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ABSTRACT

A considerable body o f research already exists on highway runoff and associated management strategies 
from various countries throughout Europe and beyond. These studies have indicated that runoff from 
highways can contain significant loads of contaminants including heavy metals, nutrients and hydrocarbons, 
all of which, depending on concentration and flow, can have a detrimental impact on the roadside 
environment. However, veiy limited information was found to exist on the characteristics and management 
o f highway runoff in Ireland. Moreover, under the W ater Framework Directive (EU, 2000), a highway may 
be regarded as a source o f diffuse pollution to the receiving environment; therefore under this Directive the 
emissions will have to be quantified and controlled accordingly with respect to their potential impacts on 
receiving water bodies.

The research presented in this thesis addresses this issue and reports on a thorough investigation o f  the 
characteristics o f  runoff from m ajor highways in Ireland; in the context o f  what contaminants are in the 
runoff, how the runoff is managed and how these management methods can be improved. Four 
representative road drainage sub-catchments were firstly selected and instrumented for detailed monitoring 
o f  the highway runoff for a two year period. The conventional drainage/management systems at each site 
consisted o f either a kerb and gully structure, or a filter drain. The nature and concentrations of 
contaminants measured were broadly comparable with those reported from similar conditions in other 
European countries, particularly with a study for highways in England. The kerb and gully system, which 
was found to drain approximately 15% o f the major highways in Ireland, contributed to high pollutant 
concentrations in the runoff The gully was identified as the source o f  a large fraction o f the contaminant 
loading, particularly during the first flush, although the kerb was identified as a barrier retaining the 
pollutants on the highway surface for later w ash-off The filter drain, which drains approximately 70% o f 
the highways contributed to relatively low pollutant concentrations in the runoff at the discharge point. This 
system, although not expressly designed as a runoff treatment system, initially performs well in the removal 
o f a number o f pollutants, particularly the suspended solids. However, investigation showed, as typically 
designed, the function o f  a filter drain appears to deteriorate relatively rapidly with age, mainly through 
clogging o f the filter material and the surrounding geotextile. Careful water balance calculations on each of 
the drainage systems investigated indicated that there are alternative, undocumented pathways taken by part 
o f the runoff Runoff coefficients particularly from the lined filter drain were as low as 10% indicating that 
there are probable subsurface pathways which bypass the designed drainage route to the surface water. 
These bypasses have the potential to cause contamination o f the adjacent soils and subsurface water 
receptors.

A review o f worldwide experience with alternative forms o f  treatment, which can be incorporated into road 
drainage design, showed that constructed wetlands would be the best all-round option for treatment. A 
wetland was constructed which performed to design and acted as both a flow regulating device/detention 
pond as well as a quality attenuation mechanism. The pollutant load removal efficiency was 95% for total 
suspended solids, 85% for total phosphate, 74% for total organic carbon, 86% for total copper, 95% for total 
zinc, 86% for total cadmium and 85% for total lead respectively. However, the dominant process involved 
in the removal o f pollutants appeared to be sedimentation o f the solid fraction.

Statistical analysis o f  the relationships between pollutant concentrations and storm event characteristics 
suggest that the main influential factors are the rainfall intensity and the antecedent dry period and minor 
factors may include the traffic volumes and preceding storm conditions for highways in Ireland. A design 
model for the prediction o f the TSS load was formulated on the basis of a multiple linear regression. The 
predictive model from this study indicated that 91% o f the variation in the TSS loading, as the key 
indicative contaminant, is explained by the storm characteristics, the rainfall intensity, the total rainfall 
volume and the length o f  the dry period preceding the storm.

The risks posed by the drainage o f  runoff from highways in Ireland and evaluated by this research demand 
an improved design protocol for management and/or treatment.
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Chapter 1 Introduction

1.1 Background

The construction o f motorway grade roads in Ireland has developed rapidly in recent years, 

along with the economy, and has accelerated under both the National Development Plan 2000- 

2006 and more recent TRANSPORT 21 scheme. In the latest study by the National Roads 

Authority (2005b) the total road network in Ireland stood at 92,500km, with 2,740km 

classified as national primary routes. O f these routes, 192km (7% o f total) were classified as 

motorways and a ftirther 465km (17% o f total) as dual carriageways. In concurrence with the 

development o f the road network the traffic densities have also dramatically increased. 

Vehicle numbers are now reaching 2 million in Ireland (CSO, 2006), with traffic counts 

(AADT -  Annual Average Daily Traffic) on major routes such as the M50 and M l motorways 

peaking at 95,000 per day (Figl .1). While these densities are still not large compared to many 

other European locations, they do carry environmental implications.

The combination of the roads and the vehicles travelling on them represents an ongoing 

potential hazard in terms o f emissions to the environment, exacerbated by prevailing 

meteorological conditions. The vehicles themselves have been deemed one o f the main 

sources o f the pollutants. The vehicle engine, as a combustion system burning fiiels, emits 

exhaust gases and liquids (partially combusted hydrocarbons, lubricant and hydraulic fluids). 

The frictional resistance between the tyres and road surface, combined with the wind and rain 

drivers, results in sediment/runoff from the road. A variety o f detritus may also fall from the 

wear and tear o f the vehicle parts and their engines in transit and also during accidents. The 

road infrastructure such as the crash barriers may also deteriorate with time and road 

maintenance activities such as the application of de-icing salts in winter can result in 

significant emissions and also leaks o f industrial materials during transit.

Emissions from the highway are mainly airborne in the form o f gases and aerosols but also 

water borne via the rainfall and runoff. Previous research has shown that the actual runoff 

from the highway can contain a cocktail o f potential pollutants with as many as 40 substances 

found in highway runoff in a study undertaken by CIRIA (1994) and reiterated in a report by



the WRc (2002) for highways in England. The main indicator compounds for road and 

vehicle emissions have been reported to include polyaromatic hydrocarbons (PAHs), heavy 

metals (Pb, Cd, Cr, Cu and Zn), phosphorus and chloride. The impact o f such pollutants on 

the roadside environment, which includes both surface and ground waters, can be very site 

specific, and is primarily a fiinction o f the nature o f the road and the traffic it carries, the 

drainage system in place, and hydrological conditions.

1.2 Current practice in Ireland

The traditional highway drainage design strategy in Ireland as set out in the Design Manual for 

Roads and Bridges (2000), has concentrated on the rapid removal of excess water with a view 

to maintaining both the safety for vehicle movement as well as the geotechnical integrity o f 

the road construction. The methods used are either through direct and positive drainage such 

as a kerb and gully system to the nearby surface water course or by indirect drainage involving 

a filter drain which may include integrated collection from road surfaces and verges. Any 

improvements in the quality aspects o f the drainage water have tended to be a beneficial but 

coincident side effect. However, under the increasing traffic densities on major new roads, the 

chemical quality o f the runoff is now seen as a potential issue and if discharged directly to 

adjacent water courses can have detrimental impacts on both the ground and surface water 

quality. Moreover, under the Water Framework Directive (EU, 2000), a highway may be 

regarded as a source o f diffuse pollution to the receiving environment; therefore under this 

Directive the emissions will have to be quantified and controlled accordingly with respect to 

their potential impacts on receiving water bodies.

Certain criteria for assessing impacts on such receiving environments have been available for 

some time, such as Environmental Quality Standards, Drinking Water Standards or 

permissible contaminant levels in salmonid rivers, but within the EU, the emphasis on the 

approach to the selection o f suitable criteria has been changing. The Water Framework 

Directive (2000), which was developed in the late 1990’s, is aimed at preventing fiarther 

deterioration o f any aquatic ecosystem and at achieving good ecological status o f all waters by 

2015. The Water Framework Directive goes ftirther than the existing requirements for 

pollution prevention, by requiring not only that the risk o f water pollution be reduced, but 

trends in water deterioration be reversed so as to reach ‘good’ water quality status. Moreover,
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it aims at establishing concentration levels in the aquatic environment mainly on the basis of 

their impact on the prevailing ecology. Thus, for any proposed road drainage site, it will be 

necessary firstly to establish a baseline ecology from which acceptable levels of drainage 

discharge and quality can be determined. The approach is catchment based, so that a potential 

drainage site will have to be set in the context of the local catchment ecology and hydrology. 

It is therefore important to first establish highway runoff quality and quantity from a particular 

site and then to identify pragmatic and cost-effective measures for the management of runoff 

rates and quality in this context.

For the determination o f the chemical quality and quantity of the runoff from the highway, 

rainfall intensity, duration o f antecedent dry period and traffic volumes have been identified as 

the major factors that may be used to predict the pollutant loading rates (Barrett et a i, 1998, 

Drapper et a i, 2000). Traditionally, the traffic density in terms of annual average daily flow 

was considered to be the main indicator for any risk posed by the highway runoff on the 

roadside environment. In many countries, including the US and the UK, two traffic densities 

are used (15,000 and 30, 000 vehicles per day) as major indications of the risk. In the case of 

highways with traffic exceeding the 30,000 mark treatment is required to reduce the impact on 

the receiving environment, whereas for those exceeding 15,000 treatment is required only if 

the level of concern is sufficiently high (DMRB, 2006). A number of studies including 

Drapper et al. (2000) and the WRc (2002) have questioned the suitability of these traffic 

densities as sole indicators of the risk posed by the highway on the environment. These 

studies suggest that the climatic characteristics should be taken into consideration for the 

prediction of likely loads and also the environmental significance or the water quality of the 

receiving waters. This may be the case in Ireland, which has a unique oceanic climate with 

receiving waters, both ground and surface, off varying environmental significance.

Apart from a localized study by the University of Cork on minor roads in the Cork area 

(O’Reilly et al., 2004), field data and fiirther analysis on highway runoff and management 

systems has been elusive in an Irish context. With respect to international studies, there has 

been minimal research on the filter drain as a suitable highway drainage system and on the 

constructed wetland as a possible treatment system for the highway runoff. This research 

study aims to address these issues and extend the current literature available on highway 

runoff and the management systems.
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1.3 Objectives and Scope

1.3.1 Objectives

There are four principal objectives in the research:

i. To review the extent o f information on highway runoff and management protocol in

countries throughout the world, particularly in the EU. With the EU Water Framework 

Directive (2000) as the regulatory driver this review will follow the Source-Pathway- 

Receptor framework for the assessment and consequent risks to both surface and 

ground water posed by the highway runoff

ii. To identify suitable highway sites for monitoring flow and quality of runoff based on 

current road drainage practice in Ireland. To specify appropriate equipment for the 

automated measurements o f flows and sample collection at these sites and the 

corresponding water quality analysis for a range of indicative parameters.

iii. To monitor and sample the runoff from the sites selected and compare the results with 

similar studies. To characterise the highway runoff for a number o f watershed 

phenomena, so as to acquire a good understanding o f the processes within the highway 

catchment. To develop a suitable water quality model that can be used to predict the 

pollutant loading rate from the highway with the ability to be used to estimate pollutant 

mass loads, particularly under different conditions i.e. climate and traffic, and for use 

in addressing runoff management issues, i.e. in design.

iv. To design, construct and evaluate a suitable management system for the treatment of 

the highway runoff. To measure pollutant concentrations and loading rates at the 

inflow and outflow o f this system so as to determine the overall pollutant removal 

efficiency. To then recommend a suitable management strategy that could be 

implemented on highways in Ireland.
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1.3.2 Boundaries o f the study

In this research study only major highways consisting o f two-lane carriageways and with 

traffic volumes exceeding 25,000 per day were selected for detailed investigation. O f the sites 

selected only two drainage systems i.e. filter drain and kerb/gully system were monitored for 

flow and water quality, as these systems were identified to be the most popular form of 

drainage in Ireland. O f the 40+ water quality chemicals associated with highway runoff, only 

26 were analysed in this investigation. These parameters included total suspended solids, 

phosphate, total organic carbon, chloride, the total and dissolved heavy metals (Cd, Cu, Pb, 

and Zn), and 15 PAHs.

1.3.3 Context o f the work

Apart from a localized study o f highway runoff quality and the impact on the roadside surface 

water environment by the University o f Cork (O’Reilly et al., 2004) this is the first 

comprehensive study to investigate highway runoff in Ireland, for the purpose of 

characterising the runoff, including an assessment o f the existing management strategy. It is 

also the first study to exclusively investigate the filter drain system, with respect to its overall 

design, particularly the role o f the geotextile lining, together with the pollutant removal 

capacity and water balance through the system. This work has also contributed and extended 

existing findings on a number o f water shed phenomena, notably the correlations between 

pollutant parameters, the ‘first flush’ episode and the influence o f the storm characteristics on 

the pollutant concentrations and loading rates. This study has developed a prediction equation 

for TSS loading rates from the highway surface, which can be used (after calibration) for other 

highways to estimate TSS pollutant mass loads, particularly under different conditions i.e. 

climate characteristics, and also to use in addressing runoff management issues.

The constructed wetland treatment system, designed and built on the M7 for this study, is the 

first full-scale trial using wetlands on a major highway to intercept and treat road runoff in 

Ireland, and one of very few monitored in Europe.
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1.4 Layout of the thesis

The thesis is divided into nine main chapters with appendices included at the end consisting of 

six sections containing all the results collected during the investigation.

Chapter 1: This is the introduction to the research study, which presents the scope of 

background knowledge on highway runoff and describes the current management strategy for 

highways in Ireland. The scope o f the work, the boundaries o f the study and the originality in 

the work are also set out.

Chapter 2: This is the literature review detailing the extent o f current knowledge on highway 

runoff and management strategies. It is presented in a Source-Pathway-Receptor structure for 

the assessment of, and consequent risks to, both surface and ground water posed by the runoff. 

The current practice for the drainage o f highways in Ireland is also reviewed along with all 

relevant EU legislation on water quality and protection. Suitable management practices are 

assessed for their pollutant removal capacity and their suitability for implementation on Irish 

highways.

Chapter 3: Includes a description o f the site selection process, the 15 candidate sites and the 

final four sites selected for instrumentation and detailed monitoring. Each o f the final sites is 

discussed in detail, as well as the drainage system incorporated at each location. The 

specification for the selection o f appropriate equipment for the automated measurement of 

flows and sample selection at each o f the sites is detailed. The collection, preservation and 

transport o f the water samples are outlined, as well as the actual water quality analysis 

protocol for a range o f indicative parameters. The methodology for the analysis and 

calculation o f the pollutant concentrations and resultant loading rates are also outlined.

Chapter 4: The flow, rainfall and water quality data collected at the highway sites specifically 

under the kerb and gully system are presented. The hydrological and water quality results are 

analysed for the system and compared with results from similar highway drainage systems in 

the WRc (2002) English study. The results from an in-situ investigation o f the installed gully 

pots is also presented and analysed.
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Chapter 5: The flow, rainfall and water quality data collected at the highway sites having the 

filter drain systems are presented. Similarly to chapter 4, the hydrological and water quality 

results are analysed for the systems and compared with results from similar highway drainage 

systems in the WRc (2002) English study. The results from an in-situ investigation o f the 

filter drain, which included excavation and particle size distribution analysis, are also 

presented and the results discussed.

Chapter 6: The results from all sites with both types o f drainage, i.e. kerb/gully and filter 

drain, are compared and discussed. The findings in terms o f the hydrological and water 

quality data in this study are compared with other similar studies conducted throughout the 

world, particularly in European countries, which have similar climate characteristics. The 

water quality results are also compared with those outlined in current design guidelines for 

highways, notably the Design Manual for Roads and Bridges, 2006 edition. They are 

compared with the current EPA water quality standards such as Drinking Water Standards and 

Environmental Quality Standards (EPA, 2005) so as to identify what pollutant concentration 

levels are exceeded in the runoff

Chapter 7: This chapter aims to evaluate the highway runoff for a number o f catchment-shed 

characteristics such as the correlations between pollutant parameters and the first flush, so to 

acquire a better understanding o f the processes within the highway catchment. A suitable 

water quality model is developed that can be used to predict the pollutant loading rate from the 

highway with the ability to estimate pollutant mass loads, particularly under different 

conditions i.e. climate and traffic, and for use in addressing runoff management issues.

