 

diameter, 600 mm deep gully pots. System ‘A ’ drains 3,000 m^ o f  road and footpath, and is 

constructed o f 300 mm diameter concrete sewers connecting the gully pots. System ‘B ’ 

drams 4,500 m , and also comprises o f  300 mm diameter concrete sewers. Two 1.8 m 

diameter Downstream Defender® separators are installed on the drainage outlets. System 

‘A ’ was selected for detailed stormwater monitoring, as it provided access to the upstream 

and downstream sampling chambers in non-trafficked areas. Stormwater sampling was not 

conducted on System ‘B’, since the manhole covers were located in the road, but sediment 

samples were retrieved from this system. Construction was completed in August 2009.

Figure 3.2 lUR site
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Figure 3.3 lUR drainage layout



3.1.1.2 Residential

The residential catchment is an urban estate covering approximately 10 hectares located in 

Kimmage, south Dublin. Housing types are generally terraced, and the housing density is 

33 units/ha. The contributing areas include: bituminous macadam roads; concrete footpaths 

and paved areas; and grassed open space. Longitudinal gradients are low, approximately 

1% throughout, and road cross falls are 2.5%.

The catchment was previously drained by a 225 mm diameter combined sewer only, 

however surcharging and flooding o f the sewer routinely occurred during heavy rainfall. 

To alleviate this problem, Dublin City Council constructed a new separate stormwater 

system to serve roads and paved areas (Figure 3.4). Roof areas remain connected to the 

combined system, or discharging to lawns. The new system, completed in November 2010, 

comprises o f a kerb and gully system as shown, and includes a new outfall to the River 

Poddle. The directly connected areas to the drainage system are approximately 15,000 m^, 

confirmed through flow testing on the site. Part o f the retrofit scheme was the construction 

o f a 1.2 m diameter Downstream Defender®, installed on the 450 mm diameter sewer. This 

site was selected for detailed monitoring, in conjunction with Dublin City Council 

Drainage Division, as it was considered typical o f urban residential development in the 

city. A I -hour traffic count conducted at 8-9 am on a weekday in a number o f locations 

simultaneously yielded two-way daily traffic densities as shown in Figure 3.5.
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Figure 3.4 Kimmage site plan and street view (Source: Google Maps)
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Figure 3.5 2-way daily traffic densities on the residential catchment

3.1.1.3 Link Road

Sediment sampling was undertaken on two adjacent road catchments in Millenium Park, 

Naas, Co. Kildare. Two catchments were sampled in order to compare local pollutant 

variations in the sediments. The road is an access route for an office park, but also serves 

as a relief road for Naas Town, so traffic volumes are significant. Each catchment drains 

5,000 m  ̂o f HRA roads and concrete footpaths. The drainage systems are 225 mm concrete 

surface water sewers connecting the road gullies. Importantly, a flow control device is 

fitted at the downstream end o f each system. The attenuated stormwater is then directed to 

1.2 m diameter Downstream Defenders®, prior to discharge to agricultural ditches.
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Figure 3.6 Millenium Park site

3.1.1.4 Retail car park

The Ballymun site comprises o f  a large retail unit and car park with a total area o f 8,000 

m^. The car park is constructed o f  bituminous macadam roads, and block paving for 

parking spaces. A pipe and gully system drains to a large underground attenuation tank 

located beneath the car park, with a flow control device installed on the outlet. The 

controlled flow discharges to a 1.2 m diameter Downstream Defender®, prior to connection 

to a Local Authority surface water sewer. Sediment sampling only was conducted on this 

site due to limited access to sample stormwater flows.

3.2 Review of stormwater monitoring methods

To assess the potential impact o f  urban runoff on receiving waters, sediment monitoring 

data must be accurate, representative and defensible (Bent et al., 2001). Stormwater 

sampling provides numerous technical challenges arising from the random characteristics 

o f  precipitation; these can result in rapidly varying runoff flows and pollutant 

concentrations (Church et al., 1999). Adequate quality control data must also be collected
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to ensure that monitoring data is comparable between storms and across catchments (Bent 

et al„ 2001). A review o f  stormwater monitoring methods is contained in the following 

sections; the details o f  the installations and equipment used on each site are given in 

Sections 3.3 and 3.4.

3.2.1 Rainfall measurement

Rainfall is the driver o f  runoff generation and solids washoff, so accurate precipitation 

measurement is needed to characterise the relevant processes (Church et al., 1999). Rain 

gauges provide key storm data including rainfall depth, duration and intensity. Rain gauges 

can be used to initiate sampling equipment and to signal when a storm has ceased; not a 

trivial matter when base flows are present (Geosyntec and W ater Wright Engineers, 2009). 

Rainfall data can also be used along with contributing areas and land uses to validate flow 

data and identify anomalies in flow readings. Typically, rainfall should be measured in 

urban drainage studies by accumulative rainfall or tipping bucket rain gauges (Caltrans, 

2003). Tipping bucket rain gauges are suitable for urban runoff monitoring as they can 

measure high-intensity rainfall at good resolution (Fankhauser, 1997). The gauge is similar 

in construction to the accumulative rain gauge except that rainfall from the funnel is 

directed to one o f two collection buckets. When the rainfall collected in the bucket exceeds 

a threshold depth, a rocker mechanism tips the bucket and positions the remaining unfilled 

bucket beneath the funnel. The number o f  tips over the time interval and the volume o f  the 

bucket can then be converted to rainfall intensity.

Measurement errors can arise in rain monitoring with tipping bucket gauges. The rocking 

mechanism can fail during freezing conditions, and intense rainfall may cause double-tips. 

Also, during very light and short duration rainfall, the collected rain may not be sufficient 

to cause a tip (Geosyntec and W ater Wright Engineers, 2009). Once rainfal 1-runoff 

relationships have been established for a particular site, they may identify possible 

problems with rain gauges. Apart from mechanical issues, the positioning o f  rain gauges is 

crucial. The gauge should be placed as close as possible or in the contributing drainage 

area to control for orographic effects, elevation and proximity to water bodies (Geosyntec 

and Water Wright Engineers, 2009). They should be placed at ground level, on level 

ground and positioned at a distance at least twice the height o f  the nearest structure (Met
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Office, 1982). In all cases, rain gauges should be checked on a weekly basis to ensure the 

rocker mechanism is free, and the funnel is clear o f  debris.

3.2.2 Flow measurement

Reliable flow data is a pre-requisite for stormwater quality characterisation. Flow 

measurements are used to compute event mean concentrations, and provide a basis for 

calibration o f  many urban stormwater quality models. Flow readings are also used to 

trigger and pace automatic sampling equipment. A significant challenge in recording 

accurate flow data is that runoff from urban catchments can increase rapidly within 

minutes, and over several orders o f  magnitude. Therefore, careful selection, placement and 

calibration o f  flow monitoring equipment for the range o f anticipated flows is required.

Most flow meters measure flow indirectly, through a combination o f  depth and/or velocity 

(WRRL, 2001). Depth-based devices such as flumes and weirs rely on a predetermined 

relationship between flow rate and flow depth. These methods can be very accurate, but 

their range o f  measurement limited. Flow can also be estimated for any open channel o f 

known geometry, slope and material using M anning’s equation. However, this method is 

only suitable where the flow is uniform, non-turbulent, and unaffected by bends, changes 

in bed slope or backwater effects (Caltrans, 2003). Furthermore, depth-based methods are 

unsuitable for surcharged pipe conditions. On the other hand, ultrasonic area-velocity 

(AV) flow meters can operate accurately in submerged, full pipe, surcharged and reverse- 

flow conditions (ISCO, 2012). The devices are non-intrusive and field calibration is 

generally not required (WRRL, 2001). The AV flow meter calculates the flow based on the 

cross-sectional area and velocity o f  the flow stream. Level is measured by a pressure 

transducer housed in the probe, which is usually fixed to the base o f  the conduit. Velocity 

is measured using the Doppler Principle. In a flow stream with water approaching the 

probe, the probe transmits a sound wave which is reflected by particles or air bubbles in 

the flow stream. The Doppler Principle states that the reflected frequencies are related to 

the velocity at points in the medium where the reflections occurred, as show in Figure 3.7. 

With flow approaching the probe, the higher the frequency, the greater the velocity. The 

flow meter calculates the weighted average o f  reflected frequencies which is converted to 

an average velocity (ISCO, 2012).
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The area-velocity flow meters have certain drawbacks. They are unsuitable for very low 

flow conditions as the probe requires at least 25mm o f  liquid depth to measure flow 

accurately (ISCO, 2012). Fouling o f the sensor by algae or mineral deposits can also 

weaken the signal strength (WRRL, 2001). Most importantly, the velocity measurement is 

sensitive to the position o f  the probe relative to the flow stream being measured. The 

device is designed to measure axial velocities, so secondary currents can introduce errors. 

Secondary currents can arise from upstream features such as bends, changes in cross- 

section and channel slope. For measurement in sewers less than 900mm, a straight section 

o f  pipe 10 times the diameter upstream, and 3-5 times the diameter downstream o f  the 

probe should be provided (WRRL, 2001).

P artic lc s  or 
Air B ubbles

Velocity/Level Probe

Transnutted Frequency

Received Frequency

Figure 3.7 Application o f  the Doppler Principle in flow measurement 

3.2.3 Stormwater sampling

Established methods for stormwater sampling are manual grab sampling or the use o f an 

automatic sampler (Bent et al., 2001). Automatic samplers offer a number o f  advantages 

over manual sampling for stormwater monitoring programmes. They can be programmed 

to start at the onset o f rainfall, avoiding the need for personnel to travel to sites at short 

notice. Modern automatic samplers also provide data logging and transmission capability. 

Most automatic samplers consist of: a pump to draw the sample from the flow stream via 

an intake tube; a base which contains one or more sample bottles; a distribution arm to
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direct the sample to the appropriate bottle; and a control unit incorporating logging o f 

external flow and rain measurement devices.

Due to the high variability in suspended solids concentrations within storm events, a 

number o f  samples must be taken during the storm to estimate the average or event mean 

concentration (EMC). These aliquots may be analysed separately and an average value 

computed. Alternatively, aliquots may be combined to form a composite sample. The 

interval for collecting samples can be time paced, or in the case o f  automatic samplers, 

volume-paced. Time-based intervals may underestimate the true average, as the first-flush 

o f  pollutants may be missed (Lee et al., 2007).

Ma et al. (2009) investigated several pacing methods: randomly timed; equally timed; 

equal rainfall depth; equal discharge volume; and first flush enhanced, essentially a time- 

based method with more samples taken in the first hour. The EMC values obtained by 

these methods for 35 storm events were compared to a well-calibrated COD regression 

model for the sampling site. The randomly timed method produced the highest error, with 

60 subsamples required to represent the EMC within 20%. The equally timed method 

reduced the number o f  subsamples to 40. The most efficient pacing method was equal 

discharge volume, which required less than 20 subsamples to estimate the EMC within 

20%. The authors concluded that automatic flow weighted samplers are far superior to grab 

sampling, even if  many grab samples are used. A similar finding was reported by Leecaster 

et al. (2002), who determined that 12 subsamples taken at flow paced-intervals was the 

most efficient method to estimate the EMC.

Stormwater samples must contain solids representative o f  the particles in the flow stream, 

in terms o f  both the suspended solids concentration and particle size distribution (Bent, 

2001). In particular, it has been suggested that automatic peristaltic samplers may be less 

effective at retrieving the coarser particles (Geosyntec and W ater Wright Engineers, 2009). 

Clark et al. (2009) tested peristaltic pump automatic samplers, including an ISCO 6712 

model (Teledyne ISCO Inc.), against grab sampling in laboratory conditions for the 

retrieval o f  coarse particles from a well-mixed vessel. The research indicated that 

stormwater particles greater than 500 ^m may not be well represented by samples taken by 

automatic samplers. Compared to concentrations o f  grab samples o f  the sand and ground 

silica mix, the auto sampler recoveries were 85% for the sub -1000 nm solids, and 95% for
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the sub-106 |im solids. This suggests that for PSDs typical o f  urban runoff, automatic 

samplers can retrieve representative samples. Where automatic samplers are used for 

evaluating treatment devices, a mass balance o f  influent solids and those captured in the 

sump should be established to improve the measurement o f large solids (Siu et al., 2008). 

If automatic samplers are used, the intake o f the sampler should be placed at a point in the 

flow stream which approximates the mean solids concentration in the cross section over 

the full range o f flows (ISCO, 2012). However, such a point varies constantly (Bent, 

2001). In practice, the optimum location o f the intake is at the bottom o f  the conduit, with 

the intake facing the flow (Geosyntec and Water Wright Engineers, 2009).

3.3 Stormwater sampling on the inter-urban road site

Rainfall was recorded by an ISCO 6700 tipping bucket rain gauge and logger, located 

approximately 500 m from the sampling point. The gauge resolution was 0.1 mm/tip, and 

the total rainfall was logged every two minutes. The rain gauge was inspected weekly, and 

after each storm event.

A 300 mm diameter ISCO orifice plate insert with an ISCO 730 (Teledyne ISCO Inc) 

bubbler module was installed on the outlet o f  the surface water drainage system as shown 

in Figure 3.8. This device was chosen over the AV probe, as it was more suited to low- 

flow measurement on this relatively small catchment. The orifice plate was secured in the 

incoming pipe by means o f  an inflatable bladder. The module contained an air compressor 

to force air bubbles from a tube submerged in the flow. The level was measured from the 

pressure required to release the bubbles. The module converted the level readings into flow 

rate.

Automatic samplers (ISCO 6712) were installed in the manholes upstream and 

downstream o f the Downstream Defender (DD). The samplers were programmed to initiate 

when flow exceeded a pre-set level o f  1-2 I/s. The samplers contained 24, I-litre plastic 

bottles in the bases o f  the units. Bottles were filled based on the volume o f  runoff passing 

the downstream flow meter. Two pacing rates were possible; part ‘A’ which was set at 1 -  

5 m^ to capture the smaller storm events and ‘first flush’, and part ‘B’ which was set at 5 -  

10 m^ to capture the larger events. A communications cable linked the upstream and 

downstream samplers; this enabled simultaneous sample retrieval. The storm event data
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was downloaded on site after each storm event using Flowlink 5 software (Teledyne ISCO 

Inc). The software created a database for each sampling site which stored the level and 

velocity data from the flow meter, the sample timing and performed the flow conversion 

using the area-velocity or Manning’s equation.
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SAMPLING I g
A ®CHAMBER

3000

SAMPLER
INTAKE

ORIFICE PLATE , DEPTH GAUGE &  
SAMPLER INTAKE (TURBIDITY 
PROBE ALSO SHOWN)

Figure 3.8 Flow measurement and sampling on the Bray site 

3.4 Stormwater sampling on the residential site

Rainfall was measured by the ISCO 6700 tipping bucket rain gauge and logger, located 

300 m from the sampling point. Two area-velocity probes were installed in the surface 

water drainage system as shown in Figure 3.9. A number o f mounting positions for the 

upstream probe (ISCO 750 AV) were investigated, but turbulence in the manhole and 

backwater effects from the DD meant that reliable flow measurement was not possible in 

this location. The probe was left in place to measure upstream level; this was used to 

determine the headloss o f the DD. The downstream probe (ISCO 2150 AV) was mounted 

towards the end o f a 3 m straight section o f pipe, allowing reliable flow measurement using 

the area-velocity method. The downstream AV probe was connected to an ISCO 2105G 

modem, which logged and transmitted data to a dedicated website. The website presented 

real-time flow and sampling information, allowing the user to determine when sample 

bottles needed to be retrieved.

76



The samplers were installed in custom-built sampling chambers for the monitoring 

programme (Figure 3.10). They were placed on elevated platforms to prevent inundation in 

high flows. An external bypass was installed for the D D  comprising o f a 1.0 m weir wall in 

the upstream manhole and a 450 mm diameter overflow pipe. The level in the upstream 

chamber never exceeded the weir level during the sampling period.
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Figure 3.9 Flow measurement and sampling on the Kimmage site
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Figure 3.10 Construction o f  the upstream sampling chamber, Kimmage 

3.5 S to rm w ate r subsam pling

Subsampling o f  the stormwater samples was required for the variety o f  analytical 

procedures. The validity o f  the subsequent analyses relied on subsamples being 

representative o f  the original sample in terms o f  total solids and particle size distribution. 

Solids in stormwater may contain particles that settle rapidly, in particular solids greater 

than 250 |im  may present difficulties for accurate subsampling (Bent et al., 2001). 

Kayhanian et al. (2008) compared inversion, stirring and a chum splitter for subsampling 

o f  stormwater runoff. The study concluded that the inversion and stirring methods may 

under-represent the suspended solids content o f the runoff. Bent et al. (2001) compared 

churn and cone splitters, and both were found to provide representative stormwater 

subsamples for mean PSDs less than 250 |am. However the upper limit o f  suspended solids 

concentration was higher for the cone splitter (up to 100,000 mg/l) than the churn splitter 

(less than 10,000 mg/l).
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A Dekaport® cone splitter was tested for subsampling o f  stormwater samples in the 

laboratory. The cone splitter comprised o f  a reservoir, stand pipe and profiled splitter base 

with ten outlet ports (Figure 3.11). The cone and outlet ports were coated in Teflon , 

which facilitated cleaning and decontamination between samples. The outlet ports were 

combined where splits o f less than 1:10 were required. To assess the accuracy o f  the cone 

splitter in terms o f the sediment concentration o f  subsamples, two sediment mixtures were 

tested using Sil-co-Sil 250 (US Silica), having a mean particle diameter o f  45 |^m and a 

specific gravity o f 2.65 g /cm \ The test concentrations were 100 and 500 mg/1. For both 

concentrations, the mean recovery rate was 79% (Table 3.1). The remaining solids were 

deposited either in the sample bottle or in the splitter. It was not possible to rinse the 

sample bottles or splitter during subsampling o f  runoff samples as this would dilute the 

subsamples for chemical analysis. The coefficient o f  variation (standard deviation/mean) 

between subsamples was higher at 8% for the 100 mg/1 concentration than the 500 mg/1 

concentration (3%), due the greater influence o f  the deposited sediments. It is likely that 

the recovery rate for stormwater solids would be higher due to the presence o f  lighter 

organic particles and the finer distribution o f  the particles compared to Sil-co-Sil 250, so 

the splitter was adopted for stormwater subsampling.

Figure 3.11 Dekaport cone splitter
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Sample
Splitter

Port

Recovered
concentration

Ideal
concentration

Recovery
rate

(mg/I) (mg/l) (%)

1 1+2 81.9 101.2 81
3+4 86.1 101.2 85
5+6 78.9 101.2 78
7+8 70 101.2 69

9+10 83.4 101.2 82

Mean 80.06 101.2 79
Bias -21

Std Dev 6
COV 8

2 1+2 383.8 500.2 77
3+4 405 500.2 81
5+6 397.7 500.2 80
7+8 403.5 500.2 81

9+10 378.8 500.2 76

Mean 393.76 500.2 79
Bias -21

Std Dev 2
COV 3

Table 3.1 Solids recovery rate and variability for cone splitter

3.6 Suspended solids and volatile solids

Methods for the determination o f  suspended solids and volatile solids recommend 

exclusion o f  non-representative material if  their inclusion is not desired in the final result 

(ASTM, 2009). Preliminary analysis o f solids greater than 1 mm from the Bray site 

revealed that this coarse material generally consisted o f  organic matter and litter. The 

material tended to be a small fraction o f  the total mass o f  suspended solids, and its 

occurrence was random. Therefore, to avoid potential biasing o f  the suspended solids 

results, and to prevent blockage o f  the cone splitter, this material was removed. The total 

mass o f  the material greater than 1 mm was recorded for each storm event.

Two methods are generally used for stormwater solids analysis; Standard M ethod D3977- 

97(B) (ASTM, 2009), commonly referred to as SSC and Standard Method 2540D (APHA,
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1995), referred to as total suspended solids (TSS). The difference between the standards is 

that the SSC method analyses the whole stormwater sample, whereas the TSS method 

analyses an aliquot o f  the sample. Once the sample (or aliquot) has been prepared the 

procedure was as follows:

1. A glass fibre filter paper (Whatman grade 934AH, pore size 1.5 ^m ) was heated to 

550 °C in the muffle furnace and allowed to cool to a constant mass in the

desiccator. The mass o f the filter paper was recorded to the nearest 0 .1 mg.

2. The sample volume was recorded by weighing the sample and assuming a density 

o f Ig/cm^ (ASTM, 2009).

3. The filter paper was placed on a Buchner funnel and a vacuum was applied.

4. The sample was poured through the filter paper. Any remaining solids were rinsed

from the sample container and walls o f  the funnel.

5. The sample was dried at 105 °C for one hour and allowed to cool to a constant

mass in the desiccator. The mass o f  the sample and filter paper was recorded to the 

nearest 0.1 mg.

6. The suspended solids concentration was calculated from:

S S C =  - Eqn. 3.1

where, SSC = suspended solids concentration (mg/l), m^s.r =  mass o f  residue and 
filter paper (mg), mf = mass o f  filter paper (mg) and v = sample volume (ml).

7. The dried filter paper and residue were placed in the muffle furnace at 550 °C for

one hour and cooled to a constant mass in the desiccator.

8. The volatile suspended solids concentration was calculated from:

, ,c c  *^res,f ■ niign.f
V S S =  --- Eqn. 3.2

where, VSS = volatile suspended solids (mg/l) and m,gn,f = mass o f  residue and 

filter paper after ignition at 550 °C (mg).

The TSS and SSC methods were compared for 19, 1-litre stormwater samples from the 

Bray site. For the TSS method, each sample was transferred to a 1-litre beaker and stirred 

at 300 rpm. The TSS method calls for a stirrer speed o f  700 rpm, however the maximum 

speed available with the laboratory apparatus was 300 rpm. The TSS sample was retrieved 

using a wide-bore pipette with a 3 mm tip. The pipette tip was positioned mid-depth in the 

beaker and at the midpoint between the stirrer and beaker wall as recommended by
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Kayhanian et al. (2008). A 100 ml sample was extracted for the TSS analysis. The 

remainder o f  the sample was analysed for SSC. The TSS measurement grossly 

underestimated the solids content o f  five o f the samples (Figure 3.12) and grossly 

overestimated the solids content for one sample. When these outliers were omitted (those 

outside a range o f  -/+ 50%) the TSS was shown to represent approximately 85% o f  the 

whole sample solids concentration. This was due to the difficulty in suspending the larger 

particles in the mixing vessel and the ability o f  the pipette to retrieve these particles. 

Kayhanian et al. (2008) found that the mixing speed in the whole sample and the position 

o f the pipette had a large influence on the representativeness o f  the TSS o f  the true 

concentration. Gray et al. (2000) concluded that TSS was an inappropriate test method for 

the measurement o f  solids in natural water samples, and should be replaced by the SSC 

method. The agreement between the TSS and SSC may have been improved if a greater 

stirrer speed was possible. However, to avoid a further subsampling step, the SSC method 

was adopted for measurement o f the suspended solids in preference to the TSS method.
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Figure 3.12 TSS vs SSC for Bray samples
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3.7 Particle size distribution

Traditional methods o f  determining particle size distributions are sieving for coarse 

particles, and sedimentation for fine particles. These methods have a number o f drawbacks; 

they are time-consuming and dependant on operator skill (Beuselinck et al., 1998); and 

require at least lOOg o f  material for sieving or I2g for sedimentation (BS1377-2, 1990). It 

may not be feasible to collect this quantity o f  material for solids suspended in stormwater. 

Recent techniques used for particle size analysis include settling with electro-resistance 

particle counting (Coulter Counter®), settling with X-ray attenuation (Sedigraph®), light 

obscuration (NICOMP AccuSizer®) and light diffraction (Malvern Mastersizer®).

Previous stormwater monitoring studies have employed a wide variety o f  sampling, sub

sampling and analysis methods for the PSD. The differing protocols make comparisons 

between studies difficult (Roesner et al., 2007). Recent stormwater sampling protocols 

have sought to address this issue. These recommend sieving o f  the runoff for >250 |im 

particles (with the >1200 ^m particles discarded) and use o f  a Coulter Counter or laser 

diffraction instrument for the finer fraction (Geosyntec et al. 2009; WSDE, 2008).

Regardless o f  the technology employed, the most important criteria when selecting the 

PSD analysis is that the method should suit the sediment characteristics (Roesner et al., 

2007). For example, researchers have used sieve analysis for source area runoff, where 

coarse sediments could be expected (Sansalone and Buchberger, 1997). Gromaire-M ertz et 

al. (1999) measured the PSD of runoff at storm sewer outlets by sedimentation, although 

the exact methodology was not specified. Drapper et al. (2000) used a laser diffraction 

instrument for determination o f PSD o f  highway runoff sampled at the drainage system 

outfall. The >710 |jm fraction was removed prior to analysis, due to the size limit o f  the 

instrument. Li et al. (2005) examined PSDs by light obscuration o f  highway runoff 

samples collected at the system outlet. The analysis used a 1-10 ml subsample from a 

wide-bore pipette. The highest measurement error between duplicate pairs was observed in 

the 100-2000 |im range, as the sub-sample concentration o f  particles was extremely small. 

The authors acknowledged that a technique which sampled more particles would provide 

improved results for the coarser fraction.
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The techniques adopted for PSD analysis in this study were primarily sieving for solid 

samples (for gully pot and surface sediment samples) and laser diffraction for stormwater 

solids. The methodologies including relevant QA measures are contained in the following 

sections.

3.7.1 Sieve analysis

Sieving is a common method for particle size analysis due to its simplicity and suitability 

for large particles. The solid samples were analysed in accordance with BS 1377-Part 2: 

Classification tests (1990). The procedure is summarised as follows:

1. An appropriate mass for the analysis was determined, dependant on the proportion 

o f the largest particles present.

2. The bulk sample was subsampled by riffling.

3. The subsample was dried for at least 24 hours at 105°C.

4. Where a significant proportion o f fine particles where present, the silt sized 

particles were washed through a 63pim sieve.

5. The remainder o f  the material was passed through the standard sieve stack, placed 

on a vibrating base for 10 minutes.

6. The sieves were dried for I hour at 105°C.

7. The mass o f  material retained on each sieve was recorded.

8. The PSD was expressed as the percentage mass passing each standard sieve size.

The key measurement in this test is the proportion o f material passing a particular sieve 

opening. It follows that for non-spherical particles, the smaller axis dimension will 

determine whether the particle is retained or not. Furthermore, the distribution is expressed 

as a weight fraction, so the organic proportion by number, having a lower specific gravity, 

may be under-represented in the distribution.

3.7.2 Laser diffraction

Laser diffraction, using a Malvern Mastersizer 2000®, was chosen for the particle size 

analysis o f stormwater solids due to its wide particle range (0.01 ^m -  2 mm), small 

sample requirement and speed o f analysis. The method has also demonstrated improved
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reproducibility for silt-sized particles compared to the pipette method (Beuselinck et al., 

1998). The instrument was located in the Department o f Geology, Trinity College Dublin.

Particle size analysis by laser diffraction is based on the principle that light diffracted by a 

spherical particle does so at an angle relative to its diameter; smaller particles cause wider 

angle scattering than larger particles. The Mastersizer 2000 employs two monochromatic 

light sources: red light (k = 633nm) and blue light (X,=466nm, specifically for sub-micron 

particles). The light beam is directed through the sample cell which contains the sample 

particles in a well-mixed suspension (Figure 3.13). An array o f 52 detectors measure the 

intensity of light scattered at varying angles. The un-scattered or absorbed light is 

measured by the obscuration detector. The light scattering caused by the dispersant 

medium (high-purity water) is recorded prior to each sample measurement to create a 

baseline, and the sample result is adjusted accordingly.

Laser light 
souce

Wide angle detection system

Obscuration 
II detector

Fourier Sam ple 
lens cell

Focal plane 
detector

Figure 3.13 Schematic of particle size analyser (Source; Malvern, 2007)

The detector array takes a series o f snapshots or ‘snaps’; each snap representing the 

scattering of light from particles in their individual orientations in the mixing cell at that 

instant. The measurement time was set at 30 seconds, with each snap taking one 

millisecond. Therefore, each measurement was an average of 30,000 snaps, with the 

objective of measuring the scattering pattern o f particles in all possible orientations. A 

typical graph o f light intensity versus detector number for a stormwater sample is shown in 

Figure 3.14.
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Figure 3.14 Light intensity vs detector number for stormwater sample

The application of light scattering analysis for stormwater particles requires the following 

assumptions to be made (BS ISO 13320, 2009);

- The particles are spherical, homogeneous and isotropic;

The refractive index of the particle and dispersant medium is known;

The particles have no surface charges and no surface currents.

The Mastersizer software calculates a theoretical volume distribution based on the light 

scattering of spherical particles, each with the same equivalent volume o f the real particle, 

having taken many ‘snaps’ of the particle in different orientations. This transformation is 

extremely important when comparing PSDs using different measurement methods. Take 

for example, a rod-shaped particle as in Figure 3.15. The Mastersizer software would 

represent this as a spherical particle having a diameter o f 33 ^m. I f  this particle was 

analysed by sieving, it would pass through the 20 ^m aperture, and be recorded as a sub-20 

|im particle. Therefore, caution should be exercised in making direct comparisons between 

results derived from different PSD measurement techniques.
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Figure 3.15 Representation o f particle for light scattering analysis

The software provides a measure o f  the residual error between the light scattering pattern 

measured, and the calculated distribution based on spherical particles. A residual value o f 

less than 1% indicates an acceptable fit to the observed distribution (Malvern, 2007). High 

residuals may result from low concentrations o f  solids in the sample. Particle concentration 

in the mixing cell is calculated from the degree o f light obscuration detected, and ideally 

the volume o f sample particles in the dispersant should exceed five percent (Malvern, 

2007). However, if there is a uniform distribution o f  mostly fine particles, lower 

obscuration rates are possible, if the residual value is acceptable.

3.7.2.1 Protocol for stormwater particle size measurement

The purpose o f  the stormwater PSD protocol was to provide subsamples which were

representative o f  the original, and to produce repeatable results so that PSDs o f  samples

within and between storm events could be reliably compared. The method developed was 

as follows:

1. The 1-litre bottle from the auto sampler was split using the Dekaport cone splitter 

into approximate-100 ml subsamples. A I-mm screen was placed at the top o f  the 

splitter to capture gross solids which were discarded. Between 100 and 500 ml o f 

sample was used for the PSD analysis, depending on the sediment concentration.

2. The following material properties were specified as recommended by the 

manufacturer (Particular Sciences, 2009): refractive index - 1.56 and absorption - 

0.1 (stormwater solids); refractive index - 1.33 (dispersant).

3. The background light scattering pattern o f  the dispersant (water purified using a 

0.04 |im filter) was measured.
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4. To maximise the volume o f sample analysed, the dispersant (total system volume 

o f  925 ml) was drained down manually to allow addition o f  up to 500 mis o f the 

sample.

5. The sample was added, in 100 ml bottles, to the mixing chamber until the optimum 

obscuration o f  10 -  15% was obtained, or the 500 ml limit was reached. The total 

sample volume added was recorded. Any remaining solids in the bottles were 

washed into the mixing chamber using ultra-pure water.

6. The mixing chamber was refilled to the mark using ultra-pure water.

7. The sample was allowed to circulate in the system for 5 minutes. Each sample was 

measured between 3 and 5 times, and the average value reported.

8. Between samples the system was drained down, cleaned and refilled. This cycle 

was repeated twice before the next measurement proceeded.

The advantages o f  this method over that described by Li et al. (2005) are: the sample 

undergoes fewer processing steps such as decanting and pipetting, where larger solids can 

be lost; and a larger sample volume and therefore greater numbers o f  particles are 

measured. This is particularly important for the coarser particles which may be few in 

number in the original stormwater sample. Another advantage o f  the method is that it uses 

the cone splitter for subsampling, which has been proven to provide reliable subsamples o f 

suspended solids and PSD (Capel and Nacionales, 1995).

3.T.2.2 Error analysis

To assess the errors associated with PSD measurement, two stormwater samples from the 

Bray site were analysed. The samples were chosen as they contained a relatively high 

proportion o f sand-sized particles, which are the most challenging to subsample and 

analyse due to their rapid settling velocities. The SSCs were also high: 1510 mg/1 for 

sample 1 and 972 mg/1 for sample 2, requiring only 100 ml o f  sample to achieve a 10% 

obscuration rate in the M astersizer sample cell. Each replicate was obtained from a 

different subsample o f  the 1-litre autosampler bottle, so the error analysis included the 

subsampling step using the cone splitter, and the PSD analysis by the instrument.

All o f the residual values were less than 1% (Table 3.2), indicating a good fit between the 

actual light scattering pattern o f  the sample and theoretical distribution. The low COV for
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the concentration indicated an even split o f  suspended solids concentration from the cone 

splitter. Sample I contained more coarse material than sample 2, with mean D50 values o f 

37 and 22 |am, and Dqo values o f  680 and 103 |im , for sample 1 and 2 respectively. 

Variability was highest in the Dqo values, indicating greater subsampling and analysis 

errors associated with the coarse particles. Nonetheless, the COV did not exceed 16% for 

the D90 values.

Residual Concentration Dio D50 D90

Sample 1 replicates (%) % (vol/vol) |jm fim l^m
R1 0.6 0.021 7.0 38.4 711.3
R2 0.7 0.022 7.5 38.9 745.5
R3 0.6 0.021 6.9 36.7 742.9
R4 0.5 0.021 7.0 32.6 516.8
Mean 0.021 7.1 36.6 679.1
Standard deviation 0.001 0.29 2.86 109
COV 0.05 0.04 0.08 0.16
Sample 2 replicates 
R1 0.5 0.016 6 22 99
R2 0.5 0.016 6 22 117
R3 0.5 0.016 6 22 96
R4 0.5 0.016 6 22 99
Mean 0.016 5.9 21.9 102.9
Standard deviation 0.0002 0.10 0.38 9.5
COV 0.013 0.02 0.02 0.09

Table 3.2 PSDs o f stormwater replicates

The Mastersizer software was configured to output the percentage volume PSD in 28 size 

bins, however for clarity these have been grouped into 10 size classes from 2 to 1000 |im. 

The volume distributions o f the replicates are shown in Table 3.3. Sample 1 exhibited a 

bimodal distribution, with peaks in volume at 10-30 and 212-1000 |am. Sample 2 had a 

smaller volume o f  material in the 212-1000 nm range, with the majority o f the solids 

between 5 and 45 |im. COV values were low for sub-106 ^im particles, indicating good 

repeatability o f  the method for fine particles typically found in stormwater. Sample 1 

displayed greatest variability in the 600-1000 ^m  range with a COV o f  15%. This was also 

evident for sample 2, with a COV o f 47%  for the same range. Considering the percentage 

volume distribution for sample 1, there should have been sufficient particles to achieve a 

lower COV, considering that 30% o f  the particle volume was contained in the 212-1000
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range. In fact, the distribution o f  the particle number in each size range must be 

considered to gain an insight into the repeatability o f  coarse particle measurement.

Sample I 
Size (jam) R1 R2 R3 R4 Mean Std. Dev. c o v
2-5 3.9 3.5 4.0 4.0 3.9 0.2 0.06
5-10 9.8 9.1 10.0 10.1 9.8 0.5 0.05
10-20 18.0 18.1 18.4 19.5 18.5 0.7 0.04
20-30 10.6 11.2 10.7 11.9 11.1 0.6 0.05
30-45 8.2 8.8 8.2 9.4 8.6 0.5 0.06
45-63 5.0 5.3 5.0 5.8 5.3 0.4 0.07
63-106 5.5 6.0 5.9 6.5 5.9 0.4 0.07
106-212 5.7 5.9 6.2 6.5 6.1 0.3 0.05
212-600 17.3 15.2 14.8 16.8 16.0 1.2 0.08
600-1000 13.8 14.1 13.2 9.9 12.7 2.0 0.15
Sample 2 
Size (^m ) R1 R2 R3 R4 Mean Std Dev COV
2-5 4.9 4.7 4.9 4.8 4.8 0.1 0.02
5-10 12.8 12.4 12.9 12.5 12.6 0.2 0.02
10-20 25.7 25.1 25.8 25.5 25.5 0.3 0.01
20-30 16.3 16.0 16.3 16.4 16.2 0.2 0.01
30-45 13.0 12.8 12.9 13.1 12.9 0.1 0.01
45-63 7.6 7.5 7.6 7.7 7.6 0.1 0.01
63-106 7.5 7.4 7.4 7.6 7.5 0.1 0.01
106-212 5.3 5.3 5.1 5.5 5.3 0.2 0.03
212-600 3.6 4.7 3.5 3.4 3.8 0.6 0.17
600-1000 0.7 1.6 0.7 0.7 0.9 0.4 0.47

Table 3.3 Volume distributions o f  sample replicates by size range

The number o f particles in each size range can be calculated as follows:

where, Na,b =  number o f  particles in size range a-b, Va,b -  volume o f  particles in range a-b 

(ml), Vsa,b = volume o f  sphere o f  diameter (a + b)/2 (ml), and Cv =  volume correction equal 

to the instrument volume (925ml) divided by the sample volume.

The sample correction factor allows calculation o f  the total number o f  particles in each size 

range, regardless o f  the sample sized used. This is particularly important since varying 

sample quantities will be required to achieve the correct obscuration rate, depending on the
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SSC o f the sample. However, it should be remembered that number distribution relates to 

derived particle sizes, i.e. those having an equivalent volume to the actual particles.

The number distributions o f  the replicate samples are presented in Table 3.4. Although 

sample I contained 30% by volume o f  212 -  1000 nm particles, this represented a very 

small number o f  particles, since for spherical particles, a 10 |jm particle occupies the same 

volume as one thousand I |im particles. There was a clear exponential decay in particle 

number with increasing particle diameter (Figure 3.16). This explains the higher COV for 

the coarse particles. Li et al. (2005) observed similar increases in variance with increasing 

particle diameter when measuring highway runoff samples with a light obscuration PSD 

analyser. For stormwater samples with finer distributions, the variability o f  the sample 

preparation and analysis will be lower. Furthermore, the majority o f  pollutants tend to be 

associated with the finer particles (Sansalone and Buchberger, 1997), so the method will be 

most accurate for the particles o f  interest.

Sample 1 
Size (|im ) R1 R2 R3 R4 Mean Std Dev COV
2-5 3188478 3018715 3331236 3250386 3197204 132574 0.04
5-10 808009 789987 840701 838976 819418 24711 0.03
10-20 185054 196363 192129 203173 194180 7597 0.04
20-30 23432 26215 24216 26727 25148 1575 0.06
30-45 5994 6800 6156 6947 6474 470 0.07
45-63 1183 1341 1225 1395 1286 99 0.08
63-106 391 449 424 469 433 34 0.08
106-212 68.4 77.7 77.0 79.5 75.67 4.97 0.07
212-600 15.0 13.5 13.2 15.9 14.38 1.27 0.09
600-1000 0.8 0.9 0.8 0.6 0.78 0.14 0.18
Sample 1 
Size (|im ) Rl R2 R3 R4 Mean Std Dev COV
2-5 3341427 3149857 3391408 3339672 3305591 106557 0.03
5-10 888985 847452 898989 886088 880378 22636 0.03
10-20 223693 214806 224509 226623 222408 5216 0.02
20-30 30580 29446 30598 31429 30513 814 0.03
30-45 8040 7775 8027 8296 8034 213 0.03
45-63 1544 1502 1536 1588 1543 35 0.02
63-106 461 449 459 477 462 11 0.02
106-212 59.6 58.5 58.6 63.7 60.10 2.44 0.04
212-600 4.0 4.7 3.7 3.9 4.08 0.43 0.10
600-1000 0.0 0.1 0.0 0.0 0.04 0.02 0.55

Table 3.4 Number distributions o f  sample replicates by size range
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Figure 3.16 Num ber o f  particles vs size range for stormwater sample

3.1.2.3 Analysis of reference material

A reference material was analysed by laser diffraction, to compare with the results 

obtained by different PSD analysis methods. The reference material chosen was Sil-co-Sil 

250 (US Silica Inc), as this is a common test material for stormwater BMP demonstrations. 

The sand was described as ‘rounded’ with a specific gravity o f 2.65 g/cm^. The PSD 

measured with the Malvern Mastersizer is shown in Figure 3.17. Also shown are the PSDs 

for the material, as supplied by US Silica, using sieve and Sedigraph methods. The greatest 

disparity in the distributions was between the sieve and Sedigraph methods. Turbulence in 

the settling column can reduce settling velocities, thus underestimating coarse particles 

using the Sedigraph method. The PSD obtained by laser diffraction was marginally finer 

than the sieve method as reported by other researchers (Memon and Butler, 2005). The 

comparison demonstrated that the instrument and methodology developed produced PSDs 

which could be compared to other studies, where different analysis methods were used.
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Figure 3.17 Comparison o f PSDs o f  reference material from Sedigraph, laser diffraction 

and sieve analysis

3.8 Heavy metals and phosphorus

Heavy metals and phosphorus were analysed in filtered and non-filtered samples, with 

appropriate sample preparation, using inductively-coupled plasma atomic emission 

spectrometry (ICPAES). The instrument was a Varian Liberty® Series 2, located in the 

Environmental Engineering Laboratory, Trinity College Dublin. Instrument training was 

provided by Elementec Ltd. prior to use, and a sample preparation protocol was developed 

from Method 200.7 (US EPA, 1994).