Chapter 8: This chapter presents the risk assessment criteria developed for the runoff from 

highway surfaces in Irish conditions. The selected management system, a constructed 

wetland, is presented in terms o f its design, location and instrumentation. The results with 

respect to pollutant concentrations and loads into and out o f the wetland system are presented 

and the overall pollutant removal efficiency for a number o f pollutant parameters is calculated 

and discussed. A number o f recommendations are also outlined for how a suitable 

management strategy, such as a wetland, could be implemented on highways in Ireland.
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Chapter 9: This chapter consists of a summary and a number of concluding points from the 

research project, which are outlined and discussed. Recommendations for the continuation of 

this research and other areas in this field are also included.

Figure 1.1: the M 50 -  one o f  the m ajor highways in Ireland
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Chapter 2 Literature Review

2.1 Introduction to highway runoff

Since the early 1970’s concern has arisen about runoff from Non-Point Sources (NPS) such as 

agricultural, urban and more recently highway surfaces. Non-Point Source pollution, unlike 

pollution from industrial and sewage treatment plants (Point Sources) comes from many 

diffuse sources (U.S. EPA, 1997). As a result this pollution and its impact on the environment 

may be difficult to measure and categorize so that it can be subsequently managed.

Numerous studies, including WRc (2002) and TRL (2002), have investigated Non-Point- 

Source pollution and, in particular, runoff from highway surfaces, so that a better 

understanding o f the actual processes involved could be established. Such processes include 

the source dynamic o f the pollutant on to the highway surface, the factors affecting the 

pollutant concentration and the transport o f  it from the highway surface into the environment. 

The literature has reported that highway runoff can contain significant loads o f pollutants 

including heavy metals, de-icers, nutrients, and hydrocarbons such as MTBE and PAHs, all of 

which, depending on their quantity and state, can have a detrimental impact on receiving water 

bodies, whether surface or ground (Barrett et a i ,  1995). The main source o f these pollutants 

has been identified as the vehicles travelling on the highway surface and the regular highway 

maintenance carried out within the highway infrastructure (CIRIA, 1994). Such activities can 

lead to the deposition o f oil, grease, nutrients and vehicle parts, which during a storm event are 

carried off in the runoff. Concentrations o f pollutants in highway runoff have varied greatly 

from one research study to another as a result o f a number o f factors. Barrett et al. (1995) 

identified factors such as the rainfall intensity and duration, traffic characteristics, surrounding 

land use, length o f antecedent dry period and on-going operation and maintenance activities, 

all of which were influential to the concentration o f contaminants in the highway runoff.

With the introduction o f the EU Directive 2000/60/EC, more commonly known as the Water 

Framework Directive, there is now a greater emphasis on source definition and management 

o f diffuse pollution (OJEC, 2001). As a result, the management o f highway runoff has 

become a top priority for the authorities in charge o f the highway’s construction and long-term



operation. Particular emphasis is being placed on the potential o f treatment systems to achieve 

the required pollutant performance whilst being cost effective with respect to both capital and 

operating costs. Whilst in the past the main focus was on flow attenuation to prevent any 

erosion and flooding o f receiving water bodies there now has to be a balance between flow 

regulation and the need for treatment. In many cases, it will be possible to make the two 

requirements mutually compatible by providing a storage system, which also maximises 

treatment potential (Mudge and Ellis, 2001). It is also important to note that in some cases 

treatment may not be necessary, as the potential for contamination may not exist. Therefore, 

at the design stage o f any highway project, under recommendations o f the Water Framework 

Directive a ‘Risk Assessment’ should be required to identify any risk o f pollution at the 

specific site during a storm event, which may adversely impact the receiving environment.

2.2 Risk assessment

2.2.1 Introduction

A risk assessment refers to the quantitative and qualitative evaluation of the risk posed to 

human health and/or the environment by the actual or potential presence o f and exposure to 

particular pollutants (DETR, 2000). The “Risk” is defined as the combination o f the 

probability, or frequency, o f occurrence o f a defined hazard combined with the magnitude of 

the consequences (Glasson et al., 1999; and DETR, 2000). Risk assessments are frequently 

carried out in many environmental projects including contaminated sites, landfills, etc. The 

purpose o f the assessment is to obtain information on sources, pathways and receptors present 

on or adjacent to the site under investigation. The presence o f a linkage between these may 

then constitute a risk, the importance o f which is assessed and will be dependent on a number 

o f factors. Essentially, the process sets out to determine what risk, if any, is created by the 

presence o f contaminants through determining if  there are pathways through which the 

contaminants may impact sensitive receptors and if  so, is the risk acceptable or not.

2.2.2 Source-Pathway-Receptor

In the context o f any ‘risk assessment’, there are three essential elements to the risk (DETR, 

2000). Firstly there is the source, the contaminant itself, which is located within the site and
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has the potential to cause harm to human health, water bodies or the wider environment. The 

pathway is the means or route by which a source of contamination can migrate to the 

identified receptor. The receptor is something, which may be impaired, including human 

health, water bodies and the wider environment. Each of these elements may exist 

independent o f one another in the natural environment. They only create a potential risk if 

they are linked together and in order for significant damage to human health and the 

environment to occur a “Source-Pathway-Receptor” linkage must be established (DETR, 

2000). Without this linkage there is not a risk even though a contaminant may be present in a 

substantially high quantity. If a pollutant linkage does exist, and therefore some measure of 

risk, it is important to identify whether this risk is significant or not. If the risk is of 

importance then proper management to minimise or eliminate the risk should be adhered to.

The risk assessment strategy can be easily implemented on highway runoff, as all three 

elements exist within the highway infrastructure (Fig. 2.1). The source of contaminants has 

been identified as the vehicles travelling on the highway surface, the subsequent erosion of the 

highway infrastructure, and the dust fall and precipitation falling on to it (Legret and Pagatto, 

1999; Kayhanian and Stentrom, 2005). Once the contaminant is released from the source, the 

two principal mechanisms for transport to the roadside environment are identified as either by 

highway runoff or short aerial dispersion followed by deposition (TRL, 2002). The receptor 

for this contaminant could be surface water, ground water, or the air in the immediate facility 

or a combination of all three (Barrett et al,  1995). The linkage between these three elements 

is quite complicated so an understanding of each is essential to get a perception of the highway 

runoff and identify it as a risk. It must also be noted that the driver for the whole process is 

the actual rain falling onto the catchment. This rainfall, depending on its intensity will remove 

the pollutants from the source and transport them to the receptor. The process is summarised 

in Fig. 2.1.

1 1



SOURCE i

PATHWAY

RECEPTOR <

DRIVER - PRECIPITATION

R o a d s ,  Traf f ic ,  v / e a r i n g  p r o c e s s e s ,  m a i n t e n a n c e .

R o a d  s u r f a c e Air E m i s s i o n s

Vehicle spiay

f V

Immlss lons

Background

AT IM OS PHER E

V
Infil R u n 

t r a t i o n o f f
T l i r o u g h f a l l s

G r o u n d w a t e r

R e c i p i » n t s  ( l a k e s ,  s e a s ,  c o n s u m e r s )

<=> A b s o r b e d  In soi l  
a g g r e g a t e s

Figure 2.1: Flow Diagram o f ‘Source-Pathway-Receptor’ model fo r  highway runoff
(TRL, 2002)

2.3 Source - origin of contaminants

2.3.1 Introduction

Over the life span o f a highway structure, both the highway surface and the traffic that use it 

are sources o f compounds, which have the potential to contaminate the environment, as
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summarised in Tab. 2.1. Such compounds may be derived from the combustion and leakage 

o f fuel, wear and tear o f vehicle components, wear o f road infrastructure (e.g. crash barrier), 

degradation o f highway surfaces, and the application o f chemicals under highway maintenance 

(e.g. de-icing salts, herbicides) (TRL, 2002; Legret and Fagotto, 1999; Atkinson, 1990). Other 

possible but infrequent sources o f pollutants include spills o f recreational vehicle waste, 

chemical or agricultural products, or oil and gas losses from accidents (Barrett et a l ,  1993). 

Once the compounds have been deposited on the highway surface the principal drivers for 

moving these potential contaminants to environmental receptors are the traffic volumes 

involved and the accompanying climate (e.g. rainfall and hydrological regime) (Ellis et al., 

1987; TRL, 2002; Khan, 2006).

Vehicles travelling on the highway surface have been identified as one o f the main sources o f 

pollutants to the roadside environment (Gupta et al., 1981a; Driscoll et a l ,  1990c; Barrett et 

al., 1995; Wilson, 1999). They can be both a direct or indirect source o f pollutants. Directly, 

vehicles contribute pollutants from normal wear and tear as a result o f abrasion and corrosion 

processes involving tyres, brakes, clutch linings and moving engine parts (Mudge and Ellis, 

2001). Kobriger and Geinepolos (1984) concluded that 37% o f particulates o f vehicular origin 

came from tyre wear, 37% from pavement wear by the vehicles and 18% from engine and 

brake wear. Asplund et al. ( 1980) concluded that the quantity o f particulates from vehicular 

origin was dependent on the size and type of the vehicle, vehicle condition, vehicle 

acceleration and the type and quantity o f fuel consumed by the vehicle. Ball et al. (1991) 

reported that the exhaust is a major source o f hydrocarbons accounting for at least 65% with 

the remainder derived from the crankcase blow-by and leakage o f brake fluid, transmission 

fluid and engine oil. The same report concluded that the major source o f heavy metals was the 

wear o f automotive components and the corrosion o f the bodywork. In recent years a lot o f 

the effort has been directed towards understanding how and what concentrations o f gaseous 

and fine particulate material are released into the atmosphere through fuel combustion 

processes with a view to regulating these emissions at source, (TRL, 2002). As a result there 

have been stringent regulations o f fuel combustion processes (e.g. catalytic converters) 

principally with respect to atmospheric emissions.

Indirectly pollutants maybe acquired previously by the vehicle from various locations such as 

urban and industrial sites, dirt tracks, construction sites and agricultural areas (Barrett et al..



1995). They are then deposited from the vehicle onto the highway surface either through the 

actions o f the rain during a storm event or wind created naturally or by the vehicle itself 

(Asplund et a l ,  1980). As a result, the starting point o f the vehicle is an important aspect in 

explaining the origin o f many o f the pollutants deposited on the highway surface. Kobriger 

and Geinepolos (1984) attributed the high iron concentration at one of their sites to abnormal 

high iron content in the surrounding local soil.

The action o f the vehicle tyres on the highway surface is the main cause o f surface erosion, 

which can lead to the release o f sediment and other contaminants such as hydrocarbons, which 

are associated with the materials used in the highway construction (Barrett et al., 1995). In an 

early study, Sartor and Boyd (1973) identified three prominent factors that influenced erosion 

o f the highway surface -  climate condition, the age and condition o f the highway surface and 

leakage o f chemical and oil that would degrade the highway surface. In more recent studies 

concern has arisen on the release o f toxins such as various hydrocarbons from the bitumen 

used in the construction of the highway surface (Huber et al., 2001).

Another major source o f contaminants on the highway surface is from the actual atmosphere 

itself. Atmospheric deposition by either wet or dry deposition can attribute a significant 

amount o f pollutant load in the highway runoff (Gupta et al., 1981a; Barrett et al., 1995). 

Early research by Irwin and Losey (1978) identified bulk precipitation as a significant fraction 

of the highway surface load for many constituents, with percentage loads o f individual 

pollutants as high as 40% for lead, 33% for phosphates, 11% for suspended solids, 22% for 

organic carbon, and 20% for organic carbon respectively. The research also found that the 

precipitation loads were even higher than the surface loads for some dissolved constituents 

such as chloride and dissolved solids. Wu et al. (1998) found that bulk precipitation 

accounted for approximately 20% o f TSS loadings, 70-90% of nitrogen loadings, and 10-50% 

of the other constituent loadings in urban highway runoff. The BC Research Cooperation 

(1991) identified the major source o f solids in the precipitation to be from atmospheric dust 

fall and that it was largely dependent on site characteristics such as traffic densities and 

surrounding land use activities. Colwill et al. (1984) collected and analysed precipitation at 

the side o f major highways and found high concentrations o f total suspended solids and heavy 

metals in the rainwater. This research concluded that the rainfall intensity was influential with 

higher rainfall intensities resulting in higher levels o f contaminant. TRL (2002) reported that
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fallout from the air was one of the main sources of high molecular weight Poly Aromatic 

Hydrocarbons (PAHs) identified in the runoff.

Highway maintenance activities, although not intentionally, contribute a large component of 

contaminants on the highway surface, which may impact the receiving environment (Kobriger 

and Geinepolos, 1984). Such activities include de-icing, herbicide and fertiliser application 

and road infrastructure maintenance activities (bridge painting) (Atkinson, 1990; Barrett et ai, 

1995). Highway de-icing, although seasonal, contributes to the highest concentration of 

contaminant i.e. sodium chloride found in highway runoff (Colwill et ai,  1984; Kobriger and 

Geinepolos., 1984). Chloride concentrations as high as 25,000 mg/1 have been found in 

highway runoff as a direct result of de-icing applications (Makepeace et al., 1995). Activities 

such as the application of weed killing agents such as herbicides have intensified in the recent 

years as an alternative to the more labour intensive and costly process of mowing (Kramme et 

ai, 1985a). At high concentrations herbicides can be persistent; therefore their use should 

only be authorized after an assessment of the receiving water environment has been carried out 

(Mudge and Ellis, 2001).
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CONTAMINANT SOURCE

SOLID Carbon exhaust, oil
Organic Solids oil, exhaust
Rubber tyres
Plastic vehicles
Grit de-icing salt, road structure
Asbestos Brakes, clutches
Rust Vehicles
Metal Filings Vehicles

METALS Arsenic Fuel
Barium Paints, rubber
Cadmium Tyres, oils, galvanised metals
Calcium Oils, de-icing salts
Chromium Metal plating, bearings, brushings
Copper Paints
Iron Tyres, brakes, oils, bearings
Lead Corrosion
Magnesium Fuel, tyres, brake linings, bearings
Manganese Cast metal
Nickel Tyres, brakes, oils, bearings
Zinc Fuel, paints, tyres, lubricants, 

corrosion, brakes

HYDROCARBONS Aliphatic Hydrocarbons Lubricants, fuel, anti-freeze
Poly Aromatic Fuel, lubricants
Hydrocarbon Lubricants, fuel, anti-freeze
Phenols Combustion products
Carbonyl Compounds Road surface
Bitumen Road surface
Asphalt Spillages
Solvents Fuel Combustion
PCBs Fuel Combustion
MTBE Fuel Combustion

INORGANIC Nitrates Lubricating oil
SALTS Chlorides De-icing salts

Phosphates Lubricating oil
Herbicides Road verges (maintenance activities)

Table 2.1: Types and sources o f  contaminants originating from vehicles and vehicle related

activities (fVRc 2002)
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2.3.2 Classification o f contaminants

Contaminants deposited on the highway surfaces, which are later either removed by runoff or 

wind, naturally or vehicular generated, can be categorised into four main groups -  solids, 

metals, hydrocarbons, and inorganic sahs (Mudge and Ellis, 2001). Although subdivided into 

different fractions, strong interactions can exist between these contaminants (Barrett et al., 

1995).

2.3.2.1 Solids

Solids are classified as either Total Dissolved Solids (TDS) or Total Suspended Solids (TSS). 

TSS is operationally defined by the Standard Method as ‘the particulate matter retained by a 

glass fibre filter with a glass fibre filter o f 0.45 |xm’ (APHA et al., 1998). TDS’s are 

operationally defined as ‘the sum o f the dissolved solids and suspended solids with diameters 

less than 0.45 fxm’ (APHA et al., 1998).

Solids are deposited on the highway surface through a variety o f pathways including dust-fall, 

bulk precipitation, wear and tear o f automobile parts and surface erosion (Wu et a l, 1998). 

Once on the surface they can either accumulate in the pore spaces or more often along the 

adjacent kerbside o f  the highway (Mudge and Ellis, 2001). Solids have been identified as the 

dominant mass o f pollutants from highway runoff (ClRlA, 1994). Whilst much of the load is 

either inert or non-polluting in nature, both the physical loading o f  sediments blanketing the 

bed o f any receiving body o f water and the associated potential for the prolonged release of 

toxic contaminants can cause chronic, i.e. long-term, pollution downstream (CIRIA, 1994). 

This association between solids and other contaminants has been the topic o f much research. 

In early studies, Collins and Ridgeway (1980) identified that the finest particles (< 63nm), 

which have been reported to be 6% of the total mass (CIRIA, 1994), can constitute up to 50% 

of the pollution load o f metals, hydrocarbons and nutrients.

Sansalone et al. (1998) investigated the actual particle sizes of the solids and found that they 

ranged between l^ m  and 10,000 ^m with the size range 425 |xm to 850 |jm  presenting the 

greatest total surface area for pollutant. They reported that the concentration and size 

distribution o f the solids depended on the runoff rate, runoff duration, traffic intensity and
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location o f the sampling within the catchment. They concluded that the strong association o f 

the solid fraction with other contaminants in highway runoff would have significant 

implications for any treatment process. With treatment o f the highway runoff in mind this 

association o f contaminants with the particulate fraction has fuelled recent research. Li et al. 

(2003); Stead-Dexter and Ward (2004); and Zanders (2005) have identified a close 

relationship with solids and other contaminants, particularly heavy metals. Zanders (2005) 

identified the finer particles to have the greatest association with heavy metals.

Once the solids have been transported in the runoff to the nearby receiving water body, 

whether surface or ground, they have the potential to cause a detrimental impact on the 

ecology due to substrate smothering, reduction o f light penetration due to the increased 

turbidity, and a lowering o f the oxygenation potential (Mudge and Ellis, 2001). The impact of 

the solids is dependent on their actual size and the ability o f various chemical pollutants such 

as metals to adsorb to their surface face. Once in contact with the receiving waters the 

adsorbed contaminants on the solids can be released in the aqueous phase and become directly 

available to the organisms present (Mudge and Ellis, 2001).

2.3.2.2 Metals

The main sources o f heavy metals deposited on the highway surface are the wear and tear o f 

vehicle parts such as tyres and engine components, and the gradual degradation o f the road 

infrastructure (e.g. crash barrier) (Legretta and Pagatto, 1999; TRL, 2002). Metals are the 

most persistent contaminant in highway runoff, as they never degrade; therefore they are never 

lost in the environment and so pose a serious problem (Sansalone et al., 1996; Tuccillo, 2001).

The metals that have been identified as having significant presence in highway runoff include 

aluminium, cadmium, chromium, copper, iron, lead, manganese, nickel, and zinc (Mudge and 

Ellis, 2001). Five o f these metals pose a significant threat to receiving waters: cadmium, lead, 

copper, zinc and iron (CIRIA, 1994; Makepeace et al., 1995; Mudge and Ellis, 2001). 

Cadmium, copper and lead have received particular focus, as they are acutely toxic at low 

concentrations to various aquatic organisms including rainbow trout, D.magna and salmon 

(Makepeace et a i ,  1995). Cadmium is the only one o f these five that is on the EC List I of 

dangerous substances (CIRIA, 1994). The same report suggests that the receiving water



standard of cadmium is rarely exceeded by highway discharges and so it is unlikely to pose an 

envirorunental problem. This may be true for receiving water standards but there are more 

stringent guidelines for groundwater discharges for cadmium.

Lead has very limited solubility and is mostly associated with the solid fraction therefore its 

bioavailability and potential eco-toxicity to any receiving body of water will be very low 

(CIRIA, 1994). Nevertheless, lead has been identified as a serious hazard so much so that EC 

legislation has barmed the use of tetra-ethyl lead (TEL) petrol from the year 2000 onwards 

(Legret and Fagotto, 1999). The tetra-ethyl lead was added as a ‘kicker’ to the petrol with 

concentrations has high as 300 mg Pb/1 whereas without this additive concentrations were 

small at lOmg Pb/1 (Lee and Jones-Lee, 1993).

The abundance of zinc and copper in the environment increases the chances of reaching toxic 

levels and so may pose the greatest threat (CIRIA, 1994; Makepeace et a l,  1995). Although 

copper and zinc are not regarded as toxic as cadmium and the lead in weight ratio (U.S. EPA, 

1983) they are common to the automotive industry so they appear in highway runoff at 

significant levels. The abundance of zinc and copper in the environment also increases the 

chances of reaching toxic levels and so they may pose the greatest threat of the metal fraction 

in highway runoff due to their large dosage (CIRIA, 1994; Makepeace et a l,  1995).

Any environmental impact, which heavy metals may have on receiving water bodies, is very 

much governed by both their concentration and physio-chemical form. Metals can be 

classified as particulate-bound or dissolved, with the dissolved metal concentration determined 

by that, which passes through a 0.45|im filter (APHA, 1998). Metals in the dissolved phase, 

which maybe influenced by the acidity, organic content and hardness of the runoff tend to 

exert the greatest eco toxicological impact on receiving waters (Mudge and Ellis, 2001). As a 

result a lot o f research has focussed on the physio-chemical nature of the heavy metals, 

whether in the dissolved or particulate phase. Lee and Jones-Lee (1993) reported that 

quantifying the dissolved fraction is more important than determining the concentration of the 

total metal in highway runoff. The dissolved concentration of the metal is a good estimate for 

the portion of metal that is biologically available in the receiving waters (Charlesworth and 

Lees, 1999). Lead and iron have been identified as being associated predominantly with the 

particulate phase in the runoff (Morrison et a l,  1984; Harrison and Wilson, 1985; Hewitt and
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Rashed, 1992; and Sansalone and Buchberger, 1997). As a result the lead and iron 

concentration profiles largely followed the profiles o f suspended solids, as there is likely an 

affinity o f metals for TSS (Hewitt and Rashed, 1992). Caltrans (2003) and Han et al. (2004) 

found high correlations with TSS and zinc, copper and lead but not with cadmium. Sansalone 

and Buchberger (1997) identified cadmium to be predominantly associated with the dissolved 

phase.

2.3.2.3 Hydrocarbons

The main hydrocarbons o f concern are the petrochemical derived group, which includes fuel 

oils, lubricating oils and hydraulic fluids (CIRIA, 1994). Other sources o f hydrocarbons 

include the bitumen and paint pigments used in the actual highway construction (Latimer et 

al., 1990, Barrett et al., 1995; Mudge and Ellis, 2001). In unmodified form these 

hydrocarbons are liquid, virtually insoluble and lighter than water (CIRIA, 1994). Removal 

methods for hydrocarbons e.g. oil interceptor, rely heavily on the fact that the hydrocarbons 

float on the water and so can easily be skimmed off. This may not be the case for highway 

runoff as the hydrocarbons mingle with other constituents such as suspended solids. Mudge 

and Ellis (2001) reported that due to the non-polar characteristics o f hydrocarbons, as much as 

70 -  75% of the total hydrocarbon load in the runoff can be associated with the suspended 

solid fraction, which has major implications for their successfixl removal. The two groups of 

hydrocarbons in highway runoff that pose the greatest threat to the environment and so have 

been the main focus o f research are the Poly Aromatic Hydrocarbons (PAHs) and Methy- 

Tertiary-Butyl-Ether (MTBE).

Poly Aromatic Hydrocarbons (PAHs) are toxic and one important pathway o f PAHs into the 

aquatic environment is highway runoff (Degirmenci et al., 2000). PAHs find their way onto 

the highway environment mainly through the incomplete combustion o f oils and fuels. They 

are released through vehicle exhaust into the atmosphere, where the lighter molecular fraction 

are dispersed more readily than the heavier fraction before being deposited back on the 

highway surface in either the rainfall or dust fall. PAHs do not readily dissolve in water 

although the lower molecular fraction is more soluble than the heavy molecular fraction. The 

U.S. EPA (1983) has identified 16 PAHs as priority pollutants, some o f which are reported as 

possible or probable human carcinogens (US Department o f Health and Services, 2004).
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Those priority PAHs that have been identified include: Naphthalene, Acenaphthylene, 

Acenaphthene, Fluorene, Phenanthrene, Pyrene, Benzo(a)anthracene, Chyrsene, 

Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benzo(a)pyrene, Indeno(123cd)pyrene, 

Dibenzo(ah)anthracene, and Benzo(ghi)perylene. The three most predominant PAHs have 

been identified as pyrene, fluorathene and phenanthrene comprising approximately 50% of the 

total 16 PAHs found in highway runoff (Maltby and Boxall, 1995; Shinya et a i ,  2000).

Methyl-Tertiary-Butly-Ether (MTBE) is a chemical compound that is manufactured by the 

chemical reaction o f methanol and isobutylene (USGS, 1996). MTBE is one o f a group of 

chemicals commonly known as “oxygenates” and it is added to motor fiael to raise the oxygen 

content so as to achieve maximum energy output from the fuel (USGS, 1996). The main 

concern with MTBE is its high solubility index in water (Mudge and Ellis, 2001). With the 

addition o f MTBE to petrol the solubility index o f that petrol increases rapidly. Squillance et 

al. (1997) reported that petrol with the addition o f 10% by weight of MTBE had a solubility of 

5,000 mg/1 at RTP compared to petrol without having total hydrocarbon solubility in water of 

120 mg/1 at RTP. MTBE has been considered as a potential health hazard, although there is 

little or no evidence for human carcinogenicity (Hartley et al., 1999). The same study by 

Hartley et al. (1999) recommends a maximum drinking water level o f 100|ig/L, which they 

based on toxicological information, reproductive and development effects. The US EPA 

(1997) recommends a much lower value of 20^g/L based on taste and odour thresholds. 

MTBE poses a serious concern to the environment due to this high solubility index and also 

due to both its low sorption rate to soil and its slow capacity to degrade in the environment. 

Once it is deposited into the environment it may be readily transported with the runoff through 

the soil and into the underlying groundwater (Mudge and Ellis, 2001). MTBE levels ranging 

from 0.1^g/l to 0.2ng/l have been found in groundwaters underlying motorways in South East 

England (Mudge and EUis, 2001).

The main environmental impact identified as a result o f a build up o f hydrocarbons in surface 

waters is the reduction in both light penetration and oxygen transfer to the water ecosystem. 

Both the aliphatic and aromatic fraction o f hydrocarbons, which are included in List 1 

substance under the EC, 1994 Groundwater Directive can be highly toxic leading to 

suppression and mortality o f key invertebrate organisms e.g. freshwater shrimp at the bottom 

of the food chain (Boxall and Maltby, 1997).
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2.3.2.4 Inorganic salts

The main inorganic salt associated with highways is chloride, which is introduced into the 

highway environment through the application of de-icers, notably during the winter months 

(Barrett et a l ,  1995). In countries like the US de-icing is common practice so much so that 

due to the high levels of chloride found in ground and surface waters adjacent to highways, 

applications are now careftilly managed (Mudge and Ellis, 2001). Warren and Zimmerman 

(1994) concluded that chloride is only toxic at extremely high levels such as 230mg/l based on 

toxicity to aquatic life, but more significantly that it increased the proportioning of metals into 

the dissolved phase, which in turn increased the mobility and partitioning of the metals. Also 

rapid changes in chloride concentrations can kill organisms, so it is not just about actual 

concentration but the rate of change, which can severely alter the osmotic potential in the cells 

of the particular organisms.

Nutrients such as nitrogen and phosphorous may be present at mg/1 concentrations and may 

cause problems of algal blooms or of high nitrate levels preventing water abstraction (CIRIA, 

1994). Nitrogen and phosphorus find their way on to the highway surface through the use of 

fertilisers in the adjacent environment (e.g. roadside verge) (Barrett et al., 1995). They may 

also be carried and deposited on the highway by vehicles travelling from agricultural areas 

such as farmyards. Herbicides such as atrazine and triazane are introduced to the highway 

environment through the use of weed control agents on highway verges, central reservations 

and embankments (Mudge and Ellis, 2001). These pollutants are of concern as they can be 

environmentally harmful at sub fig/1 levels (CIRIA, 1994). On these grounds, herbicides 

should only be used if necessary and after an assessment of the receiving water environment 

has been conducted (Mudge and Ellis, 2001).

2.3.3 Factors affecting contaminant concentrations

2.3.3.1 Introduction

There are many factors that appear to influence the quality of storm water runoff from 

highways, including traffic volume, precipitation characteristics, drainage characteristics, 

highway surface type and the nature o f the pollutants themselves (Fig. 2.2) (Irish et a l,  1995).
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A number o f  research studies (Gupta et al 1981a; McKenzie and Irwin, 1983; Kobriger and 

Geinepolos, 1984; Irish et a i ,  1995) have identified a total o f  five main categories that cause 

variation in highway runoff contaminant concentrations: Traffic volume and characteristics, 

precipitation characteristics, surrounding land use, i.e. rural, urban or industrial, the pavement 

structure and material used in construction, and the pollutant characteristics respectively.
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Figure 2.2: Variables affecting highway runoff quality (Irish et al., 1995)

Irish et al. (1995) investigated the influence o f  a number o f  variables on the contaminants 

(summarised in Fig. 2.2) and concluded that due to the complex interactions that exist between 

the variables simple correlations between individual variables and water quality may be 

obscured and so are difficult to define.

2.3.3.2 Traffic volume and characteristics

There are three measures o f  traffic volume, which must be considered in evaluating the impact 

o f  traffic on pollutant concentrations. They include, vehicles travelling during the storm 

(VDS), vehicles travelling in the antecedent dry period (VADP) and the annual average 

vehicle count for the section o f  highway (AADT) (Irish et a i ,  1995).
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The Annual Average Daily Traffic for a segment o f highway is the total number o f  vehicles 

travelled on that section in a year divided by 365 days (DMRB, 2000). It is calculated 

annually for all major highways and gives a simple indication o f the traffic volume using that 

particular highway. Driscoll et al. (1990c) found that runoff pollutant concentrations are two 

to four times higher from urban high traffic sites with an AADT > 30,000 than from non-urban 

low-traffic sites with an AADT < 30,000. It is from these research findings that many 

highway agencies apply a 30,000 AADT cut off for determining whether a highway requires a 

treatment system or not (Drapper et a l ,  2000). However, Irish et al. (1998) reported that 

regression analysis from highway sites indicated no strong or definite relationship between 

AADT and pollutant loadings o f TSS, heavy metals and oil and grease. Earlier research by 

McKenzie and Irwin (1983) found very weak or no correlations with pollutants and AADT. 

Stotz (1987) concluded that the amount o f pollutants discharged is not dependent on the 

AADT but more so, on the actual site characteristics. WRc (2002) found no relationship 

between runoff concentration and the AADT for each of the seven highway sites investigated.

Irish et al. (1995), suggests that the number o f vehicles travelling during the storm could be a 

significant factor in determining the pollutant load, as these would be in direct contact with the 

rainfall during the storm event. Kerri et al. (1985) found that vehicles during the storm was 

better than either AADT or VADP as an independent variable used to predict loads o f lead, 

zinc, COD and TSS. Earlier research (Chui et al., 1881; Asplund et al., 1980) found that a 

linear regression analysis o f cumulative TSS loads versus cumulative VDS for several sites in 

a 5 year Washington study disclosed a strong relationship between TSS loads and VDS.

Kobriger and Gupta (1984a) suggested a number o f additional traffic factors, which might 

influence the pollutant loads in the runoff such as the mix o f vehicles such as trucks, vans, cars 

etc, the congestion factors such as start and stop conditions, the number o f traffic lanes and the 

speed o f the vehicles.