ICPAES can be used for determining all stable elements in the periodic table, apart from 

gases. The method is based on the phenomenon that excited elements emit energy at 

specific wavelengths when their electrons return to the ground state. The amount o f  energy 

between the wavelength interval determines the concentration o f  the element in the sample. 

The Liberty Series 2 instrument layout includes: a peristaltic pump to deliver the solution; 

a nebulizer and argon gas supply which produces an aerosol o f  the solution; a torch to 

ignite the aerosol at high temperature to form a plasma; and a refraction plate/detector for 

emission characterisation (Figure 3.18).
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Figure 3.18 Layout oflC PA E S instrument (Source: Varian, 1999)

The instrument was calibrated by analysing five standard solutions containing the elements 

o f interest (at known concentrations) from which a calibration line was calculated. A 

linear relationship exists between intensity and element concentration. The error in the 

regression line could not exceed 10% for a successful calibration. Subsequent samples 

were tested and their intensities related to concentrations from the calibration line. Three 

replicates were measured for each element and an average value o f  concentration was 

calculated.

Interferences can arise from background radiation from the plasma, spectral overlap 

(elements emitting energy at similar wavelengths) and matrix effects (radiation arising 

from acids in samples, for example). Interferences can be accounted for using appropriate 

validation techniques such as analysis o f  blanks, duplicates and careful interpretation o f 

results. For example, multiple peaks in the intensity curve indicate interferences from other 

elements.
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3.8.1 Preparation of filtered samples

1. The runoff sample was split using the Dekaport cone splitter to provide an approximate 

100 ml subsample. A 1-mm screen was placed at the top o f  the splitter to remove litter 

and other gross solids in accordance with Method 200.7 (U.S. EPA, 1994).

2. The subsample was filtered through a 0.45 |am cellulose membrane filter. A vacuum 

filtration kit comprising o f  a funnel, clamp and base was used to ensure no solids 

bypassed the filter. The kit was rinsed with 10% hydrochloric acid and distilled water 

between samples.

3. 80 ml o f  the filtrate was transferred to a 100ml volumetric flask. 1ml o f 69%  nitric acid 

and 0.5 ml o f  37% hydrochloric acid was added to the sample to match the quantities 

used in the digestion process for unfiltered samples.

4. An internal standard, yttrium, was added to all samples, standards and blanks at a 

concentration o f 1 mg/1. Yttrium is not found in elemental form in nature, therefore was 

not subject to sample interference. The internal standard concentration was monitored 

for possible sample preparation inconsistencies or drift in the ICP instrument.

5. An ionisation buffer, caesium chloride, was added to all samples, standards and blanks 

at a concentration o f  1 g/1. The ionisation buffer mitigated the effect o f  easily ionised 

elements such as calcium, sodium and magnesium.

6. The sample was made up to 100 ml using distilled water and stored at 4 °C for later 

analysis. The concentration measured by the ICPAES instrument was factored by 1.25 

to account for the sample dilution.

3.8.2 Preparation of unfiltered samples

1. For the analysis o f  total metals and phosphorus, samples were digested in weak acid so 

that pollutants bound to the particulates would be released into solution. The total 

metals concentration will be referred to as ‘unfiltered’ concentrations, since these 

represent the fraction o f  pollutants released using the method adopted. It should be 

noted that use o f  strong acids, such as hydrofluoric acid, would result in total digestion 

o f  the solids. However, these acids are extremely hazardous, and it is unlikely this 

fraction o f  pollutants would be released in the natural environment.

2. An approximate 100 ml subsample was obtained from the cone splitter in a 250 ml 

griffin beaker. The exact volume for digestion was calculated by subtracting the dry
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beaker weight from the wet weight, and assuming a density o f  1.0 g/cm^. 1 ml o f  69% 

nitric acid and 0.5 mi o f  37% hydrochloric acid was added to the beaker. The beaker 

was placed in a water bath and gently evaporated over a four-hour period, until a 

volume o f  approximately 20 ml was reached. The sample was then refluxed for 30 

minutes by placing a watch glass over the beaker.

3. The contents o f  the beaker were thoroughly rinsed using distilled water into the 

filtration apparatus and filtered through the 0.45 |im membrane filter. The filtrate was 

rinsed into a 100 ml volumetric flask with distilled water. The internal standard and 

ionisation buffer were added to the flask.

4. The solution was made up to 100 ml and stored at 4 °C for later analysis. The analysis 

result was factored by; 100/(digestion volume) to account for the sample dilution.

3.8.3 Preparation of sediment samples

1. To achieve homogeneity, samples were passed through a 5-mesh (4 mm opening) sieve 

to remove gross solids.

2. Samples were dried at 60 °C, ground with a pestle and mortar for 10 minutes, and a 

representative 1 g o f  material was subsampled.

3. The sediment was transferred to a 250 ml beaker along with 2 ml o f  69% nitric acid 

and 2 ml o f  37% hydrochloric acid. The beaker was covered with a watch glass and 

heated for 30 minutes.

4. The contents o f the beaker were thoroughly rinsed using distilled water into the 

filtration apparatus and filtered through the 0.45 jim membrane filter. The filtrate was 

rinsed into a 100 ml volumetric flask with distilled water. The internal standard and 

ionisation buffer were added to the flask.

5. The solution was made up to 100 ml and stored at 4 °C for later analysis. Element 

concentrations in the sediment were related to the aqueous extract concentration as 

follows;

C w  • V
Cm------------  Eqn. 3.4

m

where. Cm = concentration in sediment (mg/kg), Cw = concentration in extract (mg/1), v =

volume o f extract (1), and m = mass o f  extract (g).

96



3.8.4 Preparation of calibration standards

1. A certified matrix standard was used containing the heavy metals at known 

concentrations. Phosphorus had to be analysed separately, but the same procedure was 

followed. The matrix standard was diluted to provide calibration standards o f  0.5, 0.4, 

0.4, 0.2 and 0.1 mg/1, when made up in 100ml volumetric flasks. The fifth standard was 

a blank.

2. The ionisation buffer, internal standard and acids were added as per the previous 

sample preparation methods. The standards were made up to 100 ml.

3. The instrument calibration procedure was run, and if  the intensity-concentration 

regression error was less than 10%, analysis o f  samples could proceed.

3.8.5 Method detection limits for heavy metals analysis

To investigate the method detection limits (MDLs) o f the unfiltered samples, four replicate 

stormwater samples from the Bray site were analysed. The replicate results are presented in 

Table 3.5. To calculate the MDL, the standard deviation was multiplied by the critical 

value for the student’s t distribution with three degrees o f freedom (3.18), in accordance 

with method 200.7 (U.S. EPA, 1994). The lower-bound MDLs comprised o f  cadmium, 

chromium and copper at between 0.9 and 1.2. The upper-bound MDLs comprised o f  lead, 

nickel and zinc at between 2.1 and 4.8.

The MDLs were generally low, and comparable to those typically measured with this 

method. However, during the analysis it became apparent that the intensity peak often 

contained significant ‘noise’ below 2 (ig/1 for the lower-bound elements and 5 ^g/l for the 

upper-bound elements. This was most likely due to spectral interferences from other 

elements in the sample emitting energies at sim ilar frequencies. Therefore, the instrument 

sensitivity was the constraint on the MDL rather than the sample preparation so it was 

decided, as a precautionary measure, to set the reporting limits at 2 and 5 |ig/l accordingly. 

This limit was also applied to the filtered samples. Phosphorus was not included in this 

experiment; however a single distinct peak in intensity was observable for sample 

concentrations exceeding 5 |ig/l, so this reporting limit was adopted.
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Cd Cr Cu Ni Pb Zn P
Sample (^g/1) (^g/1) (^g/1) (l^g/0 (^g/1)
R1 1.9 76.7 77.8 53.3 58.0 261.0 -

R2 1.3 76.9 78.4 52.0 57.5 258.0 -

R3 1.4 77.0 77.8 54.3 57.8 260.0 -

R4 1.3 77.6 77.9 53.9 59.0 258.0 -

Mean 1.5 77.1 78.0 53.4 58.1 259.3 -

Standard dev. (SD) 0.3 0.4 0.3 I.O 0.6 1.5 -

MDL (SD*3.I8) 0.9 1.2 0.9 3.2 2.1 4.8 -

EPA 200.7 typical 
values

1 4 3 5 10 2 -

Reporting Limit 2 2 2 5 5 5 5

Table 3.5 Heavy metals analysis o f replicate unfiltered stormwater samples
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Chapter 4 Build-up and washoff of sediment on urban surfaces

As discussed in Section 2.1, receiving w ater im pacts due to storm w ater discharges 

generally result from long-term  accum ulations o f  contam inated sedim ents. Therefore, the 

m ost im portant aspect o f  storm w ater pollutant characterisation is the estim ation o f  the 

annual m ass o f  suspended solids. The question then arises as to how to collect sufficient 

data, at a reasonable cost, for a robust estim ate o f  annual loads. H uber and Dickinson 

(1992) argue that w ithout local rain, flow  and concentration data for calibration and 

verification, little reliability can be expected in the predicted m agnitude o f  storm w ater 

pollutants. The collection o f  sedim ent build-up data, specifically the build-up rate, is also 

highly beneficial for m odel developm ent, since the m ass eroded and peak concentrations 

are sensitive to the initial m ass on the pavem ent surfacc (Eqn. 2.13), and it is significantly 

cheaper and quicker to collect accum ulation data com pared to storm w ater quality  data. 

Furtherm ore, w here build-up data does not exist, it m ay be difficult to determ ine if event 

loads are source-lim ited (available m ass) o r transport-lim ited (event characteristics). 

Determ inistic m odels are calibrated using a significant num ber o f  param eters, so there are 

a potentially large set o f  com binations that m atch a particular hydrograph or pollutograph. 

The collection o f  data w hich sets reasonable bounds on individual processes therefore is 

necessary to ensure that the w ater quality m odel is representative o f  the catchm ent 

response (Ball et al, 1998). A ssum ing that the build-up data reflects the particle range 

w hich is transported to the outlet, it is reasonable to  assum e, particularly in tem perate 

clim ates such as Ireland and the UK, that m ost o f  the available m aterial will be eroded on 

an annual basis. Therefore, the build-up data can also be used as an inexpensive initial 

estim ate o f  the total potential sedim ent yield o f  a catchm ent.

The challenge o f  pavem ent sam pling is to collect data which is representative o f  the 

catchm ent. C atchm ent loading rates can exhibit high spatial variability  at sm all scales due 

to differences in surfacing type, presence o f  vegetation, traffic patterns and other local 

effects. V aze and C hiew  (2002) isolated a 300 m -long parking area o f  uniform  surfacing 

and yet still encountered high spatial variability  in loading rates, in the m ajority o f  

previous studies on sedim ent build-up (G rottker, 1987; Ball et al., 1998; Germ an and 

Svensson, 2002; V aze and Chiew , 2002; Deletic and O rr, 2005; Zafra et al., 2008) a small 

section o f  street was investigated, in an attem pt to  m inim ise spatial effects. H ow ever, it is
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important to investigate build-up patterns in several zones o f the catchment, which was the 

aim o f  this study.

The distribution o f  deposited sediment is not uniform across the road cross section. Sartor 

and Boyd (1974) found 78% o f material within 0.15 m o f  the kerb edge. Similarly, 

Grottker (1987), observed 95% o f street sediments within 0.5 m o f  the kerb. However, 

these samples were taken at a single point in time, reflecting a history o f  accumulation and 

washoff. Towards the end o f  storm events, when the erosive power o f  rainfall detachment 

and overland flow entrainment is low, the material which cannot be transported to the gully 

pot will be deposited at the kerb edge. Inevitably, total deposition is highest at this 

location, but the mass o f material may not be representative o f  dry weather accumulation. 

Deletic and Orr (2008) measured accumulation that was three times higher at the kerb edge 

compared to 0.5 m from the kerb, a somewhat lower ratio than the previous studies. In this 

case, samples were retrieved weekly, which may have reduced the effect o f  washoff cycles. 

For the study o f  short-term accumulations in this study, sediment was sampled at a 0.5 m 

offset from the kerb to avoid the bias o f  long-term sediment deposits, since it was not 

possible to pre-clean the streets due to the lengths involved and the prevalence o f random 

on-street parking.

Sediment build-up and washoff was investigated on the residential catchment in a number 

o f  phases. The first phase was to establish a suitable sampling method for pavement 

sediments. The second phase involved continuous sampling o f  daily accumulation o f 

sediments along a uniformly-surfaced street. The third phase was an investigation o f  daily 

accumulation on two adjacent road surfaces o f different surfacing type. The fourth phase 

was the collection o f  fine particles (typically found as suspended solids at the drainage 

outlet), across the catchment after a significant dry period. The final phase analysed the 

heavy metal content o f  surface sediments. The study o f  accumulation and washoff was 

limited to impervious surfaces, since these contribute the majority o f pollutants to 

stormwater in urban catchments (Ball et al., 1998). Rainfall was recorded throughout the 

sampling period at 2-minute intervals.
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4.1 Sampling method for pavement build-up

During this trial, a sampling method proposed by Deletic and Orr (2005) was tested. 

Importantly, the method was tested on real street surfaces and insitu material. Previous 

researchers, including Ball et al. (1998) and Bris et al. (1999), measured the efficiency o f 

removal o f  test material from urban surfaces. This approach may under-estimate the 

adhesion o f  organic and silica complexes on the pavement surface and in pore spaces.

The sampling was conducted over three consecutive dry days from June 26'^, 2011. The 

dry period was preceded by a rainfall event on June 24‘*’, in which 9.9 mm o f  rain fell over 

a 7-hour period. The sampling area was a 250 m stretch o f  road on Larkfield Gardens, as 

shown in Figure 4.1. The area was split into three zones, as suggested by Vaze and Chiew 

(2002), to assess the small-scale variability in loading rates. Each zone was sampled once, 

at the same time each day. The sampling location was chosen at random within the zone, 

but no location was sampled twice. The approach dictates that the length o f  each zone must 

be sufficient to provide enough sampling locations over the dry period investigated, but 

short enough that spatial variability is controlled, which is unknown at the outset o f the 

trial. This demonstrates some o f  the difficulties in sampling representative accumulation 

rates, and may explain the wide range o f values reported in the literature, apart from 

catchment variables. Larkfield Gardens falls from zone 1 to zone 3 at an average gradient 

o f 1%. It is also noteworthy that zone 1 is adjacent to the junction with Larkfield Park. 

Larkfield Park is subject to much greater traffic loadings than other streets in the Kimmage 

catchment.

The following procedure was followed for the collection o f  samples:

1. A 0.7 X 0.7 m square frame was constructed with a neoprene seal on the base to retain 

water. The surfaces were sampled at offsets o f  0.5 m and 1 m from the kerb. 

Effectively, one-third o f  the lane width (3.0 m) was sampled at the approximate mid

point. The centre portion o f  the road was not sampled to avoid traffic disruption. 

Furthermore, it was envisaged that the exclusion o f  the centre portion, where 

accumulation is low (Deletic and Orr, 2005), would mitigate the exclusion o f the 

kerbside portion, which may serve to trap wind-blown particles more effectively than 

the lane centre.
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2. The surface within the square was saturated using a domestic spray bottle filled with 

distilled water.

3. The surface was cleaned with a powerful wet industrial vacuum.

4. The process was repeated a second time for each area, which on visual inspection was 

sufficient to remove all o f the deposited material.

5. The contents o f the vacuum well and hose were rinsed into a bottle for transport to the 

laboratory. For the determination of total mass, samples were passed through a 1.5 |am 

filter, following the procedure described in Section 3.6.

L«rthM] GardM\t

Zone 1

Zone 2

Zone 3

©Google maps

Figure 4.1 Sampling zones on Larkfield Gardens

The total mass deposited for each zone is shown in Figure 4.2. These rates are similar to 

those reported by Delectic and Orr (2005), on an urban road in Aberdeen, Scotland. The 

researchers in this study collected weekly samples over a 17-month period, but did not
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observe a relationship between the antecedent dry period and the accumulated mass. 

Similarly, on Larkfield Gardens, no sediment build-up pattern over dry days was evident. 

However, other researchers measured sediment accumulation during dry weather (Butler 

and Clarke, 1995; Vaze and Chiew, 2002), using a handheld dry vacuum.

During the sampling process, it was noted that the surface was highly porous, with cavities 

in the bituminous macadam (bitmac) o f 5 mm depth or more. In spite o f this, the sampling 

technique was capable o f removing all deposited material. The bitmac surfacing was 

efficient in trapping a large mass o f sediment, so previous rainfall may have eroded just the 

top layer, leaving lower levels intact. However, the sampling method removed all material 

previously deposited, which may not have represented short-term accumulations. 

Therefore, a less powerful, handheld vacuum was used for all o f the remaining build-up 

experiments. An added benefit was that the handheld vacuum was highly portable, whereas 

the industrial vacuum required a mobile generator.

Although build-up patterns could not be distinguished, there was clearly higher deposition 

in zone 1, and slightly higher deposition in zone 2 compared to zone 3. For the following  

phase o f the experiments, build-up in the same zones was investigated over a longer dry 

period.
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Figure 4.2 Sediment mass collected using industrial vacuum, Larkfield Gardens
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4.2 Sediment accumulation and washoff on adjacent street zones

Dry weather sampling was carried out over a six-day period between July 9th and 14th, 

2011 (Figure 4.3). Sampling was preceded by 11 mm of rain between July 5‘̂  and 8*'’. 

Between July 15'*’ and 18'*’, 10.3 mm of rain was recorded. A pavement sample was then 

retrieved from each zone on July 19'*’. On July 21®‘, 19.1 mm of rain fell in an 11-hour 

period. A final pavement sample was then retrieved on July 22"‘*. After rainfall, the surface 

was allowed to dry over a minimum 12-hour period before the next sample was retrieved. 

The samples were collected in a dry state using a handheld vacuum but the inner walls of 

the cleaner were saturated to trap finer particles. The pavement samples were then washed 

from the vacuum into a sample bottle.
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Figure 4.3 Sediment load of road deposits vs rainfall, Larkfield Gardens
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Referring to Figure 4.3, a steady increase in road sediment mass over dry days was 

observed in all zones, but zone 1 contained significantly higher total mass and 

accumulation rates (consistent with the results of the phase 1 testing). The total sediment 

loading rate approximately halved with each 80 m setback from Larkfield Park; 10.4 

g/m^.day, zone 1; 4.9 g/m^.day, zone 2; and 2.2 g/m^.day, zone 3. The build-up pattern in 

zone 1 was strongly linear (R^ = 0.99). The differences in build-up rates may have arisen
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from: the longitudinal gradient (Larkfield Gardens falls towards zone 1); and the proximity 

to traffic (zone 1 is adjacent to Larkfield Park, subject to higher traffic loads).

The sediment build-up rates measured were in the range o f other studies employing similar 

sampling techniques. Vaze and Chiew (2002) used a handheld vacuum to collect samples 

from parking bays in a central business district o f  Melbourne. The researchers retrieved 

two types o f samples: the ‘free load’ which was vacuumed directly; and the ‘fixed load’, 

which was a second vacuuming o f the same area following light scrubbing with a fibre 

brush. The sampling zone was 300 m long, split into 3 zones, and 5 build-up cycles were 

recorded during daily sampling over 36 days. There were clear linear increases o f the free 

load with dry days and build-up rates varied from 3 to 10 g/m .day for the free load 

(similar to the build-up rates on Larkfield Gardens), using the same sampling technique 

adopted for Kimmage. The fixed load was typically 20%  o f  the free load at the end o f  the 

accumulation period, and no build-up patterns were evident in the fixed load. The fixed 

load represented the material that was strongly bound to the road surface, and since no 

build-up was apparent, the free load is more representative o f  the material which routinely 

builds up on urban surfaces and is available for w ashoff after rainfall. Within the relatively 

small study area, there was high variability in build-up rates between zones; the authors 

concluded that sampling from many different surfaces would be required to provide an 

accurate representation o f  catchment build-up.

Egodawatta and Goonetilleke (2006) used a more powerful domestic dry vacuum (powered 

by generator) to sample a low-traffic residential area in Melbourne. The vacuum was 

equipped with a brush head, so effectively a combined free and fixed load sample was 

obtained. The researchers took daily samples o f dry weather accumulation up to a 

maximum 21 day period. Build-up rates o f 1-2 g/m^.day o f total sediment were recorded in 

the first day o f  collection (equivalent to zone 3 build-up rate on Larkfield Gardens). The 

linear trend continued for the first 3-6 days, but reduced thereafter, reaching equilibrium 

after approximately 21 days where the maximum loading was 6 g/m^. This may have 

corresponded to the maximum storage available in the relatively smooth asphalt surfacing, 

which was somewhat smoother (on inspection o f images presented o f  the site) compared to 

the bituminous macadam surfacing on most roads in Kimmage.
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Build-up o f  material on footpaths was also investigated for Larkfield Gardens (Figure 4.4). 

Sampling days 1-6 occurred over dry weather, and sampling days 7 and 8 occurred after 

the rain events. In contrast to road deposits, no pattern o f  build-up was obvious for zones 2 

or 3. However, there was a strong linear increase in zone 1 (R^ =  0.94). The build-up rate
'y

was 0.3 g/m '.day, just 3% o f  the accumulation rate for the road surface. These findings are 

at odds with the result obtained by Deletic and Orr (2005), where sediment loading rates on 

the footpath were higher than any other point in the road cross section. The authors 

reasoned that because the footpath had a rougher surface texture, it was capable o f  trapping 

more particles. The opposite is the case on the residential catchment, where footpaths are 

surfaced in relatively smooth concrete. Based on the observations o f  Larkfield Gardens, it 

is assumed that the footpaths retain a sm aller amount o f  material relative to road surfaces. 

The effect o f road surfacing on sediment accumulation is explored in phase 3 o f  this study.

The sediment deposits on the footpaths were fine relative to the road deposits (see next 

section), and as the smooth concrete surface would not have provided much protection 

from re-suspension, the maximum hourly wind speed (obtained from a weather station 2 

km away) was compared to the footpath loadings during the accumulation period. 

Maximum hourly wind speeds were less than the 16 km/hr typically required to re-suspend 

100 nm particles (US EPA, 1995), on 5 o f  the 6 accumulation days. The samples were 

collected at 9 am each day, so the effect o f  wind would usually be observed in the 

following day’s sample. There was no clear evidence o f a wind effect on footpath 

accumulations, which was expected, since the wind speed was at or below the threshold for 

re-suspension.
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Figure 4.4 Sediment load on footpaths, Larkfield Gardens

To compare the average particle size distribution o f road-deposited sediments between 

zones, the sample mass in each size range was summed over the accumulation period for 

each zone. The average particle size distributions for each zone are plotted in Figure 4.5. 

The size distributions were consistent over the sampling zones, having average dso values 

o f 1086 nm, 1411 |im and 1248 |im, for zones 1, 2 and 3, respectively. The PSDs obtained 

for the residential catchment are somewhat coarser than the distributions measured by 

Vaze and Chiew (2002), which may have been influence by the nature o f the local soils, or 

the pavement type and condition. Both the residential deposits, and those sampled by Vaze 

and Chiew, are at the coarse end o f the spectrum measured by Sartor and Boyd (1974), 

who sampled extensively in 10 US cities across various land uses.

However, there are two major differences in the Sartor and Boyd study. Firstly, the 

material was sampled in or adjacent to the gutter. Materials may build up in the gutter in 

large quantities over extended periods, and possibly shield finer particles from erosion. In 

contrast, this experiment, and that o f Vaze and Chiew (2002), and Egodawatta and 

Goonetilleke (2006) sampled road surfaces at an offset from the kerb to avoid long-term 

deposits. Secondly, a multi-phase cleaning process was employed which involved 

scrubbing, wet vacuuming and high-pressure jetting o f the road surface. This process 

would have completely cleansed the road surface, and the material retrieved would
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represent long-term deposits, since the study aim was to measure loading intensities, in 

kg/kerb-mile, rather than short-term accumulation rates.

The additional fine material sampled by Sartor and Boyd (1974) may be equated to the 

fixed load measured by Vaze and Chiew (2002), after brushing o f  the road surface. The 

fixed load was considerably finer than the free load: approximately 15% o f  the free load 

was finer than 200 jim, compared to 42%  in the fixed load. It was noted by the authors that 

the fixed load did not follow a build-up pattern and was typically just 20% o f  the free load, 

so the PSD o f  the free load should be considered more representative o f short term 

accumulations o f  sediment. The <200 nm fraction, representing material typically found in 

runoff, accounted for approximately 8% o f  the road deposits on l.arkfield Gardens.

The PSD o f  the footpath deposits were determined by combining material from all zones, 

to provide a sufficient sample mass for the PSD analysis. The PSD was analysed for 

sampling days 1 and 6. Since the total load o f  material on day I was 5.5 g/m* and 11.3 

g/m^ on day 6, the day 6 sample contained a large amount o f  material that was present 

before the experiment commenced. Therefore, the PSD presented is the difference o f the 

day 1 and day 6 masses in each size fraction, i.e. the PSD o f  the material accumulating 

during the dry period. This material is substantially finer than the road deposits, having a 

dso o f 200 nm.
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Figure 4.5 Average PSDs o f road and footpatii deposits over accumulation period, 

Larkfield Gardens, and PSD envelopes o f  other studies

Road deposits by size fraction are shown in Figure 4.6. Consistent increases in sediment 

loading over dry days can be seen in all size fractions, and in all zones. However, in zone 

2, there was an unusually high loading rate on the first sampling day, which may have been 

due to a specific source, or the sampled area may have had a rougher texture capable of 

retaining more material, although in general the bituminous macadam was uniform in 

condition throughout Larkfield Gardens. The ratio o f  >2000 ^im to 600-2000 ^im size 

particles is similar for zones 2 and 3 during the accumulation period. However the 600- 

2000 nm fraction is considerably higher for zone 1, which suggests that the origin o f  the 

material is different. Abrasion o f  road surfaces results in coarse particles (POLMIT, 2002), 

therefore it is possible that road wear due to vehicle braking and turning at the junction was 

the source o f  the 600-2000 |am material.
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Figure 4.6 Road deposits by size fraction and zone, Larkfield Gardens
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Zone 1 Zone 2 Zone 3

Acc.* Acc. Acc. R^

(g/m lday) (g /m lday) (g /m lday)

Total 10.4 0.99 4.96 0.97 2.21 0.77
>2000 2.39 0.86 1.35 0.72 0.71 0.88
600-2000 4.51 0.86 1.86 0.74 0.77 0.68
150-600 2.41 0.81 1.42 0.96 0.58 0.64
<150 1.13 0.74 0.33 0.96 0.15 0.64
* Linear accumulation rate ** Linear correlation coefficient o f  total mass vs. # dry days

Table 4.1 Summary o f accumulation rates, Larkfield Gardens

4.2.1 Sediment washoiT

Sediment washoff was inferred by comparing the mass o f  road deposits before and after 

rainfall (Table 4.2). The maximum build-up on road surfaces over the dry period July 9'*’ to 

I4 ‘̂  was available for w ashoff by the rainfall occurring between July 15'*’ and 18*̂ . During 

this period, 10.3 mm o f rain fell, but in a sporadic fashion, typically in 1-2 mm bursts. 

However, on the following sampling day, July 20'*’, reductions in road deposits were 45% 

in zone 1, 72.2% in zone 2, and 58.7% in zone 3. For the July 21^’ rain event, overall 

removal rates were less for zones 2 and 3, but this event contained continuous rainfall of

19.1 mm. Based on total rainfall the erosion rates associated with the first event are 

surprising. The explanation lies in the peak 6-minute intensity, which was identified by 

Brodie and Dunne (2010) as a key variable in particulate transport over small, impervious 

surfaces. The peak 6-minute intensity was higher for the first w ashoff event (12 mm/hr) 

than the second (9 mm/hr).

The event preceding sampling (5'*’ -  8'*’ July) included total rainfall o f  11 mm with a peak 

6-minute intensity o f  21 mm/hr. This event should have been capable o f  cleaning the 

surface o f  previous build-up, which was confirmed by the low initial mass for the first 

samples on July 9*. The rate o f  erosion was highest for the smallest particles (Figure 4.7), 

since these require less energy for detachment and transport. For example, event 1 eroded 

19-41% o f  > 2000 nm particles but 87-96% o f  the <150 jim particles. A different pattern 

was observed in event 2. Lower reductions in mass were measured for smaller particles; in 

fact no reductions were evident for the < 150 nm particles. This was due to the lack o f 

material available on the road surface for washoff due to the antecedent rainfall, i.e. the
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w ashoff was source-limited. This effect was less important in zone 1, where a larger mass 

o f  material was present prior to event 1.

It should be noted that the washoff was estimated from road deposits in the middle 1.0 m 

o f the lane. The rain events may have been efficient in eroding particles from the road to 

the gutter, but not from the gutter to the gully outlet. Therefore, the w ashoff efficiencies 

recorded in Table 4.2 should be compared with caution to the outlet concentrations o f 

suspended solids. Nevertheless, the pavement sampling has highlighted the importance o f 

short-term rainfall intensity in particulate transport, and the influence o f  antecedent 

conditions.

Date 14-Jul 20-Jul 22-Jul
Sampling day 6 7 8

Preceding rain
Total rain (mm) 11 10.3 19.1
Max 6-min 91 10 Q
intensity (mm/hr) Z  1 1 z

Sample Sample Reduction Sample Reduction
(g/m‘) (%) (g/m-) (%)

Zone
1 66.8 36.7 45 8.4 77.1
2 29.3 8.2 72.2 7.1 12.7
3 11.3 4.7 58.7 2.7 42.3

Table 4.2 Sediment w ashoff from road surfaces, Larkfield Gardens
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Figure 4.7 Percentage reductions in road deposits by size fraction, Larkfieid Gardens
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4.3 Sediment accumulation and washoff on different road surfaces

This experiment aimed to compare sediment loading rates on two adjacent lanes o f a street, 

each o f  different surfacing type. The experiment was conducted on Priory Road Square, 

near the outlet o f  the stormwater drainage system (Figure 4.8). Zone 1, adjacent to a green 

area, is surfaced in smooth asphalt. This surfacing represents only 5% o f  the road surfaces 

on the residential catchment, but is similar to the surfacing used for highly trafficked roads 

elsewhere in Ireland. Zone 2 is surfaced in porous bituminous macadam, which represented 

95% o f  road surfaces, and is typical o f  surfacing for low traffic housing developments. The 

sampling methodology followed that o f  the previous experiment. The road length was 55 

m, with a longitudinal gradient o f 0.7%. Dry weather sampling was conducted over nine 

dry days from May 2 P ‘ to 30'*’, 2012. On May 31^*, 3.5 mm o f rain fell over 2 hours, 

having a peak intensity o f  1.8 mm/hr. On June 1*‘, 2.7 mm o f rain fell with a peak intensity 

o f  0.7 mm/hr. Two dry weather samples were subsequently taken on June P* and 2"‘’.

©Google maps

Zone 1 Zone 2

Figure 4.8 Sampling zones on Priory Road Square

In zone 2, the total mass o f  road deposits was 4 times greater than zone 1, but there was a 

high degree o f spatial variability (Figure 4.9). The spatial variability was repeated through 

all size fractions. The linear build-up rate for zone 2 was estimated at 0.5 g/m^.day, 

although the correlation between the number o f  dry days and the total mass was low (R^ = 

0.26). This rate was just 25% o f  the lowest road sediment build-up rate recorded for
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Larkfield Gardens (zone 3: 2.2 g/m“.day). The surface texture o f  these zones was similar, 

but traffic densities were higher on Larkfield Gardens than Priory Road Square (Figure 

3.4).

In zone 1, the mass sampled on dry days was extremely low, typically half o f the mass 

recovered from the footpaths sampled in phase 2. Furthermore, a build-up rate over dry 

days was not distinguishable from random variability. In fact, the mass o f  material sampled 

at the end o f the 9-day dry period was less than the initial mass. Similarly, when the mass 

o f sediment was considered for each size fraction, no build-up pattern was evident. Re

suspension by wind would not have been influential, since the maximum daily wind speed 

did not exceed the threshold for re-suspension, 16 km/hr (US EPA, 1995), during the 

build-up period.

Given that Priory Road Square is a quiet residential area, zones 1 and 2 would have been 

subject to the same traffic loading. Therefore, the divergence in loading rates was due to 

varied local sources o f  material (zone I was adjacent to a green area whereas zone 2 was 

adjacent to housing), and the difference in surfacing material. The bituminous macadam 

surfacing was rougher and contained larger void spaces, thus would have been more 

efficient in trapping fine particles. However, when the total load sampled in the dry period 

is compared in each size fraction (Figure 4.10), the effect is minimal for the <212 nm 

particles. Furthermore, the proportion o f  the coarse particles samples is less in zone 1. 

Another consequence o f the rougher macadam surfacing may have been greater friction 

between the road surface and tyres, causing increased rates o f wear, and release o f 

particles, in both materials.

After the rain event, the mass o f  road deposits was lower in zone 2 than at the end o f  the 

dry period, but considering the spatial variability encountered in the accumulation period, 

no firm conclusions could be drawn, as was the case for zone 1. However, this experiment 

did highlight two important issues for sediment accumulation: it is variable over the 

catchment, which may be linked to traffic levels, and the accumulation rate is highly 

sensitive to the road surfacing material.
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Figure 4.9 Mass of road deposits vs rainfall, Priory Road Square

25

20

00
■o
ID_o
c
0)
E
a>

in

15

10

5 -f-

□  Zone 1 (Asphalt)

□  Zone 2 (Macadam)

>2000 nm 600-2000 tim 212-600 ^m 

Size fraction

<212 lim

Figure 4.10 Total sediment load in different size fractions. Priory Road Square
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4.4 Accumulation of fine particles

Fine particle accumulation rates across the catchment were estimated by sampling 8 

locations after a prolonged period o f dry weather. Samples were analysed for the sub-150 

^m range only, to represent loading rates o f material typically transported to the drainage 

outlet (Table 2.10) -  i.e. the particles that would typically bypass the gully pots. Sampling 

occurred on September 2"*̂ , 2013, approximately 16 days after a storm event o f 8 mm total 

rainfall. This antecedent dry period was considered appropriate as an estimate o f the 

typical maximum encountered in temperate climates such as Ireland and the UK. The 

sampling locations are shown in Figure 4.11. Locations 1, 2 and 7 were chosen to compare 

with accumulations previously measured on Larkfield Gardens and Priory Road Square. 

At all but one location (no. 8), the road surfacing was bituminous macadam. The sampling 

method followed that described in Section 4.2, and a road and footpath sample was 

retrieved at each location.
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Figure 4.11 Sampling locations for fine particle accumulation
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Deposition loads for the various locations are shown in Figure 4.12. The highest 

accumulations o f  road deposits occurred on Larkfield Gardens, 12.2 g/m^ and 3.9 g/m “ in 

zones 1 and 3, respectively. Elsewhere on the catchment, the mass o f  road deposits did not 

vary greatly, with a median value o f  1.7 g/m^. This suggests that Larkfield Gardens, zone 1 

in particular, was atypical in terms o f  accumulation o f  sediment. Location 5 did not yield a 

large mass o f deposited sediment, despite being on the highly trafficked road, Larkfield 

Park. However, location 1 was closer to the junction, so stopping and turning motions o f 

vehicles may have been influential. Location 2 had a deposition load which was twice the 

median value, but no localised source o f  additional material could be identified. The 

median deposition load for footpaths was 0.5 g/m^, and the median ratio o f  footpath 

deposits was 27%. This compared to a ratio o f  1% for location 1, again indicating that 

loading patterns in this area were not replicated elsewhere.

$
8

Figure 4.12 Deposition loads o f  fine particles (< I50^m ) on road and footpaths

Medium-term build-up patterns o f  fine particles were explored by combining the 

accumulation results with the previous short-term accumulations observed in the phase 2 

experiment (Figure 4.13). The build-up o f  fine particles followed a linear trend in all three 

areas, similar to the relationship observed by Pitt (1974) within the first 20 days o f  build

up, and also by Butler and Clarke (1995). Considering that build-up rates in location 1 

were not repeated elsewhere, the average accumulation rate in the catchment was likely to 

be between 0.07 and 0.26 g/m^.day for fine particles on road surfaces. This bound includes 

the median growth rate for the remaining road locations sampled, o f  0.11 g/m^.day. The
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median growth rate for the footpaths, assuming a linear build-up over the 16 days, was 

0.03 g/m^.day.

♦  Larkfield Gardens, Zone 1

♦  Larkfield Gardens, Zone 3

♦  Priory Road Square, Zone 2

y = 0.7672x + 0.1337 
R̂  = 0.9351

y = 0.2652X - 0.4049 
R̂  = 0.9565

CL

y = 0.0708x + 0.0739
R'' = 0.6989

# Dry days

Figure 4.13 Build-up patterns o f  fine particles (<l 50 jim)

4.5 Heavy metal concentrations of pavement sediments

Sediments from the phase 2 experiment were analysed for heavy metal concentrations. The 

sediments were collected on the last day o f sampling (14*  ̂ July, 2 0 1 1). The analysis was 

conducted on the sub-1mm fraction to avoid sub-sampling errors, as the digestion 

procedure used only 1 g o f  dry sample. Heavy metal concentrations in road deposits are 

shown in Figure 4.14. The proportion o f  fine solids in each zone would have had a strong 

influence on the metal concentrations, since the finer fractions contain higher metal content 

per unit mass, however since the average particle size distributions over the accumulation
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period were similar for all zones (Figure 4.5), it was valid to compare metal concentrations 

in the gross sub-1mm fraction.

Heavy metal concentrations for all elements were highest in zone 1, adjacent to the highly- 

trafficked road (Larkfield Park), and decreased with distance from the junction. The 

gradients o f metal concentrations from zone 1 to zone 3 were, in descending order: zinc, 

copper, lead, cadmium, nickel and chromium. This ratio, along with the magnitude of the 

concentrations, suggests that o f the heavy metals investigated, copper, lead and zinc are 

most influenced by traffic density. Deletic and Orr (2005) reported the highest 

concentrations of copper and zinc in the centre o f the road. They hypothesised that less 

sediment was available at this location and so pollutant enrichment was greater. Lead was 

observed in greatest concentrations at the kerb; this was attributed to wear of road 

markings. The residential samples were taken from the approximate centre o f the road, so 

this material could be considered an average of the concentrations over the cross section.
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Figure 4.14 Heavy metal concentrations in road deposits, Larkfield Gardens

In order to determine the particle sizes most efficient in transporting heavy metals, road 

samples from each zone were combined from sampling day 6 and heavy metal 

concentrations fractionated into the following ranges: <150 |im, 150-300 |im, 300-600 jim
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and 600-1000 jam (Figure 4.15). The sub-63 urn fraction was not analysed separately as 

there was insufficient mass to perform the analysis. There was a clear increase in 

concentration with decreasing particle size for all metals, as observed in many studies 

(Deletic and Orr, 2005; Sansalone and Buchberger, 1998; Zhao et al., 2010), due to the 

greater surface area per unit mass o f  the finer particles. Although the sub-150 |im particles 

represented just 11% o f the total sediment mass, this size range contributed between 18 

and 34% o f  the total mass o f  heavy metals, with a mean value o f  24%. On average, each 

size range contributed approximately one-quarter o f  the heavy metals loading. The 600- 

1000 x̂m fraction, accounting for 45% o f  the <1000 |im sediment mass, contained 28% o f 

the total load o f  heavy metals.
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Figure 4.15 Size fractionated heavy metal concentrations for road deposits, Larkfield 

Gardens

Heavy metal concentrations for the residential catchment are compared with previous 

studies in Table 4.3. Levels o f  cadmium, copper and zinc are similar in magnitude to those 

measured by Beckwith et al. (1986). Lead concentrations were lower in the residential 

samples, likely due to the removal o f  lead additives in petrol. Footpath concentrations were 

determined for the residential samples by combining the material from zones 1-3 on 

Larkfield Park. Since the PSD o f the footpath material was similar to the road deposits, 

comparisons could be made in the sub-1 mm fraction. The footpath concentrations were

□  600-1000 ^im ‘Cd fac to re d  by 100 fo r 

1-1 o n n  c n n  C om parison p u rp o ses
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surprisingly liigh, exceeding the zone 1 and 2 road deposit concentrations for most 

elements. High concentrations o f  metals in footpaths were also observed by Beckwith 

(1986). Since the accumulation rate o f footpath deposits approximately one-third o f  the 

road accum ulation rate on the residential catchment, the contribution o f  footpath deposits 

to total heavy metal loadings was important. Within the size fractions, the concentrations 

were generally lower than reported by Deictic and Orr (2005). The section o f  pavement in 

their study was a residential distributor road, subject to higher traffic loadings than the 

Kimmage site.