2.3.3.3 Precipitation characteristics

The number o f dry days preceding a storm event; the rainfall intensity during the actual storm 

and the derived volume o f runoff have all been identified as characteristics o f a storm event 

that may be relevant to the ensuing water quality o f highway runoff (Irish et al., 1995).
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The Antecedent Dry Period is defined as the number o f dry days (rainfall < 0.1mm) preceding 

a storm event (Irish et a i ,  1995). Early research (Howell, 1978) suggested that the preceding 

dry period was significant to the build up o f solids on the highway and the corresponding 

pollutant loads in the runoff. Results showed an increase on solid loadings in storms with 

longer antecedent dry periods. Findings from a study by Lord (1987) that the ADP before a 

storm had a positive impact on the solid loadings in the highway runoff during the storm 

strengthened this theory. Hewitt and Rashed (1992) reported a relationship between ADP and 

mean concentrations o f dissolved lead, dissolved copper and particulate phase lead to 

significance at the 5% level. However, there was no positive correlation between dissolved 

cadmium, particulate cadmium or individual PAHs evident. Barrett et al. (1995) concluded 

that PAHs are very volatile and are easily lost from the highway surface. Colwill et al. (1984) 

reported that the ADP was significant in the build-up o f TSS, but that the TSS loading in the 

runoff during a storm was principally influenced by the rainfall intensity and the total volume 

discharged. Moe et al. (1982) found that the accumulation o f iron, lead, zinc and airborne 

particulates was a linear function o f the ADP. Contrary to this, Kerri et al. (1985) determined 

that the relationship was not linear and ADP was a poor independent variable for the 

prediction o f heavy metal and TSS loadings.

Naturally the rainfall intensity is going to be a key factor in relation to the pollutant loadings. 

Rainfall is the main driving force in which contaminants are removed from the air, vehicles 

and the highway surface itself (TRL, 2002). The TRL (2000) reports that the greater the 

intensity of the rainfall the greater the kinetic energy that is available to be transferred to the 

movement o f the pollutant particles. Barrett et al. (1995) concluded that rainfall intensity 

could have a significant impact on the type and quantity o f pollutants in runoff due to the fact 

that many pollutants are associated with particles, which are more easily mobilized in high 

intensity storms. Hoffman et al. (1985) found good correlations between high rainfall 

intensities and high pollutant concentrations o f hydrocarbons, lead and TSS. Homer et al. 

(1990) also found positive correlations between TSS loading rates and rainfall intensity. Ellis 

and Harrop (1984) concluded that the rainfall intensity was important in explaining a seasonal 

difference in removal rates o f sediment from the highway surface. The study reported that the 

more intense rainfall in the summer resulted in greater sediment loadings in the corresponding 

runoff. McKenzie and Irwin (1983) reported that a number o f storm events with high rainfall 

intensities transported nearly 70 to 80 % o f suspended solid loads to the receiving water body
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within a short period o f time. WRc (2002) reported that a relationship might exist for heavy 

metals and PAHs with rainfall intensity.

The rainfall that has fallen on the catchment area and the runoff coefficient o f the highway 

surface governs the runoff volume. Kerri et al. (1985) reported that although concentrations 

maybe lower, the loadings from long storms with large volumes are generally greater. Barrett 

et al. (1995) strengthened this view, reporting that although runoff volume had little effect on 

pollutant concentrations it was important in determining the total load to the receiving water 

body. Driscoll et al. (1990a, c) reported that the correlations between the runoff volume and 

eight pollutant concentrations were weak.

The ‘first flush’ phenomenon is defined as the initial period o f the highway runoff during 

which time the concentration o f the pollutant is substantially higher than during latter stages of 

the storm event (Gupta and Saul, 1996). Lee et al. (2002) reports that highway runoff is one 

o f the leading causes o f degradation in the quality o f receiving waters, especially during this 

first flush period.

A research study in America by Kayhanian and Stenstrom (2005) on the impact o f a number 

o f watershed phenomenon on the highway runoff quality concluded that the existence o f a first 

flush might present opportunities for managers and regulators to effect better pollutant 

reduction programs. They concluded that the treatment o f the early runoff which has the 

higher contaminant concentrations may be a better policy than treating a similar fraction o f the 

entire runoff volume as presented with the aid o f the hydrograph and runoff samples in Fig. 

2.3.
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Figure 2.3: Diagram showing the First Flush Phenomenon 

(Kayhanian and Stenstrom 2005)

2.3.3.4 Surrounding land use

The surrounding land use to a highway can be categorized as urban, rural or industrial. Urban 

and industrial areas tend to be built up with poor air quality and produce greater particulate 

loads in the precipitation. Kobriger and Geinepolos (1984) reported precipitation samples 

from urban located highways to contain, on average, four times the total particulate load o f the 

highways in rural areas. Asplund et al. (1980) reported dustfall deposition from an industrial 

area ranging from 1.1 to 3.3kg/ha/day as opposed to 0.6 to l.lkg/ha/day for a highway located 

in a rural area. Driscoll et al. (1990c) reported that the surrounding land use and activities 

were important factors influencing pollutant loads in the highway runoff. They found 

significant differences in the pollutant loadings between urban and rural areas concluding one 

explanation could be the differences in atmospheric quality in the areas. Driscoll et al. 

(1990c) reported that concentrations in runoff from industrial areas tend to be higher than 

those from residential and commercial surroundings.
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2.3.3.5 Pollutant characteristics

The concentrations and behaviour of pollutants in runoff depend to a large extent on whether 

the pollutants are in dissolved or particulate form (Barrett et a l, 1995). Numerous early 

research studies (Bourcier and Hinden, 1979; Gupta et a l, 1981c; Revitt and Ellis, 1980) have 

concluded that large fractions of pollutants including heavy metals, oil and greases and TOC 

are associated with the solid particles and that concentrations are generally higher in the 

smaller particle sizes. Bourcier and Hinden (1979) concluded that heavy metals existed 

primarily in the particulate fraction with only a small percentage in the dissolved fraction. 

Barrett et al. (1995) emphasized the fact that the size of the particulate is very significant in 

the transport of the associated pollutants and that the finer grains have lower settling velocities 

and remain in the runoff longer than the larger grains. Gupta et al. (1981c) found the degree 

of association with solids and heavy metals varied for each specific metal. The research 

concluded that the solid association was high for zinc, iron, cadmium and lead, which were 

significantly correlated with solids at a 99% confidence for all sites tested. Research by 

Hewitt and Rashed (1992) findings supported this theory with 90% of the lead found in the 

particulate fraction respectively. They also found copper and cadmium in 75% and 57% of the 

particulate fraction. The research noted similarity between concentration profiles of PAHs 

and TSS allow particulate and dissolved forms of PAHs were not determined. Chui et al. 

(1981) and Barrett et al. (1995) concluded that nutrients such as nitrites and phosphates are 

more likely than heavy metals, hydrocarbons and TOC to be found in the dissolved phase than 

the particulate phase. Hvitved-Jacobsen (1984) reported that approximately 79% of organic 

phosphorus was found in the dissolved fraction.

2.3.4 Previous studies on highway runoff

Numerous studies have investigated the constituents of highway runoff and the many factors 

that affect the quality and quantity of the water. Table 2.2 shows the range of values that have 

been found for a selected number of parameters (similar to this research). The results listed 

are from studies on highway runoff throughout the world, including the US, Europe, UK and 

Australia. It is clear to see that the ranges of a number of parameters are extensive and vary 

greatly between countries.
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US
Caltrans (1999)

EUROPE 
TRL (2001)

U.K
Roe e t (2003)

AUSTRALIA 
Drapper et al.(2000)

PARAMETER Range Range Range Range
(Concentration) (Concentration) (EMC) (Concentration)

Conventional (mg/1)
TS - 145-21,640 - -
TDS 5 .0 -7 2 4 - - -
TSS 4 -  4,800 4 -1 ,6 5 6 15-1 ,350 6 0 -  1,350
TCL - 4 .18 -3 ,120 -
TP 0.01 -  3.30 0 .0 5 -3 .6 - 0 .1 9 -1 .8
TOC 1 .4 -1 3 7 - - -

Total Metals (fig/1)
Cadmium N D - 13.0 ND -  400 ND -  5.40 -
Chromium N D -9 8 N D -0 .1 4 ND -  49.90 -
Copper ND -  770 N D -8 8 0 ND -  242 N D -3 4 0
Lead ND -  1,540 ND -  13,100 N D -  178 N D -6 2 0
Zinc 11.0-2 ,400 ND -  3,400 20 .50 -688 ND -  1,850
Dissolved Metals (ftg/1)
Cadmium ND -  4.7 - - -
Chromium ND -  19 - - -
Copper ND -  140.0 - N D -9 0 -
Lead ND -  300.0 - - -
Zinc 3 .0 -1 ,3 0 0 - ND -  536 -

Table 2.2: Examples o f  highway runoff concentrations from studies throughout the world

The Transport Research Laboratory and the WRc in England have conducted the key 

European studies on highway runoff and management implications. The TRL study was a 

coordinated COST project, entitled 'POLMIT - Pollution of Groundwater and Soil by Road 

and Transport Sources: Dispersal Mechanisms, Pathways and Mitigation Measures' (TRL, 

2002), which reported on the European experience to date in the highway runoff 

concentrations and management strategies. This collated material from seven European 

countries (UK, Netherlands, Denmark, Sweden, Finland, France and Portugal), and compared 

runoff concentrations and management procedures used in each country. The WRc (2002) 

was solely based on highways in England, mostly in close proximity with London. Seven 

highway sites were instrumented and monitored for a total of 40 indicative substances found in 

highway runoff. A number of management systems such as settlement tanks and oil 

interceptors were also investigated for their pollutant’s removal capacity.

With respect to highway runoff and management in Ireland only one other study has been 

conducted by O’Reilly et al. (2004) in conjunction with the University of Cork. This study
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was highly localized and investigated the runoff from main roads with different drainage 

systems around Cork City. The pollutant parameter investigated was mainly the total 

suspended solids. For the direct runoff from the kerb and gully system the suspended solid 

concentrations ranged from 20 to 6,290mg/l and from the filter drain ranged from 20 to 

140mg/l.

A better indicator o f the constituents o f highway runoff and the corresponding loads on the 

environment is the Event Mean Concentration (EMC). The event mean concentration 

represents a flow weighted average concentration computed as the total pollutant mass divided 

by the total runoff volume for a storm event o f duration t (Sansalone and Buhdberger, 1997). 

The use of an EMC is appropriate for evaluating the effects of highway runoff on the receiving 

water bodies (Lee et al., 2001). The equation is given as:

M Joi;m(' = —=—I C,Q,dt
f  n

I  a d ?
Jo

lc,e,Ai

Equation 2.1: Equation to calculate the Event Mean Concentration

Where EMC is the event mean concentration (mg/1) o f the runoff from the storm event 

measured at the end o f the pipe network; M is the total mass of pollutant over the entire event 

duration (g); V is the total volume o f runoff flow over the entire event duration (m^); t is the 

time (min); Ct is the time variable concentration (mg/1); Qt is the time variable flow (mVmin); 

and At is the discrete time interval (min). The EMC is computed for the entire runoff duration.
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Scope of Work TSS mg/l TOCmg/l TP  mg/l TCu ng/l T P b  ng/l TCd ng/l TZn ng/i

Sansalone 
etal., 1997 

US

To study runoff from a 300m^ section o f  100% asphalt 
surface, urban motorway (135,000 ADT) in Cincinnati, 
US over one year in 1995. 5 Storm Events were 
monitored. Drainage; lateral sheet flow over-the-edge. 
Samples were collected at the edge.

Mean NA NA NA 135 64 7 4,274

Range NA NA NA 43 -  325 3 1 - 9 7 5 - 1 1 4 5 9 -
15,244

Barrett 
et al., 1998 

US

To study runoff from a 526m^ section o f  100% asphalt 
surface, rural motorway (8,780 ADT) in Convict Hill 
Road, Austin, US for 14 months (Apr ’94 -  Jul ’95) 36 
Storm Events monitored. Drainage: lateral sheet flow 
over-the-edge. Samples collected at the edge.

Mean 142.3 26.68 0.12 9.5 41 NA 77.5
Range 4 - 5 1 2 5 - 8 9 0.005 - 

0.380
1 - 3 2 7 - 2 2 3 NA 1 0 - 3 1 0

A onuai 
PoUutant L oad  

(g /«*/ye*r)

14.5 2.5 0.013 0.0010 0.0042 NA 0.0079

Barrett 
etal., 1998 

US

To study runoff from a 104,600m^ section o f  37% 
asphalt surface, urban motorway (47,240 ADT) in 
Walnut Creek, Austin, US for 14 months (Apr ’94 -  Jul 
’95) 7 Storm Events monitored. Drainage: lateral sheet 
flow over-the-edge. Samples collected at the edge.

Mean 27 17.7 0.12 8 14 NA 23.4
Range 8 - 6 2 5 - 3 4 0 .0 9 -

0.22
3 - 1 3 7 - 2 1 NA 1 - 4 1

A nnual 
PoU atant L oad  

(B /ra*^«ir)

0.33 0.22 0.001 0.0001 0.0001 NA 0.0002

Barrett 
etal., 1998 

US

To study runoff from a 5,341m^ section o f  100% 
asphalt surface, urban motorway, (58, 150 ADT) in W 
35'*' Street, Austin, US for 22 months (Oct ’93 -  Jul 
’95) 21 Storm Events. Drainage: 15cm kerb, no gully 
longitudinal gutter flows. Samples collected at end of 
gutter.

Mean 123.6 46.8 0.36 22.31 22.1 NA 145.6
Range 2 0 - 3 3 6 5 -  99.5 0 .0 7 -

0.65
5 - 6 8 7 - 8 4 NA 5 7 - 3 1 6

A n su a i 
PoU utant L oad  

(g/m*A^ear)

22.9 6.6 0.048 0.0043 0.0112 NA 0.0269

Wu 
etal., 1998 

US

To study nmoflF from a l,497m^ section o f  100% 
asphalt surface, rural motorway (25,000 ADT) in 
Charlotte, US for one year (Aug ’95 -  Jul’96) 10 Storm 
Events. Drainage: pipe flow into a vegetated area. 
Samples collected in vegetated area.

Mean 283 NA 0.43 24.2 21.0 <0.5 NA
Range 32-77 1 NA 0 .0 4 -

1.54
< 0 .5 -

52.0
< 0 .5 -
56.0

<0.5 NA

A nnual 
PoUutant Load 

(S/m*/year)

268 NA 0.35 0.022 0.020 NA NA

Wu 
etal., 1998 

US

To study runoff from a 2,307m^ section o f 61% asphalt 
surface, rural motorway, (21,500 ADT) in Charlotte, 
US for one year (Aug ’95 -  Jul’96) 10 Storm Events. 
Drainage: over-the-edge collected in pipe to vegetated 
area. Samples collected in vegetated area.

Mean 93 NA 0.52 11.5 13.9 <2.5 NA
Range 9 - 2 2 1 NA 0 .0 7 -

1.27
< 0 .5 -

21.0
< 0 .5 -
35.0

<0.5 NA

A nnual 
PoUutant L oad  
(g/m’/yeir)

52.8 NA 0.48 0.007 0.007 NA NA



Scope of Work TSS mg/l TOCmg/l TF mg/l TCu jig/l TFb fig/l TCd ng/l TZn fig/l
Wu 

etal., 1998 
US

To study runoff from a 4,452m^ section o f  45% asphalt 
surface, rural motorway (5,500 ADT) in Charlotte, US 
for one year (Aug’95-Jul’96) 10 Storm Events. 
Drainage: Lateral sheet flow over-the-edge collected in 
a pipe. Samples collected in pipe.

Mean 30 NA 0.47 4.6 6.5 <0.5 NA
Range 4 -1 1 3 NA 0 .1 2 -

1.31
< 5 .0 -

10.0
< 0 .5 -

13.0
<0.5 NA

A anual 
Po llu tan t L oad  

(e/m */year)

61.2 NA 0.91 0.01 0.013 NA NA

Legret & 
Fagotto, 

1999 
France

To study runoff from a 3,200m^ section o f 100% 
asphalt siuiace, rural motorway (24,000 ADT) in 
Nantes, France over one year in (Mar’95 -  Feb’96). 50 
Storm Events. Drainage: Lateral sheet flow o f bridge 
deck. Samples collected at edge.

Mean 71 NA NA 45 58 1 356
Range 1 6 -2 6 7 NA NA 1 1 -1 4 6 1 4 -1 8 8 0 .2 -4 .2 1 0 4 -

1,544
A nnaal 

P o llu tan t L oad  
(X/m’^ e a r )

4.40 NA NA 0.0024 0.0037 0.0009 0.021

Shinya 
et ah, 
2000 

Japan

To study runoff from a l,082m^ section o f 100% 
asphalt surface, rural motorway (75,000 ADT) in 
Osaka, Japan over 4 months (Aug’97 -  Nov’97) 4 
Storm Events. Drainage: Lateral sheet flow. Samples 
collected at edge.

Mean 62.5 41 NA 66 3.35 1.8 647.8
Range 4 1 -8 7 1 1 -5 5 NA 3 9 -1 0 0 1 7 -3 9 1 -3 4 2 7 -

1,191
M ean 

P o llu tan t L oad  
(g/mVeveDt)

0.533 0.265 NA 0.0005 0.0003 0.000008 0.0055

Shinya 
et al., 
2003 

Japan

To study runoff from a l,082m^ section o f 100% 
asphalt surface, rural motorway (62,000 ADT) in 
Osaka, Japan over 4 months (May’99 -  Sep’OO) 8 
Storm Events. Drainage: Lateral sheet flow. Samples 
collected at edge.

Mean 54.3 48.3 0.16 68.3 30.5 NA 718.4
Range 2 0 .5 -

87.2
17 .6-
98.0

0 .065-
0.299

2 4 -9 6 3 - 4 8 NA 1 2 7 -
1,404

M ean 
P o llu tan t L oad  

(g/mVevent)

0.413 0.361 0.0013 0.0006 0.0003 NA 0.0058

Roe 
et a l; 2003 

UK

To study runoff from a 10,390m^ section o f  100% 
asphalt surface, urban motorway (70,000ADT) on M4, 
London, UK over one year (Feb’98 -  Dec’98) 10 
Storm Events. Drainage: Lateral sheet flow into 
drainage ditch. Samples collected in drainage ditch.

Mean 88.6 NA NA 24.40 NA NA 100.7
Range 15.15-

246.50
NA NA 1 3 -6 7 NA NA 32 -  246

M ean 
Po llu tan t L oad  

(K/mVeveat)

0.130 NA NA 0.00003 NA NA 0.00016

Roe 
et al., 2003 

UK

To study runoff from a 20,232m^ section o f  100% 
asphalt surface, rural motorway (24,OOOADT) on 
A417, Cirencester, UK over one year (Aug’98 -  
Jul’99) 10 Storm Events. Drainage: Concrete V 
channel discharges to carrier pipe via online gullies at 
50m intervals. Samples collected in pipe.

Mean 317.97 NA NA 54.61 61.39 0.99 221.50
Range 6 2 -

1,350
NA NA 1 3 -2 4 2 N D -

178
N D -
5.40

5 1 -6 8 8

M ean 
Po llu tan t L oad  

(B/mVevcRt)

0.657 NA NA 0.00008 0.00006 0.000001 0.0004



Scope of Work TSS mg/l TOC mg/l TP mg/l TCu |ig/l TPb ng/l TCd ng/i TZn fig/1

Roe 
et al., 2003 

UK

To study runoff from a 4, 384m^ section o f  100% 
asphalt surface, urban motorway (70,000ADT) on M4, 
Lxindon, UK over one year (Feb’99 -  Feb’OO) 10 Storm 
Events. Drainage: Concrete channel to carrier pipe via 
retrofitted Offline gullies at 60m intervals. Samples 
collected in pipe.

Mean 101.03 NA NA 67.9 50.45 0.66 219.7
Range 18-231 NA NA 20 .2 -

108
3 .5 - 9 9 N D -

1.11
4 1 -3 9 7

M ean 
P oU utio t L oad  

(B/mVeveat)

0.166 NA NA 0.00009 0.00006 0.000001 0.0003

Roe 
et al., 2003 

UK

To study runoff from a 58,680m^ section o f  100% 
asphalt surface, rural motorway (80, OOOADT) on M40 
Oxford, UK over one year (Nov’99 -  Oct’OO) 10 Storm 
Events. Drainage: Lateral sheet flow into filter drains 
and collected in carrier pipes. Samples collected in 
carrier pipe.

Mean 82.7 NA NA 32.4 16.7 0.3 98
Range 38 .5 -

137
NA NA 1 1 -7 5 .9 2 -  48.4 0.1 -  

0.64
3 6 .7 -

267
M ean 

P o llu tan t L oad  
(K/mVeveot)

0.183 NA NA 0.00005 0.00003 0.000001 0.0002

Roe 
et al., 2003 

UK

To study runoff from a 2,760m^ section o f 100% 
concrete surface, rural motorway (65,OOOADT) on A34 
Oxford, UK over 19 months (Sept’OO -  Mar’02) 10 
Storm Events. Drainage: Concrete channel to carrier 
pipe via retrofitted Offline gullies at 60m intervals. 
Samples collected in pipe.

Mean 45.79 NA NA 42.65 15.36 0.43 149.31
Range 29 -  87.4 NA NA 2 0 .9 -

93.8
4 .8 -3 8 0 .1 4 -

0.79
2 1 .1 0 -

379
M ean 

P o llu tan t L oad  
(S/mVcveat)

0.015 NA NA 0.00001 0.000005 lE-07 0.00004

Roe 
et al., 2003 

UK

To study runoff from a 2,760m^ section o f 100% 
concrete surface, rural motorway (65,OOOADT) on A34 
Oxford, UK over 19 months (Sept’OO -  Mar’02) 10 
Storm Events. Drainage: Lateral sheet flow into filter 
drains and collected in carrier pipes. Samples collected 
in carrier pipe.

Mean 45.17 NA NA 27.58 9.23 0.26 59.69
Range 9 .7 -

86.3
NA NA N D -

81.9
N D -
34.9

N D -
0.91

N D -
205

M ean 
Po llu tan t Load 

(C/mVeveat)

0.013 NA NA 0.000008 0.000002 7E-08 0.00002

Roe 
et al., 2003 

UK

To study runoff from a 19,425 m  ̂ section o f  100% 
porous asphalt surface, rural motorway (35, 000 ADT) 
on A34 Newbury, UK over one year (May’Ol - 
June’02) 10 Storm Events. Drainage: Runoff passes 
through porous tarmac discharges into channels which 
lead into carrier pipe. Samples collected in pipe

Mean 51.41 NA NA 24 4.4 0.21 52.6
Range 1 6 -1 2 0 NA NA 1 0 -5 0 0 .2 -

7.44
0.1 - 0 .4 2 1 - 7 2

M ean 
PoU utant L oad  

(K/mVevent)

0.285 NA NA 0.0002 0.00003 0.00001 0.0004

Tables 2.3 (a, b, and c): Previous EMC values for highway runofffrom a number o f  research projects



2.4 Pathway - Mechanisms of movement

2.4.1 Introduction

An understanding of the mechanisms of movement i.e. the pathway of the contaminant from 

the source to the receptor is essential (TRL, 2002). Once the contaminant is released from the 

source, the two principal mechanisms for transport to the roadside environment are either by 

highway runoff or short aerial dispersion followed by deposition (TRl. 2002) as summarised 

in Figs. 2.4 and 2.5.

Figure 2.4: Source and Pathways o f highway runoff (TRL, 2002)

The actual mechanism in which a contaminant is transported is dependent on a number of 

factors such as the physical and chemical state of the contaminant, the climatic conditions and 

to some extent the type of pavement structure (TRJ. 2002). The main transportation process 

for liquid contaminants such as oil from the highway surface is either by highway runoff or 

evaporation (Barrett et a l, 1995; TRL 2002). During a storm event they may also be subject 

to aerial deposition as a result of vehicle splash. Colwill et al. (1984) observed this but
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concluded that the deposition of vehicle splash on adjacent lands rapidly falls off with distance 

from the highway surface, hi contrast, the particulate material is prone to wind blow and 

vehicle turbulence during the dry period (Kobriger and Geinepolos., 1984; Barrett et a l,  1995; 

TRL 2002).
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Figure 2.5: Mechanisms o f  transport o f  the highway runoffpollutants (Halcrow, 2002)

Consequently the importance and extent of each mechanism is governed by the climatic 

conditions in a given period, rainfall during a storm event will promote transport by runoff, 

and wind either natural or vehicular related will encourage more transport by aerial dispersion 

during the dry periods. Transfer rates are included in Fig 2.6.
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2.4.2 Runoff

Highway runoff has been identified as one of the predominant transport mechanism for the 

majority of pollutants from the highway surface (Gupta et al., 1981c; Barrett et al., 1995; 

TRL, 2002). Fig. 2.5 produced by Halcrow (2002) indicates the two main mechanisms for 

pollutant transport, runoff and aerial dispersion and displays the transfer rates for each. Many 

of the past studies on the environmental impact of highways have focused on determining the 

concentrations of pollutants in the highway runoff. Consequently pollutant concentrations in 

the runoff have been used as the sole indicators of the pollutant load emitted from highways 

and vehicles with aerial dispersion largely ignored.

Gupta et al. (1981c) reported that the rate of particulate matter removed by rainfall from the 

highway depended on the rainfall intensity, surface characteristics and particle size as well as 

the amount of material available for wash-off. During a very short intense storm event the 

rainfall and resulting runoff brings about the removal of considerable quantities of pollutants, 

which may have accumulated on the highway surface during the antecedent dry period. In 

contrast a less intense and prolonged rainfall is characterised with a much lower pollutant load 

due to the greater dilution of pollutants in the runoff (TIIL 2002).

Asplund et al. (1980) reported that single storm events with rainfall totalling 25.4 mm and 

having a peak intensity of greater than 13 mm per hour were required to remove 90% of the 

solid material. Harrison and Wilson (1985) reported that low rainfall intensity <1 mm/hr were 

needed to remove the soluble fraction, but that the particulate fraction remained on the surface 

until the rainfall intensity >1 mm/hr was sufficient to both mobilise and transport them from 

the highway surface. TRL (2002) concluded that as well as the rainfall intensity the rainwater 

itself may add adsorbed and dissolved pollutants to the loads carried by highway runoff, 

particularly scavenged particulate matter. Rainfall after a long dry period may have 

accumulated a number of air pollutants from a variety o f sources such as industrial, which can 

then be deposited on the surface and contribute to the overall pollutant load. An example of j 

this can be seen in many industrial areas were the rainfall scours the pollutants such as sulphur i  

from the air and deposits them in the rainfall as an acidic liquid. i



2.4.3 Aerial dispersion

Once the contaminant is released from the source a fraction will be dispersed into the 

atmosphere either by natural wind or vehicle created turbulence, an episodic process known as 

saltation (a process of particle transport). Asplund et al. (1980) reported that the removal of 

pollutants through the natural wind action/vehicular generated turbulence and the mechanical 

scrubbing action of the tyres are the most likely major pollutant removal mechanisms in low 

precipitation areas. TRL (2002) concluded that once the particulate was air borne it was 

subject to one o f three deposition processes: gravitational settling, dry deposition and 

scavenging by precipitation. Gravitational settling is the main form o f removal of particles 

greater than 25|xm in diameter from the air whereas dry deposition is dependent on the 

concentration gradient between the surface and the atmosphere. Scavenging by precipitation 

mostly affects the very fine particles as they are carried up into the clouds by convection 

motion and then either attach to water droplets or dissolve in the cloud water and then drop 

back down in rainfall.

Gupta et al. (1981c); Kobriger et al. (1984a); Colwill et al. (1984) and Barrett et al. (1995) 

concluded that saltation played a major part in the removal of particulates of the highway 

surface. Kobriger et al. (1984b) found the quantity of saltating particles to be influenced by a 

number of factors including, average daily traffic, wind speed and direction, time of year, 

available pollutant load and highway drainage system. In particular they found the average 

daily traffic to have the greatest influence on the amount of solids removed from the highway 

surface in saltation. They reported 11.0kg per km/day for a 90,000-vehicle road compared to 

1.2 kg per km/day and 0.7kg/km/day for 32,000 and 27,000 vehicle roads respectively. Laxen 

and Harrison (1977); Little and Wiffen (1978) and Kobriger and Geinepolos (1984a) 

emphasized the impact that the drainage system has in the saltation process. They concluded 

that highways with kerbs tend to generate higher pollutant loadings in the runoff because the 

kerbs can retain more air-blown material than non-kerbed sections of the highway. Asplund et 

al. (1980) strengthened the theory by suggesting that the most influential single factor in 

evaluating the amount of contaminants removed through aerial dispersion is probably the 

kerbing (or non-kerbing) of highways.
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Vehicle spray during wet conditions is another major contribution o f aerial dispersed highway 

and vehicle contaminants. The amount o f spray thrown up depends on the vehicle, its tyres, 

the vehicle speed and the nature o f the highway surface (TRL 2002). As the vehicles speed up 

they will generate more wind turbulence and subsequently create greater splashing. Mudge 

and Ellis (2001) concluded that spray and turbulence from the passing traffic removed as 

much contamination from the highway surface as is flushed by runoff during storm events. 

However they also noted that the spray and associated pollutants were confined to within 10- 

15m o f the road edge and rapidly become fixed by the grass verge. As a result o f the difficulty 

in measuring road spray there have been limited research findings on the pollutant loadings 

that are dispersed in this manner.

Pollutant Transfer rates (g/km road/yr)*

Highway Runoff Aerial dispersal

Total PAHs 1 7 <■ 1

Cd ■: 3 6 1 - 35
Cl < 1 30 <- 1 - 156

Cli < 1 - 1,125 < 26 ■ 539

Pb 14 - 1,115 < 10 - 541

Zn 111 - 8,091 < 98 - 2,44 7

Cl ‘ (kp/km/yi) < 1 - 9,261 1 - 2 ,523

Figure 2.6: Transfer rates fo r  14 highway sites throughout Europe (TRL, 2002)

2.4.4 Factors affecting the pathway

The most important factors for the transport o f the contaminants have been identified as the 

type o f highway surface, the drainage system, climatic characteristics and the soil type (Barrett 

e t a i ,  1995; TRL, 2002).
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highway (Wiland and Malina 1976; Gupta et a i ,  1981a; Irish et a l ,  1995). Willand and 

Malina (1976) investigated two highway surface types, asphalt and concrete pavement. 

Results showed that concentrations of TOC, COD, lead and zinc were higher for the asphalt 

than the concrete but that the opposite was true for loadings o f TSS and oils. They concluded 

that the higher loadings o f oil and TSS from the concrete surface were a result o f higher traffic 

flow, higher erosion o f the concrete surface and the presence o f a barrier preventing sediment 

removal by saltation. Gupta et al. (1981c) contradicted this by finding oil and grease loadings 

to be higher from asphalt highway surfaces. Other research (Driscoll et a l ,  1990c; Kobriger 

and Geinepolos, 1984b) concluded that the highway surface type was insignificant compared 

to other factors. Stotz (1987) investigated different highway surfaces in Germany and 

concluded there was negligible difference between the pollutant loadings from asphalt and 

concrete surfaces. Researchers including Nicholls (1997) have found that pervious surfacing 

such as porous asphalt greatly reduced the spray thrown up by passing vehicles. According to 

Nicholls (1997), as little as a 20mm layer o f porous asphalt reduces the spray by as much as 

95% compared to the non-porous asphalt. The TRL (2002) study reported that there was a 

significant difference between loading rates from porous surfaces and asphalt surfaces. The 

report concluded that because o f the large area o f porous asphalt compared with impervious 

asphalt the rate o f evaporation was increased and consequently both vehicle spray and runoff 

are much reduced compared to impervious asphalt.

M echanism HIGHWAY Surface Type

Porous asphalt Impervious asphalt
Evaporation of 

rainwater
81% 15%

Runoff o f non-evaporated 
rainwater

13% 24%

Vehicle spray o f non-evaporated 
rainwater

6% 61%

Total 100% 100%

Table 2.4: Estimation o f  different mechanisms contributing to the transfer ofpollutants

(TRL, 2002)

Climatic characteristics such as the rainfall intensity and volume, the dry periods, and the wind 

speed and direction will all affect the mechanisms o f movement (Irish et a l,  1995).
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Researchers have clearly identified the rainfall intensity has o f significance in the removal o f 

contaminants from the highway surface. In wet areas, runoff, dispersion and infiltration will 

be the dominant mechanisms whereas in dry areas, dry deposition will be o f more importance 

(TRL, 2002).