Cd Cr Cu Ni Pb Zn
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

This study

Zone 1 <1000 |im 1 37 161 68 135 455
Zone 2 <1000 ^m 0.5 23 133 24 95 259
Zone 3 < 1000 ^lm 0.9 16 38 14 39 124
Footpath <1000 fim 1 21 142 23 71 322

All zones
<150 |im 1.2 55 216 35 88 463
150-300 iim 0.9 44 109 22 53 306
300-600 |im 0.9 31 75 17 28 199
600-1000 nm 0.5 15 35 15 26 144

Beckwith et al. (1986)
Road gutter <1000 |im 0.7 50 452 293
Footpath <1000 |im 2.2 40 134 186

Deletic and Orr (2005)
<250 |im 1.1 410* 430* 685*
250-500 (im 0.08 170 80 260
>500 |im 0.03 60 30 120
*Estimated values

Table 4.3 Heavy metal concentrations o f  pavement deposits

4.6 Comparisons with previous research

W hile there have been a number o f  studies which estimated the build-up o f  surface 

deposits at single points in time, or reported the pollutant characteristics o f  the material.
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there have been relatively few high-resolution studies o f  sediment build-up and washoff for 

residential catchments. Build-up rates recorded for these studies are shown in Table 4.4. 

The accumulation rates measured in the residential catchment were generally in line with 

those recorded previously, noting that total accumulation rates excluding location 1 on 

Larkfleld Gardens were between 0.5 and 3 g/m .day.

Accumulations o f  fine particles have been measured only by Ball et al. (1998) and Zafra et 

al. (2008); however build-up patterns were not investigated. In the present study, linear 

relationships have been observed for fine particle accumulation on road surfaces, in 3 

separate parts o f  the catchment. The build-up relationships for fine particles are important, 

since this material is most likely to be transported to the outlets o f  drainage systems, and 

has the most detrimental effects on receiving waters.

Furthermore, these build-up rates are more suitable as input parameters for water quality 

models such as SWMM, which are generally used to predict end o f  pipe concentrations. 

Many o f  the previous studies (Ball et al., 1998; Deletic and Orr, 2005; Vaze and Chiew, 

2002; and Zafra et al., 2008) concentrated on sampling o f  small catchment areas in order to 

control spatial variability. In this study, short-term monitoring o f  accumulation on sections 

o f  street has been combined with build-up data from a number o f  areas to provide a 

representative picture o f  loading in the catchment. Furthermore, build-up rates for 

footpaths have been estimated, which has not been reported in previous studies.
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Land use Traffic Surface Size fraction
Accumulation

rate
Source

(vehicles/day) (Hm) (g/m2.day)

Residential n/a n/a total 1 -2 .9
Butler and Clarke 

(1995)

Residential 3000 Asphalt total 4 .0 -  10 Vaze and Chiew 
(2002)

Egodawatta and
Residential Low Asphalt total 1 -2 .0 Goonetilleke

(2006)

Residential 3800 Asphalt total
<125

1 .2 -2 .7  
0 .8 8 -2 .1 8

Zafra et al. (2008)

Residential Low Bitmac total
<150

0 .5 -  10.5 
0.07 - 0.79

This study

*Estimated values

Table 4.4 Build-up rates recorded in Residential Catchments

4.7 Summary

The build-up and washofT o f  sediment on urban surfaces was investigated in a number o f 

phases. The first was to develop a suitable method for sample retrieval. An industrial 

vacuum, while highly-efficient in cleansing the road surfaces, collected high quantities o f 

material which may not have been representative o f  short-term accumulations, so a 

handheld vacuum was adopted for the remaining experiments. Sampling on adjacent zones 

o f  Larkfield Gardens over a 6-day dry period revealed consistent increases in deposited 

sediment mass. The build-up rate was related to the proximity to a highly trafficked road, 

Larkfield Park. Particle-size analysis o f  the sediments confirmed that a linear build-up 

pattern existed for all particle sizes, and build up rates increased with particle size. 

Reductions in the mass o f  pavement deposits were observed following rainfall, and the 

mass o f  total solids removed was related to the peak 6-minute rainfall intensity. The 

proportion o f  the available mass eroded increased with decreasing particle size, and the 

<150 |am fraction was readily w ashed-off by rainfall.
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A separate accumulation study was conducted over 9 dry days on Priory Road Square. 

There were two significant findings from this experiment. Firstly, the build-up rates were 

very low, or indistinguishable from random variation, which may have been linked to the 

reduced traffic density in this location compared to Larkfield Gardens. Secondly, the total 

sediment mass was significantly higher on the rough bitmac road surfacing compared to 

the smooth asphalt surfacing, reflecting the ability o f  the porous macadam to trap and 

retain particles. This phenomenon was also reflected in the concrete footpath loading rates, 

which were typically 30% o f  the road accumulation rates. The effect o f fine particle 

removal by wind was investigated, but relatively low wind speeds during the accumulation 

period may not have been sufficient to dislodge deposits.

A further experiment measured the deposited mass o f  <150 )im particles, as it was assumed 

that these particles would bypass the gully pots. Unlike the previous experiments, samples 

were retrieved from 8 locations throughout the residential catchment, following 16 days o f 

dry weather. The average build-up rates on roads were up to an order o f magnitude lower 

than those o f  Larkfield Gardens. When combined with the result o f  the second phase o f 

experiments, the 16-day sediment totals confirmed a linear model o f  sediment build-up, 

and linear rates were proposed for each particle range. These values were within the range 

o f previous studies, although none o f  these had previously reported build-up rates in a 

range o f  size fractions.

Analysis o f  heavy metal concentrations in the pavement deposits revealed that pollutant 

levels increased with proximity to the highly-trafficked roads, and the pollutant 

concentrations increased with decreasing particle size, per unit weight o f  material.
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Chapter 5 Catchment characterisation by analysis of sediments 
deposited in gully pots and stormwater separators

Researchers and regulators estimating stormwater pollutant loads at basin and city scale 

often favour stochastic models over detailed deterministic models, for instance: in the 

identification o f  pollution risk areas (Mitchell, 2005); or the assessment o f  receiving water 

compliance with WFD EQS standards (CDM, 2009a). A significant amount o f time and 

effort may be required to calibrate deterministic models, particularly where local data is 

not available. The task o f matching observed outlet loads to predicted values becomes 

more onerous as the catchment size increases, where multiple land uses and activities 

influence pollutant concentrations. As a result, load estimation at basin level has relied on 

stochastic, volume-concentration methods (Ellis and Revitt, 2008).

These methods assign hydrologic properties to land uses such as the percentage o f 

impervious area and the runoff coefficient. This information can be rapidly acquired if 

geographical information systems (GIS) data is available for the catchment. The annual 

runoff, calculated from local rainfall data and catchment attributes, is then combined with 

an estimate o f the average pollutant concentration o f each land use. Since the event mean 

concentration (EMC) is not correlated with annual rainfall (US EPA, 1983), this estimate is 

usually adopted. Two major assumptions are made in this approach; firstly, that the 

hydrologic properties assigned to each land use reflect reality; and secondly, the EMC 

values selected for the land uses are suitable for the geographical location and the range o f  

activities occurring. Ellis and Revitt (2008) point out that rapid change can occur in land 

use planning and housing density, and importantly, aerial deposition can influence 

sediment enrichment, unaccounted for by land use designation. They also highlight that 

EMC data for extreme storm events is limited, which for annual load estimation is critical, 

since these events are capable o f  complete cleansing o f  urban surfaces. Park et al. (2009) 

examined TSS stochastic model predictions by different researchers on the same catchment 

in Los Angeles. They reported differences o f -70% to 124% o f the average TSS 

concentration due to varying assumptions on land use designation, runoff calculation, and 

the apportionment o f  EMC values to land uses.
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Perhaps the greatest drawback o f  stochastic models is that they do not encourage the 

collection o f local catchment data. A vital component o f  the modelling process is therefore 

absent: model validation and uncertainty analysis. The objective o f  this chapter is to 

investigate pollutant associations with land use by analysing sediment deposited in gully 

pots and stormwater HDVSs. It is safer and more cost effective to sample gully deposits 

than to close sections o f road for pavement accumulation studies, and only one visit to each 

site is required. The convenience and low cost associated with this technique can 

potentially improve the accuracy o f  predictions o f  the volume-concentration method, and 

provide an estimate o f  uncertainty, noting that the gully pots do not generally retain the 

finest fractions o f  suspended solids.

5.1 Comparison of sediment deposits in gully pots and stormwater separators

The potential risk o f substituting runoff pollutant concentrations with pollutant data from 

surface deposits and treatment devices is that chemical reactions on the pavement surface 

or in the chambers are not considered. Revitt and Ellis (1980) observed leaching o f  Cd in 

simulated gully pot liquors containing <250 |im gully material and rain water, which 

peaked after 10 days o f  contact, but Pb leaching was less consistent. Morrison et al. (1988) 

reported heavy metal speciation during surface detention and w ashoff The researchers also 

observed enrichment o f  particles in the gully pots during storms, which was linked to 

changes in pH, and increased dissolved concentrations o f  heavy metals in gully pots 

between storms. Cu and Zn concentrations increased more rapidly in the dissolved phase 

compared to Cd and Pb. Gunawardana et al. (2013) measured low desorption rates for Cr, 

Cu and Pb in the <150 |im fraction o f  road deposits, but noted that Zn was predominantly 

water-soluble. They also reported that desorption increases with increasing particle size.

These studies have important implications for stormwater management, since they imply 

that urban surfaces and gully pots are potential desorption sites. Thus, at the onset o f 

rainfall, a first flush o f  dissolved pollutants may be transported to drainage outlets, for 

which SuDS devices reliant on settlement alone are ineffective. Also, if significant 

desorption occurs during sediment transport, then estimates o f urban pollution loads based 

on sediment deposit data will underestimate the total pollutant load (dissolved and 

particulate-bound). However, while first flush effects have been observed in combined
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sewers (Barco et al., 2007), the phenomenon has rarely been observed in stormwater 

sewers, particularly for heavy metals (Deletic, 1998; Lee et al., 2005).

To investigate heavy metal speciation in urban drainage systems, sediment samples were 

retrieved from gully pots and the sumps o f  a number o f  Downstream Defenders®, which 

were hydrodynamic vortex separators (HDVSs), designed for the removal o f  stormwater 

suspended solids. The sampling sites comprised of: an inter-urban road (lUR); a link road 

(LR); a retail car park; and a residential catchment. Two adjacent drainage systems were 

sampled on the lUR and LR sites. The paired gully pot and HDVS deposits were retrieved 

from the same drainage system, so were subject to identical pollutant sources. The 

maintenance records were not available for the LR and car park sites, but as the gully pots 

were full in most cases, it was assumed that the accumulation period was approximately 

one year. On the lUR and residential catchment, the HDVSs were cleaned out with a 

suction hose and tanker, and deposits were retrieved after a period o f one year’s 

accumulation.

5.L1 Particle size distribution o f deposited sediments

On all catchments, the HDVS was installed on the outlet o f  the drainage system. The gully 

pots received washoff from paved surfaces, which from observations on the residential 

catchment, would have been dominated by >600 ^im particles. In contrast, the HDVS 

influent solids would have consisted o f  material with median particle sizes in the range o f  

3-75 nm (Table 2.10). This was reflected in the PSDs o f the sump deposits: the median dso 

for the gully samples was 735 fim, compared to 42 [xm for the HDVS deposits.

The particle sizes in the lUR and LR gully pots were relatively consistent (Figure 5.1). The 

distribution for the car park gully pot was considerably finer. The surfacing for this site 

was bituminous macadam for the access roads and block paving for the parking bays. The 

block paving joints could have provided a trap for coarse particles, so these may have been 

prevented from reaching the gully pots. The PSD for residential site (average o f  10 gully 

samples) was coarser than the other sites, with an average dso o f  2  mm, but was similar to a 

study o f  residential catchments by Grottker (1990).
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Figure 5.1 PSD o f  gully pot sediments

O f the material deposited in the HDVS sumps, the finest material was associated with the 

Link Road (Figure 5.2). On this site, both drainage systems were fitted with hydrodynamic 

flow control devices upstream o f  the HDVS. On visual inspection, the flow control 

chambers contained accum ulations o f  sediment, implying that larger suspended particles 

were not transported to the HDVS.

The effect o f  the upstream flow control was less influential on the car park site. Although 

the attenuated design flow rates could not be ascertained for the sampling sites, the 

settlement rates in the flow control chambers would have been sensitive to the flow rate. 

The coarsest PSDs o f  the HDVS deposits were found on the lUR. On both drainage 

catchments the longitudinal gradient was 7%, compared to 1% generally on other sites. 

This trend was less evident for the gully PSDs. The higher longitudinal gradient would 

have transported a greater amount o f  coarse material over paved areas, but would also have 

led to increased peak flow rates into the gully pots for a similar catchment area, and higher 

flows rates have been shown to result in lower retention efficiencies for gully pots (Butler 

and Karunaratne, 1995).
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Figure 5.2 PSD o f  HDVS deposits

5.1.2 Heavy metal concentrations of deposited sediments

Since the HDVS deposits contained finer material compared to the gully pots, higher 

concentrations per unit mass o f solids could be expected. This was the case for total metal 

concentrations (sum of: Cd, Cr, Cu, Ni, Pb and Zn) on the lUR and LR, but not for the car 

park or residential sites (Figure 5.3). The car park deposits in the gully pot were similar in 

PSD to the HDVS deposits, so the heavy metal concentrations would be expected to be 

consistent on this site. The total heavy metals concentrations in the gully pots were higher 

for the residential catchment compared to the other land uses, but were similar to levels 

observed in other studies o f  urban areas: a median o f 610 mg/kg from 68 gully pots in the 

city o f  Bergen, Norway (Jartun et al., 2008), and a mean o f  641 mg/kg from 20 cities in 

Southern Brazil (Poleto et al., 2009). The average heavy metals content in the residential 

gully pots was determined using a weighted average o f  concentrations in a number o f  size 

fractions. In contrast, the sediment concentrations on the other sites were determined in the 

gross <4 mm fraction, and may have under-estimated the pollutant concentrations. The 

total heavy metal content in the residential HDVS was considerably lower than in the gully
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pots. This device could not be emptied completely, so the sediment was a mixture of 

contaminated urban sediments, and relatively inert soils and aggregates from the 

construction process.

□  Gully 

IS Separator

Figure 5.3 Total metal concentrations in gully and HDVS deposits 

5.1.3 Speciation of heavy metals in gully pot sediments

To investigate metal speciation occurring in the gully pot, the chemical signatures of the 

sediments were compared in the gully and HDVS deposits, i.e. the relative concentrations 

of Cr, Cu, Ni, Pb, and Zn. Cd was present in concentrations close to, or below the detection 

limit, so was excluded from the analysis. To adjust for varying PSDs between the gully pot 

and HDVS, and to account for total loading differences between catchments, the 

concentrations (in mg/kg) were normalised by the total metal concentration for each 

sample.

Dissolution rates vary for individual heavy metals (Morrison et al., 1988), therefore if  

significant dry weather dissolution was occurring in the gully pot, the chemical signatures 

of the HDVS deposits would have been different to the gully pots. Dissolution of metals in 

the HDVS was unlikely, since small particles have low desorption rates (Gunawardana et 

al., 2013). The analysis also assumed that the majority o f heavy metals entering the 

drainage system were attached to particulates. Dissolved inputs o f heavy metals may have
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led to differing enrichment rates, since the gully pot liquor was refilled before the HDVS 

during rain events. Normalised concentrations o f  the heavy metals are shown for each 

drainage system in Figure 5.4.

The distribution o f  heavy metals was very similar for the gully pot and HDVS for the LR l, 

car park and residential drainage systems. On the LR2 system, the concentration o f  Zn in 

HDVS deposits (244 mg/kg) was significantly higher than elsewhere, which led to a 

reduction in the ratios o f  the remaining constituents. If this value is substituted with the 

concentration from the adjacent HDVS, the plot is similar to the LRl distribution. There 

was a similar deviation for Zn on the lURl drainage system. The inter-urban road sites 

yielded greater deviations in the distributions o f  heavy metals than the other sites. A 

number o f  properties were under construction in this area, and agricultural vehicles 

regularly used the road. Therefore, there was a possibility o f  dissolved inputs o f  heavy 

metals into the drainage systems. Figure 5.5 compares the normalised concentrations o f 

road deposits on Larkfield Gardens with an adjacent road gully. Again, the distributions o f 

heavy metals were similar, implying that dissolution on the pavement surface does not 

occur to a significant degree.

In general, the results confirm the laboratory studies o f  Gunawardana et al. (2013), where 

desorption rates were very low for Cr, Cu and Pb. The researchers reported increased 

desorption rates for Zn, which could not be conclusively assessed in this study since the 

deviations in heavy metal distributions could have resulted from desorption, or inputs o f 

dissolved contaminants. The speciation properties o f  Ni were not investigated by Morrison 

et al. (1988) or Gunawardana et al. (2013). Ni desorption rates in soils are generally low in 

soils (Harter, 1983), which is consistent with the results o f  this study.

Although this analysis was conducted on small sample size there is strong evidence that 

dissolution o f Cr, Cu, Pb and Ni does not occur to a significant extent in gully pots. This 

view is supported by field studies o f  urban drainage outfalls, where dissolved heavy metal 

concentrations are generally low relative to non-filtered concentrations (Pitt et al., 1995). 

Furthermore, since dissolution is lower from fine particles, the metals attached to these 

particles are likely to remain stable during transport through the drainage system. 

Therefore, estimates o f pollutant loads associated with suspended solids can be based on

133



measurements o f pavement and drainage system accumulations. This provides a low-cost 

alternative to stormwater sampling programmes for screening-level assessments.
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Figure 5.4 Normalised heavy metal concentrations for different land uses
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Figure 5.5 Normalised concentrations o f  heavy metals for road surface and adjacent gully 

deposits on the residential catchment

5.2 Sediment accumulation in gully pots on the urban residential catchment

The accumulation rate o f  gully deposits is an extremely important parameter. It can be 

used to calculate cleaning frequency, which ensures cost-effective maintenance and 

targeted cleaning o f  high-loading or flood-prone areas. The gully accumulation rate is also 

an indicator o f  sediment production, which can be equated to pavement build-up and 

suspended solids loading for catchment mass balances, or used as a screening level 

indicator o f potential catchment pollution. However, the accumulation rate is rarely 

reported in field studies, possibly due to conflicts in sampling and cleaning schedules, or a 

lack o f correlation between the accumulation period and deposited mass.

Sieve stacks, placed under gully pot gratings, have been used to estimate the influent 

loadings to gully pots by previous researchers (Ellis and Harrop, 1984; Deletic et al., 

1997). In these studies, the retained material was typically removed and analysed every 

two weeks to avoid blockage. By comparing the mass retained on the sieves with the basal 

deposits, Pratt and Adams (1984) suggested that the mass o f  wash-through o f  <1 mm 

particles was several times higher than the mass retained in the base o f  the gully pots.

Grottker (1990) sampled 132 dry gully pots and 20 wet gully pots in Hannover, Germany. 

The time since cleaning was not reported, however it was stated that the gully cleaning
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frequency was typically 2-3 times per year. The author compared the gully pot 

accumulations with the following parameters; drained area; percentage impervious; 

surfacing type; gutter dimensions (width, slope, height); and the surface gradient. No 

significant correlations could be found with any o f  the explanatory variables, leading the 

author to conclude that accumulation and w ashoff o f  surface material occurs randomly. 

The majority o f samples were taken from dry gully pots with slotted basket inserts. It is 

likely that these devices retained relatively few fine particles, and may have been prone to 

blockage. Therefore, if  the data collection had focussed on accumulation in the wet gully 

pots, correlations with catchment characteristics may have been observed.

Butler and Clarke (1995) monitored sediment accumulation on 6 main sampling sites in 

Lambeth, l.ondon. After cleaning, the sediment level in gully pots increased rapidly in the 

first three months, but levels remained constant in the following three months. The authors 

equated this with the sediment level in the gully pot approaching the outlet level.
-y

Accumulation rates were summarised in g/m .week, which implies that the accumulation 

rate was related to the drained area, but the variability o f  accumulation within catchments 

was not reported.

Gully pots are designed to drain small impervious areas, typically 200 m^ or less, so 

assuming relatively homogeneous influent material, the most influential parameter in 

solids retention is the flow rate entering the gully pot (Lager et al., 1977; Butler and 

Karunaratne, 1995). An increase in solids loading to a gully pot would be expected with 

increasing catchment area. Assuming the gully pot dimensions are fixed, the average flow 

rate will also increase with increasing drained area, which should lead to lower retention 

rates for fine particles. Therefore, the accumulated mass o f  coarse particles should be 

dependent on the drained area, whereas the mass o f  fine particles will be independent o f 

the drained area. This hypothesis has not been tested in previous field studies o f  gully 

accumulation.

The aims o f  gully sediment accumulation monitoring on the residential catchment were to 

estimate the accumulation rate o f sediment in several gully pots in a small urban residential 

catchment, to measure the pollutants associated with different size fractions in the deposits, 

and to relate the accumulations to gully catchment characteristics.
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5.2.1 Gully sampling on the residential catchment

To investigate the annual accumulation rate o f  sediments in the gully pots on the 

catchment, ten gullies were selected at different locations in the drainage network (Figure 

5.6). They were chosen in pairs to examine variability in gully loading at small and 

medium catchment scales. The contributing area to each gully varied from 105 to 587 m*. 

In total, the monitored gullies drained 3406 m^ o f  impervious areas, comprising o f concrete 

footpaths and paving (46%), with the remainder being bituminous macadam roads. The 

area drained by the gullies represented 24% o f  the total impervious areas in the catchment. 

The gully pots were constructed in blockwork as shown in Figure 5.7. The dimensions o f  

the pot were approximately 400 mm square, apart from gullies I, 2, 3 and 10. These were 

‘double’ road gullies, with an enlarged pot (700-1000 mm long by 400 mm wide), two 

inlet grates, and two outlet pipes each.

The gullies were thoroughly emptied in November 2010, after the autumn leaf fall. During 

the period December 2010 -  November 2011, no cleaning o f  the gully pots occurred on the 

site. In this period, the sediment level in the gully pots increased to a maximum o f one-half 

to two-thirds o f the storage depth below the outlet. In December 2 0 1 1, the entire contents 

o f the 10 gullies were removed by hand to the TCD Environmental Engineering 

Laboratory for analysis.

The first stage o f  analysis was to remove the large vegetation, litter and other gross solids 

which were not desired in the results. For large samples, the sample was then thoroughly 

mixed and subsampled by quartering. The wet weight o f  the bulk sample and subsample 

was recorded, and the subsample was dried overnight at 105 °C. The dry weight was 

recorded, and the gross sample dry weight was estimated using the moisture content o f  the 

subsample. Separate subsamples were analysed for PSD and heavy metal concentrations, 

in accordance with the methods described in Chapter 3.
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5.2.2 Litter content o f gully pots

The quantity o f  litter in the gully pots was assessed by manual sorting o f  the whole 

sediment samples. Analysis o f  litter is rarely undertaken in monitoring studies, but it is an 

important indicator o f  the effectiveness o f  street sweeping. The litter was classified as: 

plastic, paper, glass, metal foil, construction material or cigarettes butts. The total mass o f 

the material in all gullies was 0.23 kg, equivalent to an annual loading rate o f  0.68 

kg/ha.yr. This was similar to the accumulation rate observed in a residential catchment in 

Auckland o f  0.53 kg/ha.yr (Cornelius et al., 1994), but significantly less than the rate 

measured in an urban catchmcnt in Melbourne o f  6 kg/ha.yr (Allison and Chiew, 1995). 

The small amount o f  material retrieved indicates that the residential catchment was 

relatively clean and litter management/street sweeping was effective, although additional 

buoyant material such as plastics may have bypassed the gully pots. The distribution o f 

material by mass was dominated by plastics (57%), as in previous studies, followed by: 

construction material, 14%; glass, 11%; paper, 10%; metal foil, 4%; and cigarette butts, 

4%.

Figure 5.8 Litter retained by 10 gully pots

5.2.3 Variations in total and organic solids loadings to gully pots

The accumulation o f  total and organic solids in the gully pots is shown in Figure 5.9. The 

location reference o f  the gully pot is included adjacent to the data point. There was a clear
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linear relationship between the contributing impervious area and the mass in the gully pot 

after one year o f  accumulation. The only exception was gully 1, located on Priory Road 

Square. A num ber o f  properties were undergoing renovation during the accumulation 

period, and this gully pot contained remnants o f  construction waste, so the data for this 

gully pot was omitted for the subsequent build-up analyses.

A linear trend was evident for the typical contributing areas o f  gully pots (<240 m ‘). This 

confirms that the gully pots did not over-fill during the monitoring period, which would 

have resulted in a levelling o ff in deposited mass after a threshold value o f  contributing 

area. For the two gully pots serving large areas (9 & 10), a continuing linear relationship 

was evident. Gully 10 accumulated a larger sediment mass from a smaller contributing 

area, than gully 9. The plan area o f  gully 10 is over 3 times that o f  gully 9, so the resultant 

lower upward flow velocities may have increased the retention efficiency.

Also shown in Figure 5.9 is the accumulated mass o f organic solids. The average organic 

content o f the gully samples was calculated from the loss on ignition at 550 °C for each 

size fraction, and weighted on the mass fraction o f  the size range. The weighted average 

organic content for each gully ranged from 9 to 31% with a median value o f 21%. 

Surprisingly, there was a strong linear correlation between the accumulated mass o f 

organic material and the contributing impervious area (R“ = 0.95, gully I not included). 

The organic material, having a lower specific gravity, and significantly lower settling 

velocity, would have been expected to pass freely through the gully pot. However, the 

relationship is consistent with the inorganic material, indicative o f  a strong interaction 

between the organic and inorganic fractions, which may have effectively shielded the 

deposited organic material from erosion during rain events.

The average total solids loading rate to the gully pots, excluding gully 1, was 0.025 

g/m^.day. This rate was approximately one-tenth o f  the rate measured by Butler and Clarke 

(1995). However, sediment depths o f  between 0.2 and 1.2 m were reported in their study, 

suggesting that: the gullies were designed for greater sediment loading rates, since the 

contributing areas were similar (average o f  228 m ); and the retention efficiency was 

greater due to the larger pot depth. Furthermore, the build-up rates suggested by Butler and 

Clark may have overestimated the sewer solids loading rates by a factor o f  2 (M annina et 

al., 2012). There was a low degree o f  spatial variability in Figure 5.9, and the gullies
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located adjacent to the highly trafficked road (3, 4, 9 and 10) did not accumulate greater 

amounts o f total sediment relative to their contributing areas.
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Figure 5.9 Gully pot accumulation o f total and organic solids vs contributing impervious 

area

5.2.4 Variations in particle size distributions of gully deposits

The PSDs o f the gully deposits are shown in Figure 5.10. The sediment was coarser 

compared to the observations o f Grottker (1990), but within the range reported by Butler 

and Clarke (1995). A very small proportion o f coarse particles was apparent from the PSD 

o f Grottker, so it is likely that the gravel-sized sediments were excluded from this analysis. 

The residential catchment median dso size was 2000 pim, higher than the pavement deposits 

on Larktleld Gardens (average dso o f 1300 ^m), likely due to washout o f fine material from 

the gully pots. There was a high degree o f variability o f coarse material >8 mm. Since 

these large sediments are not typical o f atmospheric or vehicle-derived solids (POLMIT, 

2002), it is suggested that they originated from construction materials or another localised 

source. Therefore, they were excluded for further PSD analysis. The proportion o f2 12-600 

Hm particles was considerably higher for gullies 9 and 10 (Figure 5.11), suggesting a 

specific local source, possibly related to vehicle turning movements at the junction o f 

Larkfield Gardens and Larkfield Park, or the proximity to higher traffic volumes.
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The probability plots and sum m ary statistics o f  gu lly  accum ulation (g /m '.yr) for the 

different size  fractions are show n in Figure 5 .12 . T w o outliers w ere rem oved: the >4  mm  

fraction o f  gu lly  4 , w hich w as excep tion a lly  high; and the 2 -4  mm fraction o f  gu lly  3, 

w hich w as low  com pared to the other six  gu llies . The plots o f  accum ulation rates are 

sim ilar to those predicted by a normal distribution, and the p-values associated  with the 

A nderson-D arling norm ality test are greater than 0 .05 , w hich strongly suggests normal 

distributions in all s ize  fractions (M ullins, 2003).

The coeffic ien t o f  variation, C O V  (standard deviation/m ean) is sim ilar for the fractions 

greater than 212 jim, but increases for the 6 3 -2 1 2  nm range (Figure 5 .13). T his im plies that 

the retention e ffic ien cy  is relatively insensitive to variability in the in-pot processes for the 

> 212  nm particles, i.e. the majority o f  material is retained. H ow ever, the < 212  p.m particles 

are subject to greater variation, and possib le  bypass o f  the gu lly  pot, in line w ith the 

findings o f  Butler and Karunaratne (1 9 9 5 ). It a lso  m eans that the C O V  for the < 212  pim 

fraction is not representative o f  the build-up process, so the C O V  for this material should  

be estim ated from the average o f  the coarser fractions, w hich w as 34% . This assum ption  

can be m ade since the proportion o f  fine so lid s in surface deposits w as relatively constant 

in spatial terms (Chapter 4).

A confidence interval can therefore be constructed for the accum ulation o f  fine so lid s, for 

exam ple, using the Priory Road data and assum ing a 95%  con fid en ce interval is estim ated  

by 2 standard deviations (M ullins, 2003):

^ ^ 9 5 %  C l ^ (0 .071 * 0 .3 4 )* 2
Eqn. 5.1

=  (0 .0 2 3 ,0 .1 1 9 )

w here, B(t)95»/„ci =  95%  con fid en ce interval for build-up (g/m^.day)

T his confidence interval assum es that the build-up is linear, and all variability in build-up  

rates is due to spatial effects: i.e ., build-up o f  fine particles occurs at a constant rate 

throughout the year; and on an annual basis, tem poral effects such as w ind and vehicular 

traffic are m inim al.

A s w as expected  o f  a normal distribution, no correlations w ere observed betw een the 

accum ulation rate and catchm ent characteristics (apart from the contributing im pervious
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area) in any o f  the size fractions. This w as because the catchm ent variables w ere sim ilar 

for all gullies: average slope (0.5-1.4% ); gully depth (710-780 m m ), gully pot surface area
'y

(0.15 m in m ost cases); and asphalt roads/concrete footpaths in good condition.
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Figure 5.10 Particle size distributions o f  gully deposits
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5.2.5 Pollutant concentrations in gully deposits

The concentrations o f  heavy m etals and total phosphorus (TP) w ere m easured in the gully 

deposits for several size fractions. T he m aterial greater than 1 mm was not included, due to 

the difficulty  in obtaining a representative subsam ple. Furtherm ore, this m aterial is highly 

unlikely to be transported  to  the outlets o f  drainage system s (Burton and Pitt, 2002), and 

lower concentrations o f  pollutants are associated w ith large particles (Sansalone and 

Buchberger, 1997). The w eighted-average concentrations o f  C r, Cu, N i, Pb, Zn and TP are 

shown in Figure 5.14. C adm ium  was also analysed, but w as not present above the 

detection limits.

Enrichm ent o f  gully deposits with Cu was highly influenced by the traffic density, as 

indicated by the elevated concentrations in gullies 3, 4, 9 and 10, adjacent to Larkfield 

Park. C oncentrations o f  Zn w ere elevated in gullies 9 and 10, but were low in gullies 3 and 

4. A s the solubility is higher than the o ther m etals (G unaw ardana et al., 2013), higher 

variability  was expected in the Zn concentrations. Cr, Ni and Pb concentrations follow ed a 

random  distribution between the gully  deposits, w hich could be m odelled with a norm al 

d istribution (p-values o f  0.59, 0.72 and 0.21 associated with the A nderson-D arling  test 

statistic).
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Cu in urban sediments has been linked with wear o f  brake linings (Beckwith et al., 1986, 

Robertson and Taylor, 2007). However, this study o f  a uniform land-use has shown the 

importance o f  proximity to traffic for the contribution o f  Cu to road-deposited sediments, 

and to a lesser extent, Zn. In contrast, concentrations o f  Cr, Ni, and Pb were randomly 

distributed within the catchment, which suggests that these sources originated from local 

(within a few meters) or distant sources o f  atmospheric deposition.

Also shown are the concentrations in the pavement sediments collected on Larkfield 

Gardens. Impervious areas on the last 100 m o f Larkfield Gardens drained to gullies 9 and 

10. The pavement sediment concentrations are shown for the <150 ^m fraction whereas the 

gully deposit concentrations were measured in the <212 nm fraction; however the 

similarity in magnitudes between the road deposit concentrations and those o f  gullies 9 and 

10 is again evidence o f  minimal dissolution o f  heavy metals in the gully pots.

TP loadings in urban areas can arise from the decomposition o f  organic matter 

(W aschbusch et al., 1999), so the concentrations o f  TP were compared to the weighted 

organic content o f  the sediment, again for the <1 mm fraction. There was a strong 

correlation between the variables; R = 0.89. Two outliers were excluded from the 

regression: gullies 3 and 4. When these gullies were emptied, a 100 mm layer o f leaves 

was observed at the top o f  the deposits, which was not present elsewhere on the catchment. 

The intercept term for the regression is 190 mg/l, so in the range o f  the organic contents 

measured, organic material accounted for approximately 67-86%  o f the particle-associated 

TP. However, additional TP may have been discharged from the gully pots in the dissolved 

phase.
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A key aspect o f  the gully sediment quality were the concentrations in the <212 |im 

fraction, since these were the most likely to be transported to the outlet o f the drainage 

system and deposited in the receiving watercourse, the River Poddle. A number o f 

recommended sediment quality limits exist which relate the heavy metal concentrations to 

observations o f  survival or growth o f  indicator biological species (Persaud et al., 1993; 

ECUS, 2007). MacDonald et al. (2000) synthesised a large data set for heavy metals (17 

studies, containing 347 samples for each element), and developed a unified set o f 

thresholds defined by: the threshold effect concentration (TEC), the concentration which 

correctly predicted sediment to be non-toxic in 75% o f  samples; and the probable effect 

level (PEC), the concentration above which sediment toxicity was correctly predicted in 

75% o f  cases. Toxicity was not predicted with total accuracy due to the differences in 

study methodologies, particularly the use o f varying indicator organisms.

Threshold limits for TP in sediment have not been developed, since P is not toxic to 

benthic organisms. However, eutrophication, which is mainly attributable to P, has been 

linked to deteriorations in rivers and lakes in Ireland (Brogan et al., 2001), which is why a 

receiving water limit o f  35 ng/l o f  P has been specified for Irish surface waters. The impact 

o f  sediment-bound P will vary according to receiving water fiows and desorption rates, but 

benthic sediments are an important source o f  P during low flows (McDaniel et al., 2009).

The concentration o f  Cu in the <212 ^m gully deposits exceeded the PEC in 4 samples, 

and the Zn PEC was exceeded in 2 samples. Concentrations o f  Cu, Pb and Zn exceeded the 

TEC in all samples, and Ni concentrations exceeded the TEC in the majority o f  samples. In 

the case o f  Cu, all o f  the exceedances o f  the PEC were associated with gullies draining the 

highly trafficked road. However, even gullies in low traffic areas contained contaminated 

sediments above the threshold for Cu. Pb and Zn.

This material is likely to have toxic effects should it reach receiving waters, based on the 

TEC and PEC values. Furthermore, the sediment quality limits do not consider additive 

impacts or bio-accumulation in benthic sediments (MacDonald et al., 2000). Cr and Ni 

were less significant than Cu, Pb and Zn in terms o f  sediment toxicity, but are important 

nonetheless if  additive effects are considered.
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The impact o f  contaminated sediments on receiving waters will be affected by the quantity 

o f material depositing, which is why the surface water risk assessment tool developed by 

the UK highways agency, HAW RAT (UK Highways Agency, 2009), includes the inputs o f 

the 95'*’ percentile flow and bed slope in the receiving watercourse. However, this approach 

may lead the user to consider flows and velocities within the vicinity o f the discharge only, 

whereas velocities will vary throughout the river reach, and at best contaminated sediments 

will be deposited in estuarine environments. Indeed, Buggy and Tobin (2008) measured 

elevated heavy metal concentrations in the Tolka River estuary in North Dublin, and 

attributed the primary source o f  heavy metals to surface water runoff Considering that the 

majority o f  <212 ^im material is likely to bypass the gully pot (Section 5.2.4), a 

precautionary approach needs to be adopted, which involves additional treatment o f 

surface water runoff from urban residential areas in the form o f  SuDS or other 

management strategies.
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5.3 Summary

The sediments captured in gully pots and storm water separators were analysed across a 

number o f  catchments to investigate whether such deposits could be used as a surrogate for 

particulate-bound pollutant concentrations in stormwater suspended solids, which could 

provide a low cost input to screening-level assessments o f  urban runoff pollution. The 

information available from this analysis was the rate o f  build-up, the PSDs o f  the captured 

material and the pollutant concentrations o f  particulate-bound pollutants.

A potential problem with this approach was identified as the dissolution o f  heavy metals on 

the pavement surface, or in the gully pots and sumps o f the treatment devices. This would 

lead to under-estimation o f the total pollutant loads, since the dissolved fraction would not 

be included. A novel approach was developed to investigate heavy metal dissolution in 

gully pots in the field, as this phenomenon was observed in previous laboratory studies. It 

involved the comparison o f  the heavy metal signatures (normalised distributions o f Cr, Cu, 

Ni, Pb and Zn) in the gully pots and stormwater separators. Researchers had reported 

differing dissolution rates o f  these heavy metals in the laboratory studies, so it was 

hypothesised that if  significant dissolution had taken place in the gully pots, the chemical 

signatures o f  the gully pots and downstream separators would have been different.

Sediments were sampled from four sites representing different land uses, and on two o f  the 

sites, two adjacent drainage systems were sampled. The comparison o f  chemical signatures 

revealed that minimal dissolution o f heavy metals in the gully pots occurred. Furthermore, 

a similar analysis concluded that minimal dissolution took place on the pavement surface. 

The results o f  this analysis imply that the concentrations o f  particle bound pollutants in 

stormwater suspended solids can be estimated from analysis o f  surface or gully pot 

deposits, with the caveat that fine fractions (representative o f  the PSD o f  suspended solids) 

are analysed.

The median particle size o f the material captured by the HDVSs was 42 nm, reflecting the 

typical range o f influent particle size o f  stormwater suspended solids reported in previous 

studies (3-75 nm). Where flow control devices were installed upstream o f  the HDVSs, 

coarse material was observed in the flow control chambers, and the PSDs o f  these HDVS 

deposits were finer than those o f the other separators. In contrast, the gully deposits were
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dominated by coarse particles (median dso o f  735 ^m), similar to the PSDs o f the pavement 

deposits. The heavy metal concentrations o f  the residential gully deposits were similar to 

previous studies, but the concentrations were lower on the other sites, due to a different 

analysis technique.

Ten gullies were cleaned out on the residential catchment and the deposits were analysed 

after one year o f accumulation, in which time the sediment level reached one-third to one- 

half o f  the outlet level. Although the quality o f  sediment deposits has been reported by 

many researchers, the actual accumulation rates in the typical Ireland and UK gully pot 

have been reported in a limited number o f  studies.

The total sediment mass deposited in the gully pots was linearly related to the impervious 

area drained. Surprisingly this was also the case for the volatile fraction, which suggested a 

cohesive action in the deposits which prevented tlow-through o f  the larger organic 

particles. The PSD o f  the gully deposits covered a large range o f  particles, providing 

further evidence that rainfall was capable o f  transporting large particles deposited on the 

pavement surface, discussed in Section 4.2.1.

The variation in gully accumulation rates (in g/m .yr) followed a Normal distribution, 

which provided a basis for uncertainty estimation o f the spatial variability o f  surface 

loading rates, which has been assumed to be uniform in previous uncertainty analyses o f 

urban runoff models (M annina et al., 2012). Furthermore, the Normal distribution was 

replicated in most size fractions. The exception was the <212 pim range; coupled with the 

low proportion o f  this material in the PSD this was evidence that the majority o f  influent 

solids in this size fraction may have bypassed the gully pots.

Concentrations o f  Cu and Zn were most influenced by the proximity to traffic, whereas Cr, 

Ni and Pb concentrations were randomly distributed throughout the catchment. TP 

concentrations also varied randomly over the catchment, and the volatile solids accounted 

for 67-86% o f  the particulate-bound TP, which highlighted the contribution o f vegetation 

to TP loadings.
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Heavy metal concentrations in the <212 nm fraction, the majority o f  which may have 

bypassed the gully pots, was compared to toxicity threshold levels in receiving waters: 

threshold effect levels were consistently exceed for all elements, and the probable effect 

level was exceeded for Cu and Zn. This material may have toxic effects in receiving 

waters, and considering additive effects and bio-accumulation, should be removed from 

urban stormwater.
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Chapter 6 Characterisation of stormwater runoff from an inter-
urban road

6.1 Introduction

The environmental management o f stormwater runoff on Irish highways and primary 

routes has improved significantly in the past decade. A jo in t Environmental Protection 

Agency (EPA)/National Roads Authority (NRA) study (Bruen et al., 2006) identified 

elevated heavy metal and hydrocarbon pollution from highly trafficked motorways. The 

study included the installation o f  the first constructed wetland in Ireland specifically to 

treat road runoff, and this system was capable o f  removing 89% o f  suspended solids and a 

significant proportion o f  the heavy metals in the runoff Drainage systems on new 

motorways and major highways have since incorporated sustainable drainage systems such 

as swales, detention basins and wetlands. In addition, new NRA design guidance for 

highway schemes (O ’Keefe, 2012) has emphasised water quality as a key design parameter 

o f  drainage systems.