Soil type is a key factor in the mechanisms o f movement for highway runoff particularly 

where groundwater is the receptor (Donaldson, 2004). Donaldson (2004) reported that 

processes in the soil, such as precipitation and adsorption would minimize the effects o f the 

runoff on the groundwater. Research by Mikkelsen et al., (1997); Pitt et al. (2001) concluded 

that some constituents in the runoff such as hydrocarbons and particulate metals are more 

immobilized than others, and that this attenuation process in the soil is an important factor in 

reducing contaminants that enter a water system. A study by the Halcrow group for the UK 

Highway Agency (2002) identified a number o f factors, which could alter the transport o f 

runoff through the soil. They characterized these factors as either a low, medium, significant 

or high risk to the groundwater as the receptor.

PRO PERTY Low M edium Significant High
RISK RISK RISK RISK

Depth o f > 40m < 40 > 15m < 15 > 5m < 5m
Unsaturated

Flow
Flow Dominantly - - Dominantly
Type Intergranular Fissure

Grain < 0.25mm >0.25 > 0 .5 0 <  1.0mm >1.0mm (very
Size (fine sand < 0.50mm coarse sand coarse sand and

and below) (medium sand) above)

Lithological > 15% clay < 1 5 % - >  5% < 5 % - >  1% < 1% clay
Factors Minerals clay minerals clay minerals minerals

Table 2.5: Risk o f  groundwater contamination in different conditions adapted form  the risk 

assessment strategy by the UK Highway Agency (2002), fo r  Irish conditions
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2.5 Receptor - Receiving environment

2.5.1 Introduction

The three main receptors o f highway contamination are surface waters, ground waters, and the 

air in the immediate facility of the highway structure (TRL, 2002). The type and size o f this 

receiving body, the potential for dispersion, the size o f the catchment area, and the biological 

diversity o f the receiving environment are just some o f the factors that determine the extent 

and importance o f  highway runoff effects (Barrett et a l, 1995).

2.5.2 Surface waters

Stormwater runoff and associated pollutants from impervious surfaces such as highways has 

been recognized as a source of contamination to receiving surface and ground water bodies 

since the early 1970’s (U.S. EPA.1983). The dilution capacity o f the receiving water, the 

existing quality o f the water and the catchment characteristics o f the water course (slope, 

geology etc) will all determine its response to the drainage from the highway (CIRIA, 1994). 

Numerous studies have investigated the impact o f  highway runoff on receiving watercourses 

in terms o f hydrological and biological impacts.

Hydrological effects o f highways are regarded as highly site specific (Barrett et a l,  1995). 

The extent of the hydrological impact is governed by the runoff volume and peak discharges 

as a result o f rainfall falling on the highway catchment area. For these factors to be significant 

enough to cause flooding in the receiving stream the highway catchment area would have to 

be very large, this is not the case in the majority o f  highway structures (Barrettt et al., 1995). 

The main problem associated with peak discharges from highway surfaces is the subsequent 

erosion on the receiving streams and rivers, particularly those with relatively small discharges. 

These issues are usually addressed at the planning stage o f the highway project, where a 

number o f methods are used to predict any hydrological effects that may result from the 

construction o f  the highway. If a problem is identified, a number o f solutions such as the 

hydro-brake, which basically acts as an attenuation system for the flow, will be incorporated 

into the highway design.
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The impact on the biological diversity o f the receiving water body is also site specific but 

much more difficult to define (Barrett et a i ,  1995). Numerous studies have investigated the 

impact o f highway runoff on the aquatic environment. The main pollutants of concern have 

been identified as the dissolved metals, chloride, hydrocarbons and nutrients. Researchers 

generally agree that nutrients in the highway runoff are a concern because o f the long-term 

potential for eutrophication and the short-term problem of “shock-loading” (Barrett et a l,  

1995). The pH and hardness o f the receiving waters have been identified as being significant 

in determining the impact o f the highway runoff, particularly the heavy metal fraction (CIRIA, 

1994; Hall and Anderson, 1988). The lower the pH o f the receiving waters the greater the 

percentage o f the dissolved fraction o f metals exists; therefore an increase in the toxicity and 

mobility o f those metals. On the other hand the greater the hardness, which is a measure of 

calcium carbonate, the less toxic the metals will be as the calcium ions compete with the metal 

ions for complex sites, which allows fewer metal complexes to form resulting in a lower level 

o f toxicity (Minton, 2002).

Im pacts of highway runoff on Receiving W ater Courses 
(CIRIA , 1994)

A Blanketing o f streambeds with sediment, affecting habitats and food supply 
to bottom feeders.

B Accumulation o f contaminants in sediments deposited at point o f discharge 
with consequent problems for final disposal.

C A problem o f disposal o f dredging from the bed of the receiving waters, as 
such material is now defined as a controlled waste under the UK 
Environmental Protection Act 1990.

D Increased turbidity and suspended solids, affecting filter feeders and gill 
efficiency, and light penetration for photosynthesis.

E Depletion o f  dissolved oxygen due to enhanced chemical and biochemical 
oxygen demands.

F Algal growth and eutrophication due to increased levels o f nutrients.

G Direct toxic effects on stream biota due to soluble pollutants or ingestion of 
particulate pollutants.

H Taste, tainting or toxic effects resulting in closure o f downstream water 
supply intakes. Smell and loss o f visual amenity

Table 2.6: Impacts o f  highway runoff on receiving water courses (CIRIA, 1994)

A number o f criteria for assessing impacts on such receiving environments have been used in 

the past, such as the Drinking Water Regulations or permissible levels in salmonid rivers, but
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within the EU, the emphasis on the approach to criteria selection is changing. The latest Draft 

Dirtective on ‘Establishing a Framework for Community Action in the Field o f Water Policy’ 

(COM (1998) 76), has known as the ‘Water Framework Directive’ (WFD), sets out in 

establishing concentration levels in the aquatic environment mainly in so far as they affect the 

prevailing ecology (OJEC, 2001). Thus, in any proposed highway drainage site, it will be 

necessary to establish a base line ecology from which acceptable levels o f drainage discharge 

and quality will be determined. Additionally, the approach will be catchment based, so that 

any potential drainage site will have to be set in the context o f the local catchment ecology and 

hydrology.

2.5.3 Groundwater

The pollution o f groundwater is less immediately evident than the pollution o f a surface water 

course (CIRIA, 1994). Nevertheless, researchers agree that runoff from highway surfaces can 

have a significant impact on the hydrogeological environment; including changes in water 

quality in both the vadose and saturated zones (Barrett et a l,  1995). Pitt et al. (2001) reported 

that the three ways that highway runoff is introduced to the groundwater is by sedimentation 

or filtration prior to infiltration into soils, surface infiltration into the soil, and subsurface 

injection into groundwater. Pollution o f groundwater may represent a serious problem for a 

number o f reasons, which have been reported in “Control o f pollution from highway drainage 

discharges” (ClRlA, 1994). They include:

• The persistence o f the pollutant in the groundwater due to the slow rate o f percolation 

through the aquifer.

• The fact that the pollution o f groundwater is out o f visible detection and therefore may 

go unnoticed.

• The lack o f natural processes in groundwater that in surface waters break down 

contaminants, such as the dilution and dispersion mechanism.

• The access and treatment o f contaminated groundwater is difficult and expensive.

The greatest risk to groundwater has been identified to be areas where highway runoff control 

structures have been deployed (Barrett et al., 1995; and McKenzie and Irwin, 1988) and also
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areas of karstification, which are widespread in Ireland (Stephenson et al., 1999). Pitt et al. 

(2001) reported that in particular, stormwater infiltration systems should be used with extreme 

caution in areas where important groundwater is susceptible to contamination. The greatest 

risk to groundwater has been identified as the heavy metals and the hydrocarbons.

In a European study (TRL, 2002), which involved 7 countries, concentrations o f heavy metals 

were found to be low in the groundwater in the vicinity o f major highways. The same report 

concluded that the metals were strongly adsorbed to the soil surfaces, and were difficult to 

leach down the soil profile into groundwater. However, elevated concentrations had been 

detected when large amounts of de-icing salts were applied, which indicates that chloride 

facilitates the movement of adsorbed metals.

The European study also reported that concentrations o f total hydrocarbons in groundwater 

varied greatly from site to site, with Dutch intervention levels being exceeded at five sites. 

However, they concluded that two of the sites, which had excessively high concentrations 

(over 30,000jig/l) o f hydrocarbons in the groundwater, were probably the result of a non

highway source (TRL, 2002). In a UK study MTBE levels ranging from 0. l|ig/l to 0.2|ig/l 

have been found in groundwaters underlying motorways in South East England (Mudge and 

Ellis, 2001).

The Water Framework Directive (2000/60/EEC) aims to protect, enhance and restore all 

bodies o f groundwater, as well as maintaining and/or attainment o f  ‘good chemical status’. 

However, the exact requirements o f the WFD are not yet fully determined and, in particular, 

the European Parliament and the Council have yet to adopt specific measures to prevent and 

control groundwater pollution (EPA, 2002). These will include the criteria for assessing good 

groundwater chemical status, and criteria for the identification o f significant and sustained 

upward trends in concentration o f contaminants and for the definition o f starting points for 

trend reversals to begin (EPA, 2002).

The pathway to groundwater, which might be taken by road runoff and its contaminant load, 

has a number o f regulatory constraints. In the first instance, typical contaminants, which 

occur in roadway runoff, contain many substances, which come under the Dangerous 

Substances legislation (EU Directive 76/464), which itself will be replaced by Annex 10 o f the

44



WFD, which lists ‘priority substances’. Under the former legislation, persistent hydrocarbons 

o f petroleum and heavy metals such as cadmium are ‘List I’ substances and lead is ‘List IP 

(somewhat less toxic) but all such compounds under the WFD are prohibited from discharge 

to receiving water bodies including groundwater. The latter pathway to groundwater should 

be covered specifically by the new daughter Groundwater Directive, a draft o f which has been 

adopted by the European parliament (2006). Nevertheless, for ‘non-dangerous’ substances, 

groundwater, as receiving water, does not have an explicit role as a diluting/treatment medium 

in the same way as surface water is regarded, for example, under the Urban Wastewater 

Treatment Directive (91/271/EEC). Concentration thresholds for surface water discharges can 

allow for prescribed levels o f dilution whereas, thresholds to be developed for groundwater 

discharge (under the new Groundwater Directive) allow for no such dilution. Concentrations, 

yet to be established for natural groundwater o f ‘good status’, are intended to relate to generic 

down gradient requirements o f ecological receptors.

2.5.4 Surrounding atmosphere

Traffic related emissions are today’s leading cause o f air pollution due to the international 

success in reducing emissions o f pollutants from, e.g. domestic heating and industry in the 

past decades (Hochadel et a l ,  2006; World Health Organization, 2006). As a direct result the 

focus o f much o f the recent research has shifted to health impacts associated with pollutants 

caused by emissions from motorized vehicles. The pollution of the surrounding atmosphere 

by emissions from the vehicles was not investigated in this research project.

2.6 Management of highway runoff

2.6.1 Introduction

As a direct result o f the construction and expansion of highways there is an overall increase in 

total area of impermeable surfaces, which may in turn cause an extensive modification to the 

existing hydrological cycle with increased flow rates to adjacent surface and ground waters 

(Mudge and Ellis, 2001). The runoff associated with these discharges is characterised by fast 

flowing events, which can lead to both a hydraulic and water quality impact on existing 

waters. The current highway drainage design strategy in Ireland, which is set out in the
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“Design Manual for Roads and Bridges” (DRMB-UK, 2000) aims to provide drainage for 

rapid removal o f the water from the highway surface. The methods used are either through 

direct and positive drainage e.g. kerb and gully to the nearby watercourse or by indirect 

drainage involving a filter drain, which may include integrated collection. However, it is now 

widely acknowledged through numerous studies including Gupta et al. (1981c); Barrett et al. 

(1995); and WRc (2002) that runoff from the highway surface, particularly heavily trafficked 

surfaces can contain a range o f pollutants, which if discharged to adjacent waters can have 

detrimental impacts on both the ground and surface water quality. With this in mind and 

under increasing pressure o f a number o f EU Directives, in particular the Water Framework 

Directive (WFD, 2000), there needs to be a new approach to the management o f runoff from 

highways throughout Ireland.

In the UK and in many other countries the traffic volume is considered the main indicator of 

any pollution risk that highway runoff may pose to the receiving environment. In Volume 11, 

section 3 o f the DMRB-UK (2000) it is stated that discharges from highways with an Average 

Annual Daily Traffic (AADT) o f less than 15,000 will have no noticeable effect on the 

receiving water courses. Highways with between 15,000 and 30,000 AADT will have only a 

minor impact and highways exceeding 30,000 AADT will have an impact on the receiving 

environment and so will require additional treatment to reduce or eliminate any potential 

impact. Recent researchers including Drapper et al. (2000) have questioned the use of 30,000 

AADT as a cut off point for the addition o f treatment measures. Drapper et al. (2000); Irish et 

al. (1995); and Wu et al. (1998) have emphasised that other factors such as rainfall intensity 

and the antecedent dry period are important in determining the potential for the loading o f 

pollutants and the subsequent pollution o f the receiving environment. They conclude that 

these factors as well as traffic volumes should be utilised as indicators for a potential pollution 

risk that a highway may have on the receiving environment.

2.6.2 Current management practice in Ireland

The current drainage practice design in Ireland is set out in Volume 4 Section 2 o f the “Design 

Manual for Roads and Bridges” (DMRB-UK, 2000). There are two main objectives in the 

drainage o f highways, they include the speedy removal o f surface water to provide safety and 

minimum nuisance for the motorist and, the provision o f effective sub-surface drainage to
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m aximise longetivity o f  the pavem ent and its associated earthworks (DRM B-UK, 2002). The 

drainage practices are classified as either surface or subsurface based according to whether 

they are used to drain the surface or subsurface o f  the highway. In some cases a combination 

o f  both is used. The type o f  drainage system deployed will be depend on the area in which the 

highway is constructed such as a cutting where groundwater may be a problem, an 

embankm ent where the structure maybe a factor or an urban area where safety may be an 

issue. The three main types o f  drainage used on highways in Ireland include, filter drains, 

kerb and gully, and over-the-edge drainage.

2.6.2.1 Filter drain system (French drain)

A filter drain consists o f  either a porous, perforated or butt-jointed concrete pipe at the bottom 

o f  an excavated trench, which is then backfilled with gravel (Cl 505) and is laid at the edge o f 

the highway surface (DM RB-UK, 2000). The filter drain system provides both surface and 

the subsurface drainage o f  the highway. It also provides a certain degree o f  storage and 

attenuation o f  the runoff during storms so helps to reduce peak flows to the receiving water 

body. Since the late 1990s a woven or non-woven geotextile membrane has been used to line 

the filter drain so as to add structural support and prevent the ingress o f  sediment into the 

gravel within the drain. Filter drains have a num ber o f  advantages over other systems 

including early installation and usage for collection o f  runoff during the construction stage, 

removal o f  both the surface and ground waters, which may interfere with the structure o f  the 

highway pavement and the simple cost efficient m ethod o f  installation (DM RB-UK, 1997).

Despite the extensive use that has been made o f  filter drains, usage o f  up to 50% on highways 

in the UK (Santhalingam, 1999) and up to 75% on highways in Ireland (NRA, 2006), there has 

been only limited examination o f  their performance both in term s o f  hydraulic and pollutant 

removal efficiency. Colwill et al. (1985) were the pioneers into the research o f  filter drains on 

highways in the UK. Their study site was located on a stretch o f  the M l linking Birmingham 

and London, which had an annual average traffic flow o f  up to 40,000 vehicles per day. The 

study compared two different types o f  drainage system, a kerbed system and a filter drain. 

The results indicated that the runoff volume were reduced by up to 71% through the filter 

drain compared to the closed kerb system and that the peak flows were also reduced by up to 

five times. They concluded that a large volume o f  runoff did not make it to the outlet pipe o f
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the filter drain and was substantially lost throughout the system. In the hydrochem ical 

analysis the mean annual removal efficiencies o f  the filter drain were reported as 85% for total 

suspended solids, 83% for total lead, 81% for total zinc, and 89% for total cadmium 

respectively. A desk study by M udge and Ellis (2001) reviewed a number o f  drainage system s 

including filter drains. They reported rem oval efficiencies for the filter drain o f  between 60- 

90%  for total suspended solids 70-90%  for hydrocarbons, 70-90%  for total metals, and 10- 

20%  for dissolved m etals respectively. The report concluded that although the filter drain had 

good removal efficiencies its application as a highway drainage system had a num ber o f  

disadvantages including clogging o f  the filter material, m aintenance requirem ents, softening o f 

the pavement foundation, and a risk o f  groundwater contam ination. The m ost up to date study 

on filter drains was conducted by WRc (2002) as part o f  the jo in t Highway Agency project in 

the UK. This study reported removal efficiency o f  11- 50%  for total m etals and 60-70%  for 

Poly Aromatic Hydrocarbons for a filter drain located on the M40 motorway between Oxford 

and London.

2.6.2.2 Kerb and gully system

A kerb and gully system drains runoff from the surface o f  the highway and is comm only 

deployed where embankm ent and intersection conditions are within the highway structure 

(DM RB-UK, 2000). The main function o f  the kerb is to act as a barrier to retain the surface 

runoff from the highway and then discharge it to a suitable outfall generally via longitudinal 

carrier pipes set within the verge. The gully pots, usually included at 20 metre intervals 

(DM RB-UK, 2000) serve as a trap for the sediment that may otherwise cause a partial or total 

blockage o f  the carrier pipe or deposition o f  sediment in the receiving water body. Sections o f 

highway, which have a kerb and gully system, have been used in past research to give an 

indication o f  direct runoff from the highway surface. In the m ajority o f  these studies the gully 

pots within the system were retrofitted so that they were by-passed by the runoff. This 

alteration was carried out to avoid any removal o f  pollutants by the pot and so to give a clear 

indication o f  direct runoff. Studies on gully pots have shown that they can remove sediments 

o f  particle size greater than 300|am (DM RB-UK, 2004). M emon and Butler (2002) reported 

removal efficiencies o f  up to 38% for total suspended solids, 19% for COD and 9.2%  for 

amm onium  ion species respectively. M udge and Ellis (2001) reported that the main 

disadvantage o f  a gully pot system is that the standing water left in the devices between storms
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provides a breeding ground for bacteria and forms a cocktail o f  pollutants. These pollutants, if 

not removed, are then re-suspended and passed through to  the outfall during the next storm 

event. If such a problem  was to be avoided the pots would have to be inspected after each 

storm event and such a protocol would be expensive and consequently outside many highway 

budgets, particularly in Ireland. Memon and Butler (2002) reports that a more cost-effective 

option compared to frequent cleaning would be to increase the pot size, which allows a greater 

volume o f  pollutants to be retained.

2.6.2.3 Over-the-edge drainage system

An over-the-edge drainage system is applicable in em bankm ent conditions where runoff 

drains into the grass verge and down the side slopes into ditches (i.e. toe-drain) at the base o f 

the embankment. The main reason for their use would be the ease o f  construction and the low 

cost involved. Very little research has been carried out on the water quality benefits o f  such a 

drainage system, although as it involves the dissipation o f  runoff over a vegetated area it may 

be com parable to swales and filter strip systems. The main disadvantage o f  this system would 

be soil erosion, slippage o f  the top soil, and the softening o f  the side slopes, which may in turn 

lead to instability o f  the em bankm ent (Santhalingam, 1999). Another disadvantage would be 

the formation o f a grass kerb, which may prom ote flooding o f  the highway surface. 

Santhalingam (1999) concluded that the system should only be recom mended in situations 

where the em bankm ents are o f  low heights, shallow slopes and constructed o f  good quality 

granular material.

2.6.3 Legislation protecting water quality 

2.6.3.1 Legislative fram ework

Environmental issues such as w ater quality are included in a num ber o f  EU Directives and 

associated national legislation (Regulations/Statutory Instruments) and are focused on the 

direct or indirect control o f  releases to the natural environm ent including surface and ground 

waters. In Ireland the Departm ent o f  the Environm ent, Heritage and Local Governm ent 

(DEHLG) is responsible for policy and legislation in relation to water quality issues and for 

the implementation o f  EU Directives, together with local authorities. However, the prim ary
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statutory responsibility for the m anagement and protection o f  water in Ireland resides with the 

local councils and authorities (DEHLG, 2003).

The environm ental aspect o f  the construction and operation o f  highways in Ireland with 

respect to water quality is included in Section 3, Volume 11 o f  the “Design Manual for Roads 

and Bridges” (DM RB-UK, 2000). This section entitled ‘W ater Quality and D rainage’ 

introduces the role o f  applying an Environment Impact Assessment to any proposed road 

scheme. The procedure is com parable to that implemented in the UK; however it is quite 

unclear what role the Regulatory Authorities have in Ireland in enforcing the quality o f 

receiving waters, monitoring the quality o f  the highway runoff and ultimately providing 

controls on any potential pollutant.

The regulation o f  highway runoff quality only comm enced in Ireland with the introduction o f 

the EU Environmental Directive 85/337/EEC (OJEC, 1985), which was first published in 1985 

and the requirem ents o f  this directive were implemented into the laws o f  EU M ember States 

within a three-year time frame. This directive was adhered to for highway projects via 

Statutory Instrument (S.I.) No. 221/1988 (ISB, 1988), which is known as the European 

Com m unities (Environm ent Impact Assessment) Regulations, 1988. The legislation that 

governed this Environm ent Impact Assessment (EIA) process was introduced in the following 

years by European Impact Regulations, 1989 (S.l. N o.349/1989) and Local Government 

Planning and Development Regulations in Ireland, 1990 (S.l. No.25/1990). In 1993, the 

Roads Act (ISB, 1993) was brought into force. Sections 50 and 51 o f  the Roads Act dealt 

specifically with the EIS and EIA o f  roads, and the S.l. 221/1988 was revoked, in 1993, the 

Environmental Protection Agency was also formally established and in 1995 the Agency 

published two documents relating to the EIA, entitled ‘Draft Guidelines on the information to 

be contained in Environmental Impact Statem ents’ (EPA, 1995a) and ‘Advice notes on 

Current Practice in the preparation o f  the EIA ’ (EPA, 1995b). In 1997, the European Union 

Council published a second EIA Directive as an amendm ent to the original one in 1989 

(OJEC, 1997). This was then implemented into Irish Law by the European Communities EIA 

Regulations, 1999 (ISB, 1999a) and the Local Government Planning and Development 

Regulations, 1999 (ISB, 1999b). In 2002, the EPA published a revision and amendment o f  the 

1995 Draft Guidelines docum ent (EPA, 2002) and in 2003 the agency published a second 

edition o f  its Advice Notes Document (EPA, 2003), which is the most up to date guideline on
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the ElA o f  highways in Ireland. These regulations are exercised through the Environm ent 

Impact Assessm ent (EIA). The EIA requires that the impact o f  highway drainage and runoff 

quality on receiving waters be evaluated and the Environment Impact Statement (EIS) that is 

produced be referred for observation and comm ent to prescribed organisations such as 

Duchas, the Office o f  Public W orks (OPW ) and the appropriate Fisheries Board (NRA, 2004).

2.6.3.2 Environm ental Impact Assessment

The Environmental Impact Assessment (EIA) is a process for anticipating the effects on the 

environm ent caused by a particular developm ent (EPA, 2002). As a result o f  the EIA process 

an Environm ental Impact Statement (EIS) is produced, which identifies the effects, which are 

unacceptable and so can be avoided or reduced during the design stage. The EIA procedure 

will com m ence at the project design stage, where it will be decided whether an EIS is 

required. If an EIS is required the scope o f  the study will be determined and after which an 

EIS will be prepared, which will form part o f  the application for developm ent consent (EPA, 

2002). The local authorities in charge will then examine the EIS and make it available for 

public viewing and criticism. Once the EIS has been scrutinised by all parties the authorities 

will either refuse or grant permission or seek additional information for the developm ent to go 

ahead.

In Ireland under the existing regulations only certain prescribed road schem es require the 

m andatory preparation o f an EIS (NRA, 2004). N ew  road schemes, which involve only single 

carriageway roads do not require a m andatory EIS and therefore are not subjected to the same 

level o f  scrutiny at the plan and design stage (NRA, 2004). In any highway projects where 

there is a significant potential threat to the environm ent an EIS or Environmental Study may 

be required (e.g. Enfield R elief Road), which could lead, for exam ple, to silt traps and oil 

interceptors being recom mended.

2.6.3.4 EU Legislation

One o f  the most relevant EU Directives is the Discharge o f Dangerous Substances Directive 

(76/464/EEC) and its daughter directive the Groundwater Directive (80/68/EEC), which 

identifies toxic List I and II substances that are defined not exclusively in term s o f  their
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presence but more by their effects (M udge and Ellis, 2001). The Directive aims to elim inate 

pollution from List I substances and substantially reduce pollution from List II substances. 

The highway runoff pollutants under List 1 would include hydrocarbons from the com bustion 

and leakage o f  fuel, asbestos from brake linings and heavy metal cadmium and platinum , 

which originate in tyres, batteries and exhaust systems (M udge and Ellis, 2001). Herbicides 

and pesticides, which are used as part regular m aintenance activities on highways are also 

included as List I substances.

The Urban Waste W ater Treatment Directive (UW W T, 91/271/EEC) aims to protect the 

environm ent from the adverse effects o f  urban wastewater. The Directive specifies a 

minimum level o f  wastewater treatment, based on the urban population size and the receiving 

water type, to be achieved by 2005 (Butler and Davies, 2000). The pollutants identified for 

specific attention and reduction include Biological Oxygen Demand (BOD 5 ), Chemical 

Oxygen Demand (COD), Total Suspended Solids (TSS), Total Phosphorus (TP) and Total 

Nitrogen (TN) as indicated in Table 2.7. These pollutants are also found in highway runoff in 

a range o f  concentrations, which can be very much influenced by local site conditions, such as 

traffic densities and volume. Event mean concentrations for these contam inants have been 

recorded as high as 2,582 mg/1 for TSS, 22 mg/1 for BOD 5 , 365 mg/1 for COD, 20 mg/1 TN 

and 4.3 mg/I for TP from highways in England (M emon and Butler, 2002). All o f  these values 

are much higher than the permissible concentrations allowed to be discharged from the 

treatm ent o f  urban wastewater in accordance with the Urban W aste W ater Directive 

(91/271/EEC).

These UW W T directive values included in Table 2.7 are based on m inimum dilution in the 

receiving water as part o f  the ‘treatm ent’. The Directive considers the dilution capacity o f  the 

receiving water body. For guidelines in England the dilution capacity o f  both the ground and 

surface water is investigated whereas in Ireland only the surface water is considered to have a 

dilution capacity and not the ground water.

Another relevant directive is the Quality o f  Freshwaters Directive (78/659/EEC) in respect o f 

the protection o f  fish life, which includes water quality standards for TSS, copper, zinc, 

cadmium, lead, herbicides, hydrocarbons and PAHs; all o f  which are frequently found in the 

runoff from highway surfaces (M udge and Ellis, 2001).
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PARAM ETERS CONCENTRATIONS M inim um  Percentage 
of Reduction (%)

Biochemical oxygen 
Demand(BOD5 at 20°C) 

without nitrification

25 mg/1 O2 7 0 - 9 0

Chemical Oxygen 
Demand (COD)

125 mg/1 O2 75

Total Suspended 
Solids (TSS)

35 mg/1 90

Total Phosphorus 
(TP)

2 mg/1 
(10,000-100,000 p.e.) 

1 mg/1 
(>100,000)

80

Total Nitrogen 
(TN)

15 mg/1 
(10,000-100,000 p.e.) 

10 mg/1 
(>100,000)

7 0 - 8 0

Table 2.7: Concentration values fo r  consent o f  wastewater 

(UWWTDirective 91/271/EEC)

A  recent directive related to water in the environment, which is on ‘Establishing a Framework 

for Community Action in the Field of Water Policy’ (COM (1998) 76), commonly known as 

the Water Framework Directive (WFD) aims at establishing concentration levels in the aquatic 

enviroimient mainly in so far as they affect the prevailing ecology (OJEC, 2001). The WF 

Directive has been described as the most substantial piece of EC water legislation to date, 

which seeks to manage water quality, quantity and ecology at the catchment scale (EPA, 

2002). The WFD establishes a strategic framework for the comprehensive management of 

water resources in the European Conmiunity, within a common approach and with common 

objectives, principles and basic measures (EC, 2003). It applies to all water bodies, which 

include inland surface waters, estuarine, coastal waters and groundwater. The fundamental 

objective of the WFD is catchment based and aims at maintaining “high status” of waters 

where it may exist in the whole hydrological cycle, preventing any deterioration in the existing 

status of waters and achieving at least “good status” in relation to all waters in member states 

by 2015 (EC, 2003). The main objectives of the WFD set out by the European Council (2003) 

include:



• The protection and enhancement of all aquatic ecosystems including terrestrial 

ecosystems and wetlands that maybe directly dependent on the aquatic ecosystem;

• The promotion o f sustainable water use based on the long-term protection of available 

water resources;

• The provision of a sufficient supply of good quality surface and ground water as is 

needed for a sustainable, balanced and equitable water use;

• The provision for enhanced protection and improvement of the entire aquatic

envirormient by eliminating or reducing the discharges, emissions and losses of priority

substances;

• The role in mitigation of the effects of floods and droughts;

• The protection o f all territorial and marine waters;

• The establishment of a register of all ‘protected areas’ such as those designated for

protection of habitats or species.

The implications of the Water Framework Directive are significant for the management of 

highway runoff in member states. The directive sets the objectives of an integrated approach 

in achieving a ‘good ecological and chemical status’ for both surface and ground water from 

the proper control of diffuse pollution such as highway runoff. Therefore, the management of 

highway related pollutants should be placed in perspective with other primary activities such 

as the control of agricultural runoff to meet the criteria of a ‘good ecological status’. In any| 

proposed highway site, it will be necessary to first establish a baseline ecology from which 

acceptable levels of drainage discharge and quality can be determined. Additionally, the 

approach will be catchment based, so that a potential drainage will have to be set in the 

context of local catchment ecology and hydrology.

2.6.4 Assessment and mitigation of highway runoff

2.6.4.1 Assessment

The TRL (2002) report recommends that at the design stage of any highway project there 

should be the development of a decision making process that considers the important factors 

such as the source of pollution, mechanisms of movement, and other influencing factors. The
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report concludes that to be able to make the assessm ent it is first necessary to obtain relevant 

information that is specific for that site, a so called ‘Site A ssessm ent’, which is summ arised in 

Fig. 2.7 would include information on:

• The highway surface

• The local meteorological data (precipitation characteristics)

• Soil type. Vegetation type

• Groundwater information (protected area, groundwater table, quality)

• Traffic type, volume and density

control

yes*

'yes-

yesno

low pollution nsk 

due to run o ff or vehicle 

spray

road  furn itu re 
prcacnl

raffle vokimc 
> 15000v7d^
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potential 
pollution risk 

to soil
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( Z a  Pb, Cu, Crj 
hydrocarbons

Figure 2.7: Flow chart o f  a pollution risk assessment (TRL, 2002)
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As a result o f  the TRL, (2002) study, which investigated highway runoff in seven European 

countries a flow chart was produced which provides a basic decision support schem e to 

establish whether or not runoff and/or vehicle spray could pose as a pollution risk to the 

immediate roadside environment.