Unfortunately, this standard applies to national routes only, which are managed by the 

NRA. National routes account for just 6% o f  the Irish road network (NRA, 2009). The 

remainder comprises o f  regional roads (11%) and local roads (83%). Construction and 

maintenance o f non-national roads is the responsibility o f individual Local Authorities, so 

drainage practices vary widely, but in general SuDS have not been implemented in new 

road schemes. Considering the scale o f  the local road network, and since stormwater 

monitoring o f  this type o f  road has not been conducted in Ireland previously, an inter- 

urban road (lUR) was studied in Bray, Co. Wicklow (see Chapter 3 for site and monitoring 

details). The drainage system monitored was newly constructed as part o f  the realignment 

o f  a 1 km section o f  the Ballyman Road, which was designated as a local road. The 

construction o f a new pipe and gully system would have created a direct pathway for 

stormwater runoff (and associated pollutants) to enter the receiving watercourse, the 

Glenmunder Stream. Previously, road runoff would have flowed over the grassed verge 

into a lateral ditch, before discharging to the stream. This form o f  drainage (over-the-edge) 

is common outside o f urban areas, where approximately 50% o f  drainage is indirectly 

connected to receiving waters (Figure 6.1).
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In these systems, road runoff may receive treatment through filtration, when runoff flows 

over grassed verges, and settlement, while runoff flows along ditches. In contrast, most 

new roads and road realignments employ pipe and gully systems. A typical road 

realignment scheme may therefore improve road safety by reducing ponding, but actually 

worsen the impacts on receiving waters, by increasing the quantity and rate o f runoff, and 

replacing natural drainage paths with piped systems. One must also consider the impacts of 

construction sediments entering watercourses i f  adequate mitigation measures are not 

provided (noting that an EIS is not required for the majority of these schemes).

Rural Drainage

■  Open ■ OG Concrete Pipes nS&S Concrete Pipes I
□  Twin Walled Pipe ■ PVC Pipe □ Kerbs & Gullies I
■ French Drain & Pipe □ French Drain without Pipe □ No Drain |

Figure 6.1 Drainage systems used for non-national routes in various counties in Ireland 

(Source: DOEHLG, 2004)

6.2 Storm water monitoring results

Four events were sampled on the lUR in 2011. A larger number o f events would have been 

required to estimate the annual pollutant loading on the site. However, the aims of 

monitoring on the lUR were only to ascertain the heavy metal concentrations associated 

with the dissolved phase and the suspended solids, and to develop the sampling and
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analysis protocols which were subsequently applied to the full-scale monitoring o f  the 

residential catchment. Nevertheless, the monitoring o f  four events would indicate if  this 

category o f road would generate pollutant concentrations which could potentially cause 

receiving water impairments. For the analysis o f  suspended solids, heavy metals and 

particle size distribution, a composite EMC sample was prepared from the discrete 

samples. The sampling and analysis protocols are described in Chapter 3.

Pollutant EMCs and event characteristics are summarised in Table 6.1. Filtered 

concentrations o f  heavy metals were not measured for the July 2010 event. The mean 

EMC o f  suspended solids was 1.6 times the average measured by Bruen et al. (2006) for a 

highway catchment drained by a kerb and gully system. The longitudinal gradient o f  the 

highway catchment was 1%, compared to 7% on the lUR. Another important distinction 

was the availability o f  solids. The highway catchment was bounded by grassed verges. 

However, on the lUR bare soiled slopes contributed runoff to the drainage system, thus a 

potentially large source o f  material was available for washoff, and the catchment slope 

would have enhanced the transport o f  solids into the drainage system.

Cadmium was not measured above the detection limit in any samples. The dissolved 

concentrations o f other heavy metals constituted approximately 20% o f  the non-filtered 

phase in most cases. The exception was the event o f  March 20‘*’ 2010, when high dissolved 

concentrations o f  Cu, Pb and Zn were generated, equating to 86%, 77% and 87% o f  the 

non-filtered concentrations, respectively. Furthermore, the non-filtered EMCs were similar 

to, or less than the other events, i.e. the total heavy metal concentrations available on the 

catchment were similar to previous events, but were transported in the dissolved phase.

During the period March 1*‘ to 12*̂ , 2010, exceptionally low temperatures were prevalent; 

the minimum daily temperature was below zero throughout, and lows o f  -5 to -7 °C were 

recorded between the 8'*’ and I2‘*’ o f  March (Figure 6.2). Road salt was applied to the 

monitored section o f  the Ballyman Road during this period, due to its steep gradients. 

Sodium chloride has been shown to release heavy metals into solution that were previously 

bound to urban sediments (Scott W ilson, 2010), which in this case appears to have 

increased the dissolved concentrations o f  heavy metals for the March 20'^ 2010 event. 

Interestingly, the dissolved EMCs o f  heavy metals from this event were slightly less than 

the non-tlltered EMCs o f  the other events. This implies that the majority o f heavy metals
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originating from vehicles and other source were bound to the particulates on the road and 

footpaths. If  significant quantities o f  pollutants were adsorbed to the pavement surfaces, 

the dissolved concentrations would have exceeded the non-filtered concentrations o f  the 

remaining events.

Non-filtered concentrations o f  Pb and Zn on the lUR were approximately half that o f  the 

highway catchment, presumably due to the difference in traffic densities (approximately 

30,000 vehicles/day on the highway catchment compared to 2,300 vehicles/day on the 

lUR). Interestingly, the average non-filtered concentration o f  Cu was similar to the 

highway site, despite the disparity in traffic loadings. Wear o f  brake pads is a major source 

o f Cu (Garg et al., 2000), so elevated Cu concentrations could be expected on the lUR 

catchment, which was located at the base o f  a steep decline.

Event ADP Total rain
Av. rain 
intensity

Peak 10- 
min 

intensity

Peak
flow ssc Cr Cu Ni Pb Zn

(days) (mm) (mm/hr) (mm/hr) (I/s) (mg/l) (ng/l) (^g/l) (ng/l) (|ig /l) (lig/l)

23-Feb-lO 2.1 9.8 1.8 3.6 3.2
Filtered 8 7 8 5 33
Non-filtered 558 55 80 34 41 202
20-M ar-10 1.4 9.3 1.2 5.4 5.2
Filtered 2 59 5 17 95
Non-filtered 314 29 69 23 22 109
28-Jun-lO 13.5 3.2 4.6 11.4 7.6
Filtered nd 26 nd 5 5
Non-filtered 418 43 70 28 33 198
21-Jul-lO 2.1 3.8 2.3 10.8 12.3
Filtered - - - - -

Non-filtered 1510 104 99 70 75 270

Mean F 5 31 7 9 44

Mean NF 700 58 80 39 43 195

Bruen et al. 
(2006) 
Filtered 11 24 35
Non-filtered 425 90 98 461

Table 6.1 EMC pollutant concentrations on the lUR
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Figure 6.2 Air temperature at lUR site, March 2010

6.3 Comparison of dissolved pollutant concentrations with water quality 

standards

The dissolved EMCs o f  heavy metals were compared to water quality standards in Table 

6.2. The concentrations o f  Cr and Ni were at or below the receiving water limits set out in 

the Surface Water Regulations (SI 272, 2009). However, dissolved concentrations from the 

March 20‘*’ event exceeded the limit for acute impacts prescribed by the UK Highways 

Agency (2009) for Cu and Zn, and the same event generated dissolved concentrations o f 

Pb that were ten times the receiving water quality limit. The March 20'*’ event highlights 

the possibility o f an isolated incident, such as road salting, having a potentially damaging 

effect on receiving waters, even though traffic levels on the road catchment were relatively 

low.
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Parameter Max. Mean Detection Freq. Water Quality Standards

HAWRAT* SWR**

(^g/1) (^g/l) (%) (Hg/1) (^g/l)
Cr 8 4 66 8.1
Cu 59 31 100 2!
Ni 8 5 66 20
Pb 17 9 100 7.2
Zn 95 44 100 60

* Highways Agency Water Risk Assessment Tool (Highways Agency, 2009) 
** Surface Water Regulations (SI 272, 2009)

Table 6.2 Dissolved EMCs on lUR and receiving water quality standards

6.4 Comparison of particulate concentrations of pollutants with water quality 

standards

Concentrations o f heavy metals in the suspended solids were compared against guideline 

values in Table 6.3; the event mean sediment concentrations were calculated as follows;

EMCpp
Eqn,6.l

where, EMSC = event mean sediment concentration (mg/kg), EMCpp = particulate EMC of 

the pollutant (|ig/l), and EMCssc = EMC of suspended solids (mg/1).

The EMCpp was calculated as the non-filtered EMC minus the filtered EMC o f the 

pollutant. Where the filtered concentration was below the detection limit, half o f the 

detection limit was substituted in its place. The mean EMSC in Table 6.3 was calculated 

from the February 23^^ and June 28*̂  events. The March 20*'’ event was not included in the 

analysis due to the unusually high dissolved proportion o f heavy metals. The EMSCs were 

between the TEC and PEC for all elements except Ni, which exceeded the PEC. The 

EMSC of Cu was between the TEL and PEL defined by the UK Highways Agency (2009), 

and the Zn EMSCs exceeded the PEL. Therefore, the sediments contained in the runoff 

pose a potential threat to receiving water biota, and should be removed prior to discharge.
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Parameter Mean EMSC TEC* PEC* TEL** PEL**

Cr 94 43.4 111

Cu 118 31.6 149 35.7 197
Ni 55 22.7 48.6
Pb 66 35.8 128
Zn 383 121 459 123 315

All concentrations in mg/kg

*Threshoici and probable effect concentrations (MacDonald et al., 2000)

Threshold and probable effect levels (UK Highways Agency, 2009)

Table 6.3 Comparison o f median EMSCs with sediment quality guidelines 

6.5 Particle size distributions of the suspended solids

The particle size distribution o f  the suspended solids was measured for two events: June 

28‘̂  2010 and July 2 P ' 2010. A single composite EMC sample was analysed for each 

event; the distributions are shown in Figure 6.3. The djo values o f  the events were similar 

(30 and 35 |im), centred on the range o f  dso values measured in previous studies o f urban 

runoff (3-75 nm, see Table 2.10). There was a clear divergence o f  the event distributions 

for particle sizes o f  35 |im and above: the dgo o f the June 28*'’ event was 106 (im compared 

to 579 |im for the July 2 P ' event.

The peak 10-minute rainfall intensities o f  the events were similar: 11.4 mm/hr and 10.8 

mm/hr for the June 28* and July 2 P ‘ events, respectively. Prior to the June 28*'’ event, 2.2 

mm o f  rain fell on June 15“’, and 18.3 mm fell on June P*. Prior to the July 21^' 2010 event, 

4.1 mm rain fell on July 18“’, and 14.9 mm was recorded on July 15*̂ . A longer build-up 

period preceded the June 28“’ event, but considering the exposed soil slopes on the 

catchment, there may have been an abundance o f material for w ashoff in any case. What 

distinguished the events were the peak flows; 7.6 I/s for the June 28'*’ event compared to 

12.3 I/s for the July 21*‘ event. The increased peak flow would have enhanced the washotT 

o f solids from the road surfaces (and the surrounding bare soil slopes). Furthermore, the 

gully pots on the catchment were approaching capacity by the end o f the monitoring 

period, so the retention efficiency would have been reduced for the July 21 event owing to 

the greater flow rates entering the gully pots.
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Figure 6.3 PSDs o f  suspended solids on lUR

6.6 Pollutant removal by over the edge drainage

The potential treatment benefit provided by over the edge (OTE) drainage was established 

from a database o f  stormwater best management practices (BMPs) developed by 

Leisenring et al. (2012a). The grassed strip BMP was chosen as suitably representative o f 

the OTE treatment process, since OTE drainage largely incorporates flow o f road runoff 

over grassed verges into longitudinal ditches. The results from the grassed strip database 

would also be a conservative estimate o f  the treatment provided by OTE drainage, as 

further settlem ent o f  particles would occur as runoff is conveyed in ditches. The BMP 

database provided a large data set o f  stormwater quality data, for example 19 events and 

350 EM Cs for TSS entering the grassed strips. The median o f  the data set would therefore 

not be subject to influence by extreme values.

Median EM Cs and 95%  confidence intervals o f influents and effluents from the grassed 

strip (compiled by Leisenring et al., 2012a) are shown in Table 6.4. For most elements, 

there was a statistically significant difference between the influent and effluent EMCs (i.e. 

no overlap o f  confidence intervals), and pollutant removal applied to both the filtered and 

non-flltered phases. On average, the filtered heavy metal effluent EMCs were 60% o f  the 

influent, and the non-flltered effluent EMCs were 36% o f  the influent concentrations. The
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pollutant rem oval potential o f  OTE drainage is therefore significant, particularly 

considering the additional treatm ent w hich w ould occur in the roadside ditches. That said, 

in areas o f  high groundw ater vulnerability , O TE drainage should be subject to a risk 

assessm ent.

Parameter # Studies and EMCs Median (95% Confidence interval) Unit
in Out in Out

TSS 19, 350 20, 286 43.1 (36, 45) 19.1 (16.0,21.5) mg/1
F C r 12, 220 12, 152 2.1 (1.6, 2.3) 1.7 (1.2, 1.7) Hg/'
N F C r 13,223 13, 156 5.5 (4.5, 6.1) 2.7 (2.1, 3.3) Mg/I
FC u 12, 233 12, 163 11.7(8.6, 13) 5.4 (4.5, 5.9) ng/i
N FC u 13,237 13, 167 24.5(19, 26) 7.3 (6.4, 7.9) Mg/I
FN i 12, 220 12,152 2.7 (2.3, 2.9) 2.1 (2, 2.2) Mg/I
N FN i 12, 220 12,153 5.4 (4.5, 6.1) 2.9 (2.4, 3.1) Mg/I
F Pb 12,232 12, 164 0.6 (0.3, !) 0.3 (0.2, 0.4) Mg/I
NF Pb 12, 237 13,167 8.8 (6.6, 11.5) 2(1 .3 , 2.2) Mg/1
FZn 12, 233 12, 163 36.1 (30, 43.1) 14(10, 16) Mg/1
N FZn 13,237 13,167 103.3 (86, 120) 24.3(16, 26) Mg/1

Table 6.4 Pollutant EM Cs for grassed strip (Source: Leisenring et al., 2012a)

6.7 Summary

W hile highly trafficked road catchm ents have been subject to storm w ater pollutant 

m onitoring in Ireland and the UK (B ruen et al., 2006; C rabtree et al., 2008), local roads 

carry ing low er traffic volum es have received lim ited attention. M onitoring o f  four storm 

events on the lU R yielded pollutant concentrations o f  Pb and Zn that w ere approxim ately 

h a lf those o f  a highly trafficked road (Bruen et al., 2006), and sim ilar levels o f  Cu. 

C onsidering the traffic densities on the tw o sites, one w ould expect heavy m etal EM Cs on 

the lU R to be in the order o f  10% o f  the m otorw ay catchm ent, w hich w as not the case. 

Furtherm ore, the application o f  road salt resulted in the d ischarges o f  d isso lved  Cu and Zn 

above the UK H ighw ays A gency threshold limit for acute pollution, and the particulate- 

bound concentrations o f  heavy m etals in the suspended solids exceeded threshold sedim ent 

tox icity  lim its for all o f  the elem ents analysed.

The rate at w hich road deposits are enriched with heavy m etals and other pollutants will be 

influenced not only by the traffic density , but also  the average vehicle w ear and engine 

load on the road section. On the lUR, the elevated Cu concentrations m ay have been linked
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to braking o f  vehicles at the base o f  a steep decline. Local roads are designed with less 

stringent limits on vertical gradients and horizontal curve lengths, so increased acceleration 

and deceleration can be expected. These types o f  transient driving conditions lead to 

greater vehicle emissions compared to steady-state driving (Tong et al., 1995), which is a 

characteristic o f  motorway driving. This may account for the increased stormwater EMCs 

relative to traffic density on local roads.

Grassed strips have been demonstrated to remove approximately 40%  o f  dissolved heavy 

metals and 64% o f non-filtered heavy metals (Leisenring et al., 2012a), but over the edge 

drainage or indirect drainage accounts for just 50% o f  drainage systems for local and 

regional roads, and less for urban areas (DOEHLG, 2004). Thus, the total input o f  heavy 

metals from local and regional roads (com prising 94% o f the road network), could be up to 

an order o f  magnitude higher than inputs from national routes. Further monitoring o f  local 

and regional roads in Ireland is needed to establish relationships between the traffic density 

and the heavy metal concentrations in the runoff Additionally, a measure o f  average 

vehicle emissions (for which a surrogate could be fuel consumption) may provide insights 

into the role o f road geometry in determining stormwater pollutant levels.
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Chapter 7 Characterisation of stormwater runoff on an urban
residential catchment

In this chapter, the characteristics o f rainfall and runoff quantities, and stormwater quality 

are presented for the residential catchment. The specific aims o f the monitoring 

programme were:

To investigate rainfall patterns on the site;

To establish relationships between rainfall and runoff quantities measured at the 

outlet o f the drainage system;

To characterise event mean pollutant concentrations in the water and sediment 

phases, and to compare the results with receiving water standards and previous 

studies;

To identify rain event characteristics which influenced the generation o f  suspended 

solids;

To investigate if  event characteristics influenced the PSD o f suspended solids;

And to collect monitoring data for the modelling o f  annual suspended solids 

w ashoff on the catchment.

7.1 Hydrological analysis

7.1.1 Rainfall

Rainfall was recorded at 2-minute intervals from February 2011 to August 2012. The rain 

gauge was located 500 m from the sampling point. The rain gauge was found to be blocked 

during September 2011, so this period was excluded from the rainfall analysis. Monthly 

rainfall statistics are shown in Table 7.1, along with total rainfall for the Casement Airport 

rain gauge (as supplied by Met Eireann, 2012). Total rainfall during the monitoring period 

was 1030.1 mm. There was reasonable consistency between the monthly totals, allowing 

for the distance between the gauges, 12 km, and localised effects. Lowest monthly rainfall 

in 2 0 1 1 was recorded in late winter and late summer. Monthly rainfall in October 2011 was 

dominated by a single large event where 90 mm fell over a 2-day period. June 2012 was 

also an exceptionally wet month where daily totals exceeded 10 mm on 7 days.
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Year Month Total Rain 
(mm)

# Dry 
days

# Days > 
5mm

# Days > 
10mm

Total Rain 
Casement 

Airport (mm)

Gauge diff. 
Kimmage- 
Casement 

(mm)
2011 Feb 70.8 9 3 3 76.2 -5.4
2011 Ma 12.3 16 1 0 15 -2.7
2011 Apr 11.7 16 0 0 30 -18.3
2011 May 31.9 8 0 1 51.5 -19.6
2011 Jun 63.8 13 6 0 65.1 -1.3
2011 Jul 50.5 15 4 1 53.3 -2.8
2011 Aug 37.3 13 3 1 51.6 -14.3
2011 Sep - - - - 74.2 -

2011 Oct 147.5 12 3 3 165.9 -18.4
2011 Nov 55.4 13 4 2 54.8 0.6
2011 Dec 35.9 10 1 0 53 -17.1
2012 Jan 53.1 12 2 1 63.2 -10.1
2012 Feb 13 16 0 0 19.8 -6.8
2012 Mar 8.5 23 0 0 27.5 -19
2012 Apr 63.4 7 5 1 94.7 -31.3
2012 May 55.1 15 3 I 64 -8.9
2012 Jun 176 7 9 7 178.5 -2.5
2012 Jul 71.1 9 3 3 102.7 -31.6
2012 Aug 72.8 10 5 2 74.9 -2.1

Total 1030.1 1350 -319.9

Table 7.1 Monthly rainfall statistics for the Kimmage and Casement rain gauges

In order to analyse rainfall event statistics, single events had to be isolated from the 

continuous rainfall record. The inter-event dry period was used to define the start and end 

times o f  individual rainfall events. The New Jersey State stormwater sampling protocol 

(TARP, 2003) suggests a minimum inter-event time definition (lETD) o f  6 hours. This 

protocol has been developed for assessing BMP performance, including devices with 

extensive lag times such as detention basins. Adams and Papa (2000) proposed a method 

o f determining the lETD from the probability distribution o f inter-event times. They 

observed that the distribution o f  inter-event times from differing lETDs can be represented 

by an exponential probability density function (PDF) as follows:

fx (x )= Y -e -^ , x > 0  Eqn. 7.1

Eqn.7.2
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where, Hx = mean o f  the PDF and Ox =  standard deviation o f  the PDF.

The exponential PDF requires that the mean and standard deviation are equal, so the 

coefficient o f  variation (COV) is unity. Therefore, an lETD may be chosen which results in 

the sample coefficient o f  variation being approximately equal to unity.

The Kimmage rainfall record was discretized for a range o f  lETDs using NetSTORM 

software (version 2010.1, CDM inc., 2000). The probability density o f  lETDs is plotted in 

Figure 7.1. The higher the lETD, the greater the number o f rainfall measurements that 

were aggregated into single storms, leading to a smaller number o f distinct storm events. 

The exponential PDF is a reasonable fit o f  the data (R^ = 0.94). The lETD corresponding to 

a COV o f  unity is approximately 6 hours. However, it is also evident from Figure 7.1 that 

the exponential PDF does not fit the data for lETDs less than 6 hours. The 1 hour, 2 hour 

and 4 hour lETDs yielded a high number o f  small events in terms o f  total rainfall. The 

inter-event time for these events tended to be short, thus reducing the mean inter-event 

time and increasing the COV.

In practice, the lETD chosen should reflect the objectives o f  the hydrological analysis, and 

the catchment characteristics. Values o f  1-6 hours are suggested for small urban 

catchments comprising o f  predominantly impervious surfaces (Adams and Papa, 2000). On 

the residential catchment lag times between peak rainfall and runoff varied between 8 and 

15 minutes. However, pervious surfaces such as lawns may also have contributed runoff. 

Therefore, an inter-event time o f  2 hours was adopted for the rainfall analysis. Finally, a 

minimum event threshold o f  2 mm total rainfall was applied, as many rainfall events below 

this threshold did not produce any runoff, or runoff rates were too low for accurate 

measurement by the area-velocity probes.
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Figure 7.1 lETD vs Probability Density and COV for Kimmage rainfall

Applying a minimum lETD o f  2 hours and an event threshold o f  2 mm, 109 distinct storms 

were generated from the continuous rainfall record, totalling 844 mm. Cumulative 

probability plots o f  total rainfall and average storm intensity are shown in Figure 7.2. It can 

be seen that 80% o f  these events had a total rainfall o f  less than 10 mm. However, the 

remaining 20% o f  the storms contributed 54% o f  the total rainfall. Similarly, while 80% of 

the storms had an average rainfall intensity o f  less than 2 mm/hr, the remainder contributed 

almost a third o f  the total rainfall. If shorter rainfall periods were considered, say 10-15 

minutes equalling the approximate time o f  concentration o f the catchment, then higher 

intensities would have been calculated, which is explored later in this chapter. In summary, 

the larger and more intense storms, although low in frequency, were extremely important 

as they accounted for a high proportion o f total rainfall. Furthermore, these events may 

have had the potential to wash o ff and transport high quantities o f  sediments.
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Figure 7.2 Cumulative probability plots o f total event rainfall and average event intensity 

7.1.2 Rainfall-runofT

Reliable runoff measurements were recorded for 49 events from a total o f 109 events in the 

monitoring period where total rainfall exceeded 2 mm. Where the water depth in the pipe 

fell below 20 mm, the area-velocity probe was prone to malfunction and ‘lock’ at a single 

(incorrect) velocity reading. These occurrences generally resulted from small rain events 

where suspended solids concentrations would be expected to be low. On visual inspection 

o f the flow record, where the area-velocity probe malfunctioned, these events were 

removed from the data set. In addition some events were missed due to battery or other 

equipment failures. Summary statistics for the 49 events are presented in Table 7.2. Total 

rainfall for the 49 events was 550 mm, or 65 % o f  the volume o f >2 mm rain events.

ADP Total
rainfall

Total
runoff

Runoff.
Coeff.

Rainfall
dur.

Mean
Int.

Peak 10- 
min. 

intensity

Mean
Flow

Peak
flow

#
Flow
peaks

(n=49) (days) (mm) (m ') (hours) (mm/hr) (mm/hr) (I/s) (i/s)

Min. 0.1 2.0 1.9 0.04 18 0.6 2.4 0.2 0.6 1

Max. 11.0 62.8 1186 1.26 1552 6.7 25.8 32.6 90.0 10

Median 1.9 6.8 18 0.21 262 1.8 6.6 1.7 8.5 2

Mean 2.4 11.2 91 0.31 390 2.1 8.6 3.1 16.4 2.8

Table 7.2 Rain fall-runoff statistics for the residential site

Runoff volume versus rainfall volume is plotted in Figure 7.3. The rainfall volume was 

calculated based on the contributing impervious area to the drainage system o f  1.42 

hectares. This area was determined from a topographic survey o f  the site and flow testing
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to confirm the gully connectivity. A polynomial equation represented the best fit o f  the 

rainfall-runoff relationship (Figure 7.3(a)). The runoff coefficient increased with increasing 

rainfall depth; this may have been explained by saturation o f the roads and other 

contributing areas to the drainage system, and/or enlargement o f the catchment during 

large rain events. The <30 mm events (the majority o f  events were less than this value) 

were isolated in Figure 7.3 (b), and a runoff coefficient o f  0.46 was calculated based on a 

linear fit o f  the reduced data set. The intercept term was -18.5 m^, or considering the 

contributing hard standing area o f  1.42 hectares, 1.3 mm o f  rain had to fall on the 

catchment before runoff was generated. The value o f  0.8 indicates that rainfall volume 

was a reasonable predictor o f  runoff volume, but it did not explain all o f  the variability.
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Figure 7.3 Runoff volume vs rainfall volume for: (a) all events, and (b) <30 mm events

The runoff coefficient o f 0.46 was lower than expected, considering that the contributing 

areas consisted o f  concrete footpaths and bituminous macadam roadways. Visual 

inspections made during large rainfall events confirmed that rain falling on the concrete 

footpaths was mostly conveyed to edge o f  the road. However, there was a degree o f  

permeability evident in the bituminous macadam roadways. As an illustration. Figure 7.4 

shows a section o f  roadway on Priory Road Square. Both lane surfaces had been 

constructed to the finished wearing course level. The photograph was taken during a 

rainfall event on May P* 2012, after 15 mm o f  rain had fallen in the previous 12 hours. The 

surfacing on the left hand side had a smooth asphalt finish in contrast to the surfacing on 

the right which was highly porous. It was apparent that the surfacing on the right hand lane 

would have had a significantly lower runoff coefficient than that o f  the left lane, and would 

also have had a higher degree o f  depression storage. The fact that 15 mm o f  rain had
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already fallen on this surface clearly indicates an infiltration potential though the 

macadam. In general, the degree o f porosity o f  the road surfacing in Kimmage, based on 

visual inspection, lay between the extremes presented in Figure 7.4. Therefore, rainfall- 

runoff modelling on this catchment had to consider both a depression storage term and an 

infiltration term for the macadam surfaces.

Figure 7.4 Response o f  road surfacing to rainfall on Priory Road Square

Researchers have previously investigated infiltration through urban surfaces. Wiles and 

Sharp (2008) measured infiltration using a double-ringed infiltrometer on several types o f 

paved surfaces in Austin, Texas. Infiltration rates o f  up to 2.5 mm/hr were recorded on 

asphalt surfaces; infiltration through concrete surfaces was typically an order o f  magnitude 

lower, or less. The researchers identified cracks in the asphalt and concrete surfaces as 

being the primary route for water to infiltrate. Ramier et al. (2011) also used a double

ringed infiltrometer on two asphalt streets in Nantes, France; infiltration rates o f up to 0.1 

mm/hr were measured. On the residential catchment, infiltration through the macadam 

surfacing may have been higher still, since the increased void spaces compared to the 

asphalt surfacing would have provided a greater ponding depth, in turn leading to a greater 

head o f  water above any discontinuities.
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The m edian antecedent dry period (AD P) for the 49 events was 1.9 days, and 90%  o f  the 

events had an ADP o f  less than 5 days (Figure 7.5 (a)), so rainfall was obviously an 

im portant lim iting factor for solids build-up processes. A linear build-up o f  solids on paved 

surfaces w as m easured on the residential catchm ent over a 16-day dry period (C hapter 4). 

Likewise, Pitt (1974) and Egodaw atta and G oonetilleke (2006) observed linear increases in 

pavem ent deposits in the first three w eeks o f  dry weather. Therefore, considering the short 

AD Ps usually encountered, a linear build-up m odel may be suitable for Ireland and other 

tem perate clim ates. Longer AD Ps tended to be associated with lower runo ff coefficients 

(Figure 7.5 (b)); how ever, there w as a large degree o f  scatter for A DPs less than 5 days, 

and there w ere few observations o f  A D Ps greater than 5 days, so definitive conclusions 

could not be drawn from this analysis.
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Figure 7.5 (a) C um ulative probability plot o f  A DP and (b) R unoff coefficient vs ADP

The m edian event peak flow  was 8.5 1/s, and the highest recorded flow recorded on the site 

was 90 1/s. This tlow  was recorded during the exceptional rain event o f  O ctober 23^^ 2 0 1 1, 

where 90 mm o f  rain fell over 24 hours. 80%  o f  the events had a peak flow o f  less than 25 

1/s. The relationship o f  peak flow  to average rainfall intensity (A R l) and peak rainfall 

intensity (PR l) is shown in Figure 7.6. A R l was a poor predictor o f  peak flow  with an R‘ 

value o f  0.13, as the ARl could not account for the distribution o f  rainfall w ithin-events. 

The PRl w as a m uch-im proved predictor o f  peak flow with an R^ value o f  0.63. The PRI 

was calculated on a 10-m inute m oving interval, w hich was a reasonable estim ate o f  the 

tim e o f  concentration o f  this catchm ent, given that the peak flow  generally coincided with
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the peak 10-minute rainfall intensity within-events. However, this predictor could not 

account for antecedent conditions.

X Peak intensity  
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Figure 7.6 Peak flow vs AR l and PRI

A typical rain event summary is shown in Figure 7.7 for the January 26‘*’ 2012 event. The 

runoff coefficient for this event was 0.27, and although the total rainfall was only 2.6 mm, 

the PRI was 6.6 mm/hr, which corresponded to the median PRI o f the 49 runoff events 

recorded. The time to peak runoff is often calculated for storm hydrographs as an indicator 

o f the rainfall-runoff response o f the catchment, and is defined as the time from onset o f 

rainfall to the peak flow, in this case 42 minutes. However, it is clear that the initial rainfall 

did not result in runoff being measured at the outlet. A more useful attribute would be the 

instantaneous lag time, which is given by the time between peak rainfall and peak flow, for 

this event 8-15 minutes. This short lag time was indicative o f the low storage volume in the 

pipe network, where the majority o f sewers were 225 mm in diameter and the gradients 

were reasonably high (minimum 1%).

By way o f contrast, the rain event summary for the November 11'*’ 2011 event is shown in 

Figure 7.8 which totalled 17.2 mm o f rainfall over a 5-hour period. Several flow peaks 

occurred during the storm corresponding to peaks in rainfall. It is evident that a single time 

to peak flow measure would not be suitable to characterise the runoff for this event.
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Indeed, the median number o f flow peaks for the 49 events was 2 (Table 7.2). 

Instantaneous lag times between peaks in rainfall and peaks in flow again ranged from 8- 

15 minutes. Recession limbs occurred typically over 30 minutes. The runoff coefficient for 

this event was 0.21, lower than the January event, even though total rainfall was over six 

times higher. This could be explained by two factors. Firstly, the antecedent dry period for 

the November event was longer (2 days vs 7 hours). Secondly, the ARl o f the 11 

November event was also lower (3.4mm/hr vs 3.8mm/hr). This highlights the importance 

of initial losses (dependant on the ADP), and infiltration (dependant on the rainfall 

intensity and duration) on the runoff coefficient.

26January2012 Kimmage StomfiSummary l o f l

26 January 2012 ;

0-4

0 .0 's

1.2

1.6

4:00 4:30 5:00 5:30

Rainfall 2.6 mm Rainfall duration 40 minutes
Runoff 10.4 m3 Av rain Intensity 3.9 mm/hr
DCIA 15000 m2 Peak lOmin rain intensity 6.6 mm/hr
Runoff Coeff 0.27 Flow duration 87 minutes Prevrain 25/01/2012 19:58 Flow start 26/01/2012 04:33
ADP 0.3 days Average flow 2 I/s Rain start 26/01/2012 04:04 Flow end 26/01/2012 06:00

Peak flow 10.3 I/s Rain end 26/01/2012 04:44

Figure 7.7 Rain event summary for 26'*’ January 2012
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11 November 2011 Kimmage Storm Summary

11 November 2011

iiilii

0.4

1.2 3

1.6

12:00 13:00 14:00 15:00 16:009:00 10:00 11:00

Rainfall 17.2 mm Av rain intensity 3.4 mm/hr
Runoff 54.6 m3 Peak hourly intensity 4.4 mm/hr
DCIA 15000 m2 Peak lOmin rain intensity 6.6 mm/hr
Runoff Coeff 0.21 Flow duration 324 minutes Prev Rain 09/11/201108:42 Flow start 11/11/201110:19
ADP 2.0 days Average flow 2.8 I/s Rain Start 11/11/201109:22 Flow end 11/11/201115:43
Rainfall duration 306 min Peak flow 8.7 I/s Rain end 11/11/201114:28

Figure 7.8 Rain event summary for 1 N o v e m b e r  2011

7.2 Water quality analysis for the residential catchment

A summary o f water quality analysis performed for the residential runoff samples is shown 

in Table 7.3 for the period March 11'*’ 2011 to August 15*'̂  2012. Suspended solids were 

measured for all 19 water quality events, and the volatile content o f the suspended solids 

for 16 events. The particle size distribution was measured for 8 events. Cadmium, 

chromium and nickel were measured for 6 events. Phosphorus, copper, lead and zinc were 

measured for between 10 and 13 events, and pH was measured for 8 events. The majority 

o f sampled events were in the summer period (5 events), followed by: autumn (5 events); 

spring (4 events); and winter (2 events).
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Event Date ADP TR DUR ARI SSC VSS PSD P Cd Cr Cu Ni Pb Zn pH

(days) (mm) (min) (mm/hr)

1 11-Mar-l 1 1.4 5.2 252 1.2 •

2 04-Apr-l 1 2.1 4.7 172 1.6 •

3 21-M ay-l 1 0.1 3.9 88 2.7 •

4 16-Jul-II 1.0 3.6 202 1.1 • •

5 21-Jul-l 1 4.2 19.1 654 1.8

6 27-Jul-l 1 6.2 6.9 292 1.4 •

7 15-Aug-ll 2.7 5.0 308 1.0 •  •  •

8 30-Sep-11 5.1 8.3 246 2.0 •  •  •  • •  •  •  •

9 01-O ct-11 0.2 3.5 40 5.3 •  •  •  •

10 11-Nov-l 1 2.0 17.2 306 3.4 •  •  •  •  •

11 24-Nov-l 1 7.7 6.8 326 1.3 •  •  •  •  • •  •  •  •

12 29-N ov-ll 4.3 11.5 398 1.7 •  •  •  •  • •  •  •  •

13 02-Jan-12 0.9 00 bo 416 1.3

14 28-Jan-12 2.5 21.8 1552 0.8 •  •  •

15 01-M ay-12 1.2 18.1 844 1.3 •  •  •

16 14-Jun-12 0.8 24.4 788 1.9 •  •  •

17 21-Jun-12 0.3 12.9 590 1.3

18 27-Jun-12 0.6 23.8 540 2.6

19 15-Aug-12 9.6 13.6 256 3.2

Min. 0.1 3.5 40 0.8

Max. 9.6 24.4 1552 5.3

Median 2.0 8.8 308 1.6

Total 219

Table 7.3 W ater quality analysis on the residential site 

7.2.1 Suspended solids and  volatile solids

During the monitoring period, 19 storm events were sampled for suspended solids 

concentration (SSC). The sampled events were reasonably representative o f  the range o f 

>2mm events that occurred during the monitoring period (Figure 7.9), as the sampled 

events occupied most regions o f  the entire event record. Three events exceeded the 

sampled range in terms o f  average rainfall intensity; two in terms o f  event duration; and 

five in terms o f  total rainfall.

The median values o f the rainfall statistics for the 19 events sampled for SSC were similar 

to those o f  the 49 rainfall runoff events: duration (308 & 262 minutes); total rainfall (8.8 

mm & 6.8 mm); and average rainfall intensity (1.6 & 1.8 mm/hr). It should be noted 

however that both data sets were biased towards the larger events since flow measurements
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required a minimum o f 20 mm depth o f water and a velocity o f 0.3 m/s (equivalent to a 

flow o f approximately 0.5 I/s) for the area-velocity probe to function correctly. 

Furthermore, the automatic sampler programs were initiated at a threshold flow rate o f 1 

i/s, thus eliminating storms which generated lesser flow rates. The sample pacing in part 

‘A ’ o f the programme was typically set to 1 mVsample, so small events were excluded 

where the total volume was less than 1 m^. Part ‘B ’ o f the sample programme covered 

larger rain events; this pacing was 5 m^/sample.
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Figure 7.9 Comparison o f SSC-sampled events and event record for >2mm events

Suspended solids and volatile suspended solids (VSS) concentration summary results for 

the 19 events are shown in Table 7.4. Individual sample bottles were analysed for SSC and 

VSS, which yielded the organic content o f the suspended solids. The event mean 

concentration (E M C ) was calculated from the runoff proportion o f each bottle, and the 

corresponding concentration measurement. The median EM C  SSC was 29 mg/l. The mean 

EM C  SSC was 66 mg/l, which was influenced by a smaller number o f events with a high 

SSC but small total runoff. For estimation o f the ‘average’ site EM C, the weighted mean 

EM C (W E M C ) provides a more reliable estimate than the mean EM C  (Mourad et al., 

2005), and its calculation is shown in Eqn. 7.3. The W E M C  value was 35 mg/l, which was 

similar to the median EM C value.

S ]L ,(E M C  -V p  
S M C =  -̂------- Eqn. 7.3

Z . j = l  V j
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where, n =  number o f events, j  = integer..l,..n, EMCj =  event mean concentration o f a 

single event (mg/1), and Vj = total runoff volume o f  a single event (m^).

The highest EMC SSC occurred on 1 October 2011 o f 363 mg/1, during which the highest 

discrete SSC o f  920 mg/1 was measured. EMC SSC values o f  greater than 100 mg/1 were 

recorded for three events: one in Spring 2011 and two in Winter 2011. Three events 

produced EMC SSC values o f  less than 10 mg/1, all occurring during 2012. A useful 

phenomenon was that for individual storms, the median o f  discrete SSC values was a 

reasonable estimate for the EMC value. The mean relative percent difference between the 

EMC SSC and event median SSC was 19%. Furthermore, the median o f the storm event 

medians was 28 mg/1, which was almost identical to the median EMC SSC. The advantage 

is that flow measurement is not required to calculate the event median SSC, assuming a 

reasonable number o f discrete samples are taken during the event. Flow measurement and 

automatic sampling can be costly, however if  grab samples were taken at regular intervals 

during storm events, the event median could be an adequate screening-level assessment.
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Event Date # Samples SSC MSS VSS OC
Min. Max. Med. EMC Min. Max. Med. EMC EMC

(mg/l) (g) (mg/l) (%)

I 11-Mar-l 1 8 18 502 75 93 1456 - - - - -
2 04-Apr-l 1 12 17 158 65 60 699 - - - - -

3 21-M ay-11 19 52 341 116 115 897 19 102 42 43 37

4 16-Jul-ll 5 22 86 51 60 127 - - - - -

5 21-Jul-ll 5 10 53 15 21 62 - - - - -

6 27-Jul-ll 10 10 42 28 22 211 5 26 11 10 48

7 15-Aug-ll 12 29 122 72 67 483 6 23 19 17 26

8 30-Sep-ll 17 13 149 26 29 882 6 22 15 14 47

9 Ol-Oct-11 6 92 920 297 363 9434 33 139 78 75 21

10 ll-N o v -1 1 19 4 47 23 24 1328 8 16 10 12 49

11 24-Nov-l 1 7 9 355 87 145 2658 7 48 18 24 16

12 29-N ov-ll 8 7 217 64 72 4017 5 49 20 20 28

13 02-Jan-12 6 I I 309 87 94 4820 6 44 32 25 26

14 28-Jan-12 22 3 14 6 6 812 3 12 4 5 85

15 01-M ay-12 20 2 96 9 19 2367 3 38 6 10 54

16 14-Jun-12 14 4 17 9 9 1583 3 9 5 6 67

17 21-Jun-12 14 1 10 4 5 361 0 4 2 2 39

18 27-Jun-12 10 9 91 16 28 2997 4 37 8 11 41

19 15-Aug-12 17 6 43 17 16 1967 5 22 iO 10 63

Total 37161

Min. 1 5 62 0 2 16

Max. 920 363 9434 139 75 85

Median 28 29 1328 12 41

Mean 66 1956 19 43

WEMC 35

Table 7.4 SSC, VSS and organic content o f  residential rain events

The EMC SSC values were tested for Normality in the original data set, and as a log- 

transformed data set, as the latter has been observed as a better fit to a Normal distribution 

o f  stormwater solids in previous studies (U.S. EPA, 1983). The analysis was carried out 

using Minitab statistical software (Release 16 (2010), Minitab Inc.). It can be seen that a 

Normal distribution does not fit the original data set (Figure 7.10 (a)), with the data skewed 

to the right; i.e. a large number o f  small values and a limited number o f  extreme values. 

The Normal distribution better fits the log-transformed data (Figure 7.10 (b)), which is 

confirmed by a near straight-line Normality plot (Figure 7 .11), and the significance o f  the 

Anderson-Darling test with a P-value o f  greater than 0.05 (Mullins, 2003). The geometric 

mean o f  the transformed data set is 38 mg/1, and the 95% confidence interval spans an 

order o f  magnitude (12 -  117 mg/l). The large deviation in EMCs highlights the need for
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modelling to reduce the uncertainty associated with estimates o f  suspended solids 

generation on urban catchments.

H istogram  of Ln EMC SSCH istogram  of EMC SSC
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Figure 7.10 Histograms o f  a) EMC SSC and b) Ln (EMC SSC)
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Figure 7.11 Probability Plot o f  Ln EMC SSC 

7.2.2 Heavy m etals and  p hospho rus

The heavy metals and P concentrations are summarised in Table 7.5. P was detected in the 

majority o f filtered and non-filtered samples. Cd was not detected in any o f the filtered or 

non-filtered samples. Cr was detected in approximately 35% o f  filtered and non-filtered 

samples. Ni was detected in 25%  o f  the non-filtered samples but only 2% o f  the filtered 

samples. Cu and Pb were frequently detected in the non-filtered samples, but less so in the 

filtered samples. Zn was detected in the majority o f  filtered and non-filtered samples.
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The first six events were intended as a screening assessment o f heavy metals and P 

concentrations on the residential catchment. Cd, Cr and Ni were not detected or 

infrequently detected in the samples, so were omitted from the analysis o f  subsequent 

events. Where Cd has been detected in previous studies, it has corresponded with highly 

trafficked roads such as motorways (Bruen et al., 2006; Crabtree et al., 2008). Cu, Pb and 

Zn were routinely detected; the US stormwater database (Pitt and Maestre, 2005) identified 

these metals as the most frequently occurring in runoff from residential areas. Therefore, 

heavy metals analysis for subsequent events focussed on these elements. P was frequently 

detected so this analysis was continued also.

The method detection limit (MDL) took account o f  sample preparation and ICP instrument 

variability, but it was the limited resolution o f  the instrument at low concentrations (<5 

^ig/l for most elements) which was the main constraint. Had a lower detection limit been 

achieved, it may have been possible to measure Cd, Cr and Ni more frequently, as well as 

the filtered Cu and Pb samples. However, the detection limits were adequate to study the 

suspended sediment interactions with the non-filtered concentrations o f  the toxicants 

chosen; P, Cu, Pb and Zn.
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Parameter MDL
#

Samples
Detect.
Freq.

Min Max
Med
EMC

Mean
EMC

# EMCs F/NF

(%) (Hg/1) (lig/1) (ng/i) (%)

P’ P 5 68 93 33 4620 45 85 11
NF** P 5 74 100 72 4906 124 169 11 36

FCd 2 63 0 _ _ _ _

NF Cd 2 63 0 - - - -

FCr 2 63 35 nd*** 6 _ _

N FC r 2 69 38 nd 11 - -

FCu 5 85 19 nd 13 . _

N FC u 5 85 94 nd 121 15 19 12

FN i 5 63 2 nd 6 _ _

N F N i 5 69 25 nd 23 - -

F Pb 5 91 7 nd 14 _ _

NF Pb 5 97 42 nd 103 5 12 13

FZn 5 91 90 nd 63 16 18 8
NFZn 5 97 98 nd 512 49 59 13 33
*Filtered concentration **Non-filtered concentration *** Not detectable

Table 7.5 Summary o f  heavy metals and phosphorus concentrations

The ratio o f  the filtered (F) to non-filtered (NF) concentrations o f  the heavy metals and 

phosphorus is plotted against the non-filtered concentration in Figure 7.12. The data points 

represent the discrete samples obtained in all o f  the monitoring events on the residential 

catchment. Data pairs were omitted from the graph where the filtered concentrations were 

below the detection limit, so the average F/NF ratios are smaller than visual inspection o f 

Figure 7.12 would suggest. The F/NF ratios for chromium and nickel varied between 30 

and 100%. These elem ents were not routinely detected in the runoff samples, however 

since their likely source is atmospheric deposition (Chapter 4), it is not surprising that 

these elements would be comprised o f  a substantial dissolved component.

At concentrations less than 20 ng/l, filtered Cu accounted for 40-50%  o f  the total 

concentration. At concentrations o f  40 |ig/l and above, the dissolved fraction accounted for 

20-30% o f  the total. Pb followed a similar trend: F/NF ratios o f  approximately 40% at
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concentrations less than 10 ng/l; and F/NF ratios o f  20-30%  at concentrations greater than 

20 ng/1. Zn was frequently detected in the dissolved phase; the median EMC for the 

filtered samples represented 33% o f the NF Zn. Again, high NF Zn concentrations were 

associated with particulate fractions o f  80% or greater. In general, for the routinely- 

detected heavy metals (Cu, Pb and Zn), the higher NF concentrations comprised mainly o f 

particulate-bound pollutants.
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Figure 7.12 Non filtered concentrations o f  heavy metals vs F/NF ratio

In contrast, the F/NF ratio o f  TP varied randomly for concentrations o f  300 ng/1 or less. A 

number o f  samples exceeded 60% F/NF. In fact, these data points all originated from a 

single rain event on November 11‘\  2011. This event produced the highest discrete non

filtered TP concentration o f 4,906 tig/1, o f  which 4620 |ig/l was in the dissolved phase (this 

data point was omitted from Figure 7.12 for clarity). This event was the first major rain 

event after the autumn leaf fall. Therefore, dissolved TP may have been released from 

decaying vegetation on urban surfaces. This is indicated in Figure 7.13, where a ‘first 

flush’ o f  dissolved TP coincided with the first peak in flow, and the concentration decayed 

rapidly thereafter.
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11 November 2011: Upstream Flow, SSC, Filtered & Non-filtered Phosphorus-
80
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Figure 7.13 F TP, NF TP, SSC and flow for the November I I  th 2011 rain event

7.2.2.1 Relationship between SSC and non-filtered pollutants

The suspended solids concentration is frequently used as a surrogate parameter for other 

pollutants in urban runoff, as the analysis is quick and cost-effective compared to chemical 

analysis. However, the relationship, i f  any, between SSC and the pollutants concerned 

must be established for each site. In this analysis, the EM C  SSC was regressed against the 

non-tlltered concentrations o f the routinely-detected heavy metals on the residential site 

(Cu, Pb and Zn), and TP (Figure 7.14). The correlations between the EM C SSC and the 

pollutants were reasonably high (R “ o f 0.83 to 0.90), so the SSC could be considered as an 

indicator o f the other pollutant levels.

Three outliers were removed from the TP regression. The November 2 0 1 1 event was 

dominated by a first flush o f dissolved TP, as described in the previous section. There 

appears to have been a further seasonal effect which led to elevated concentrations in the 

August 2011 and August 2012 events. Higher frequency in lawn and garden maintenance 

occurs in the summer months, leading to higher organic loads entering the drainage 

system. Indeed, the dissolved TP concentrations were markedly higher for these events 

(Figure 7.15). This highlights a particular problem o f urban runoff discharges from
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residential areas during the summer and autumn periods. At this time, base flows in 

streams are generally lower, so the contribution o f  urban runoff is proportionally higher. 

The effects o f  eutrophication by TP in urban runoff are therefore magnified. Future 

research on the relationship between eutrophication and urban runoff should sample more 

frequently in the summer and autumn period.
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Figure 7.14 Correlations between EMCs o f  SSC and non-filtered pollutants
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Figure 7.15 Filtered EMC concentrations o f  TP
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1.2.2.2 Comparison of dissolved pollutant concentrations with water quality

standards

The dissolved pollutant concentrations are com pared to w ater quality standards in Table 

7.6. The m edian EM C for TP (45 jig/l) was ju s t 2%  o f  the U rban W astew ater T reatm ent 

D irective (Si 254, 2001) em ission lim it value o f  2,000 ^g /l, but it did exceed the Surface 

W ater R egulations (SI 272, 2009) receiving w ater lim it o f  35 ng/1. Furtherm ore, the tim ing 

o f  the peak concentrations during periods o f  low base flow s in receiving w aters should be 

taken into account w hen assessing potential TP im pacts.

The m axim um  concentrations o f  C r and Ni w ere less than the receiving w ater lim its set out 

in the Surface W ater R egulations (SI 272, 2009), and in any case the detection frequencies 

w ere low. The limit value for Pb in these regulations was exceeded by a single d iscrete 

sam ple, but 93%  o f  the sam ples w ere less than the detection lim it, 5 ng/l. The only  limits 

specifically determ ined for storm w ater d ischarges are those set out in the H ighw ays 

Agency W ater Risk A ssessm ent Tool (H A W R A T, UK H ighw ays A gency (2009)). The 

m axim um  Cu concentration did not exceed the lower threshold , the RST24t,r, and the 

detection limit o f  Cu was low (19% ). Likew ise, the lowest threshold for dissolved Zn was 

not exceeded in any single sam ple, and the m edian EM C w as approxim ately 25%  o f  the 

lowest em ission lim it value. Therefore, it is unlikely that acute pollution will arise due to 

d ischarges o f  d issolved heavy m etals from urban residential catchm ents, w hich is in line 

w ith the findings o f  the N U R P study (US EPA, 1983), w hich m onitored a large num ber o f  

residential developm ents.
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Parameter Max. Med.
EMC

Detection
Frequency Water Quality Standards

UWWTR* HAWRAT** SWR***

(M g/1) (M g /I) (%) (M g/1) (M g /I)

F P 4620 45 93 2000 35
F C r 6 - 35 8.1
FC u 17 - 19 21
FN i 6 - 2 20
F Pb 14 - 7 7.2
FZ n 49 16 90 60
* Urban Wastewater Treatment Regulations (SI 254, 2001)
** Highways Agency Water Risk Assessment Tool (Highways Agency, 2009) 
*** Surface Water Regulations (SI 272, 2009)

Table 7.6 Comparison o f  dissolved pollutants with water quality standards

7.2.2.3 Comparison o f particulate concentrations o f pollutants with water

quality standards

Concentrations o f  heavy metals in the suspended solids were compared against guideline 

values. Event mean sediment concentrations (EM SCs) were calculated for Cu, Pb, Zn and 

TP only, since there were not sufficient observations o f  Cr and Ni above the detection 

limits to enable calculation o f  EMCs for these elements.

The EMSCs varied greatly between events, decreasing with increasing EMC SSC (Figure 

7.16). The reason for this trend was that higher EMC SSC values were associated with 

higher rainfall intensities, which generated a greater proportion o f  coarse particles (See 

Section 7.2.5). This material would have had a lower specific surface area, therefore the 

pollutant concentrations were lower (in mg/kg). To reduce the influence o f  large 

concentrations, the median EM SCs were compared to the threshold values (Table 7,7).

EMSCs o f Cu, Pb and Zn exceeded the probable effect concentrations for toxic impacts on 

receiving water biota recommended by M acDonald (2000) and the UK Highways Agency 

(2009). Therefore, this material should not be discharged to receiving waters, and suitable 

SuDS measures should be employed to remove them. The concentrations were also 1.4 to 

1.8 times the median <212 nm concentrations measured in the residential gully pots. This 

was not surprising, since the median organic content o f  the gully pots was 20%  compared 

to 41% in the stormwater solids. Furthermore, the PSD o f  the gully deposits would be
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somewhat coarser, since the retention efficiency o f  the gully pot reduces with reducing 

particle size.

Also, since the stormwater solids concentrations were greater than the <212 urn gully 

deposit concentrations, this is further evidence o f  minimal dissolution o f  heavy m etals in 

gully pots.

2500

2000
00

00
jE
u
10

1500

_  1000

n i0)
X

500

100 200
EMC SSC (m g/kg)

300

♦  Cu -
♦  Pb

♦ ♦  Zn

♦  TP -

♦ ♦  ♦
-

♦  ♦

♦  ♦ ♦  ♦ ♦

: *  *
♦  %

8000

7000

6000

5000 DO
bO

4000 £  

3000 5

2000

400

Figure 7.16 EMSCs o f  heavy metals and TP vs EMC SSC

Parameter TEC‘ PEC‘ TEL*‘ PEL** Median

Cu 229 31.6 149 35.7 197 124
Pb 141 35.8 128 89
Zn 500 121 459 123 315 347

All concentrations in mg/kg
’Threshold and probable effect concentrations (MacDonald et a!., 2000) 

**Threshold and probable effect levels (UK Highways Agency, 2009)

Table 7.7 Comparison o f  median EMSCs with sediment quality guidelines, and <212 |im 

median gully concentrations
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T.2.2.4 Comparison of stormwater pollutant concentrations with previous

studies

The median EMC pollutant concentrations for the residential site are summarised in Table 

7.8. These values are compared to the median EMC values from a US database compiled 

by Pitt and Maestre (2005). This study was chosen as a benchmark since: the median 

values were derived from a large data set (minimum o f  690 EMCs for non-filtered 

samples), therefore individual site effects or abnormalities would be less influential on the 

median; and the data was relatively recent (1992-2002). Results from the Irish 

EPA/National Roads Authority study (Bruen et al., 2006) are also included to highlight the 

differences in pollutant loadings, and because this has been the only other detailed study o f 

stormwater pollutants carried out in Ireland.

The median EMCs o f  Cu were comparable to the US values. Levels o f  Pb and Zn were 

somewhat lower in this study, which may have been a product o f  differences in traffic 

loadings and vehicle types (US vehicles tend to have greater fuel consumption). The 

median EMC o f  suspended solids was 60% o f the US median value, and TP was 30% o f 

the US concentration. The lawns and landscaped areas in Kimmage were bounded by walls 

and kerbs; these physical barriers may have been an effective source control measure 

(albeit unintentional) to prevent organic matter from entering the drainage system.

The highway runoff yielded concentrations o f  heavy metals and suspended solids which 

were an order o f  magnitude higher than the US or Kimmage sites. Daily two-way traffic on 

the highway site was between 25,000 and 30,000 vehicles/day compared to an average o f 

1,822 vehicles/day on the residential catchment. P concentrations were approximately three 

times higher on the highway catchment, which again may be linked to the availability o f  a 

flow path between the highway landscaping (which is a common visual barrier on Irish 

highways) and the drainage system.

These findings support the approach o f  separating general urban/residential development 

from main road land use when mapping potential stormwater pollution hazards (Mitchell, 

2005). In terms o f  urban stormwater retrofit, this analysis implies that where limited 

resources exist, these should be directed towards improvements to drainage systems 

serving highly trafficked roads in the first instance.
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SSC F*Cu N F '* C u F P b  NF Pb F Zn NF Zn F T P  NF TP

This study 

# Observations 19 13 13 13 13 13 13 11 11

Median 29 <5 15 <5 5 16 49 45 124

Residential

Pitt and M aestre (2005)  

# Observations 978 90 771 108 762 87 784 690 926

Median 49 7 12 3 12 32 73 180 310

Highway

Bruen et al. (2006)  

# Observations 16 16 16 16 16 16 16 16 16

Mean 425 11 90 24 98 35 461 - 460

'Filtered concentration *’N on-filtered concentration. All concentrations in |ag/l

Table 7.8 Comparison o f  Kimmage stormwater pollutant EMCs with previous studies

7.2.3 Relationships between suspended solids and event characteristics

A number o f  site characteristics were assessed for their influence on EMCs o f  suspended 

solids on the residential catchment. This was intended as a preliminary assessment; 

detailed modelling o f  suspended solids and w ashoff is contained in Chapter 11. The 

suspended solids concentration was used as a surrogate for other pollutants since this 

parameter correlated reasonably well with the other pollutants, and had the largest number 

o f  EMC observations (19). The UK Highways Agency identified the following influential 

event characteristics for the generation o f  suspended solids: average rainfall intensity; peak 

rainfall intensity; total rainfall; antecedent dry period; seasonality; and road salting. The 

last factor was not significant in Kimmage, since there were no freezing conditions which 

required salt application during the monitoring period. The relationships between Ln(EMC 

SSC) and rain event characteristics are shown in Figure 7.17. The EMC SSC was 

transformed to the natural log scale to reduce the data spread, and allow linear 

relationships to be investigated (M ullins, 2003).

There was a weak positive correlation between the average rainfall intensity and the 

suspended solids, but an improved correlation was obtained by using the peak 10-minute 

rainfall intensity (R^ = 0.34). Relationships with the peak 5-minute and 20-minute rainfall 

intensities were also investigated, but the 10-minute intensity was found to be the best
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predictor o f suspended solids o f these short-term intensities. Total rainfall was negatively 

correlated with suspended solids concentration. In part, this was because the total rainfall 

was negatively correlated with the peak 10-minute rainfall intensity, i.e. larger events 

tended to be o f lower peak intensity, which in turn generated lower solids concentrations. 

Also, the greater runoff volumes associated with the larger rainfall totals diluted the EM C  

values. There was no apparent correlation between the SSC and the antecedent dry period 

(A D P). The ADP was less than 4 days for 13 o f the 19 monitored events, which is typical 

o f the Irish climate, so there was not a large spread o f ADPs to be examined, and rain event 

characteristics were also confounding factors. With a larger data set covering longer ADPs, 

the effect o f the ADP may have been observed, since increases in surface deposits 

available for washoff were observed over dry days (Chapter 4). The effect o f seasonality 

was investigated relative to the main effect, total rainfall, in Figure 7.18. Since the data 

points in each group plotted above and below the regression line, there was no obvious 

seasonal effect.
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Figure 7.17 Relationship between rain event characteristics and Ln EM C SSC
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7.2.4 Partic le  size d istribu tions o f th e  suspended  solids

The PSD o f  the suspended solids was measured in 8 rain events from April 2011 to 

Novem ber 2011. For each rain event, discrete samples were selected for analysis at regular 

intervals, particularly around flow peaks. The even mean PSD was calculated as follows:

where, EM PSD = event mean particle size distribution (%  mass), Volj = % volume o f 

particles in size fraction i from laser diffraction analysis (%  volume), Mt = total event mass 

o f  suspended solids (g), i =  index o f  particle size interval, and j = event sample index.

where, Mj = mass o f  suspended solids for sample j (g), Vj =  volume interval for sample j 

(I), and SSCj = suspended solids concentration o f  sample j (mg/l). The volume interval was 

calculated by mid-point volume method (Charbeneau and Barrett, 1998).

The EM PSDs are shown in Figure 7.19, and summarised in Table 7.9. The sampled rain 

events covered a range o f  intensity, duration, total rainfall and ADP (Table 7.3), so were 

representative o f  the typical distributions o f  solids transported to the outlet o f the drainage 

system. The median dso o f  the material was 33 jim, midway in the range observed in

EMPSD Eqn. 7.4

V, • SSC
Eqn. 7.5
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previous studies o f  suspended solids measured at the outlets o f  drainage systems, 3-75 |im 

(Table 2.10). Importantly, 96% o f  the suspended solids were finer than 212 ^lm. In 

contrast, the gully pots on the residential catchment contained only 8% o f material finer 

than 212 jxm, again a strong indication o f  low retention o f  solids in the gully pots for this 

size fraction. Also shown in Figure 7.19 are the sizes used to classify particle ranges in 

later analyses: <10 |im , 10-20 ^m, 20-45 |^m, 45-90 )im, and 90-1000 ^im. These 

classifications were different to those used for the gully deposits (<63 ^im and 63-212 ^xm), 

but were chosen to ensure a relatively uniform proportion o f  mass in each size fraction.

100
04-Apr-ll

16-Jul-ll
90

80 27-Jul-ll

70 30-Sep-ll

O l-O cM l

11-N ov-ll

24-N ov-ll
40 29-Nov-11a.

M e di an

— -Size classifications

100 1000
Particle size (^m)

Figure 7.19 Event mean PSDs on the residential catchment
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Event Date # Samples D|o D 9 0  < 2 1 2  ( x m

(fim) (nm) (^m) %
1 04-Apr-11 5 2 18 90 96
2 16-Jul-ll 5 6 25 90 96
3 27-Jul-l 1 4 7 38 96 100
4 30-Sep-Il 10 5 22 106 99
5 Oi-Oct-li 6 9 38 192 91
6 11-Nov-11 15 7 28 106 98
7 24-Nov-l 1 7 10 38 156 93
8 29-Nov-l 1 7 11 45 180 91

Median 7 33 106 96

Table 7.9 Summary o f  event mean PSDs on the residential catchment

7.2.5 Relationships between PSD and event characteristics

The average PSDs o f the rain events were compared to a number o f  event characteristics in 

Figure 7.20. The event mean dso was used as an average indicator o f  the coarseness o f  the 

EMPSD. There were weak positive correlations between the total rainfall and ADP, and 

the event mean dso, however the effect was limited, as other event characteristics were 

more influential.

Both the peak flow and the peak ! 0-minute rainfall intensity were correlated with the event 

mean dso (R values o f  0.89 and 0.93). One outlier was excluded from the analysis, the 

event o f July 27*'’. Two events had similar peak flows to the outlier event, April 4*'’ and 

July 16*'’, but the ADP was significantly greater for the outlier event (6.2 days vs. 2.1 and 

1.0 days). Since this was the only significantly different event characteristic, it is suggested 

that a greater proportion o f  coarse particles were available for w ashoff for this event, given 

that the accumulation rate for coarse particles was greater than that o f  fine particles 

(Chapter 4).

Since the peak flow and peak 10-minute intensity were correlated with each other (R^ o f 

linear regression o f  0.84), it was not possible to separate their effects. However, both 

variables should be investigated for w ashoff modelling. The event mean PSD has been 

shown to be sensitive to the rain event characteristics, which indicates that w ashoff is 

selective with respect to particle size. This is contrary to the assumption made by Hairsine 

and Rose (1991), who assumed that erosion o f  particles was non-selective in their studies

194



o f natural slopes. However, one must also consider that the availability o f particles is an 

important factor, and accumulation rates varied by size fraction (Chapter 4). The washoff 

o f particles in different size fractions is considered in the following section.

50
= 0.1144♦ R̂  = 0.0243

•g 40

S 20 S 20

Total rainfall (mm) ADP (days)

50 1-------
R- = 0 .8889 R̂  = 0.9332

T  40 4- ^  40 -  

S 30
♦  Regression 

data 

o O utlier

♦  Regression 

data  

o O utlier

S 20

LO 20 
Flow (1/s)

30 40
Peak 10-minute intensity (mm/hr)

Figure 7.20 Relationship between event characteristics and event mean dso

7.2.6 Washoff of particle size fractions during rain events

The variation in PSD through the October I'*' 2 0 1 1 event is demonstrated in Figure 7.21. 

The overall length o f each bar represents the SSC for the discrete sample. It can be seen 

that the maximum SSC is reached before the peak flow; i.e. the peak rainfall intensity leads 

to the maximum particle erosion on the catchment before the peak flow is reached. The 

sub-division o f the bars represents the contribution to the SSC from each size fraction. The 

distributions remain relatively stable over the duration o f the event, with the exception o f 

the <10 pim fraction, which falls from 13 to 7% o f the overall SSC.

I f  the concentrations in each fraction for discrete samples are normalised by the total 

concentration in each fraction (Figure 7.22), it is evident that the highest initial washoff
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occurs for the <10 îm and 10-20 |im fractions. Furthermore, the gradient between sample 

1 and sample 3 is greater for these fractions, i.e. depletion o f the available mass occurs 

more quickly for the finer material. This event was o f a high intensity (14.4 mm/hr peak 

10-minute intensity), but contained only 3.5 mm o f total rainfall. However, the suspended 

solids mass eroded o f 9.4 kg was the highest recorded for a single event, so depletion o f 

the available mass on the catchment was possible.
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Figure 7.21 Rainfall, flow and particle concentration for the October P' 2011 rain event

0.6
<10 um 

—— 10-20 um 

—— 20-45 um 

' ' 45-90 um 

90-1000 pim

0.5

S 0.4

-  0.3

■S 0.2

0.0

Sample#

Figure 7.22 Normalised concentrations by size fraction for the October rain event
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In Figure 7.23, the variation in SSC is presented for a rain event o f  greater total rainfall 

(17.2 mm), but lower intensity (peak 10-minute intensity o f  6.6 mm/hr). In terms o f SSC, 

there appeared to be a reduction o f  available material for the second flow peak, i.e. a lower 

SSC was generated from similar rain and flow conditions. However, the highest SSC was 

generated at the end o f  the event, corresponding to an increase in the rainfall intensity and 

flow. Therefore, the SSC was not source-limited, and w ashoff o f  suspended solids in 

different size fractions would have been linked to the rain characteristics, and not a limited 

supply o f  material (unlike the October 1®‘ event).

The percentage o f  SSC in each size fraction is shown in Figure 7.24. The SSC labels in 

Figure 7.23 refer to the PSD samples in Figure 7.24. The relative concentrations in each 

size fraction were consistent for the first two flow peaks, although slight increases in the 

proportion o f  90-1000 |im particles can be seen, consistent with peaks in the rainfall 

intensity. However, when the SSC increased dramatically at the end o f  the event (samples 

13-15), .so did the proportion (and concentration) o f  45-90 ^;m and 90-1000 fim particles.

In both the October 1*‘ and November 11'*’ events, there were clear indications that washoff 

was selective with respect to particle size. This implies that stormwater quality models, 

such as SW MM, should be calibrated for different size fractions, or more usefully, a 

relationship between the washoff coefficients and size fractions needs to be developed. On 

the residential catchment the effect would have been dampened somewhat by the gully 

pots, since the largest particles washed o ff during intense rainfall would have been retained 

(>212 i^m), therefore a relatively narrow range o f  particles were transported to the outlet, 

the majority being 10-100 nm. However, the build-up patterns clearly differ by particle 

size (Chapter 4), so this phenomenon needs to be incorporated. On sites where the 

catchment slopes are greater and where larger (and possibly less efficient) catch pits are 

used, the selective nature o f  w ashoff with respect to particle size would be important.

197



SSC labels indicate 
sample # for PSD 
analysis

400.4 — —  Flow rate 
I  Rainfall 

SSC

S' 0.8
5 '

(—  30

3
3
to
3

203

—  10

15:00 16:009:00 10:00 11:00 12:00 13:00 14:00

O)£
O
U)w

Figure 7.23 Rainfall, flow and SSC for the November 11‘ 2011 rain event

40

o.
E
(Dt/%
014-*01Imu

.£
u
u)

-1—

i 1

M l 1 ]  ̂ r 1 J 1 l l
K lO  lim 

110-20 (im 

120-45 ^m 

145-90 nm 

190-1000 nm

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 7.24 Fraction of SSC in each size fraction for November 11̂  ̂event

198



7.3 Summary

The key findings o f the stormwater monitoring were as follows:

80% o f  the rain events had total rainfall o f  10 mm or less, but the remaining 20% 

contributed 54% o f  the overall total;

A runoff coefficient o f 0.46 was calculated for the <30 mm rainfall events. 

Significant infiltration was observed for the bituminous macadam surfacing, which 

accounts for approximately 95% o f  the road surfaces. An infiltration term will 

therefore be required for the rainfall-runoff model;

A median suspended solids EMC o f 29 mg/l was recorded for 19 events, and the 

distribution o f  EMCs was log-normal. The wide 95% confidence interval for EMC 

SSC (12-117 mg/l) highlighted the need for modelling o f suspended solids washoff; 

Cd was not detected in any samples. Cr and Ni were rarely detected. Cu and Pb 

were routinely detected in the non-filtered phase but less so in the filtered phase. Zn 

and TP were detected in most samples in the filtered and non-filtered phases; 

Dissolved concentrations o f  heavy metals and TP were unlikely to result in 

receiving water impairments to biota, based on established thresholds, however the 

seasonal peak o f  TP during periods o f  low flow in receiving waters requires 

consideration;

Heavy metal concentrations in the solids exceeded receiving water thresholds, 

therefore removal o f  solids from residential stormwater is required prior to 

discharge. The concentrations o f  metals in the suspended solids were marginally 

greater than the <212 |im concentrations in the gully deposits, indicating minimal 

dissolution o f  heavy metals during transport through the pipe network.

EMCs o f  filtered and non-flltered heavy metals and TP were similar to the median 

values obtained from a US residential stormwater database, but they were an order 

o f  magnitude lower than a previous Irish study o f  highway runoff, most likely due 

to the differences in traffic densities.

Total rainfall was negatively correlated with the EMC o f  suspended solids, and the 

peak 10-minute intensity was positively correlated with the suspended solids EMC. 

The peak flow and peak 10-minute rainfall intensity were correlated with the dso o f 

the event mean PSD. Also, suspended solids o f  different size fractions displayed a 

varied response to flow and rainfall inputs. Therefore, the washoff o f  suspended 

solids was selective with respect to particle size.
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Chapter 8 Rainfall-runoff modelling of the residential
catchment

8.1 Model description

The main components o f  the SWMM runoff module are shown in Figure 8.1. Rainfall can 

be input by the user manually, or in the case o f  the residential data, a text file was 

imported. The rain gauge on the residential site provided 18 months o f  rainfall depths at 2- 

minute intervals. The daily evaporation rate (as supplied by Met Eireann for the Casement 

weather station) was also imported. As discussed in Section 7.1.2, the catchment consisted 

primarily o f  roads and footpaths, but significant runoff was lost through the bituminous 

macadam road surfaces. Infiltration therefore played an important role in the rainfall-runoff 

process.

Excess rainfall

Subcatchm ent
flows

Drainage 
outfall flows

Rainfall

Pipe network routing

Infiltration/Evaporation

Subcatchm ent flow  routing

Figure 8.1 Summary o f  SWMM rainfall-runoff model processes 

8.1.1 Infiltration and evaporation

Infiltration in SWMM can be modelled by the Horton (1940) or Green and Am pt (1911) 

equations. The Green-Ampt model employs physically-based parameters for soils 

including the saturated hydraulic conductivity and the average capillary suction at the
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wetting front. However, these parameters had less physical significance for the asphalt 

surface and stone sub-base which were modelled; therefore the simpler Horton model was 

chosen. Horton’s equation predicts infiltration capacity as a function o f time:

fp = f o o + ( f o - f o e )  • Eqn. 8.1

where, fp = infiltration capacity o f  soil (mm/hr), f,,, = minimum or ultimate value o f  fp 

(mm/hr), fo = maximum or initial value o f  fp (mm/hr), t = time since beginning o f  rain 

event (hr), and k =  decay coefficient (hr *).

Horton’s model assumes that during rainfall, as the soil becomes wetter, the infiltration 

rate decreases since there are less pore spaces to be filled. The drawback o f  Eqn. 8.1 is that 

infiltration continues to decrease over the rain event, even in periods o f light rainfall, 

regardless o f the amount o f  water entering the soil. To overcome this problem, SWMM 

uses the integrated form o f  Horton’s equation (Huber and Dickinson, 1992);

J  fp dt = f^- tp+ - ( I - e'*^) Eqn. 8.2

where, F =  cumulative infiltration at time tp, mm.

The rate o f  decay o f  infiltration is also used to calculate the rate o f recovery o f infiltration 

potential in a similar manner to the above. The rates o f  infiltration decay for different 

values o f k are shown in Table 8.1. Huber and Dickinson (1992) recommend a decay rate 

o f  3-6 hr ' for most soils, but there is little guidance for decay values for a macadam 

surface. A typical section through the road surface on the residential catchment is shown in 

Figure 8.2. It is hypothesized that the initial infiltration rate was high, since the macadam 

surfacing was quite porous. Once the macadam reached saturation, rain would then have 

needed to permeate through the base o f  the macadam into the sub-base. The sub-base, 

comprised o f  coarse granular material would have had considerable storage potential; 

however, the rate o f  transfer would have been controlled by the number o f  discontinuities 

between the macadam and the sub-base. It is likely then that the infiltration rate declined 

sharply once saturation was reached in the macadam, and the process could be represented 

by the Horton infiltration model.
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Decay coefficient, 
k

% decline o f infiltration 
capacity towards limiting 

value, fg. after 1 hour

(hr-‘) (%)

1 64
2 76
3 95
4 98
5 99

Table 8.1 Rate o f  decline o f  infiltration capacity  for different values o f  k (Source: H uber 

and D ickinson, 1992)

Dublin bou lder
clay

150-250 m m  thick
g ranu la r sub -base  

80-100 m m  thick
b itum inous m acadam

Si •V%V%V%V%VsV%V%V%VsVsV%.%V%VsVsVsVsVsVsVsVsVsVsVsV'

i

Figure 8.2 Typical section through road surface on the residential catchm ent

T he effective rainfall, ig, is used by SW M M  for subcatchm ent flow  routing, and is given by 

Eqn. 8.3. Evapotranspiration rates can be supplied to SW M M  for landscaped areas; 

how ever, since the catchm ent consisted prim arily o f  hard standing areas, the evaporation 

rate was input to the m odel.

'e =  ' ■ fp ■ E £ q n  3 3

w here ie =  effective rainfall (m m /hr), i =  rainfall (m m /hr), fp =  infiltration (m m /hr), and E = 

evaporation (m m /hr).
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8. 1.2 Catchment discretization

The drainage network was created in SWMM based on record drawings and site surveys. 

The network information consisted o f pipe invert levels, ground levels and pipe diameters, 

and area drained. Each manhole was represented by a junction in the SWMM model. The 

HDVS was located between J16 and J17 (Figure 8.3), and area-velocity flow meters were 

installed in the manholes upstream and downstream o f  the HDVS. From J18, the outfall 

pipe fell steeply (10% gradient for approximately 50 m) to the connection to the River 

Poddle. Therefore, J18 was modelled as a free outfall. To account for the headloss across 

the HDVS, a flow control was placed in the SW MM model, between J16 and J17. The 

head-discharge curve for the flow control was derived from depth measurements in J 16, 

and flow measurements in J17 (see Section 3.4 for details), shown in Figure 8.4. No 

storage volume was specified for the HDVS, since it had equal inlet and outlet levels.

* J18
J16

J17
J15 J13

J14 J12
J l l

Figure 8.3 Drainage network junctions in SW MM model o f  the residential catchment
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Figure 8.4 Head-discharge relationship for HDVS

The catchment area o f  1.42 ha was subdivided into 15 sub-catchments, each draining to a 

different junction. The subcatchment attributes were as follows:

Subcatchment area;

% Impervious;

Subcatchment width;

% Slope;

M anning’s n, impervious areas;

M anning’s n, pervious areas;

Impervious depression storage;

Pervious depression storage;

%  Routed from impervious to pervious areas;

Maximum infiltration;

Minimum infiltration;

Decay rate for infiltration.

The subcatchment area was considered to be fixed, and was measured from the 

topographical survey. Each subcatchment was divided between impervious areas (concrete 

footpaths) and pervious areas (roads). Important attributes o f  the sub-catchm ents are shown 

in Figure 8.5. The background image was taken on Larkfield Park on May I 2012 during 

light rainfall, although 15 mm o f rain had fallen continuously over the previous 12 hours.
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A small amount o f  depression storage was apparent on the footpaths. In SWMM, the 

depression storage must be filled by rainfall before runoff is generated from the 

subcatchment. The depression storage values for pervious and impervious areas were 

investigated as calibration parameters.

Subcatchment representation

ingest overland flow path (m)

Subcatchm ent"  
width (m)Pervious road

■% routed to  road'

Impervious
l̂ tpathSubcatchment outlet 

(gully connected to  
manhole) % routed to  outlet

Figure 8.5 Important attributes o f  residential sub-catchments

The cross falls o f  the footpaths were towards the roads, so a portion o f  this runoff would 

have infiltrated while flowing along the gutter to the nearest gully. SWMM allows for a 

percentage o f  the impervious areas to flow into pervious areas. The remainder is routed 

directly to the nearest junction; this fraction would have represented the impervious areas 

which drained to nearby gullies with minimal flow lengths along the gutter. For the 

Kimmage model, the percentage impervious was fixed as ratio o f  the footpath area to the 

total area o f  the subcatchment. The percentage routed was selected for calibration.

The effect o f increasing M anning’s roughness (n) value for subcatchment surfaces would 

have been to reduce peak flows and increase flow durations, as would reducing the 

catchment slope. However, the effect o f  both variables could be integrated into the 

subcatchment width parameter, which has a similar effect (see Section 2.9.1.1). Integration 

o f  several parameters into a single param eter which represents the net effect has the
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advantage of reducing the number o f calibration parameters and hence the model 

computational time. The slope was fixed to the average value measured from the 

topographical survey, and Manning’s n was set to recommended values from the literature. 

The Horton equation parameters were included in the calibration set, since infiltration 

played an important role in the rainfal 1-runoff process.

8.1.3 Flow routing in the pipe network

Flows in pipes (termed conduits in SWMM) can be simulated by three methods: steady 

flow routing, kinematic wave routing, and dynamic wave routing. The dynamic wave 

routing method is theoretically the most accurate method (Rossman, 2009), so was 

implemented for the Kimmage pipe network. The dynamic wave method can simulate 

storage, entrance and exit losses, flow reversal and pressurised flow in the network. The 

method solves the full Saint Venant equations for continuity and momentum, which for 

flow along a single conduit are given by (Rossman, 2006);

6A 6Q
- ^ + - ^ = 0  Continuity Eqn. 8.4

6Q 6(QVA) 6H
—  +  r + gA — +  gASf+ gAhL=0 Momentum Eqn. 8.5
ot ox ox

where, x = distance along conduit (m), t = time (s), A = cross sectional area (m‘), Q = flow 

rate (mVs), H = hydraulic head o f water in the conduit (m), including any pressure head, Sf 

= friction slope (), hi = local energy loss per unit length o f conduit (), and g = acceleration 

due to gravity (m /s).

The drawback o f the dynamic wave method is that it typically requires smaller time steps 

than the other flow routing methods and hence the computational time is longer; Huber and 

Dickinson (1992) recommend a wet weather time step equal to or less than the rain 

interval. For the simulation o f the Kimmage network, the minimum simulation time used 

was 15 seconds for wet weather periods. The details o f the pipe network such as invert 

level, cover level and diameter were input to SWMM as per the as-built drawings 

(following verification on site). The only calibration parameter for the pipe network was 

Manning’s roughness coefficient.
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8.2 Model calibration procedure

The purpose o f  the runoff model calibration was to provide subcatchment flows for the 

subsequent solids w ashoff model, and to ‘fill in’ gaps in the measured flow record over the 

monitoring period, as some events were missed due to equipment failure. The observed 

flow data set, measured at the outlet o f  the drainage system, included 49 rainfall events 

from February 2011 to August 2012 where total rainfall exceeded 2 mm (described in 

Section 7.1.2).

8.2.1 Evaluation functions

An evaluation function was required, which compared the ‘goodness o f fit’ between 

computed and observed hydrographs, for multiple storm events over the continuous 

simulation period. The Nash-Sutcliffe efficiency (NSE) index (Nash and Sutcliffe, 1970) 

has been used extensively for performance evaluation (Jain and Sudheer, 2008) o f 

hydrologic models. The NSE index is given by:

, 5:r=,(y,-yi)'
1 = l - Z r r - T 7  Eqn.8.6

where yi = observed flow at time t (I/s), yi = computed flow at time t (I/s) and yj = mean o f 

observed flow (I/s), corresponding to n observations.

The denominator in Eqn. 8.6 is the total variance o f the observed values about the mean, 

and the numerator is the variance o f the data not explained by the model. A value o f 1.0 for 

q indicates a perfect match o f computed to observed values, whereas a q value o f 0.0 

indicates that the model is no more accurate than the mean o f  the observed values. The 

advantage o f  Eqn. 8.6 is that a single value defines the ‘goodness o f  fit’ which lends itself 

to optimization functions. Furthermore, the numerator and denominator are raised to the 

power o f 2, therefore high flows have a larger influence on q. As shown in Figure 8.6, 

there was a clear relationship between the total mass and the peak flow o f  rainfall events 

on the residential catchment, so in order to simulate annual loads accurately, it was 

important to match the computed and observed peak flows.
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Figure 8.6 Total mass vs peak flow for Kimmage rain events

Two summary measures o f model performance on an event basis were computed: the total 

volume error and the event peak error:

Vt_err = ^ ( V t , „ d ( 0 - - ( i ) ) '  ^qn. 8.7
I

where, Vt err = total volume error (m ) , Vtmod(i) = computed event total volume (m ), 

Vtobs(i) = observed event total volume (m^) and i = calibration elent index.

Qp err = ^  I Eqn. 8.8 
1

where, Qp err = peak flow error (1/s) ,̂ Qpmod(i) = computed event peak flow (I/s) and 

QPobs(i) = observed event peak flow (I/s).

The total volume bias was also computed:

Volume bias • X i ^ t m o d ( 0  

S i Vtobs(i)
Eqn. 8.9

8 .2.2 Param eter optiniization

A number o f the model parameters were interlinked, such as the Horton infiltration 

parameters, so a large number o f model runs were required to explore the entire parameter 

space. This ensured the final calibrated values represented the global minimum solution.
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To speed up the process, minimise operator error, and ensure the process was repeatable, 

the calibration was automated. SW MM is not supplied with automatic calibration tools, so 

a program was developed using M atlab (Release 2013a, M athworks Inc.), as listed in 

Appendix C. The automatic calibration process is shown in Figure 8.7.

The Kimmage model details were contained in the SW MM template file (template.inp). 

The Matlab program generated param eter values from the optimization function (within 

the range specified by the user), replaced the model parameters in the template file 

(template.inp), executed SW M M , retrieved the computed hydrographs from the SWMM 

report file (report.rpt), and finally computed the NSE which was returned to the 

optimization function after each run. Calibrations based on the total volume error and peak 

flow errors were tested, but they produced similar results to the NSE calibration. Standard 

optimization functions supplied with Matlab are minimisation functions, so only the 

second term on the right o f  Eqn. 8.6 was minimised.

Param eter values

tem plate.inp

report.rp t

Com pute NSE

Create SWMM 
input file

SWMM model 
simulation

Optimization
function

Figure 8.7 Summary o f  SW MM auto-calibration process
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8.2.2.1 Optimization function

The GlobalSearch algorithm from the Matlab global optimization toolbox was used for the 

minimisation o f the evaluation function (Figure 8.8). The algorithm used a local, gradient- 

based so\\er,fm incon, which is suitable for finding local minima o f constrained, non-linear 

problems (Matlab, 2013). GlobalSearch required bounds for the calibration parameters, 

and an initial estimate. The trial points, generated randomly within the parameter bounds, 

were evaluated and the top n results supplied to fmincon which was run n times (with n = 

NumStageOnePoints). The number of trial points and the NumStageOnePoints had to be 

specified by the user, which would be dependent on the complexity o f  the problem. These 

variables were tested by trial and error until successive calibrations (which generated 

random initial estimates) produced the same solution set o f calibration parameters; at this 

point it was assumed the global solution o f the problem was reached.

Run fmincon from XO

Create GlobalOptimSolutions vector

Generate Trial Points 
(potential start points)

Stage 1:
Run best start point among the first 

NumStageOnePoints trial points

Stage 2:
Loop through remaining stage one 

points, run fmincon if point satisfies 
basin, slope and constraint filters

Figure 8.8 Summary o f GlobalSearch algorithm (Source: Matlab, 2013)

2 1 1



8.3 Runoff model calibration

Manual adjustment o f  the model input parameters revealed that the Horton infiltration 

parameters and the percentage routed were influential model parameters, so the calibration 

o f  the model focussed on these variables. The rain events used for the calibration 

procedure were the 19 sampled events in which water quality data was measured. The 

main purpose o f  the rainfall runoff model was to provide subcatchment flow data for 

w ashoff model, so it was important that the computed and observed flows for the water 

quality events matched as closely as possible. The remaining 30 rain events monitored for 

flow only were used for verification o f  the model.

The values o f  the input variables are shown in Table 8.2. The bounds for the infiltration 

and percentage routed were unknown at the start o f  the calibration process, so were 

assigned a wide range. The remaining inputs were fixed for the initial calibration, but the 

recommended ranges are also included in Table 8.2 along with their initial values, which 

were the m id-points o f  the ranges.

The subcatchment width can be determined as the subcatchment divided by the longest 

flow path; for urban catchments the longest flow path is suggested as the distance from the 

middle o f a property to the centre o f  the road (Gironas et al., 2009). On the residential 

catchment the properties were not connected to the drainage system for the m ost part, so 

the minimum distance would have been ha lf o f  the road cross section (5 m). The spacing o f  

the road gullies was 50-75 m; this was the longest distance runoff would have had to 

travel. However, much o f  this flow would have been along the gutter. The subcatchment 

width refers to the overland flow component only in SWMM; gutter flow is assumed to be 

instantaneously routed to the outlet. That said, the maximum length tested was 50 m, since 

the width param eter also incorporated slope and surface roughness effects, which may 

have increased the travel time. The length param eter was adjusted manually in order to 

match the timing o f  the computed and observed peak flows: the optimum value was 

determined as 20 m, so the value used for each subcatchment was the area divided by 20.
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M odel parameters Unit Range Initial value

Calibration parameters
% Routed to pervious area % 0 -1 0 0  50
Maximum infiltration mm/hr 5 -50  25
Minimum infiltration mm/hr 0 - 5  2.5
Decay rate infiltration - 0 -6 *  3

Fixed parameters
Subcatchment length m 5 - 5 0  20
impervious depression storage mm 0.3-2.3* 1

Pervious depression storage mm 0.3-2.3* 1

Manning's n impervious area - 0.01-0.015* 0.012

Manning's n pervious areas - 0.01-0.015* 0.012

Manning's n pipes - 0.01-0.015* 0.012

*Huberand Dickinson (1992)

Table 8.2 Model parameters for initial runoff calibration

Due to the wide bounds on the calibration parameters, 5 levels o f  each parameter were 

combined for the initial trial points, which required 625 (4^) model runs, and the top 10% 

o f  model runs were selected for minimisation by fmincon. The calibration process required 

1080 model simulations, and was run in 36 hours on a desktop PC. The process was 

subsequently repeated and the initial trial points (generated randomly), resulted in the same 

calibrated param eter values, so the solution was deemed to be the global minimum for this 

model. The calibrated parameter values are shown in Table 8.3. Just 13% o f  the footpath 

runoff was directed to the pervious road surface; the remainder was routed directly to the 

outlet.

The maximum and minimum infiltration rates were high; the minimum infiltration rate 

exceeded the average rainfall intensity for many events which was unsurprising, since the 

mean runoff coefficient for the 49 events was ju st 0.31 (Table 7.2). The decay rate was 

also close to the upper limit suggested by Huber and Dickinson (1992), which meant that 

the maximum infiltration rate dropped to the minimum infiltration rate within the first hour 

(assuming sufficient total rainfall), but also implied that the infiltration potential o f  the 

road surfaces was rapidly replenished, possibly due to the gravel sub-base.
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The hydrographs o f  the observed and computed hydrographs for the calibration data set 

were combined in Figure 8.9. The NSE values were relatively low for the calibration and 

verification processes, 0.71 and 0.68, respectively. The main difficulty in calibrating the 

runoff model was that the majority o f  runoff over the sub-catchments was lost to 

infiltration, which was not monitored in terms o f the groundwater response. The infiltration 

parameters were assumed to be equal for all sub-catchments, but in reality there were 

mixtures o f surface textures and discontinuities and hence variations in parameters within 

and between sub-catchments. Assuming that a single set o f  infiltration parameters could 

represent each subcatchment, model calibration would be infeasible, at least using a 

desktop PC. If just 3 levels were initially investigated for 15 subcatchment infiltration 

parameter sets, 3 x 10“' trial points would be generated.

Parameter Calibrated value

% Routed (%) 12.9

Max. infiltration (mm/hr) 21.8

Min. infiltration (mm/hr) 3.0

Decay ( ) 5.6

Model performance Calibration Verification

NSE ( ) 0.71 0.68

Volum e bias ( ) 0.92 0.64

Total volum e error (m'Z 9107 625325

Peak flow  error (1/s)' 773 3621

Table 8.3 Calibration parameters and model performance summary for initial calibration
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Figure 8.9 Combined observed and computed hydrographs for calibration events

Comparing the computed and observed event total volumes for individual events (Figure 

8.10 (a) and (b)), it is apparent that the model over-predicted the total volume for small 

events (< 20 m^), due to the fraction o f  the sub-catchm ents contributing runoff directly to 

the outlet. However, this runoff volume corresponded to just 1.4 mm distributed over the 

catchment, so was unlikely to be significant in terms o f  solids generation. The model 

under-predicted volumes for the 4 largest events, which indicates that there may have been 

limited storage potential in the stone sub-base in a number o f  sub-catchm ents. The 

computed event peak flow versus the observed event peak flow was distributed around the 

1:1 line (Figure 8.10 (b)), indicating minimal bias. However there was a fair degree o f 

scatter evident in Figure 8.10 (a) and (b), which demonstrated the difficulty in calibrating 

several sub-catchm ents using lumped parameters for infiltration.
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1:1 Line
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Observed peak flow (|/s)

Figure 8.10 (a) Computed vs observed event total volume and (b) Computed vs event peak 

flow for calibration events

8.4 Sensitivity analysis

To identify the most influent model parameters, a sensitivity analysis was performed using 

the parameters listed in Table 8.2. The calibrated param eter values, and the initial values o f  

the fixed parameters formed the initial condition for the sensitivity analysis. Each 

parameter was adjusted in turn from -7 5 %  to +75%  o f  the initial value, and the model was 

run holding all other parameters at their initial values. The model response, given by the 

sum o f  the total volumes o f  the calibration events was recorded for each run. The results o f 

the sensitivity analysis are plotted in Figure 8.11.
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Figure 8 . 11 Sensitivity analysis o f model parameters, total runoff volume

In terms o f total runotT volume, the most sensitive parameter was the minimum infiltration 

rate. A 75% reduction in the minimum infiltration rate increased the total runoff volume by 

50%. Increasing the minimum infiltration rate above the calibrated rate o f  3 mm/hr had 

little effect on the total runoff volume, since most rainfall landing on, or routed to the 

pervious areas would have been infiltrated, with the runoff being generated by the 

impervious fraction routed directly to the outlet. The decay o f infiltration decay was the 

next most-sensitive parameter. A 75% decrease in the decay rate meant that the maximum 

infiltration rate declined by 75% towards the minimum rate in the first hour, compared to 

95% for the calibrated value. Surprisingly, the total runoff volume was insensitive to the 

maximum infiltration rate; its effect was constrained by the high calibrated value o f the 

decay rate. The percentage routed and the depression storage had a small effect on the total 

volume; a change o f -7.5%  to +5%  at the bounds o f adjustment. The remaining model 

parameters had a minimal effect, resulting in changes to the total volume o f less than 5%. 

The effect o f the Manning’s roughness coefficients are not shown in the sensitivity plots; 

these impacted the total runoff volume by just 0.1% to 0.3%.
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8.5 Summary

A rainfall-runoff model was built for the residential catchment, which accounted for the 

infiltration o f  runoff through the road surfaces. An auto-calibration tool was developed in 

Matlab which facilitated examination o f a large number o f  model runs, and which 

optimised the input parameters to maximise the NSE. The calibrated model provided a 

reasonable estimate o f  the total event volumes and peak flows but there was a fair degree 

o f  scatter. The most sensitive model parameters were the minimum infiltration rate and the 

rate o f  infiltration decay. This is in contrast to a number o f modelling studies o f  urban 

areas using SW W M , where the most sensitive parameters were the percentage impervious 

and impervious depression storage (Tshihrintzis and Hamid, 1998; Barco et al., 2008; Piro 

and Carbone, 2014). It is therefore likely that the monitored catchments in these studies 

consisted o f  hard standing areas which experienced minimal infiltration.

The large degree o f  infiltration, which was not measured in the groundwater response, 

represented the main difficulty in achieving a well-calibrated model. The NSE for the 

calibration model was 0.71, with a greater degree o f scatter for smaller rainfall events, so 

the modelled flows at the outlet would not provide a sound basis for a w ashoff model. 

Therefore, to accurately simulate the annual mass o f  suspended solid from the residential 

catchment, the washofl' model developed in Chapter 9 used the measured Hows at the 

outlet. Where observed flow data was not available for an event, such as with an 

equipment failure, the modelled flows were used in the w ashoff model.
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Chapter 9 Suspended solids washofl* modelling of the urban
residential catchment

A suspended solids accumulation and w ashoff model was developed for the residential 

catchment to estimate the long-term sediment emissions, which have been shown to be the 

most ecologically harmful aspect o f  storm water discharges (Section 2.1). As discussed in 

Section 2.9, a wide variety o f  modelling techniques have been employed to estimate 

storm water solids loadings, from simple statistical m ethods to complex deterministic 

models. For the first phase o f  the suspended solids m odelling on the residential catchment, 

a semi-deterministic model was developed using the build-up and w ashoff equations 

incorporated into the SWMM model. These basic equations also form the water quality 

component o f  many other storm water models such as the STORM model (Hydrologic 

Engineering Centre, 1977) and the Hydrological Simulation Program -  Fortran (HSPF) 

(Bicknell et al., 1997).

Since it was not possible to accurately model runoff from the residential catchment, due to 

high infiltration and varied responses within sub-catchm ents (Section 8.3), the runoff 

m easured at the outlet was used to estimate solids w ashoff in Eqn. 2.21. This implied that 

build-up and w ashoff processes could not be modelled in separate subcatchments. 

However, if  this approach was taken, it would have required an impractical number o f 

calibration parameters and hence model runs, as discussed in Section 8.3. Instead a 

lumped model o f  build-up and w ashoff was used, sim ilar to the approach taken by other 

researchers (Tsihrintzis and Hamid, 1998; Temprano et al., 2006). The build-up and 

w ashoff model structure is shown in Figure 9.1. The model was implemented using Matlab 

(Release 2013a, M athworks Inc.), listed in Appendix E.

9.1 Solids accumulation

On average, less than 10% o f  the material accumulated in the gully pots was finer than 200 

|im (Figure 5.10). Correspondingly, and in contrast, 90%  o f  the suspended solids sampled 

at the outlet o f  the drainage system were finer than 200 |im (Figure 7.19). The build-up and 

w ashoff model did not include the gully pots, instead focussing on the material which is 

typically transported to the outlet o f  pipe and gully systems.
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Analysis o f  sediment accumulation on hard standing areas across the catchment indicated 

that a linear model o f  accumulation over dry days was suitable (Figure 4.13). 

M easurements o f  sediment deposition after 16 days o f  dry weather yielded accumulation 

rates o f  0.24-0.76 g/m^.day on Larkfield Gardens, and approximately 0.1 g/m^.day 

elsewhere on the catchment (Section 4.4). The median accumulation rate for the footpaths 

was 0.03g/m^/day. The antecedent dry period for the Kimmage rainfall analysis was 

specified as 2 hours (Section 7.1.1); after this period it was assumed there was a cessation 

o f runoff from the catchment. Similarly, it was assumed that build-up only occurred where 

no rainfall occurred in the previous 2 hours.
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a t  t im e t :
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Rate*At

Figure 9.1 Structure o f  sediment accumulation and washoff model for the residential 

catchment

9.2 Solids washoff

The concentration o f  solids washoff o ff  at time t was dependent on the mass o f material 

available for washoff, P(t), the washoff coefficients, Rc and n, and the average flow over 

the subcatchment, r(t), which was calculated from:
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Q
r ( t ) = -  Eqn.9.1

where, r(t) =  average catchment flow  (m m /s), Q =  outlet flow  (1/s) and A = catchment area 

(14 ,200  m^).

The w ash off calculation in Figure 9.1 did not include a routing com ponent for solids over 

the sub-catchments or in the pipe network; in this respect it was equivalent to the rating 

curve w ash off method, which can also be specified in SW M M  (Rossm an, 2009):

W - C , q ' = 2 . B  Eqn. 9.2

where, W =  w ash off load (kg/hr), Ci =  w ashoff coefficient (), C2 =  w ash off exponent (), q 

runoff rate per unit area (mm/hr) and B =  pollutant mass remaining (kg).

Increasing the value o f  the w ash off coefficient w ill alw ays increase pollutant 

concentrations. H owever, increasing the value o f  the w ashoff exponent, n, will decrease 

pollutant concentrations, since in most instances (and in all cases on the residential 

catchment), the runoff rate (in m m /s), is less than 1. Increasing n will also strengthen the 

correlation between pollutant concentrations and the flow  rate. This is demonstrated for the 

rain event o f  August 15'*’ 2012 on the residential catchment (Figure 9.2). The initial mass 

was assumed as 2 kg over the catchment, with a w ashoff coefficient o f  10. Three 

pollutographs were calculated for w ash off exponents o f  1.4, 1.5 and 1.6.

The lowest w ash off exponent generated the highest concentration o f  approximately 70 

mg/1 suspended solids and the greatest total mass o f  1984 g, i.e. com plete w ash off o f  the 

available solids. The runoff exponent o f  1.6 produced the lowest concentrations and total 

mass (530 g), and this value resulted in a pollutographs which m ost closely  follow ed the 

hydrograph. The n value o f  1.5 resulted in the closest match to the observed pollutograph.
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Figure 9.2 Effect o f  w ashoff exponent, n, on modelled SSC for August 15**̂  rain event

9.3 Model calibration

The model was run continuously, at 2-minute intervals, from February 2011 to August 

15”  ̂ 2012. The accum ulation rate was varied between zero and the maximum rate 

measured on Larkfield Gardens (Table 9.1). The w ashoff exponent is generally between 

1.1 and 2.6 for most catchments; however, the runoff coefficient may vary over several 

orders o f  magnitude (Huber and Dickinson, 1992). An upper limit o f  5000 was set initially, 

which was approxim ately two orders o f  m agnitude higher than the rate reported by 

Temprano et al. (2006), for a separate storm water sewer system serving a residential area 

in Santander, Spain.
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Calibration parameter Unit Range Initial
value

Accumulation rate g/m“.day 0 - 0 .7 6 0.38
Washoff coefficient. 1-5000 10
Rc
W ashoff exponent, n 1.1-2.6* 1.85

*Huber and Dickinson (1992)

Table 9.1 Range o f  calibration parameters for solids accumulation and washoff model

Initially, the evaluation function was the NSE (Eqn 8.6) which was maximised by reducing 

the squared differences o f the observed and computed SSC at each discrete sampling point. 

The Matlab GlobalSearch algorithm was used to calibrate the input parameters 

automatically, as described in Section 8.2.2.1. Every third event was selected for 

verification o f the model (total 6 events), with the remainder used for calibration o f the 

model (Table 9.2).

Event Date
Event
type

SSC MSS

Min. Max.
(mg/1)

Med. EMC

(g)
1 11-Mar-l 1 C* 18 502 75 93 1456
2 04-Apr-11 c 17 158 65 60 699

3 21-May-l 1 v“ 52 341 116 115 897
4 16-Jul-ll c 22 86 51 60 127
5 21-Jul-l 1 c 10 53 15 21 62
6 27-Jul-l 1 V 10 42 28 22 211
7 15-Aug-l 1 c 29 122 72 67 483
8 30-Sep-l 1 c 13 149 26 29 882
9 Ol-Oct-11 V 92 920 297 363 9434
10 11-N ov-11 c 4 47 23 24 1328
11 24-Nov-l 1 c 9 355 87 145 2658
12 29-Nov-l 1 V 7 217 64 72 4017
13 02-Jan-12 c 11 309 87 94 4820
14 28-Jan-12 c 3 14 6 6 812
15 01-M ay-12 V 2 96 9 19 2367
16 14-Jun-12 c 4 17 9 9 1583
17 21-Jun-12 c 1 10 4 5 361
18 27-Jun-l 2 V 9 91 16 28 2997
19 15-Aug-12 c 6 43 17 16 1967

’Calibration "Verification

Table 9.2 Calibration and verification events for washoff model
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The calibrated param eters were: accum ulation rate, 0.009 g/m^.day; n, 1.34; and Rc, 50.7. 

The NSE index was 0.57. The accum ulation rate was just 13% o f  lowest <212 |im road 

accum ulation rate m easured in Chapter 4, and the total computed event mass under

estimated the observed total mass by approxim ately 50% (Figure 9.3 (a)). There was less 

scatter evident for the peak SSC o f  the calibration events (Figure 9.3 (b)), but again the 

computed values were less than the observed, 80 %  on average. The January 2"‘* event can 

be clearly identified as an outlier in these plots (Event 13). The peak rainfall intensity for 

this event was high; the influence o f  the rainfall intensity on solids w ashoff is discussed in 

the following sections.

600
•  Regression da ta

500

o O utlier even t

V  -  0.482X 
R' = 0.0962

2  300

S. 200

2 100

500 600100 200 300 400

Observed event total mass (kg) Observed event peak SSC (mg/l)

Figure 9.3 Com puted vs. observed (a) total suspended solids mass and (b) peak event SSC 

for calibration events

The model was subsequently re-calibrated using a m odified evaluation function. The NSE 

was sensitive to the tim ing o f  the com puted and observed values: m inor tim ing errors in 

the SSC, which would be inconsequential in term s o f  event mass prediction, lead to m uch- 

reduced NSE values, particularly where there were a small num ber o f  sam pling points. 

Barco et al. (2008) used a m ulti-criteria evaluation function for auto-calibration o f  a 

SW M M  runoff model, which combined the total and peak event flows. Similarly, an 

evaluation function was developed for the Kimmage data which combined the total event 

m ass error and peak error o f  the calibration events as follows:

Total error =  TM(.n.+ PCgn- Eqn. 9.3

TM,, = ^(|TM„bs(i) - TM^oM  /  TM3J 9 4
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where, TMerr =  total mass error (), TMobs =  observed total event mass (kg), TMmod = 

computed total event mass (kg), TMav =  mean observed total event mass (kg), i =  index of 

calibration event ().

P C e r r  =  ^ ( | P C o b s ( > )  '  P C ^ o d ( < ) l  /  P C a v )  ^ q n .  9 . 5

i

where, PCen =  peak concentration error (), PCobs == observed peak event SSC (mg/1), TMmod 

= computed peak event SSC (mg/1), TMav “  mean observed peak SSC (mg/1), i -  index of 

calibration event ().

The use of the total error evaluation function resulted in the following calibrated 

parameters: accumulation rate, 0.014 g/m‘ /day; n, 1.89; Rc, 218, with a corresponding total 

error statistic o f 9.18. This calibration set resulted in an unbiased estimate o f total mass 

(Figure 9.4 (a)), although the total masses o f the verification events were under-estimated 

(Figure 9.4 (b)). The reduced bias in the total event mass was offset by increased scatter in 

the prediction o f peak SSC (Figure 9.5).

•  Regression data 

o Outlier event

y = 1.0121X 
R' = 0.4926

Observed event total mass (kg) Observed event total mass (kg)

Figure 9.4 Computed vs. observed total mass o f suspended solids for (a) calibration events 

and (b) verification events, using total error evaluation function
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Figure 9.5 Com puted vs. observed peak SSC for (a) calibration events and (b) verification 

events, using total error evaluation function

Using the modified evaluation function, there rem ained a relatively high degree o f  scatter 

between the computed and observed values o f  total event mass and peak SSC. The 

deviations between the computed and observed SSC can be seen for individual events in 

Figure 9 .6-F igure 9.8. Two clear trends are evident in both the calibration and verification 

events. Firstly, where there was a peak in rainfall intensity (above 0.4 m m /2min) 

accom panying a peak in flow, such as in events 11 and 12, the computed SSCs under

estimated the observed values considerably. Secondly, where high flows are generated by 

high volum es o f  low-intensity rainfall, such as in events 10, 14 and 15, the com puted SSCs 

are significantly higher than the observed values.

This phenomenon may have been linked to the high degree o f  infiltration through the road 

surfaces, discussed in Chapter 8. Consider the typical cross section through the bitum inous 

roads (Figure 8.2): during high intensity rainfall, the infiltration capacity o f  the macadam 

would have been exceeded, and the intensity o f  the rain would have led to high 

concentration SSC in the runoff, in contrast, during high-volum e low-intensity events, 

runoff would have been generated when the storage capacity o f  the m acadam /stone base 

was exceeded, but the concentration o f  solids in the runoff would have been lower. 

However, the w ashoff formulation used by SW M M  (Eqn. 2.21) and many other 

storm water quality m odels, assum es that the runoff is proportional to the rainfall intensity 

(Huber and Dickinson, 1992). This may be a reasonable assum ption where the m ajority o f  

the drainage catchm ent consists o f  impervious surfaces, but hard standing urban surfaces 

may dem onstrate significant infiltration (W iles and Sharp, 2008).
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Also evident in Figure 9.6 were the high observed concentrations o f SSC in the first 7 

rainfall events which were not explained by the peak flows or rainfall intensities. The gully 

pots and stormwater pipe network were jetted after completion o f construction in January 

2011. However, as the sampling program progressed it was evident that after rain events, 

coarse particles were transported to the upstream sampling chamber, which were o f  1 mm 

and larger, with the appearance o f construction aggregates. It was speculated that 

construction debris was present in the pipe network, so the network was thoroughly 

cleaned in August 2011. The SSC measurements o f  the first 7 events may have been biased 

somewhat by a small number o f large particles; however, since these events accounted for 

just 10% of the total observed mass, they would not have impacted significantly on the 

model calibration as the total error o f individual events was normalised by the average 

mass/peak concentration o f  the calibration events.
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Figure 9.7 Rain, flow, computed and observed SSC for monitored events 9-16
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Figure 9.8 Rain, flow, computed and observed SSC for monitored events 17-19

9.3.1 Sensitiv ity  analysis

A sensitivity analysis was performed to identify the m ost influential model param eters on 

the total m ass o f  sampled events. The calibrated values obtained from the total error 

evaluation function were used as the initial values. The accum ulation rate was adjusted 

from -75%  to +75%  o f  the calibrated value. The w ashoff exponent was varied between the 

calibration range o f  1.1 -  2.6. Similarly, the washofT coefficient was adjusted between I 

and 5000. The values o f  the sensitivity param eters are shown in Table 9.3. The computed 

total suspended solids mass o f  the sampled events was selected as the evaluation 

param eter, since the purpose o f  the model was to estim ate the long-term total em issions o f 

suspended solids from the catchment.



Param eter level Build-up rate n Rc
(g/m^/day) ( ) ( )

----- 0.0035 1.10 1
0.0070 1.36 73

- 0.0106 1.63 145
Calibrated 0.0141 1.89 218
+ 0.0176 2.13 1812
++ 0.0211 2.36 3406
+++ 0.0246 2.60 5000

Table 9.3 Model param eter values for sensitivity analysis

The computed total event m ass o f  the m onitored events varied linearly with the build-up 

rate (Figure 9.9); a 75%  increase in the build-up rate led to an increase in the total 

suspended solids m ass o f  75%, and sim ilarly for reductions to the accum ulation rate. On a 

single-event basis, decreasing the value o f  n will increase the solids concentrations and 

total mass, since the runoff rate (in m m/s) is always less than 1 (for the Kimmage 

catchm ent), see Section 9.2 for details. How ever, in continuous sim ulation, the opposite 

occurred: a 42%  reduction in the w ashoff exponent resulted in a decrease in the total mass 

o f  63%. Decreasing the value o f  n m eant that storm events o f  lower m agnitude were 

capable o f  rem oving m ore solids, and so the antecedent m ass prior to the event was 

reduced. Increasing the value o f  n decreased the m ass o f  solids washed o ff  relative to the 

mass available at the beginning o f  the m onitored events: a 37%  increase in n reduced the 

total suspended solids mass by 90%. Sim ilarly, decreasing the w ashoff coefficient, Rc, 

reduced the m ass generated by the m onitored events, and increasing the value o f  Rc 

reduced the antecedent m ass available, resulting in a reduction o f  the total mass. The effect 

o f  changes in Rc was minimal above 3406 m m ‘‘.
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Figure 9.9 Sensitivity o f computed total mass o f suspended solids for monitored events to 

build-up rate, n, and Rc

The sensitivity analysis highlighted the importance o f the build-up rate and the antecedent 

mass in determining the computed total mass o f suspended solids. With this in mind, the 

antecedent mass prior to individual events was examined for the calibrated model; the 

computed antecedent mass was given by P(t) in Figure 9.1, at the beginning o f each event. 

The ratio o f the observed event total mass to the computed antecedent event total mass was 

plotted against the ratio o f the observed event total mass to the computed event total mass 

in Figure 9.10. A 1:1 ratio in this plot would have indicated that the mass o f solids washed 

o ff during storm events was entirely dependent on the antecedent mass o f solids on the 

pavement surface, rather than the event characteristics, or differences in washoff 

coefficients or exponents between events. This appears to have been the case for the 

majority o f rain events (sampled events 8-19), and implies that the <200 |im fraction, 

which typically bypasses the gully pots, was readily eroded during the monitored events. 

This was not surprising, since almost complete erosion o f <150 [im particles was measured 

in the pavement deposits for a 10 mm rain event (Figure 4.7), and the average total rainfall 

o f the sampled events 8-19 was 14 mm. Improvements to the model predictions therefore 

would have required a more accurate simulation o f build-up in the periods between the 

monitored events.
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Events 9 and 11 (O ctober 1*‘ 2011 and Novem ber 24*'̂  2011) did not quite follow the 1:1 

relationship in Figure 9.10. A total mass o f  9.4 kg was m easured for the October 1*‘ event 

but the total computed mass was ju st 4.65 kg, even though 8.3 kg o f  available total mass 

was computed (P(t)). Similarly, 2.66 kg o f  suspended solids was recorded for the 

Novem ber 24^  ̂ 2011 event, in which 1.46 kg was estim ated by the m odel, despite the 

antecedent mass being 4 kg. The main factor for these events was the rainfall intensity; 

although the rainfall totals were low (3.5 mm and 6.8 mm, respectively), the peak 10- 

minute intensities were high (14.4 mm/hr and 13.6 mm/hr, the 2"^ and 4'*’ highest o f  the 

sampled events). The rainfall intensity is not expressly included in the SW M M  w ashoff 

form ulation; this issue is addressed in the next section.

Also apparent in Figure 9.10 was the high ratio o f  observed to com puted total m ass for 

sampled events 1-7; this despite there being an abundance o f  m ass available on the 

pavem ent surface due to  generally low rainfall in this m onitoring period. The total am ounts 

and rainfall intensities for events 1-7 were low, and based on the calibrated w ashoff 

param eters, only a fraction o f  the observed m ass was predicted by the model for these 

events. As discussed in the previous section, constructed aggregates deposited in the pipe 

network may have been responsible for the high SSCs o f  events 1 -7, but as m entioned 

previously, the low total m ass o f  these events (10%  o f  the overall observed m ass o f  

suspended solids) would not have biased the model calibration.
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9.4 Development of a modified suspended solids washoff equation

One o f  the main criticism s o f  the SW W M washoflF formulation is that it does not account 

for the rainfall intensity o f  the event (Sutherland and Jelen, 2003). One o f  the most 

established m ethods for predicting long-term solids erosion is the Universal Soil Loss 

Equation (USLE) (W ischm eier and Smith, 1978), given by:

A - R K L - S C P  Eqn. 9.6

where, A = average soil loss (ton • h a ' ■ y f ') ,  R = rainfall erosivity factor (), K = soil 

erodability factor (), L =  slope length factor (), S = slope steepness factor, C = cover- 

m anagement factor () and P = soil support practice factor ().

The rainfall erosivity factor is given by:

R ^  Z.=i (EI30), Eqn. 9.7
N

where, I30 =  the maximum 30-minute rainfall intensity (mm/hr), i, j  = num ber o f  storms in 

an N year period.

The total storm energy, E is calculated from:

E = 0.29 ■ (1 - 0.72 • exp(-0.05 • I30) )  Eqn. 9.8

where, E = total storm energy (MJ • ha ’ • m m '').

The 30-minute rainfall intensity was considered representative o f  the com bined rainfall 

detachm ent and transport capacity o f  a single rain event (Renard et al. 1997), in the context 

o f erosion from natural soils. Brodie (2007) proposed a rainfall detachm ent index (RDI) as 

an improved predictor o f  event masses o f  urban non-coarse particles (NCPs, <500 |im), 

compared to the event peak rainfall intensity alone. The RDI is given by:

R D l =  l6„,ax E qn .9 .9

where, RDI = rainfall detachm ent index (mm^/hr"*), l6 = 6-minute rainfall intensity 

(mm/hr), l6max = event maximum 6-m inute rainfall intensity (mm/hr) and D = event 

duration (hr).
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The 6-minute rainfall intensity was found to be the most appropriate resolution when 

compared to measurements o f NCP loads from small urban surfaces, typically hundreds o f 

m^. On the residential catchment, the peak 10-minute rainfall intensity was the best 

predictor o f the EMC o f suspended solids (Figure 7.17), given the larger catchment size. 

The particle w ashoff model developed by Brodie (2007) did not include the mass o f 

material available for washoff prior to the event, instead relying on the ADP. The ADP 

was not correlated with the event total mass, which was not surprising, since the ADP 

cannot account for the erosive power o f the previous event, or the mass prior to the event, 

which is why continuous models are preferable (James, 2005).

Egodawatta et al. (2007) modified the exponential washoff equation (Eqn. 2.13) with a 

capacity factor, Cp, based on the rainfall intensity as follows:

Pw(t) =  Cf ■ Po ■ ( l  - Eqn. 9.10

where, C f = capacity factor (), Pw(t) = cumulative mass o f sediment washed off at time t 

(kg), Po = initial mass on pavement surface (kg), and k = coefficient (s '').

The capacity factor had a value o f 0 to I, depending on the rainfall intensity, which was 

determined from field measurements o f  in-situ solids washoff from roads using a rainfall 

simulator. Three residential streets (Gumbeel, Lauder and Piccadilly) were tested in 

Queensland, Australia, each having similar surface textures. As shown in Figure 9.11, a 

similar relationship between Cp and the rainfall intensity was observed for all sites. 

However, this relationship was determined for the entire solids gradation o f surface 

deposits (D50 = 200 pim) and rainfall intensities far in excess o f those typically measured on 

the residential catchment (Table 7.2).
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Figure 9.11 Variation o f capacity factor with rainfall intensity (Source: Egodawatta et al., 

2007)

Similar to the washoff equations used by the USLE, and proposed by Harsine and Rose 

(1991), and Egodawatta et al. (2007), the MOUSE program assumes that washoff is related 

to the rainfall intensity only (DHI, 1999c):

Vsr = Dr- - )  - L - W - ( 1 - £ ) - A ,  Eqn.9.11
V I j /

where, Vsr = sediment volume detached by rain per unit o f time (m^/hr). Dr = detachment 

coefficient for rainfall (m/hr), ir = rainfall intensity (mm/hr), id = rain intensity constant 

(=25.4 mm/hr), exp = exponent (default o f 2), L = length o f catchment (m), W = width o f 

catchment (m), £ = porosity o f the sediment (), As = fraction o f the surface area covered 

with sediment ().

Since the overland flow  rate is not included in Eqn. 9.11, the rate o f  particle erosion is 

independent o f the quantity o f rainfall that has been infiltrated previously. On highly 

impervious catchments, this may not be an important consideration, as the majority o f 

rainfall is transformed into runoff. A similar assumption is made by the SW MM washoff 

equation; that the runoff rate is proportional to the rainfall intensity (Huber and Dickinson, 

1992). However, on the residential catchment, where runoff losses were high, the particle 

erosion rate was related to the rainfall intensity and the rainfall-runoff response o f the 

macadam surfacing (Section 9.3), i.e. the effective rainfall. Since runoff could not be 

modelled to the degree o f accuracy required (Chapter 8), the measured runoff was used as
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a surrogate for the excess rainfall. The w ashoff equation proposed for the residential 

catchm ent therefore incorporated the runoff rate, and a rainfall intensity coefficient, Ic, for 

the determination o f  k in Eqn. 2.21, as follows:

k =  I, • Rc • [r(t)" + r(t + At)"] • 0.5 Eqn. 9 .12

where, Ic = rainfall intensity coefficient (), Rc =  runoff coefficient (mm '), r(t) = runoff rate

over catchm ent (mm /sec), t = tim e (sec) and n =  w ashoff exponent ().

Ic was calculated from:

l c =  (1 +  iio (t)) '^  Eqn. 9.13

where, Ic =  rainfall intensity coefficient (), iio =  previous 10-minute rainfall intensity 

(mm/hr) and le =  intensity exponent ().

The form o f  Eqn. 9.13 was such that Ic was 1.0 during periods without rainfall. Although 

Brodie (2007) found that the rainfall intensity squared was related to the m ass o f  solids 

washed off, le was designated as a calibration param eter, within the range o f  1 to 3.

Another assum ption o f  the SW M M , HSPF and InfoW orks SD m odels, and the models 

developed by Deletic et al. (1997), Brodie (2007), and Egodawatta et al. (1997) is that 

solids w ashoff is independent o f  particle size. Although the M OUSE program allows for 

classification o f  coarse and fine particles, the fine particles (recom m ended as su b -100 [im, 

DHI, 1999b), which dom inate the distribution o f  suspended particles transported to the 

outlet o f  drainage system s, are m odelled as a single size fraction. This assum ption is often 

related to the lack o f  data available for calibration, since it is recognised that the settling 

velocity and hence the settlem ent o f  particles carried in overland flow is sensitive to the 

particle size (Hairsine and Rose, 1991). O bservations on the residential catchm ent revealed 

that w ashoff increased with decreasing particle size (Figure 4.7), which was reflected in 

the PSDs o f  the suspended solids at the outlet; the PSDs were related to the rainfall 

intensity between and within-events, suggesting that particle fractions may behave 

independently. The build-up rate was also related to the particle size (Figure 4.6), although 

su b -150 nm build-up rates were not disaggregated. Solids build-up and w ashoff was 

therefore investigated separately for the size fractions established in Section 7.2.4.
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9 .4.1 Calibration o f the modified washoff model

The PSDs o f  the suspended solids transported to the outlet were determ ined for 8 rain 

events, listed in Table 7.8. Apart from the rain events o f  Septem ber 30'*’ 2011, and 

Novem ber 11*̂  2011, these events had single flow peaks, with relatively high rainfall 

intensities. To reduce the bias o f  the model to higher-intensity events, two further 

calibration events were included, occurring on January 28'^ 2012 and May 2012. These 

events had low peak 10-minute rainfall intensities, 3.0 m m /hr and 2.7 m m /hr respectively, 

and high total rain, 21.8 mm and 18.1 mm respectively, with several flow peaks (see 

Appendix B for details). The average PSDs for these events were determ ined from the 

relationship between the dso and rainfall intensity shown in Figure 7.20. Concentrations in 

each size fraction were then determ ined from the product o f  the average PSDs and discrete 

SSC measurem ents.

The model summ arised in Figure 9.1 (herein referred to as the conventional w ashoff 

model) was first calibrated separately for each size fraction, using the total error function 

(Eqn. 9.3). Verification o f  the model was provided by summ ing the size fractions, which 

were compared to the total mass and peak SSC o f  the rem aining 9 events in Table 7.4. In 

the first phase o f  calibration, the accum ulation rate in each size fraction was assum ed to be 

the product o f  the total accum ulation rate, determined in Section 9.3, and the proportion o f 

the size fraction in the median PSD o f  all events (Figure 7.19). The accum ulation rates are 

shown in Table 9.4.

Size
fraction

Median fraction of total 
suspended solids mass

Accumulation
rate

Hm % g/m^/day

0-10 14.3 0.0020
10-20 16.6 0.0023
20-45 31.4 0.0044
45-90 24.1 0.0034
90-1000 13.6 0.0019

Table 9.4 Accum ulation rates in different size fractions
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9.4.2 Results o f the conventional washofT model with suspended solids size

fractionation

The calibrated parameters for n and Rc, along with the total error are shown for each size 

fraction in Table 9.5. The total error was marginally lower for the 0-10 nm and 10-20 nm 

fractions compared to the total error for the washoff model o f total solids (total error = 

9.18). The total error increased for the larger size fractions, particularly 45-90 |jm and 90- 

1000 |im. Interestingly, the value o f  the washoff exponent was similar for the 0-90 nm 

fractions, suggesting that particles in this range are eroded and transported as an 

agglomeration, i.e. washoff is non-selective with respect to particle size. The washoff 

exponent was marginally lower for the 90-1000 |im particles, which may indicate a 

different washoff pattern for this fraction. The calibrated values for Rc were at the limit o f 

the range for the 20-45 nm and 45-90 |im fractions, however the eft'ect o f increasing Rc 

beyond 3406 mm ' was shown to have minimal effect (Figure 9.9).

Size
fraction n Rc Total

Error
|im ( ) (m m ‘) ( )
0-10 2.22 2828 8.18
10-20 2.21 2828 8.58
20-45 2.27 5000 9.57
45-90 2.27 5000 11.43
90-1000 2.18 2828 15.79

Table 9.5 Calibrated parameters and total error for conventional washoff model by size 

fraction

There was a higher degree o f scatter between the computed and observed total mass for the 

calibration events when the size fractions were treated individually (Figure 9.12 (a)) 

compared to the washoff model o f total solids (Figure 9.4 (a)). This was expected since 

there was less certainty associated with the observations o f  total mass and peak 

concentration o f suspended solids in different size fractions, as less measurements o f PSD 

were made compared to SSC with in-events. Also, the laboratory determination o f PSD 

added a further analysis step and possible measurement error.
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That said, the prediction o f total suspended solids mass improved for the verification 

events (Figure 9.12 (b)), compared to the total solids washoff model (Figure 9.4 (b)), in 

terms of bias and precision. In fact, the model agreement with the observed values was 

improved in the verification data set, compared to the calibration data set. This occurred 

because the conventional washoff model performed better for the smaller sized fractions, 

which is discussed in the following section, and the verification events would have 

contained less coarse material, based on their rainfall characteristics.
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Figure 9.12 Relationship between observed total mass and the total mass computed from 

individual size fractions using conventional washoft' model for (a) calibration events and 

(b) verification events

The varying performance o f the conventional washoff model for different size fractions is 

demonstrated in Figure 9.13. The model was unbiased, and predicted the observed total 

event mass with a good degree o f accuracy for the sub-10 nm fraction. Rain events 8 and 

14 for the 10-20 nm fraction, and events 8, 14 and 15 for the 20-45 |im and 45-90 x̂rn 

fractions were outliers (as explained in the following sections), and resulted in the 

remaining event masses to be negatively biased (72% to 79% o f the observed event total 

masses, on average). Referring to Figure 9.14, two-thirds o f the computed event totals o f 

suspended solids mass lay within + /- 60% o f the observed values (x-axis). This 

corresponded to 75% o f events where the observed event total mass was within + /- 50% of 

the computed antecedent mass, P(t). However, the ratios o f P(t) to the observed total mass 

prior to rain events 8, 14 and 15 were: 10, 5 and 2, respectively, which led to the over

prediction of the event masses for these events in Figure 9.13. Again, the 1:1 ratio in 

Figure 9.14 (excluding events 1-7, which followed a similar pattern as in Figure 9.10)
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highlighted the importance o f the antecedent mass in accurate determination o f the 

observed total mass.

There was a large degree o f  scatter for the 90-1000 |im fraction; while the range contained 

an approximately equal mass fraction o f material compared to the other size fractions, it 

covered a large range o f particle sizes, which may have behaved differently in washoff 

Furthermore, although on average 90% of particles were finer than 200 nm, larger particles 

in this range may have been subject to partial removal by the gully pots.
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Figure 9.14 Ratio o f observed event total mass to computed event antecedent mass (P(t)) 

vs ratio o f observed event total mass to computed event total mass (computed total mass 

equal to sum o f size fractions from conventional washoff model)

9.4.3 Results o f the modified washoff function with suspended solids size

fractionation

A modified washoff model incorporating the additional model parameters described in 

Eqn. 9.12 and Eqn. 9.13 was calibrated as outlined in Section 9.4.1. The calibrated model 

parameters are shown in Table 9.6. The total error values were 13-26% lower than those o f 

the conventional model for the 0-90 jim range, and the total error was 36% less for the 90- 

1000 ^m range, and as before, the total error increased with particle size. The washoff 

exponents were similar across the size ranges as were the washoff coefficients (noting the 

minimal effect o f changes in Rc at high values: Figure 9.9). There was no discernable 

relationship between the rainfall intensity exponent, le, and the particle size range. A 

sensitivity analysis o f le in the 20-45 ^m fraction revealed that varying the parameter 

between the calibration bounds o f 1-3 resulted in changes to the total mass o f the sampled 

events of just +2% to -3%.
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Size fraction n Rc le Total Error

|xm ( ) (m m ‘) ( ) ( )

0-10 2.38 5000 1.70 7.1
10-20 2.38 4851 1.94 7.1
20-45 2.32 4851 1.32 7.1
45-90 2.32 5000 1.16 9.3
90-1000 2.33 5000 2.19 10.1

Table 9.6 Calibrated param eters o f  modified w ashoff model by size fraction

The le param eter was not influential because the computed total event masses were again 

highly dependent on the antecedent mass (Figure 9.15). As discussed in Section 9.3.1, the 

calibrated model param eters which resulted in the lowest total error, and in theory the best 

approxim ation o f  reality (given that the total error function was relatively unbiased in 

terms o f  long-term emissions), produced a model which was highly sensitive to the initial 

mass. In other words, the model represented a source-limited catchment (for fme particles), 

which was in keeping with the results o f  w ashoff o f  sub-150 fjm particles from pavement 

surfaces in Chapter 4.
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Figure 9.15 Ratio o f  observed event total m ass to computed event antecedent mass (P(t)) 

vs ratio o f  observed event total mass to com puted event total mass (computed total mass 

equal to sum o f size fractions from conventional w ashoff model).

Although the le param eter was not greatly influential, its inclusion reduced the model bias 

for the calibration and verification events (Figure 9.16). There remained a fair degree o f
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scatter in the calibration events, but as with the conventional model, the predictions 

improved with decreasing particle size (Figure 9.17), and less scatter was observed in the 

verification events for the reasons outlined in Section 10.4.2.
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Figure 9.16 Relationship between observed total mass and the total mass computed from 

individual size fractions using modified washoff model for (a) calibration events and (b) 

verification events

Again, the model performance was poor for the 90-1000 nm (Figure 9.17 (e)). This may 

have been due to the wide particle range, which was assumed to apply to all sizes of 

particle within the band. Alternatively, the exponential washoff function may not be 

suitable for prediction of coarse particle transport. In any case, the median proportion of 

90-1000 |jm particles in the events monitored for PSD (which tended to be o f higher 

intensity compared to the entire data set) represented just 15% by mass. Furthermore, the 

bias in model performance towards fine particles should be viewed as beneficial, since this 

proportion would contain higher concentrations of adsorbed pollutants per unit mass 

(Figure 4.15).
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9.4.3.1 Variation in accumulation rates in size fractions

The build-up rate was shown to be the most sensitive param eter in the previous model 

calibrations. Therefore, the variation in w ashoff param eters for individual size fractions 

may have been restricted when the build-up rate was fixed, so the modified w ashoff model 

was re-calibrated, allowing variation in the build-up rates in each size fraction. When
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arbitrary upper calibration limits were applied to the build-up rates, the model performed 

well for the calibration events, but over-estimated the total mass for the verification events, 

so reasonable upper limits had to be set. This was achieved by examining the variation in 

the percentage in each size range in the events sampled for PSD. Since the m ajority o f  

material was washed o ff during the m onitored rain events, the percentage o f  solids in the 

runotT was considered a surrogate for the mass on the pavement surface. The distribution 

o f percentages in each size fraction followed Normal distributions, and the allowable 

variation was one standard deviation from the mean value. The average build-up rate in 

each size fraction was then factored by the COV o f  the size range fraction over the PSD 

events to derive the upper and lower limits (Table 9.7).

Size
fraction

Av. build-up 
rate COV* Calibration range

Lower Upper

|im g/mVday % g/m^/day

0-10 0.0020 0.46 0.0011 0.0030
10-20 0.0023 0.27 0.0017 0.0030
20-45 0.0044 0.14 0.0038 0.0051
45-90 0.0034 0.32 0.0023 0.0045
90-1000 0.0019 0.42 0.0011 0.0027
*CoetTicient o f variation

Table 9.7 Variation and calibration range for accum ulation rates in different size fractions

The calibrated param eter values are shown in Table 9.8. The 0-10 (im and 10-20 f^m 

accumulation rates were higher than the averaged assumed in Table 9.4. This resulted in 

unbiased estimates in these size fractions for the calibration events (Figure 9.18 (a) and 

(b)). The 20-45 nm accum ulation range was unchanged, and the accum ulation rates for the 

45-90 Jim and 90-1000 nm fractions were reduced, leading to an increase in the degree o f  

negative bias for these fractions (Figure 9.18 (d) and (e)). Overall however, the inclusion 

o f variable accum ulation rates resulted in less-biased estimates o f  total solids for the 

calibration and verification events (Figure 9.19).

The accumulation rates increased with increasing particle size up to 45 ^m ; this finding 

was supported by the pavem ent accum ulation experiments conducted in Chapter 4. 

However, beyond the 45 fxm size, the calibrated accum ulation rates decreased with 

increasing particle size. It is suggested that this build-up rate represented the am ount o f
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coarse material on the pavement surface, which was available for w ashoff during high- 

intensity, high-flow events, and also material which passed through the gully pots (the 

larger particles would have been retained by the gully pots). The higher calibrated value o f 

le for the 90-1000 ^m fraction indicates that this material was washed o ff  from events with 

high rainfall intensities.

Size fraction Build-up rate n Rc le Total Error

Jim g/m^/day ( ) (mm"') ( ) ( )
0-10 0.0022 2.36 3520 1.72 6.85
10-20 0.0030 2.28 2924 1.47 7.1
20-45 0.0043 2.27 3037 1.47 7.1
45-90 0.0024 2.27 3871 1.51 9.3
90-1000 0.0015 2.30 3075 2.72 10.1
Total 0.0134

Table 9.8 Calibrated parameters o f  modified w ashoff model by size fraction, allowing 

variation in accumulation rates
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Figure 9.19 Relationship between observed total mass and the total mass computed from 

individual size fractions using modified washoff model, allowing variation in accumulation 

rates, for (a) calibration events and (b) verification events

9.5 Long-term solids accumulation and washoff

rhe various forms o f the sediment emission model developed in the previous sections were 

all highly sensitive to the mass o f solids available at the beginning o f each event. Many o f 

the semi-deterministic models assume a limit on the mass o f sediment that can accumulate 

on urban surfaces before it reaches equilibrium, which is maintained by erosion from 

traffic, vehicles or street sweeping (Butler and Clarke, 1995). Typically, exponential or 

linear models (with a fixed limit) are specified for this purpose (Figure 2.9). For the 

Kimmage model, an upper limit o f available sediment was not imposed because:

the high porosity o f the bituminous macadam would have provided a sheltered zone 

for a potentially large quantity o f material;

and the short ADPs experienced in Ireland (and the UK) mean that large quantities 

o f sediment are unlikely to be accumulated often, compared to arid climates.

To investigate the effect o f the linear build-up on solids washoff quantities, P(t) was 

plotted in Figure 9.20, along with daily total rainfall. P(t) was derived from the modified 

washoff model, using the model parameters shown in Table 9.8. The timing of the sampled 

events is also indicated in the plot. What is first apparent is that there were approximately 

15 separate build-up and washoff cycles (where P(t) was almost reduced to zero) in the 18- 

month monitoring period. These included two particularly long build-up cycles from
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February to June 2011, and February to April 2012, corresponding to W inter/Spring 

periods o f  low rainfall. The maximum masses predicted by the model were 14.2 kg and 

13.6 kg for the two peaks in P(t), respectively, equatmg to loadings o f  1 g/m and 0.96 

g/m^ distributed over the catchment. These loadings do not appear to be unreasonable, 

since the median value sampled after 16 days on road surfaces was 1.7 g/m^ (Figure 4.12).

Unfortunately, the events sampled during this period may have been biased by sewer 

deposits; in any case the event characteristics meant these events were unlikely to have 

transported large quantities o f  material. However, two events were sampled at the apex o f 

the following major peak: the September 30‘*' 2011 and October 2011 events. The 

observed mass to P(t) ratio for the first event was just 0.11. Nevertheless, the observed 

total mass was 56% o f  the computed, i.e. only a fraction o f  the available mass was eroded, 

based on the calibrated w ashoff parameters. This may have been due to the event 

characteristics: the September 30'*’ 2011 event had a relatively low total rainfall (8.3 mm), 

peak 10-minute intensity (6.6 mm/hr) and peak flow (7 1/s). The October P* event, 

occurring ju st 3 hours later, generated 1.4 times the mass predicted to be available. 

Therefore, while the available mass for the second event was somewhat under-estimated, 

the long-term linear build-up from August 19'*’ to September 30'*’ appears to have been 

feasible.
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Figure 9.20 Relationship between P(t), calculated from modified w ashoff model o f 

individual size fractions, and rainfall
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Using the calibrated  param eter values show n in Table 9.8, the long-term  suspended solids 

em ission from the catchm ent w as estim ated in each size fraction. T o  account for seasonal 

effects, the m ass w as calculated  over one year, from  A ugust 15*  ̂ 2011 to  A ugust 15‘*’ 2012, 

although the m odel w as run continuously  for the 18-m onth  period. T he total annual m ass 

in each size fraction is show n in Table 9.9.

Size fraction A nnual m ass o f  suspended solids

(Hm) (kg)
0-10 10.1
10-20 13.3
20-45 19.1
45-90 10.9
90-1000 6.7

Total 60.1

T able 9.9 C om puted annual m ass o f  suspended solids in d ifferen t size fractions

A com m on approach w hich has been used to  estim ate the annual load o f  suspended solids 

is the vo lum e-concentration m ethod (M itchell et al., 2001; C D M  2009a). The annual m ass 

o f  suspended solids w as calculated using th is m ethod (E qn. 9.14) w ith the follow ing 

inputs; total rain in the sam e 12-m onth period as the w ash o ff m odel (735 m m ); w eighted- 

average EM C (35 mg/1, see Table 7.4); the average ru n o ff coefficien t (0.46, see Section 

7.1.2), and the area contribu ting  to  the drainage system  (1.42 Ha). The volum e- 

concentration m ethod over-estim ated the annual m ass o f  suspended solids by a factor o f  

2.8. If the ru n o ff coefficien t was higher, as w ould be the case w ith m any urban catchm ents, 

the disparity  w ould have been h igher still. T he prim ary reason for th is w as the w eighted 

EM C  w as presum ed to  represent the average concentration  o f  rain events occurring during 

the m onitoring period. In fact, m onitoring events tend to  be biased tow ards the larger 

events because storm w ater sam pling equipm ent is generally  less effective at sam pling 

sm all events; for exam ple flow  m easurem ent devices often require a m inim um  flow  for 

accurate  readings. Furtherm ore, it is convenien t to target larger events w hen dem onstrating 

rem oval efficiencies for SuDS devices, o r w hen attem pting to  calibrate m odels. H ow ever, 

it has been show n that in the absence o f  continuous sim ulation, this approach can grossly  

over-estim ate annual solids loads.

Annual m ass =  R j  • A • C y ■ W EM C  = 168 kg £qn  9.14

253



where, R j = annual rainfall (m), A = catchment impervious area (m"), Cv = volumetric 

runoff coefficient, and WEMC = weighted event mean concentration (kg/m^).

9.6 Summary

A suspended solids washoff model was developed for the residential catchment. The model 

did not include the gully pots; instead, build-up and washoff o f fine particles was 

simulated, as this material was not retained by the gully pots in significant quantities, and 

this fraction transported higher concentrations o f heavy metals relative to other size 

fractions. The model assumed a linear build-up o f pavement deposits during dry weather. 

The initial model used the SWMM exponential washoff equation to simulate particle 

erosion during rainfall. An automatic calibration tool was developed, using the NSE as the 

evaluation function. However, this led to under-estimation o f the total solids mass for the 

verification events, so a total error function was developed, which produced relatively 

unbiased predictions o f suspended solids mass.

A sensitivity analysis revealed that the computed event mass for the sampled events was 

highly influenced by the antecedent mass o f material computed, P(t). In fact, the model 

performance was almost entirely based on the ability to accurately predict the antecedent 

mass. Aside from the influence o f the antecedent mass, the model tended to over-predict 

washoff mass for low-intensity, high rainfall events, an under-estimate washoff mass for 

high-intensity rainfall events. A modified washoff equation was proposed which accounted 

for the antecedent 10-minute rainfall intensity in the washoff calculation. Another 

modification to the basic washoff model was to simulate the suspended solids in separate 

size fractions, as it was hypothesized that build-up and washoff rates varied by particle 

size. Initially, the build-up rates for the size fractions were fixed at rate equal to the product 

o f the total accumulation rate (determined in the initial model), and the proportion o f the 

size fraction in the median PSD measured in 8 events.

The fractionation o f suspended solids improved the model predictions, and reduced the 

bias, particularly for the verification events, it also highlighted that the predictive ability of 

the exponential washoff function increased with decreasing particle size. The 90-1000 |im 

fraction was not predicted with a great degree o f accuracy; however given that this fraction 

accounted for approximately 15% o f the total mass o f suspended solids, and considering
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the lower specific surface area o f  these particles, this fraction was not considered 

significant in terms o f  the transport o f  urban pollutants.

The use o f  the modified w ashoff function improved the model performance to a small 

extent, as the model remained highly sensitive to the antecedent mass. This implied that the 

fine material was readily eroded during the monitored rain events; this theory was 

supported by the pavement sampling conducted in Chapter 4. A linear model without an 

upper limit on sediment accumulation was considered valid, based on analysis o f  the 

modelled and observed total mass o f  events occurring at the end o f  an extended dry period.

Finally, the annual mass o f  suspended solids was estimated for the size fractions. The total 

mass was compared to the value calculated using the volum e-concentration method. The 

volume-concentration method over-estimated the annual mass o f  suspended solids by a 

factor o f  2.8, and it was speculated that this discrepancy arose from sam pling bias towards 

larger rain events, which is a feature o f storm water quality monitoring programs.
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Chapter 10 Sediment and pollutant loading rates on the
residential catchment

The sedim ent loading rates determined from the analysis o f  pavement deposits, gully 

accum ulations and storm water suspended solids are shown in Table 10.1. There was a high 

divergence in the total sedim ent loading rates m easured in the road deposits compared to 

the gully pots and storm water solids. The pavem ent accum ulation rates for the >212 nm 

sedim ents were derived from sampling o f  Larkfield Gardens. Analysis o f  fine sediment 

road deposits after a prolonged dry period yielded average accum ulation loads across the 

catchm ent which were between 15 and 42%  o f  those recorded on Larkfield Gardens 

(Figure 4.12). It is reasonable to assume this spatial variability was repeated in the larger 

size fractions, possibly to a greater extent, since the accum ulation rates increased with 

increasing particle size. One m ust also consider that although the catchm ent was modelled 

as a hom ogenous surface, when in fact 40%  o f  the catchment was composed o f  concrete 

surfaces which accumulated on average 30%  less material than the road surfaces. 

However, allowing for a lower average pavement sediment accum ulation rate over the 

catchment, the build-up rates in the gully pots remained more than an order o f  m agnitude 

lower. Butler and Clarke (1995) m easured average pavem ent accum ulation rates that were 

five tim es higher than gully deposition rates across a num ber o f  catchm ents, although the 

reasons were not discussed in detail. The removal m echanism s for pavement deposits, 

apart from rainfall, would have been street sweeping, wind and vehicular re-suspension.

Particle range Loading rates

Roads Gully pots Stormwater 
suspended solids

Hm g/m^.day

>2000 0.71 -2 .39 0.012
600-2000 0 .77-4.51 0.005
212-600 0.58-2.41* 0.005
<212 0 .0 7 - 1.13’ 0.002 0.012
Total 2.21 - 10.4 0.025 0.013
*I 50 jim division applied for PSD classification

Table 10.1 Sediment loading rates calculated from analysis o f  road deposits, gully deposits 

and storm water suspended solids for various particle sizes
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The street cleaning frequency on Larkfield Park was weekly, but this street contributed just 

10% o f  the total impervious area o f  the catchment. Street cleaning on Larkfield Gardens 

and elsewhere on the catchment was quarterly. Considering the frequency o f  rainfall in 

Ireland, and the long cleaning intervals for the m ajority o f  the catchment, it is unlikely that 

street sweeping removed a large proportion o f  material, as there was a high occurrence o f  

on-street parking. The effect o f  street sweeping was not m easured in this study, but would 

have been minimal for fine particles; in fact, street sweeping has been shown to mobilize 

fine particles for subsequent w ashoff by rainfall (Vaze and Chiew, 2002).

A study o f  road-side deposition o f  heavy m etals across 14 highway sites found that 

sedim ent-bound heavy metal concentrations reduced to ambient levels at a distance o f  5 to 

30 m from the road edge, in the direction o f  the prevalent wind (POLM IT, 2002). The 

speed limits on the study sites were between 80 and 130 km/hr, so the dispersion o f  

deposits by vehicles would have extended further from the road-side compared to the 

residential catchment, where a speed limit o f  50 km /hr applied, and given the prevalence o f  

speed-bumps, would have been generally lower than the limit. In the POLM IT study, a site 

fitted with a noise barrier 2 m from the edge o f  the carriageway limited the transport o f  

particulates; similarly the presence o f  property boundary walls, on both sides o f  the road 

for 80% o f  the road length in Kimmage, would also have limited the transport o f  pavement 

deposits. It is suggested that while the deposits may have been re-suspended by wind and 

vehicular movements, the extent o f  their transport would have been limited to the back o f  

the footpath. Thus, wind and vehicular effects were unlikely to alter annual sediment 

loading rates, but they may have impacted on the temporal distribution o f  sedim ents 

available for washoff.

A source o f  the discrepancy between the pavement sedim ent loading rates and those 

recorded in the gully pots and suspended solids may also have been deposition o f  coarse 

particles in the pipe network. However, at the end o f  the gully accum ulation period, the 

entire storm water network was visually inspected for signs o f  sedim ent deposition in the 

pipework. No accum ulations were observed, which was expected since the pipe gradients 

were a m inimum o f  1 %.

Since the gully pot was in-effect a passive sampling device for coarse particles, which 

collected long-term m onitoring data, the gully pot accum ulation rates should be viewed as
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a more reliable m easure o f  sediment production than short, sporadic experiments o f 

pavement accumulation, bearing in mind that the gully pots may not have retained the fmer 

fraction o f  suspended solids. When conducting the pavement accum ulation studies, it is 

preferable to sample a longer period o f  accum ulation for trend analysis. Sampling would 

therefore tend to favour the summ er m onths (as in the experiments conducted in Chapter 

4), or long periods o f  predicted dry weather. The average antecedent dry period in Ireland 

is short, so accumulation over prolonged dry weather may not represent typical conditions.

The skid resistance o f  tyres is reduced in wet weather; Figure 10.1 shows the reduction in 

skid resistance, Hc, with increasing water depth, and vehicle speed. It follows that a major 

source o f  coarse particles, road wear (POLM IT, 2002), is reduced during wet weather, and 

this effect may continue for a num ber o f  hours after the cessation o f  rainfall. Aryal et al. 

(2011) reported the highest proportions o f  coarse particles during the summ er period. 

Robertson and Taylor (2007) reported sim ilar trends for road deposits in M anchester: the 

highest proportion o f  coarse particles (300 -  1000 pim) were measured between May and 

August, when the total rainfall was approxim ately half o f  the annual average on two 

months, and the num ber o f  days with 1 mm or more o f  rainfall was approxim ately half o f  

the annual average on three months (Figure 10.2). Another effect which would suppress 

sediment production outside o f  the sum m er period is tem perature, as tyre friction decreases 

with decreasing tem perature (Veith, 1983). A limited num ber o f  studies have assessed long 

term variations in pavement accum ulations, and the interaction with tem perature and 

rainfall has not been investigated, so this is an area for future research.
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Figure 10.2 Temporal variation in size fractions o f road deposits (Source: Robertson and 

Taylor, 2007)

Since the influence o f temporal variations in pavement wear would have been limited to 

coarse particles, it was assumed that loading rates o f <212 nm particles in the pavement 

deposits would be similar to the sum o f the gully deposits and suspended solids in the 

runoff. The gully pots accumulated 0.002 g/m^.day o f  this material compared to 0.012
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g/m^.day in the runoff, i.e. 86% o f  these solids bypassed the gully pots. The total loading 

rate in the gully pots and runoff was ju st 13% o f  the average accum ulation rate measured 

across the catchm ent o f  0.11 g/m^.day (excluding Larkfield Gardens, see Section 4.4). 

Although the dry period prior to this sam pling was 16 days, the antecedent event total 

rainfall was 8 mm, which may not have been sufficient to fully cleanse the pavement 

surfaces, and it was 29 days previous to the sam pling that significant rainfall was recorded. 

It is possible then that the actual loading rate may have been lower, based on a non-zero 

initial mass.

Another factor in the discrepancy in loading rates may have been the sampling method. 

Although build-up and w ashoff patterns were observed using the dry-vacuum ing technique 

described in Section 4.1, these short-term  patterns were only investigated on Larkfield 

Gardens, an area subject to high sedim ent loadings, it is unclear whether the sampling 

method provided representative samples o f  surface deposits which were commonly 

transported across the catchment, and variability would have been high given the variety o f 

surfacing types and pavement discontinuities among other imponderables. Based on the 

comparison o f  loading rates the pavem ent sam pling method is likely to have over

estimated the surface loading rates, although the values m easured were in the range o f  

previous studies (Table 4.4).

The sedim ent build-up and w ashoff m odel developed in Chapter 9, when calibrated to the 

observed SSC data, represented a source-lim ited catchment, i.e. due to the generally short 

ADPs, the mass o f  suspended solids transported to the outlet was highly dependent on the 

mass o f  fine particles available on the pavem ent surface. An alternative model o f  fine 

sediment transport would have been the build-up o f  a relatively large store o f  fine particles, 

which were only partially eroded during the m onitored events, and the catchm ent was only 

cleansed by extrem e rainfall, occurring 3-4 tim es per year, for example. This view o f  fine 

sediment transport would have been supported by the high loading rates measured on the 

pavement surfaces compared to the w ashoff model outputs. This theory was tested by 

fixing the total accumulation rate at 0.07 g/m^.day in the model (which was the average 

pavement sedim ent loading rate, excluding Larkfield Park), and allowing variation in the 

w ashoff parameters. The resultant param eters were: n, 2.2; Rc, 40.4 mm '; and le, 1.1. The 

w ashoff coefficient was lower than the values in Table 9.6 (approxim ately 5000), 

reflecting the lower proportion o f  the available mass washed o ff  during the calibration
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events. However, this model resulted in a higher total error value (14.9), and the computed 

event total m ass over-estim ated the observed values by a factor o f  4 for the calibration 

events, and 2.6 for the verification events, on average. Therefore, the build-up rates 

m easured on the pavem ent surface in the <212 nm fraction were not representative o f  the 

material washed to the outlet o f  the drainage system.

10.1 Concentrations and loading rates o f pollutants in the gully pots and 

stormwater suspended solids

Given the uncertainty associated with the sedim ent loading rates m easured for the surface 

deposits, the sedim ent loading rates for the gully pots and suspended solids were used to 

estim ate the total pollutant loads entering the drainage system. The pollutant 

concentrations in the gully pot sedim ents (Table 10.2) were calculated as a weighted 

average o f  the particle ranges up to 4 mm. The concentrations o f  pollutants in the 

suspended solids were the weighted event mean sedim ent concentrations calculated in 

Section 7.2.2.3. By com bining these concentrations with the sedim ent loading rates in 

Table 10.1, it is apparent that on an annual basis, approxim ately tw ice the sedim ent mass 

accum ulated in the gully pots compared to the storm w ater suspended solids. However, due 

to the sm aller particle sizes o f  the suspended solids, and hence larger specific surface areas, 

the mass o f  pollutants em itted from the drainage system were equivalent to the gully pot 

m ass in the case o f  Pb and Zn, and exceeded the gully pot m ass by a factor o f  1.5 for Cu 

and 2 for TP. The results o f  the m ass balance confirm ed that the gully pot was an effective 

coarse particle removal device, but its efficiency reduced considerably for particles finer 

than 212 |im , and relative to the pollutant mass accum ulating in the gully pots, the 

bypassed material contained an equal or greater mass o f  heavy m etals and TP. 

Furthermore, since these particles contain higher concentrations per unit m ass than the 

coarse material capture by the gully pots, their eco-toxicity is likely to be higher.
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Concentration____________ Loading Rate

Gully pots
Suspended

solids
Gully pots

Stormwater
suspended

solids

mig/kg ^g/m ^.day
Cu 83 229 2.1 3.0
Pb 76 141 1.9 1.8
Zn 273 500 6.8 6.5
TP 779 2836 19.5 36.9

Table 10.2 Pollutant concentrations and loading rates for gully pots and storm water 

suspended solids
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Chapter 11 Field evaluation of a hydrodynamic vortex
stormwater separator

M anufactured storm water treatm ent devices (M TDs) are an important com ponent o f  SuDS 

due to their small footprint, which allows them to be installed in confined urban sites and 

retrofit schemes where limited space would preclude the use o f  vegetated SuDS such as 

swales and ponds. Since M TDs are generally installed below-ground, there are also less 

concerns with regard to vandalism  and public safety. Storm water m onitoring on the lUR 

and residential sites included testing o f  an M TD, the Hydro International Downstream 

Defender®. The Downstream Defender® is a hydrodynam ic vortex separator (HDVS) used 

for the removal o f  suspended solids, floatables and oil from urban runoff.

The principle com ponents o f  the HDVS are shown in Figure 11.1, and the operation o f  the 

device is as follows:

1. Stormwater enters the unit and is directed by the inlet chute into a radial flow 

pattern.

2. Secondary currents, along with gravity, encourage the movem ent o f  particles 

downw ards and tow ards the perimeter.

3. Separated particles settle to the base, where they are isolated from re-suspension by 

the benching skirt and centre cone.

4. The treated storm water flows upwards between the centre cone and dip plate to the 

outlet pipe.

5. Floatables and oil are contained by the dip plate at the top o f  the device.

6. A vacuum truck is used to remove the oils, floatables and sedim ents, usually 1-2 

tim es annually.

Results o f  previous field trials o f  HDVSs are summarised in the International Storm water 

BMP Database (Leisenring et al., 2012b). Analysis o f  22 studies incorporating 487 influent 

and 376 effluent EMC samples yielded no statistically significant differences in TSS. 

However, the authors acknowledged that the influent concentrations in these studies were 

low (median o f  33.6 mg/l). In Chapter 7, low concentrations o f  suspended solids were 

shown to be associated with finer particles. The BMP database did not report the PSD o f 

the influent solids, which is a key factor o f  their treatability. The BMP database also

265



covered a variety o f  products employing different separation techniques, so improved 

efficiencies from individual devices (and processes) could not be identified.

Inlet C hute

B enching Skirt

Isolated Sedim ent 
S torage  Zone

Outlet Pipe 

=—  Dip Plate

■  C entre C one

Figure 11.1 Schematic o f  Downstream Defender® (Source; Hydro International, 2012)

The Downstream Defender® (DD) was not included in the BMP database, but a field study 

o f  the device has been reported by Hathaway and Hunt (2007). They monitored influent 

and effluent stormwater from a 1.8 m diam eter DD located on a bus maintenance site in 

Charlotte, North Carolina. The impervious area o f  9100 m^ comprised o f  concrete bus 

parking bays and metal roofs. The monitoring period was July 2005 to March 2007, during 

which time 25 storm events were sampled. The efficiency ratio (ER) was used to 

characterise the DD performance as follows:

ER — (EMCjnfioyy - EMCj,y{(i(j^v) / EMCj^flo^y Eqn. 11.1

where, ER =  efficiency ratio (), EMCjnnow = event mean concentration o f  influent 

pollutants (mg/1) and EMCouttiow = event mean concentration o f  effluent pollutants (mg/1).

266



T he average ER m easured for suspended so lids w as -0.14, i.e. h igher concentrations w ere 

m easured at the ou tlet com pared  to  the inlet. H ow ever, there w ere a num ber o f  sam pling 

issues w hich m ay have b iased the ER. F low  w as m easured at the  in let and outlet by area- 

velocity  probes, but the inlet and outlet vo lum es for storm  even ts did not m atch. In som e 

cases, the inlet vo lum es w ere up to  10 tim es h igher than  the outlet. F low  verification  on the 

K im m age site (using know n flow  rates from  a hydrant) revealed tha t accurate upstream  

flow  m easurem ents w ere not possib le  due to  tu rbu lence and backw ater effects caused by 

the DD. T he au thors o f  the prev ious research contended  that the concentrations o f  

suspended solids w ere the benchm ark  for trea tm ent efficiency  and independent o f  the flow  

rate, but since the au to  sam plers w ere flow -paced , and the calcu lation  o f  EM C s required 

accurate flow  data, the E M C s used in the ER  calcu lation  w ere unlikely  to  be represen tative 

o f  the storm  hydrographs and pollu tographs for the upstream  sam ples.

A lso, the  suspended solids w ere m easured  using the TSS m ethodology , w hich has been 

show n to under-estim ate the settleab le fraction o f  suspended so lids (G ray et al., 2000), 

w hich w as the very m aterial the DD  was designed  to rem ove. A lthough no PSD analysis 

was perform ed on the suspended solids, the au thors suggested  that the catchm ent w ould 

have generated m ostly  fine partic les {dso o f  35-98 |im ), based on the characteristics o f  the 

surrounding soils, w hich m ay have been outside o f  the treatab le range o f  the DD.

T his study dem onstrates som e o f  the d ifficu lties in m easuring  the perfo rm ance o f  M TD s in 

field conditions, w hich is w hy m any m anufactu rers favour laboratory testing. The N ew  

Jersey C orporation  o f  A dvanced T echnology  (N JC A T ) p rovides a standardised and 

verifiable laboratory test regim e for s to rm w ater M TD s. B ased on  laboratory tests, the 

D ow nstream  D efender has received certification  for 70%  solids rem oval efficiency for a

1.2 m d iam eter unit (N JC A T , 2005), s im ilar to  the one installed on the residential 

catchm ent. T his efficiency w as a w eighted  average o f  rem oval rates at vary ing  flows, from

6.3 to  63 1/s (T able 11.1). The rem oval efficiency  dropped  from  98 to  25%  from  the low est 

to highest flow  rate, w hich highlights the im portance o f  sed im entation as a rem oval 

process in the device.

The test m aterial w as a graded sand (U S S ilica F-95), having an average influent 

concentration o f  240 m g/l, average dso o f  120 nm , and a specific gravity  o f  2.65 g/cm^. 

A lthough the laboratory env ironm ent facilitated  the precise control o f  test conditions, it is
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questionable whether the test material was representative o f  the size o f suspended solids 

typically found in urban runoff (Table 2.10). Similarly, the specific gravity o f  suspended 

solids may be closer to 2.0 g/cm^, when the organic material is included (Minton, 2005). 

The aims o f  the DD testing on the lUR and residential sites were to evaluate the 

performance o f the device under typical field conditions, particularly with respect to the 

characteristics o f the influent suspended solids, using improved sampling protocols to 

those employed by Hathaway and Hunt (2007), and to relate the removal efficiency to the 

PSD o f the suspended solids.

Run
No.’

Flow
Rate

(gpm)

Run
Time
(secs)

Feed
Sand
Mass'
(lbs)

Surface
Water
Loading
Rate^
(gpni/ft-)

Volumetric
Water
Loading
Rate"*
(gpui ft )̂

Sand
Loading
Rate^
(mgX.)

Underflow
Mass
Recovered
(lbs)

Total
Removal
Efficiency®
(%)

1 100 1369 4 7,96 3.98 210.1 3.918 97.95
2 200 821 6 15.92 7.96 262.7 5.583 93.05
3 400 527 8 31.83 15.92 272.9 4.221 52.76
4 500 541 8 39.79 19.89 212.7 3.304 41.30
5 600 488 10 47.75 23.87 245.6 3.652 36.52
6 800 606 12 63.66 31.83 178.0 3.382 28.18
7 900 399 14 71.62 35.81 280.3 3.588 25.63
8 1000 425 14 79.58 39.79 236.9 3.450 24.64

*Test Period: Jiuie 18 -  22. 2001 
'Sand T>pe; F-95
^Unit Diameter = 4 ft. Siuface Area = 7tr’ = 12 .6 ft’, where r is the radius o f the mut
^Treatment N'olume = Ttr’h = 25.1 ft .̂ where r is the radius of the miit. h is the distance benveen top o f sloping part 

o f  the benching skirt and the invert o f the outlet pipe and is equal to r.
^Calculated from the feed sand mass and the feed water volume.
‘Calculated from the feed sand mass and the underflow mass recovered.

Table 11.1 Laboratory test results for 1.2 m diameter Downstream Defender® (Source: 

NJCAT, 2005)

11.1 Evaluation of suspended solids removal by the HDVS on the lU R  site

Upstream and downstream composite EMC samples were analysed for 4 events on the lUR 

site, summarised in Table 11.2. The SSC was measured for all events, and the PSD was 

measured for the last two events. There was a negligible difference between upstream and 

downstream suspended solids EMCs for the first two events. The third event produced a 

downstream EMC of suspended solids that was approximately 30% higher than the 

upstream EMC. The upstream and downstream PSDs were almost identical (Figure 11.2),
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indicating minimal treatm ent by the DD. However, a volume lag may have biased the 

downstream  EMC samples for this event. This phenomenon is exam ined in detail for the 

residential site.

The July 21*‘ 2010 event yielded a reduction in the EMC o f  suspended solids o f  36%, from 

1510 mg/1 upstream to 910 mg/1 downstream . The reduction was 9-19%  in the <90 |im 

fraction, but the efficiency increased to 78% for the >90 |im  particles. Referring to Figure 

11.2, the particle size threshold for efficient removal by the DD was approxim ately 150 

|jm . Interestingly, the downstream  PSD o f  the July 2 r ‘ event was finer than the previous 

event, implying that the removal o f  fine solids increases for higher concentrations (the 

upstream EMC SSC o f  the July 21®‘ event was 1510 mg/1 compared to 418 mg/1 for the 

June 28^ event), possibly due to coagulation o f  fine particles during transport through the 

drainage system, or in the DD.

Event EMC SSC <10 nm 10-20 |am 20-45 nm 45-90 jxm 90-1000 |im

(mg/l) (g) (g) (g) (g) (g)

23-Feb-iO Upstream 558
Downstream 542
% Removal 3

20-M ar-10 Upstream 314
Downstream 323
% Removal -3

28-Jun-lO Upstream 418 230 517 943 476 300
Downstream 532 322 689 1137 625 365
% Removal -27

21-Jul-lO Upstream 1510 2328 3144 3396 1643 5495
Downstream 972 1878 2706 3107 1408 1205
% Removal 36 19 14 9 14 78

Table 11.2 Summary o f  EMC results for HDVS on lUR site

269



28-June Upstream

28-June Downstream

21-July Upstream  
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20
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Particle size (|im)

Figure 11.2 PSDs for June 28* 2010 and July 2 P ‘ 2010 events on the lUR

11.2 Evaluation of suspended solids removal by the HDVS on the residential site

On the residential site, 14 events were sampled upstream and downstream  o f  the HDVS, 

summarised in Table 11.3. Minimal removal o f  suspended solids was m easured across the 

HDVS and increases in SSC were observed in a num ber o f  events. M inimal treatm ent by 

the HDVS was also confirmed by the PSDs: the dso o f  upstream and downstream  samples 

were similar, or in some cases the distributions were coarser in the downstream  samples.

The low treatm ent efficiency can be explained by two factors. Firstly, 90%  o f  the influent 

solids from the catchm ent were finer than 106 nm, on average (Table 7.9). On the lUR site, 

the solids removal efficiency o f  the HDVS increased significantly for particle sizes greater 

than 150 ^m. These coarser particles were not transported to the outlet o f  the residential 

catchment, but were retained on the catchm ent surface or in the gully pots. In contrast, the 

bare slopes o f  the lUR site provided large quantities o f  material for washoff, and the steep 

road gradients (leading to higher runoff velocities) resulted in coarser solids being washed 

through the gully pots and into the HDVS.
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Event mean SSC Event mean dso

Event Upstream Downstream % Reduction Upstream Downstream

(mg/1) (mg/1) ( ) (|im) (jim)

11-Mar-II 93 69 26 - -

04-Apr-l 1 60 55 8 18 15
21-May-l 1 115 106 8 - -
16-Jul-ll 60 58 3 25 29
21-Jul-ll 21 14 33 - -

27-Jul-l 1 26 56 -115 - -

15-Aug-l I 67 60 10 - -

3 0 -S ep -H ’ 29 37 -28 22 30

O l-O ct-lT 363 793 -118 38 58

11-Nov-1 r 24 31 -29 28 34

2 4 - N o v - i r 145 164 -13 38 37

29-Nov-l r 72 90 -25 45 45

02-Jan-!2 14! 119 16 - -

28-Jan-12 6 6 0 - -

Min
Max

Median”

-118

33
9

*StonTi event results influenced by volume-lag ** Negative percentages excluded

Fable 11.3 Summary o f  EMC results for HDVS on the residential site

Secondly, the method o f  sample collection may have negatively biased the results with 

respect to the treatm ent efficiency o f  the HDVS. On the lUR and residential sites, flow 

could only be measured accurately in the m anhole downstream  o f  the HDVS, so a link 

cable was installed between the auto samplers which enabled sim ultaneous filling o f 

sample bottles. Due to the storage volum e o f  the HDVS (approximately 1,0 m^ for the 1.2 

m diam eter unit), the upstream and downstream  samples were not exact pairs, rather the 

downstream  sample represented the catchment runoff I before the upstream sample.

The mismatch in sample pairs can have important im plications for treatm ent efficiency 

calculations where influent concentrations are rapidly-changing, dem onstrated in a 

theoretical SSC pollutograph in Figure 11.3. The downstream  sample is offset from the 

upstream sample; the point can be computed as the tim e corresponding to the cumulative 

volume for the upstream sample minus I m^. On the rising limb o f  the pollutograph, the 

volume-lag effect positively biases the HDVS SSC removal efficiency, but the HDVS 

performance is negatively biased on the falling limb o f  the pollutograph. Since the volume
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o f  the falling limb tends to dom inate the overall event volume, the volum e-lag effect would 

tend to produce a negatively biased result with respect to the EMC HDVS efficiency. The 

bias would be most influential for short rain events with steep increases in flow, where 

only a small num ber o f  samples may be taken on the rising limb o f  the pollutograph.

140

■  U p s t r e a m  s a m p le  - rising limb

120
□  D o w n s t r e a m  s a m p le  - rising limb

100
■  U p s t r e a m  s a m p le  - fall ing limb

□  D o w n s t r e a m  s a m p le  - fall ing limb

40

20

20 250 5 10 15 30
Elapsed tim e (min)

_______________________________________________________________________________

Figure 11.3 Theoretical SSC pollutograph showing volume-lag effect

The volume-lag effect could be identified from visual inspections o f  the upstream and 

downstream pollutographs; two are shown for comparison in Figure 11.4. For the May 2 T‘ 

2011 event the lag effect was not problematic because: the flow was relatively steady 

through the event; a num ber o f  samples were retrieved on the rising limb o f  the 

pollutograph; and the sampling frequency was sufficient to capture the difference in 

upstream and downstream concentrations.

In contrast, there was a volume-lag bias for the Novem ber 24*'’ 2011 event, leading to an 

apparent increase in EMC SSC across the device o f  13%. There appeared to be a higher 

peak SSC recorded downstream, and a higher downstream concentration for the first 

sample on the falling limb o f  the pollutograph. However, if  the downstream samples are 

shifted in time, by identifying the tim e corresponding to the upstream cumulative volume 

minus 1 m^, it was obvious that the downstream samples reflected higher influent
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concentrations to the HDVS from earlier points in the storm event (Figure 11.5). The 

volume-lag effect occurred because the sampling interval was not sufficient to capture the 

rapid changes in pollutant concentrations.

400

te

300

h
« 9

100

0

Figure 11.4 Comparison of upstream and downstream SSC pollutographs for May 21 '̂ 

2011 and November 24'*’ 2011 events
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Figure 11.5 Upstream pollutograph for November 24‘*' 2011 event including downstream 

lagged-SSC

If the volume-lag problem could have been overcome, the solids removal efficiency of the 

HDVS would have been higher, given that the conditions that induce the bias, i.e. high 

rainfall intensities leading to rapidly-changing flows, generate higher concentrations and 

coarser distributions o f solids. It is also worth noting that the volume-lag effect was only
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confirmed through discrete analysis o f  sample bottles. If  com posite EM C sam ples were 

compared upstream  and downstream , one may have assumed (incorrectly) that the increase 

in solids across the HDVS was due to washout o f  accumulated solids in the sump. This 

was not the case for the device installed in Kimmage, because effluent samples taken early 

in storm events were low, and the pattern o f  the pollutographs upstream  and downstream  

matched; if  w ashout was occurring, there would have been deviations in the pollutograph 

patterns.

There were three possible solutions to the volum e-lag problem. The first would have been 

to introduce a volum e delay into the auto sam pler program ming, so in the case o f  the 

Kimmage installation, the downstream  sam pler would have retrieved a sample 1 m after 

the upstream auto sampler. However, the m anufacturer o f  the auto samplers advised that 

this functionality was not available. The second solution would have been to retrieve 

samples at a volum e interval equal to, or ideally ha lf o f  the storage volume o f  the MTD, 

allowing downstream  sample results to be offset against upstream samples. On the 

Kimmage site, this would have limited the capture o f  storm events to a total volum e o f  

between 12 and 24 m^ (the auto samplers contained 24 sample bottles), so larger events 

would have been missed. The third would have been to take com posite samples in each 

sample bottle, i.e. each bottle would have been filled incrementally with sm aller sub

samples o f  the event. This would have m itigated the lag effect by taking m any more 

samples over the storm , assum ing that the sam ple program was initiated sufficiently early 

in the event to capture the rising limb o f  the pollutograph. How ever this approach would 

have produced averaged solids com positions which would not have been ideal for the 

study o f  w ithin-event solids variations.

The volum e-lag bias is unlikely to be problem atic for the m onitoring o f  vegetated SuDS 

devices, which generally provide a large volum e-attenuation function. These devices have 

distinct inflow and outflow hydrographs, so flow m easurem ent and sam pling are 

independent. This is why the volum e-lag effect is not covered in current SuDS m onitoring 

guidance (Geosyntec and W right W ater Engineers, 2009; W SDE, 2011). The draft 

certification guidelines for storm water M TDs (EW Rl and ASCE, 2010) recom m ends the 

use o f  one flow m eter to control the upstream  and downstream auto samplers; how ever the 

issue o f  the volum e-lag effect is not discussed. For future m onitoring o f  M TDs, either a 

volum e delay m ust be incorporated into the auto sam pler program m ing, com posite bottle
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sam ples m ust be used, or multiple auto samplers m ust be employed to facilitate sample 

pacing equal to or less than the storage volume o f  the MTD.

11.3 Controlled testing of the HDVS on the residential site

To overcom e the difficulty in retrieving paired storm event samples, a controlled test was 

conducted on the HDVS. The controlled test sim ulated runoff to the sewer from a nearby 

fire hydrant, and the test material representing the suspended solids was fed to the manhole 

upstream o f  the HDVS in a dry state. The advantages o f  this test m ethod over event 

m onitoring were that the flow rate could be controlled, a known quantity and PSD o f  test 

m aterial could be tested, and frequent manual sam pling could be performed downstream o f  

the HDVS. The aim o f  the controlled test was to establish the removal efficiency o f  the 

HDVS for various particle sizes.

The test procedure was as follows:

1. Flow was supplied to the sewer from a nearby fire hydrant at a rate o f  3 1/s. It was not 

possible to increase this rate due to the limited size o f  the water main, and concerns 

from the Local Authority o f  loss o f  pressure in neighbouring households. The flow was 

introduced 50 m from the HDVS to ensure steady flow conditions. The flow was 

measured throughout the test by the area velocity probe located downstream  o f  the 

HDVS.

2. Once a steady flow o f  3 1/s was established, the test material was introduced into the 

cham ber immediately upstream o f  the HDVS by adding 15 g o f  test material every 30 

seconds over 7 minutes. The test material was a graded sand, US Silica Sil-co-Sil 250, 

which had a sim ilar PSD to the suspended solids from the residential catchm ent (Figure 

11.6).

3. Grab sam ples were retrieved from the manhole immediately downstream  o f  the HDVS 

at 30 second intervals. The start o f  sampling coincided with the introduction o f  test 

material upstream, and sampling continued for a further 7 m inutes after upstream 

loading. This allowed for flow-through o f  1.2 tim es the storage volum e o f  the HDVS 

after the last addition o f  test material, at which stage the solids concentration 

downstream  had returned to the initial value before the test.

4. The downstream  samples were analysed for SSC and VSS. The test was conducted 

while previously-rem oved storm water solids were present in the sum p o f  the HDVS.
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Since this material would have been a mixture o f organic and inorganic solids, it was 

assumed that if washout o f material from the sump took place, this would be 

highlighted by increases in VSS, since the test material was entirely inorganic.

5. The PSD was determined by laser diffraction in 7 o f the 28 downstream samples (# 4, 

6, 11, 14, 18, 19 22), taken at regular intervals. A sample o f the influent test material

was also analysed for PSD by laser diffraction.
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Figure 11.6 PSD of Sil-co-Sil 250 test material, and PSD envelope o f Kimmage 

stormwater solids

The flow, upstream SSC, and downstream SSC and VSS are plotted in Figure 11.7. The 

downstream VSS remained relatively constant throughout the test at 6-8 mg/1, so washout 

o f material from the sump o f the HDVS did not occur. The maximum downstream SSC 

was 55 mg/1, and a steady-state concentration o f 50-55 mg/1 occurred between samples 14 

and 18, corresponding to a removal efficiency o f 67%.

Overall, 210 g o f test material was supplied to the HDVS and 79.6 g o f material was 

recovered downstream, equating to a removal efficiency o f 62 %. A removal rate o f 98% at 

a flow rate o f 6 1/s was recorded in a laboratory test o f the 1.2 m diameter HDVS (NJCAT, 

2007); however the test material in this case was US Silica F-95 sand. This material had a 

median particle size o f 120 nm, compared to 33 nm for the Sil-co-Sil 250. Based on the 

monitoring o f the residential catchment, the latter material was more representative o f end- 

of-pipe stormwater solids (Figure 11.6).
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Figure 11.7 Flow, upstream SSC, and downstream  SSC and VSS for the HDVS controlled 

test

The PSDs o f  the influent and effluent solids are shown in Figure 11.8. The effluent PSD 

was the m ass-weighted mean PSD o f  the 7 samples analysed. The effluent PSD was finer 

than the influent PSD (dso o f  29.5 |im  vs 33 (im). It was also apparent that the HDVS was 

most efficient at rem oving particles larger than 53 ^lm. The removal efficiency o f  the 

HDVS increased with increasing particle size (Table 11.4), from 45%  for the <10 nm 

particles to 84% for the 90-355 ^m  particles. The consistency in removal rates, even for 

very fine particles was surprising, and would suggest that the HDVS removal efficiency 

should have been higher for the m onitored storm events in Kimmage. However, the peak 

flow rates recorded during rain event monitoring were higher than the controlled test, 

having a median peak flow o f  6 1/s and maximum flow rate o f  34 1/s. Furthermore, the 

different properties o f  the suspended solids compared to the test material may have led to 

lower settling velocities. These issues are considered in the next section.
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Figure 11.8 PSDs o f influent and effluent material for HDVS controlled test

Particle
size

Upstream
mass Downstream mass Removal

efficiency
(jim) (g) (g) (%)
<10 47.4 25.9 45
10-20 28.8 14.4 50
20-45 50.7 19.7 61
45-90 46.2 13.5 71
90-355 36.8 6.0 84
Total 209.9 79.6 62

Table 11.4 Solids removal efficiency o f  HDVS by particle size for controlled test 

11,4 Modelling of sediment removal by the HDVS

The laboratory tests o f the HDVS revealed that the efficiency o f the unit diminished with 

increasing flow rate, indicating that settlement is an important component o f the treatment 

process. The efficiency o f the settlement process in a HDVS is governed by the ratio of 

convection (particle settling) to turbulent diffusion (which keeps particles in suspension). 

This ratio is referred to as the Peclet number, and for a HDVS, where the shortest 

dimension is the water depth, is given by the following equation (Wilson et al., 2009):

V s • d̂
P = - ^  Eqn. 11.2

where, P = Peclet number (), Vs = particle settling velocity (m/s), d = HDVS diameter (m) 

and Q = flow rate (mVs).
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The removal efficiencies for the controlled test (Table 11.4) were plotted against the 

corresponding Peclet number in Figure 11.9. The particle size used in the calculation o f  the 

Peclet number was the mid-point value in the size range. As observed by Wilson et al. 

(2009), there was a logarithmic relationship between the removal efficiency and the Peclet 

number, with lower Peclet numbers and removal efficiencies for smaller particles.

The relationship derived in Figure 11.9 allowed other flow rates and particle densities to be 

investigated. For example, using the typical particle characteristics for the residential site 

(median dso o f  33 ^m; organic content o f 41%, implying an average specific gravity o f  

2.01 g/cm^) and a flow rate o f  39 1/s (highest recorded flow for sampled events), a Peclet 

number o f  0.02 was obtained, corresponding to a removal efficiency o f 45%. At a more 

typical flow rate o f  5 1/s, and using the same particle characteristics, a removal efficiency 

o f  55% was obtained. These findings are at odds with the storm event observations, where 

minimal suspended solids removal by the HDVS was measured. As the dimensions o f  the 

unit were fixed, the most influential parameter in determining the removal efficiency 

would have been the particle size, which is raised to the power o f  2 in the calculation o f  the 

settling velocity (Eqn. 2.5). The settling velocities predicted by Stoke’s equation are 

compared to measured values in the following section.

0.9

0.8
y = 0.054ln(x) + 0.6661 

= 0.9727 Jk0.7

=  0.6

C 0.5

™ 0.4

0.3

0.2

0.1

0.01 0.10 1.00 
Peclet number ()

10.00 100.00

Figure 11.9 Removal efficiency vs. Peclet number for HDVS controlled test
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11.5 Comparison of theoretical stormwater particle settling velocities with 

measured values

The rain event o f June 2012 on the residential site was used for the analysis o f settling 

velocities o f the stormwater suspended solids. Four discrete samples taken upstream o f the 

HDVS were analysed: samples 4, 5, 7 and 10, occurring near the peak flow o f the event 

(Figure 11.10). This event generated relatively coarse material compared to other events on 

the catchment, due to the high rainfall intensity (peak 10-minute intensity o f 14.4 mm/hr), 

particularly in samples 4 and 5, with dso values o f 65 and 63 pim, respectively.

27 June 2012 Kimmage Storm Summary lo f 4

40

30

20

i l l in inif Flow

Rain

Sample

21.00 22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00 10:00

Rainfall 23.8 mm Av rain intensity 2.6 mm/hr Analysis
Runoff 106 m3 Peak hourly intensity 7.3 mm/hr Single bottle SSC& VSS, PSD/settling velocities. Composite: 

N/letals and phosphorus.DCIA 14200 m2 Peak lOmin rain intensity 14.4 mm/hr
Runoff Coeff 0.31 Flow duration 612 minutes Prev rain 27/06/2012 07:00 Flow start 27/06/2012 22:48
ADP 0.6 days Average flow 2.9 I/s Rain start 27/06/2012 21:34 Flow end 28/06/2012 09:00
Rain Duration 540 minutes Peak flow 29.6 I/s Rain end 28/06/201206:34

Figure 11.10 Summary o f the July 27“’ rain event on the residential catchment

The pipette method has been employed to estimate settling velocities in the determination 

o f the PSD o f soil samples (BSl, 1990). In this test, the particles in suspension are mixed 

and subsamples are withdrawn with a pipette after pre-defmed settlement periods. This 

method is well-established for the analysis o f solid samples; however, it requires a 

minimum o f 12 g o f material for silt-sized particles. The 1-litre stormwater samples from
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the residential catchment typically contained just 10-100 mg o f  solids, so the

representativeness o f  the subsample obtained with the pipette would have been

questionable, and so a new analysis method was devised, which is described as follows:

1. The bottle containing the stormwater sample was mixed by inversion and quickly 

transferred to a 50 mm diameter measuring cylinder. The m easuring cylinder was used 

to maximise the settling distance for a given sample volume.

2. The sample was left to stand for 1 minute, after which the majority o f  the sample was 

withdrawn from the measuring cylinder using a peristaltic pump (Figure 11.11). The 

suction line was fitted with an end cap, which forced water to be drawn from above the 

base o f  the tube, which minimised the disturbance o f  the settled solids. The end cap 

allowed for withdrawal o f the suspension to a depth o f  20 mm in the measuring 

cylinder, without disturbing the settled solids. The advantage o f  this method was that 

the majority o f  the suspension could be analysed, as opposed to the pipette method, 

where only a small subsample is analysed (10 ml).

3. The suspension remaining in the measuring cylinder was rinsed in to a beaker and 

weighed (to estimate the volume, assuming a density o f  1 g/cm^). The mass and 

organic content o f  the solids was determined by filtration through a 1.5 iim filter 

(described in Section 3.6).

4. The supernatant volume was measured, and the sample was split into two using the
®)Dekaport sample splitter.

5. The first sample was used to measure the mass o f  material which did not settle in 1 

minute. The second subsample was mixed and allowed to stand for 10 m inutes in the 

measuring cylinder, before the supernatant was withdrawn as described above.

6. This process was repeated, and settlement in 1 hour was measured for samples 4 and 6. 

For the remaining samples, settlement times o f  1 and 10 minutes only were measured.

7. The settling velocity was calculated from:

ds
v ,=  Y  Eqn. 11.3

where, Vs = settling velocity (m/s), ds =  average settling distance and t =  settling tim e (s).

The average settling distance was calculated from:



where, hi -  initial height o f  water in measuring cylinder (m) and h2 -  height o f  water 

after supernatant is withdrawn (m).

8. The mass withdrawn at each stage was expressed as a fraction o f  the total mass, and a 

cumulative settling velocity distribution was calculated for each sample (Table 11.5).

9. Each sample was also analysed for PSD by laser diffraction. The cumulative mass was 

compared to the PSD to estimate the average particle size associated with each settling 

velocity. For exam ple, sample 4  contained 53% o f  material (by mass) with a settling 

velocity o f  less than 1.2 m/hr (Table 11.5). The particle size corresponding to a 

cumulative volum e o f  53% was 75 |im, thus particles o f  75 jim had a settling velocity  

o f  1.2 m/hr, or less. The theoretical settling velocity from Stoke’s equation was 10.3 

m/hr, based on a particle diameter o f  75 nm and organic content o f  46% (equivalent to 

an average specific gravity o f  1.94 g/cm^).

A .

Figure 11.11 Measuring cylinder, peristaltic pump and (inset) suction line attachment for 

removal o f  supernatant in particle settling velocity analysis
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Sample Settling time
Av.

Settling
distance

Organic
content

% mass
Cumulative 

% mass

Equivalent
particle

diameter
Settling velocity

Measured Stokes Ratio

(min) (m) (%) (%) (%) (Mm) (m/hr) 0

4 1 0.020 45.8 47.2

10 0.040 45.8 20.2 52.8 75 <= 1.2 10.3 0.12

60 0.033 46.8 17.4 32.6 36 <= 0.24 2.3 0.10

decant 53.7 15.2 15.2 12 <= 0.03 0.2 0.14

5 1 0.059 55.0 40.8

10 0.044 51.7 30.3 59.2 90 <= 3.54 13.4 0.26

60 0.036 50.0 19.0 28.9 30 <= 0.26 1.5 0.17

decant 79.3 9.9 9.9 10 <= 0.04 0.1 0.43

7 1 0.060 56.7 27.1

10 0.049 51.9 32.8 72.9 140 <= 3.57 32.5 0.11

decant 37.4 40.1 40.1 38 <= 0.29 3.0 0.10

10 1 0.060 85.7 23.7

10 0.055 79.4 28.8 76.3 106 <= 3.60 9.4 0.38

decant 53.6 47.5 47.5 40 <= 0.33 2.6 0.13

Table 11.5 Measured and theoretical particle settling velocities for storm water solids

The settling velocities predicted by Stoke’s equation were approximately 9 times higher 

than those measured, apart from two data points (Figure 11.12), which were measured 

during the 1-minute settling test. The test assigns a settling tim e for all particles equal to 

the test duration, when in fact settling velocities would have varied by particle size within 

the fraction under consideration. The 1-minute test would have been subject to greatest 

variation between the assumed and actual settling time, since it included the entire solids 

gradation; subsequent tests had the larger material removed in previous stages, so the 

particle ranges were smaller. The results o f  the settling tests could have been improved by 

increasing the num ber o f  settling tim e bands, particularly for <1 minute durations. 

Nevertheless, the test clearly demonstrated that the settling velocity predicted by Stoke’s 

law consistently over-estimates the actual settling velocity.
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Figure 11.12 Computed vs. measured settling velocity for stormwater solids

Dividing the right hand side o f Stoke’s equation (Eqn. 2.5) by 9.12, the settling velocities 

by particle size could be estimated for the Kimmage suspended solids:

^2 (Ps- Pw)
■8 164-7

where, v = settling velocity (m/s), d = particle diameter (m), g = acceleration due to gravity
2 3 3(m /s), ps = sediment density (kg/m ), pw = water density (kg/m ), and = dynamic 

viscosity o f water (kg/m.s).

The low ratio of measured settling velocity to theoretical settling velocity explains why the 

HDVS efficiency was high for the laboratory and controlled tests, but low for the 

monitored rain events, and indeed in previous field studies o f various HDVSs (Leisenring 

et al., 2012b). The test material for the controlled tests, which is also used in US 

certification tests, is generally ground silica, described by the manufacturer as ‘rounded’. 

Therefore, this material would fit the Stoke’s equation criteria o f smooth, spherical 

particles. However, this was not the case for the suspended solids; a dry, filtered sample 

from the June 27*  ̂ 2012 event was subsequently examined using a scanning electron 

microscope in the Centre for Microscopy and Analysis (CMA), Trinity College Dublin. As 

shown in Figure 11.13, the suspended solids were mostly composed o f inorganic, 

irregularly-shaped particles, and flakes o f organic material. The pits, voids, folds, and 

surface roughness would have led to lower densities and settling velocities o f the 

suspended solids compared to the ground silica.
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The disparity between the test material and the stormwater solids may also be the reason 

that HDVSs are now only certified for TSS removal rates o f  50%; if  the laboratory tests 

yield greater efficiencies, the rate must be rounded down to 50% (NJCAT, 2013). 

However, this approach is biased against HDVS designs that achieve high removal 

efficiencies; an equitable solution would be to develop a standard test material which is 

more representative o f  the actual solids.

SEM HV: 10.00 kV WD: 14.47 mm
SEM MAG: 3.64 kx Det: SE Detector
Date(m/d/y); 10/30/12 CMA

MIRAW TESCAN

Digital Microscopy Imaging

Figure 11.13 Image o f  Kimmage suspended solids under scanning electron microscope
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11.6 Summary

The key findings o f  the field evaluation o f  the HDVS were as follows:

Suspended solids removal efficiency o f  the HDVS increased significantly for >150 

Hm particles, albeit based on a small sample size.

Minimal removal o f  suspended solids by the HDVS was observed on the residential 

catchment. For a number o f  events, increases in the EMC o f  suspended solids were 

measured across the HDVS. This was attributed to the fine distribution o f  particles 

on the catchment, and a volume-lag effect due to the sampling methodology. Future 

guidance for monitoring o f  HDVSs should specify a minimum sampling interval 

equal to the HDVS storage volume, or else a volume delay must be incorporated 

into the auto sampler program.

Controlled testing o f  the HDVS using a ground silica suspended solids simulant 

yielded removal efficiencies from 45% for <10 |im particles, to 84% for 90-355 |im 

particles. The removal process o f  the HDVS could be modelled using the Peclet 

number; however the relationship did not explain the low removal efficiencies 

recorded on the residential catchment.

The disparity between the controlled test and storm event removal efficiencies 

(apart from sampling issues) could be explained by differences between the test 

material and the stormwater solids. A new settling velocity measurement 

methodology, which maximised the supernatant volume for analysis, was combined 

with PSD measurements to relate the particle size to the settling velocity. The 

settling velocities measured were typically 11% o f  those predicted by Stoke’s 

equation for spherical particles.

Inspection o f  the stormwater solids by electron microscopy revealed that the 

material contained surface irregularities that would reduce the settling velocities 

compared to spherical particles. It is recommended that material used for laboratory 

testing o f  HDVSs should represent the shape characteristics o f  suspended solids 

more accurately.
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Chapter 12 Summary, Conclusions and Recommendations

12.1 Summary

The build-up and w ashoff o f particulates on urban surfaces was investigated for a 

residential catchment. A sampling method was developed which facilitated the 

measurement o f  sediment build-up over dry days. The accumulation rate was found to be 

related to the proximity to traffic and the type o f  pavement surfacing. In addition, the 

build-up rate was observed to increase with particle size, and a linear model o f 

accum ulation was validated from deposition rates measured after 16 days o f  dry weather. 

Daily accumulation rates were reported for a range o f  particle sizes, which has not 

previously been reported in the literature.

The w ashoff o f  particles by rainfall was measured indirectly from comparisons o f sediment 

deposits before and after rainfall. W ashoff o f  particles over the entire size gradation was 

observed, which was logical considering the wide distribution o f  particle sizes observed in 

the gully pots. The rate o f  erosion was related to the peak 6-minute rainfall intensity, and 

the sub -150 |im fraction was more easily eroded than the larger particles. Analysis o f the 

heavy metal concentrations o f  the pavement deposits indicated that pollutant levels 

increased with proximity to tratTic, which highlighted the importance o f  vehicles as a 

source o f  urban pollutants.

Analysis o f  the heavy metal signatures o f  gully pot and stormwater separator deposits 

revealed that minimal dissolution o f  heavy metals occurred on the pavement surface or in 

the gully pots. Therefore, the particle-bound heavy metals concentrations associated with 

the stormwater suspended solids can be estimated from the pavement or gully deposits, in 

the appropriate size fraction, to provide a relatively inexpensive screening-level assessment 

o f  urban runoff pollutants. Across a number o f  catchments and drainage systems, the 

median dso o f  material captured by HDVSs was 42 nm, reflecting the fine material 

transported as suspended solids to the outlets o f  pipe and gully stormwater drainage 

systems. In contrast, the PSDs o f  the gully deposits were similar to the pavement deposits, 

having a dso o f  735 p.m.
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Deposits in 10 gullies on the residential catchment were analysed after one year o f 

accumulation. The build-up rate was linearly related to the impervious area drained, and 

the distribution o f build-up rates was Normal across the majority o f  size fractions, which 

allowed uncertainty bounds to be calculated to cover spatial variability. The exception was 

the <212 pim fraction, and coupled with the low proportion o f  this material in the PSD, 

suggested that much o f the <212 |im material bypassed the gully pots. Volatile solids 

accounted for 67-86%  o f  the particulate-bound TP in the gully deposits, highlighting the 

importance o f  vegetation as a source o f  TP. Heavy metal concentrations in the <212 pim 

fraction consistently exceeded the threshold effect concentration for chronic toxicity, and 

the probable effect concentration was exceeded for Cu and Zn, which implies that this 

material should be removed from urban stormwater.

The analysis o f  runoff from four storm events on an-inter urban road yielded EMCs o f  Pb 

and Zn that were approximately 50% o f  those measured in a study o f  highway runoff in 

Ireland, despite the traffic density on the inter-urban road being only 10% o f  the highway 

catchment. Furthermore, the application o f road salt resulted in the discharges o f  dissolved 

Cu and Zn above the UK Highways Agency threshold limit for acute pollution, and the 

particulate-bound concentrations o f  heavy metals in the suspended solids exceeded 

threshold sediment toxicity limits for all o f  the elements analysed.

Stormwater runoff from the residential catchment was monitored over an 18-month period, 

during which time 19 events were analysed for SSC, 8 were analysed for PSD, and 10-13 

events were analysed for heavy metals and TP. Analysis o f  rainfall-runoff over this period 

(46 events from 2-30 mm) yielded an average runoff coefficient o f  just 0.46; significant 

infiltration was observed through the bituminous macadam surfacing, so the rainfall-runoff 

model would require an infiltration term for these surfaces. The median EMC o f  suspended 

solids was 29 mg/1 and the distribution was log-normal, but the wide 95% confidence 

interval (12-117 mg/l) implied that a suspended solids w ashoff model was required to 

reduce the uncertainty associated with the annual estimate.

Cd was not detected in any samples and Cr and Ni were rarely detected. High proportions 

o f  Cu and Pb were associated with the particulate fraction. A seasonal first flush effect was 

observed for dissolved P during the summer months (possibly due to the application o f
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lawn products) and after the autumn leaf-fall. Acute impacts from dissolved heavy metal 

discharges were determined to be unlikely from comparison with the UK Highways 

Agency threshold limits, but particulate-bound heavy metal concentrations exceeded 

probable effect concentrations for Cu, Pb and Zn. The EMC o f  stom iwater suspended 

solids was correlated with the event peak 10-minute rainfall intensity, and the suspended 

solids in different size fractions displayed varied responses within-events.

A rainfall-runoff model was constructed o f  the residential catchment, using the EPA 

Stormwater M anagem ent Model (SW M M ). Infiltration through the macadam surfaces was 

modelled using Horton’s equation. An auto-calibration tool was developed in Matlab to 

optim ise the SW MM model inputs in order to minimise the error between the modelled 

and observed flows, calculated from the Nash-Sutcliffe Efficiency (NSE) index. A 

reasonable fit o f  the calibration events was achieved (NSE = 0.71); however since the 

calculation o f  the event mass o f  suspended solids required very accurate flow data, and 

since w ashoff was sensitive to peak flows, the w ashoff model developed in Chapter 9 used 

the observed flows rather than modelled flows. However, the runoff model was used to fill 

data gaps such as when failure o f  the flow recording equipment occurred.

A suspended solids accumulation and w ashoff model was developed for the residential 

catchment. The model assumed linear build-up over dry days, as observed in Chapter 4, 

and an exponential w ashoff function simulated w ashoff o f  solids based on the observed 

flows. The model did not include the gully pots, but simulated the fine fraction which 

typically bypasses the gully pots and transports higher concentrations o f  heavy metals per 

unit mass relative to larger particle sizes. An automatic calibration tool was developed 

which minimised a total mass and peak SSC error function, which produced reasonably 

unbiased estimates o f  the event total mass o f  SSC compared to the observed calibration 

and verification events. The w ashoff function was modified to account for the antecedent 

10-minute rainfall intensity, and suspended solids were modelled in 5 size fractions. This 

resulted in improved model agreement compared to the total solids w ashoff model, and the 

predictive ability increased with decreasing particle size.

The model was found to be highly sensitive to the antecedent mass o f material on the 

pavement surface prior to the monitored events, indicating a source-limited catchment for 

fine particles. This finding was supported by observations o f  pavement w ashoff in Chapter
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4, where the fine fraction was readily eroded. Thus, improvements to the model predictions 

would require a more accurate representation o f the build-up process. The annual mass o f 

suspended solids was estimated for the 5 size fractions. The total mass was compared to 

the value calculated using the volume-concentration method. The volume-concentration 

method over-estimated the annual mass o f suspended solids by a factor o f 2.8, and it was 

speculated that this discrepancy arose from sampling bias towards larger rain events, which 

is a feature o f stormwater quality monitoring programmes.

A sediment mass balance was investigated by comparing the sediment loading rates 

measured on the pavement surface, in the gully pots and in the stormwater suspended 

solids. The build-up rates o f coarse material in the gully pots were over two orders o f 

magnitude lower than those measured on the pavement surface. The coarse particle 

accumulation rates on the pavements were based on measurements on Larkfield Gardens, 

which were subject to loading rates over 6 times higher than elsewhere on the catchment in 

the <212 |im range, and it was expected that spatial variability would be higher in the 

coarse particle range, since pavement accumulation rates increased with particle size. Also, 

the timing o f  the pavement accumulation experiments may have been relevant: to capture 

accumulation patterns these experiments were conducted during periods o f  no rainfall (6-9 

days), and generally in the summer months. Pavement wear, which is a source o f coarse 

particles, has previously been shown to increase with temperature and decrease with 

pavement moisture. Considering the generally short ADPs experienced in Ireland (<2 days 

in Kimmage), it is questionable whether accumulation measured over several dry days is 

representative o f  average annual rates.

Since the influence o f  temporal variations in pavement wear would have been limited to 

coarse particles, it was assumed that loading rates o f  <212 ^m particles in the pavement 

deposits would be similar to the sum o f  the gully deposits and suspended solids in the 

runoff. The gully pots accumulated 0.002 g/m^.day o f  this material compared to 0.012 

g/m^.day in the runoff, i.e. 83% o f these solids bypassed the gully pots. The total loading 

rate in the gully pots and runoff was just 13% o f  the average pavement accumulation rate 

measured across the catchment o f  0.11 g/m^.day. The accumulation rate for fine particles 

over the catchment was based on the assumption that the antecedent rainfall before the 

commencement o f the sampling had fully cleansed the pavement surface, but this may not 

have been the case. Finally, the difficulty in accurately sampling fine particle
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accumulations on the residential catchment presented significant challenges given the 

diverse mix o f  pavement types and catchment activities.

The calibrated suspended solids accumulation and w ashoff model developed in Chapter 9 

pointed to a source-limited catchment, but this finding was contradicted somewhat by the 

measurements o f  pavement accumulation rates, allowing for the issues discussed 

previously. To test whether an alternative view o f  the catchment behaviour was possible, 

with a high store o f  fine particles and minimal erosion o f  deposits during the monitored 

events, the model was re-calibrated using build-up rates which were more representative o f 

the pavement accumulation rates measured. This led to over-estimation o f  the observed 

total event masses by a factor o f  4 for the calibration events, and 2.6 for the verification 

events, on average. Therefore, the build-up rates measured on the pavement surface in the 

<212 nm were not representative o f  the material washed to the outlet o f the drainage 

system.

Given the uncertainty associated with the sediment loading rates measured for the surface 

deposits, the sediment loading rates for the gully pots and stormwater suspended solids 

were used to estimate the total pollutant loads entering the drainage system. On an annual 

basis, approximately twice the mass accumulated in the gully pots compared to the 

stormwater suspended solids. However, due to the smaller particle sizes o f the stormwater 

suspended solids, and hence larger specific surface areas, the mass o f  pollutants emitted 

from the drainage system was equivalent to the gully pot mass in the case o f  Pb and Zn, 

and exceeded the gully pot mass by a factor o f  1.5 for Cu and 2 for TP. Furthermore, since 

these particles contain higher concentrations per unit mass than the coarse material 

captured by the gully pots, their chronic-toxicity is likely to be higher.

A hydrodynamic vortex stormwater separator for the removal o f  storm water suspended 

solids, the Downstream Defender®, was evaluated during 4 rain events on the inter-urban 

road (lUR) catchment, and 14 rain events on the residential catchment. Comparisons o f 

upstream and downstream SSCs and PSDs on the lUR site revealed that solids removal 

efficiency increased for >150 |im particles, although this was based on a small sample size. 

Minimal solids removal was measured on the residential catchment for two principle 

reasons. Firstly, a volume-lag in the transport o f  solids through the device, coupled with 

rapidly-changing influent concentrations o f  SSC during rain events led to a sampling bias
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which negatively affected treatment efficiency calculation. The volume-lag effect in flow

through manufactured treatment devices has not been addressed in previous stormwater 

sampling protocols; options for mitigation o f  the problem were proposed.

The second reason that low treatment efficiencies were observed on the residential 

catchment was that the median dso o f  the influent solids was 35 nm, which may have been 

below the treatable range o f  the HDVS. To overcome the shortcomings o f  the rain event 

sampling method, controlled in-situ testing o f  the HDVS was conducted using a constant 

flow from a fire hydrant and a ground silica test material, which has been used for 

laboratory certification o f  manufactured treatm ent devices in the US (NJCAT, 2005). 

Removal efficiencies o f  45% for <10 nm particles to 84% for 90-355 jam particles were 

measured. The treatment process could be modelled using the Peclet number, but the 

resultant relationship over-predicted the removal efficiencies observed for the rain events.

The disparity between the rain event and controlled test HDVS performance was explained 

by the differences between the test material and the stormwater suspended solids. A novel 

particle settling velocity measurement m ethodology was developed, which maximised the 

supernatant volume for analysis. This was coupled with PSD analysis, and the settling 

velocities measured were typically 11% o f  those predicted by Stoke’s equation. Inspection 

o f the stormwater solids by electron microscopy revealed surface irregularities that would 

reduce the settling velocities compared to spherical particles (an assumption o f Stoke’s 

law).

12.2 Conclusions 

12.2.1 Key findings

The outputs o f this study which were considered novel in the context o f  previous research 

were as follows:

The sediment-bound heavy metal concentrations in stormwater runoff' could be 

estimated from the analysis o f  pavement and gully deposits in the appropriate size 

fractions, since minimal dissolution occurred in the gully pots or on the pavement 

surfaces. This theory was validated by comparing the heavy metal signatures and
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magnitudes o f  the deposits in gully pots and stormwater separators across several urban 

catchments. Furthermore, the lack o f  a first flush effect for dissolved metals on the 

residential catchment, as observed in a num ber o f  previous studies, supported this 

hypothesis. The approach could provide a low-cost means o f  identifying pollutant ‘hot 

spots’ in urban areas, or in the screening-level assessment o f  urban runoff pollutant 

loadings.

- A continuous model o f  build-up and w ashoff o f  fine particles on urban surfaces was 

developed. The model considered the effect o f  the rainfall intensity separately, unlike 

the conventional exponential w ashoff equation which assumes runoff over sub

catchments is proportional to rainfall intensity. This model was able to predict the mass 

o f  suspended solids in several size fractions which is a novel feature.

- The fine fraction o f pavement deposits, which typically bypassed the gully pots were 

source-limited. This conclusion was drawn from the automatic calibration o f the 

w ashoff model to a comprehensive set o f  monitoring data. An alternative hypothesis 

was tested, that o f  a transported-limited store o f  fine particles; however, this model 

grossly over-estimated the observed total mass o f the monitored events. The model o f a 

source-limited catchment was validated by measurements o f pavement deposits before 

and after rainfall. The source-limited nature o f  catchment was likely to be replicated 

elsewhere since: the residential development was typical o f  Ireland and the UK where 

property boundaries intercept the transport o f  landscaping-derived sediment into the 

drainage system; and the low average ADPs in Ireland and the UK would likely 

prevent the build-up o f  store o f  material on the pavement surface to the extent where it 

would be self-armouring.

The source-limited nature o f  the catchment meant that the model was highly sensitive 

to the antecedent mass o f  material on the pavement surfaces. This meant that the 

formulation o f  sediment build-up, and the build-up rate was extremely important. The 

analysis o f  a sediment mass balance revealed that the accumulation rates for fine solids 

measured from the pavement deposits grossly over-estimated the loading rate o f  the 

calibrated model, and this discrepancy was not accounted for by accumulation in the 

gully pots. The collection o f  pavement deposits followed a procedure employed by 

many previous researchers (yielding similar loading rates); daily sampling o f adjacent
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surfaces, usually in dry weather or in the summ er period. Although it is convenient to 

sample over dry periods, as this tends to yield consistent increases in pavement 

deposits, it is questionable whether such a sampling regime reflects the actual long 

term build-up in typical Irish (or UK) conditions.

The solids mass balance revealed that the gully pots retained only 14% on average o f 

the fine particle washoff transported as suspended solids to the outlet. Although the 

inability o f  the gully pot to retain fine particles has been documented in previous 

laboratory and field studies, this is the first study to combine annual gully pot 

accumulation data with high-resolution stormwater sampling and suspended solids 

modelling. Furthermore, the chemical analysis concluded that while the gully pots 

contained twice the mass o f  total solids (mostly coarse) compared to the suspended 

solids, the pollutant mass in the suspended solids was equal for Pb and Zn, 1.5 times 

greater for Cu and 2 times greater for TP. This highlighted the need for mitigation 

measures for urban runoff beyond the gully pots, particularly considering that the 

heavy metal concentrations in the suspended solids exceeded the eco-toxicity 

thresholds.

The annual suspended solids mass predicted by the volume-concentration method over

predicted the model output by a factor o f  2.8. Stormwater event sampling tends to 

discard small events, due the difficulties in m easuring low flows and other monitoring 

constraints, so the average EMC for a site may over-estimate the total load when 

simply factored by the annual rainfall and runoff coefficient. The use o f  this method 

m ust therefore carefully consider the origin o f  the EMC measured or obtained from the 

literature.

12.2.2 Additional findings

The other important findings o f  this research were as follows:

- The heavy metal concentrations o f  pavement deposits varied with proximity to a well- 

trafficked road, which suggests that vehicles and pavement wear are the primary 

sources o f  these contam inants in urban residential catchments.
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Build-up rates o f  pavement deposits varied considerably in spatial terms on the 

residential catchment, and build-up rates increased with increasing particle size.

The analysis o f  road runoff from an inter-urban road yielded higher concentrations than 

expected given the traffic densities, which implied that other factors which affect 

exhaust emission levels such as the road gradient should be included in loading 

predictions. The particulate-bound heavy metal concentrations exceeded threshold 

sediment toxicity limits for all o f  the elements analysed.

The analysis o f  stormwater runoff from a residential catchment yielded concentrations 

o f heavy metals in the dissolved phase which were unlikely to lead to acute impacts in 

receiving waters, but the pollutant-bound concentrations exceeded eco-toxicity 

thresholds.

Elevated concentrations o f  dissolved TP were observed on the residential catchment; 

these were likely to have arisen from the application o f  lawn products or 

decomposition o f  organic matter after the autumn leaf-fall.

Removal rates o f  suspended solids by a hydrodynamic vortex stormwater separator on 

the residential catchment were lower than anticipated based on laboratory test results 

and insitu controlled tests. The fine nature o f the suspended solids, and a volume-lag 

bias in the sampling method may have contributed to the low removal efficiencies 

measured.

12.3 Recommendations

The antecedent mass o f  pavement deposits was found to be far more influential than the 

w ashoff parameters in the prediction o f  the suspended solids generated by rainfall in urban 

areas. The build-up process is complex, but the current generation o f  semi-deterministic 

stormwater models (including the model developed in this study) assum e a relatively 

simple linear, exponential or power-law relationship for accumulation. Given the 

importance o f  predicting the antecedent mass, modelling efforts should focus on the 

deposition and re-suspension o f  fine solids by wind and other factors. Alternatively, 

existing air quality models should be coupled with w ashoff models, if appropriate.

Assuming improvements can be made in the estimation o f long-term build-up rates on 

urban surfaces (in the size fraction that typically bypasses the gully pots), annual emissions 

o f  fine solids from existing urban drainage systems at large catchment scales should be
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estimated. Using particulate-bound heavy metal concentrations in the appropriate size 

fractions, annual emission rates o f  these contam inants could be estimated. The previous 

WFD assessment o f  urban pressures (CDM , 2009a) considered stormwater impacts only in 

the context o f  the assimilative capacity in the water column o f the receiving system; 

however the chronic effects o f  contaminated stormwater sediments must also be 

considered.

Over the longer-term, retrofit measures are needed to reduce contaminated sediment 

emissions from urban storm water systems. If  these mitigation measures are to be installed 

on the outlets o f  existing pipe and gully systems, they must be capable o f  removing solids 

finer than 200 nm.

The volume-concentration method was shown to over-estimate annual pollutant loadings 

for an existing pipe and gully system; its suitability needs to be re-assessed and if 

appropriate, should be replaced with continuous models o f  fine particle build-up and 

washoff, supported by local calibration data.
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