For such a decision m aking tool to be adapted into Irish conditions further work would be 

required to define criteria such as ‘vulnerable area’, ‘high soil absorption capacity’ and ‘high 

atm ospheric deposition’ (TRL, 2002). Work would also have to be carried out to clarify the 

traffic volume threshold, which currently stands at 15, 000 vehicles/day in the DM RB-UK 

(2000) and various other guideline reports. This would all have to be set in context with the 

WFD, which uses the source-pathway-receptor as its risk basis and any appropriate criteria 

would have to be similarly risk based. In the case o f  the impact on groundwater this basis 

would examine the thickness o f  the subsoil to the bedrock and perm eability o f  that subsoil. 

For surface water it would examine the dilution capacity and the receptor characteristics.

2.6.4.2 M itigation measures

Once it has been established that there is a ‘risk’ for contam ination to occur at a specific site, 

m itigation m easures should be considered (TRL, 2002). M itigation measures can be divided 

into two groups (i) Non-structural practices, which deal with source management such as j 

transportation and land use planning, and (ii) Structural Practices, which include the physical 

construction o f  a system such as a swale or detention pond at the specific location.

The first consideration in mitigation practice evaluation is whether non-structural practices 

(source controls) can be used effectively to prevent pollutants from entering highway runoff 

by eliminating the source o f  the pollution, or by preventing contact o f  pollutants with the 

rainfall and runoff (W ashington State Department o f  Transportation, W SDOT 1995). Non- 

structural practices are by far the most cost-effective means for reducing pollutant constituents 

in highway runoff; however they seldom replace structural controls as an option (Caltrans, 

2001). If they are properly deployed, they can reduce the pollutant removal requirements for a
i

structural practice as well as provide some aesthetic appeal that may not be included in the j  

selected structural practice. j



2.6.4.3 Non-structural practices

Non-Structural Practices are basically practical activities that can be carried out to reduce the 

source o f  the contaminants that are available to be carried in the highway runoff to nearby 

watercourses. They involve a good understanding of the highway and the pollutants that may 

be associated with it. A number o f non-structural practices exist including, transport 

management, control o f de-icing agents, and street and gully pot cleaning (Caltrans, 2001).

Transport management - Providing alternative modes o f transportation or encouraging car- 

pooling can reduce the traffic congestion and also lower the fuel consumption and total vehicle 

miles travelled. Burch et al. (1985a) reported the success o f several such transport programs 

at reducing the total load o f pollutants deposited on the highway surface. Kobriger and Gupta 

(1984a) suggested that traffic factors such as vehicular mix (percentage trucks/cars), 

congestion factors (stop and start conditions), number o f highway lanes and the vehicle speed 

all contributed to the pollutant load in highway runoff. Therefore these factors should be 

investigated and controlled to reduce the pollutant build-up on the highway surface. Barrett et 

al. (1995) reported that the goal o f land use and transport planning for mitigation of highway 

runoff is to protect the environmental balance o f an area in terms o f runoff volume, rate and 

water quality by restricting developments that generate high traffic volumes in sensitive areas.

The actual design o f the highway can also have implications for the reduction o f runoff 

pollution. The elimination of barriers such as kerbs prevents many types o f sediment and 

other particulates being trapped on the highway. With the exclusion o f these kerbs, wind and 

turbulence will remove much o f the fine material from the highway surface reducing the 

sediment load in the runoff (Burch et a l ,  1985a).

Seasonal maintenance activities - The benefits from the use o f de-icing salt on highway 

surfaces should be weighed against the associated environmental costs. Concerns have been 

raised about the high levels o f chloride in surface and ground waters adjacent to highways in 

the US. As a consequence most States now require salt applications to be used wisely so as 

not to create excessive waste. Amrhein et al. (1993) reported that calcium magnesium acetate, 

which is less toxic to aquatic live and is less mobile in road side soils than sodium chloride
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could be used as an alternative, although it is more expensive. Marsalek et al. (1999) reported 

that through careful use de-icers and the adoption o f non-structural practices to allow for 

chloride dilution the environmental impact can be significantly reduced.

The application o f fertilisers, herbicides and pesticides, particularly in areas with direct runoff 

to natural receiving waters should be managed to prevent unnecessary release (Kramme et al., 

1985c). Pesticides and herbicides, which are used to control weeds in highway medians can 

cause significant acute and chronic toxic responses in terrestrial and aquatic ecosystems, 

therefore their use in highway application should be carefully managed (Barrett et al 1995).

Vegetative management such as grass cutting should also be carefully managed. Such 

operations can leave cuttings and other debris along highway shoulders, which in time can 

form thatch layers, which can hinder the passage o f water and cause flooding (Barrett et al., 

1998b).

S treet and gully pot cleaning - Street cleaning processes have often been considered as a 

possible means o f reducing the pollutant loads on highway surfaces. Several studies have 

reported findings from studies on highway and urban streets with the majority o f research 

conducted on urban streets. Maestri et al. (1985) reports that street cleaning is effective only 

for large solids and as most pollutants are associated with fine material there is little reduction 

in total pollutant load. Sartor and Boyd (1973) concluded that street cleaning processes were 

essential for aesthetic purposes but that their efficiency in the removal o f the dust and dirt 

fraction o f street surface contaminants was low. Memon and Butler (2002) concluded that 

increasing the gully pot dimensions would increase the retention capacity of the pot providing 

a cost-effective option compared to increasing the frequency o f cleaning.

Highway gully pot emptying should be undertaken at least once every six months with the 

removed material disposed to landfill (Barrett et al., 1995). There is currently limited research 

that has been conducted on gully pot emptying and pollutant removal efficiency, although 

(FHWA, 1996) have reported that unless frequently maintained, gully pots can become a 

source o f pollutants through re-suspension
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2.6.4.4 Structural management practices

Many researchers including Barrett et al. (1995) have concluded that pollution associated with 

highway runoff is usually transported by storm water runoff along the kerbside, pavement and 

hard shoulder. They have also found that the associated pollutant load is either suspended 

particulate matter or contaminant material adsorbed to the suspended solids; therefore the most 

effective control measure will reduce the amount o f particulates available for transport or will 

settle and/or filter the particulate matter in the runoff.

Structural practices are used to treat the highway runoff either at the point o f generation or the 

point o f discharge to receiving waters (Caltrans, 2001). The selection and successful design of 

selected structural practices for highway runoff is dependent on where it’s to be sited and 

what’s going to be treated. Structural practices can be grouped into 5 different categories each 

with similar and some different roles to play in treating highway runoff (Caltrans, 2001).

• Vegetated Controls;

•  Ponds;

•  Wetlands;

• Infiltration Devices;

•  Water Quality Inlets.

V egetated controls - Vegetated controls, which include swales and filter strips, can provide 

conveyance, storage and infiltration facilities for highway discharge (DMRB-UK, 2001; 

OCSP, 2003). With careful design they can reduce peak flows and allow runoff volumes to be 

attenuated long enough for solids and associated pollutants to be removed through 

sedimentation, bio-filtration and chemical adsorption (OCSP, 2003). They usually require a 

sizeable amount o f land and should be located adjacent to the highway surface so that they 

receive sheet flow either across the filter strip or along the swale (Barrett et a l, 1995). 

Research suggests that although vegetated controls represent a practical and potentially 

effective technique for controlling highway runoff quality, there is still considerable variability 

in their performance (Schueler e/ al, 1992; Jefferies and MacDonald, 2001).
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It is evident that swales provide good removal rates for the sediment and associated 

contaminants however there is little removal achieved for soluble metals and nutrients (Barrett 

et a l ,  1995). Schueler (1992) reported pollutant removal efficiency for well-designed, well 

maintained grassed swales as 70% for total suspended solids (TSS), 30% for total phosphate 

(TP), and 50% to 90% for various trace metals.

Under low to moderate velocity, filter strips can effectively reduce particulate pollutant levels 

such as sediment, organic materials, and trace metals. Schueler (1987) reported removal 

efficiency for a 6-metre width filter strip as 20% to 40% for total suspended solids (TSS), 20% 

for total phosphate (TP), and 20% to 40% for various trace metals.

The design o f the vegetated control is crucial to the overall performance and it is well 

documented that gentle slopes, check dams, permeable soils, dense grass cover and increased 

contact time all contribute to successful pollutant removal in the system (OCSP, 2003). It has 

also been noted that the factors decreasing the effectiveness o f the vegetated control include 

compacted soils, frozen ground, short grass height, steep slopes and high runoff velocities and 

discharge (Schueler 1997; OCSP, 2003). Dorman et al. (1999) reported that vegetative 

controls are effective first flush controls and should be used as first flush treatment prior to the 

use o f a further treatment system such as a detention pond.

Ponds - The use o f ponds to store and attenuate highway runoff is well documented although 

there are limited reports on their treatment efficiency. Two types o f pond exist -  detention 

and retention pond. Detention ponds are primarily flood control devices. They are 

specifically designed to reduce the peak flow associated with large storm events. In between 

storms they are usually dry but during a storm event, surface water runoff is routed through 

the detention pond and the outlet is restricted so that the pond fills with runoff (OCSP, 2003). 

They are usually designed to detain runoff for up to minimum of I hour (FHWA, 1996). In 

general, the pollutant efficiency o f a detention pond is minimal (Pope and Hess, 1989) so their 

main purpose is to protect stream ecosystems from excessive erosion by reducing the peak rate 

of runoff during a storm event by storing the flow and releasing it at a lower rate.

Extended detention ponds are similar to detention ponds but water is detained in them for 

much longer durations. The detention times are increased through the use o f adjustable
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drainage orifices, or by using vertical riser pipes (FHWA, 1996). This increase in detention 

time allows the suspended particles time to settle out; therefore the pollutant removal capacity 

is increased and so they are more suitable for improving runoff water quality. Stahre and 

Urbonas (1990) have reported efficiencies for extended detention basins having 48-hour 

detention times o f  50% to 70 % for total suspended solids and hydrocarbons, 75% to 90% for 

lead and 30% to 60% for zinc respectively. They reported that the removal efficiency greatly 

increased with greater detention times.

The retention pond is similar to a dry detention pond except that a permanent volume o f water 

is incorporated into the design. The retention pond is a facility, which removes sediment, 

BOD, nutrients and trace metals from the highway runoff (Pratt 2001, OCSP, 2003). This is 

accomplished by attenuating the highway runoff using an in-line permanent pond, which 

allows the settling out o f the pollutants (FHWA, 1996). A desk study by Mudge and Ellis 

(2001) reported removal efficiencies o f 40% to 80% for total suspended solids (TSS), 30% to 

60% for hydrocarbons and 30% to 60% for various trace metals.

Research suggests that properly designed, constructed and maintained retention ponds can be a 

very effective management practice (Pratt, 2001). They can also provide substantial 

aesthetic/recreational value and wildlife habitat. It has been clearly identified that the longer 

the highway runoff is retained in the pond the greater the pollutant removal efficiency. The 

presence o f a permanent pool as in the retention system provides significant water quality 

improvement across a broad spectrum of constituents, including dissolved nutrients and heavy 

metals. Ponds can also provide a considerable reduction in flow rate and energy o f highway 

runoff discharging into receiving water. However, despite their apparent effectiveness, ponds 

are limited by design considerations, location within watersheds, potentially short life spans, 

safety issues, and concerns over groundwater contamination (Lundberg et al., 1999).

Constructed wetland - Constructed wetlands have been widely used and examined for the 

treatment o f sewage, and more recently for urban and agricultural runoff (Munger et al., 1995, 

Cheng et al., 2002). Constructed wetland basins have normally non-soil substrates and a 

permanent (but usually shallow) volume o f water that can be almost entirely covered in 

aquatic vegetation (Halcrow, 1998). The system differs from a wet pond as the vegetation in 

the wet pond may only grow along the pond edge and the water depth is much greater than
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that for a constructed wetland. The constructed wetlands have also a more uniform shallow  

depth and are heavily vegetated throughout the pool, which facilitates the many treatment 

processes (Scholze et al., 1993). The added vegetation has been shown to promote a 

significant removal o f  soluble constituents such as nutrients and dissolved metals (Mudge and 

Ellis 2001). The main treatment processes include the physical, chemical, and biological 

water quality treatment o f  the highway runoff (DMRB, 2000; Halcrow, 1998). The physical 

treatment occurs as a result o f  decreasing flow velocities in the wetland, and is present in the 

form o f  sedimentation, evaporation, adsorption, and filtration (FHWA, 1996, Shutes et al., 

1999, Halcrow, 1998;). Biological processes include decomposition, plant uptake and 

removal o f  nutrients, plus biological transformation and degradation (Halcrow, 1998). The 

overall performance o f  the constructed wetland is largely influenced by its process and 

structural design (Shutes et al., 2001). Factors such as: local climate, topography and geology; 

traffic loadings (present and future); road drainage area; land availability; cost size/extent and 

type o f  receiving water body; water quality classification and objective; and environmental 

enhancement value will all dictate whether a constructed wetland is suitable for a site (Shutes 

et « / . ,2001).

Wetlands (both natural and constructed) have been widely used and examined for the 

treatment o f  sewage and for urban and agricultural runoff but experience in their use for 

highway runoff is relatively limited (Mudge and Ellis, 2001). Few full-scale trials using 

wetlands to intercept and treat road runoff have been reported to date, but the studies that have 

been undertaken (Bulc et a l ,  2003; Revitt et al., 2003) demonstrate the wetlands can be one o f  

the most efficient practices for flood attenuation, reduction o f  peak discharges and overall 

enhancement o f  the water quality. Bulc et al. (2003) investigated a constructed wetland 85m^ 

in size, which was receiving runoff from a major motorway in Slovenia. Their findings were 

promising as they found removal efficiency o f  69% for suspended solids, 97% for settleable 

solids, 51% for COD, 11% for BOD5 and 80% for Fe. Revitt et al., 2003 investigated a 

constructed wetland receiving runoff from the A34 Newbury Bypass in England. Their 

findings for wet weather concentration removal efficiencies were 57.7% for suspended solids, 

66.2% for Zn, 9.1% for Pb, 40.3% for Cu and 84.7% for Cd. Nelson et al (2004) investigated ' 

the metal removal efficiency o f  a constructed wetland treating urban stormwater runoff in i 

South Carolina, USA. Results were promising with a high metal reduction o f  80% for copper, 

83% for lead and 60% for zinc respectively. No reportable permit exceedances o f  metals,
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toxicity, or other regulated param eters have been experienced since the wetland began treating 

the urban stormwater. W alker et al. (2002) investigated the metal removal efficiency o f  a 

constructed wetland treating urban stormwater runoff in Adelaide, Australia. Results again 

were prom ising with a high metal reduction o f  71% for lead, 57%  for zinc and 48%  for 

Copper. This study concluded that sedim entation was one o f  the main processes in the 

removal o f  the heavy metals from the urban storm water in the wetland. In another Australian 

study on a constructed wetland treating urban runoff Hoai et al., (1998) found removal 

efficiencies o f  between 24-51%  for lead and between 35-86%  for suspended solids 

respectively. This study also emphasized the importance o f  the sedim entation process in the 

treatm ent mechanisms. In a review o f  constructed wetlands treating highway runoff in the UK 

M udge and Ellis (2001) reported high pollutant removal efficiencies o f  70%  to 95% for total 

suspended solids, 50% to 85% for hydrocarbons and 40%  to 75%  for various metals 

(including up to 40%  for the dissolved metal fraction).

In summary, o f  the known research reported, constructed wetlands seem to be one o f  the most 

efficient structural practices for flood attenuation, reduction o f  peak discharges and overall 

water quality improvement but further investigation is required. With the added vegetation in 

the wetland there is also significant removal o f  soluble constituents such as nutrients and 

dissolved metals.

Infiltration system s - Infiltration systems include infiltration trenches; soak ways and porous 

paving (Pratt et al., 1989, Jefferies, 2001). An infiltration system is a runoff m anagem ent 

structure in which runoff water from the highway surface is collected and then allowed to 

infiltrate into the soil. The main form o f  treatm ent is by sorption, precipitation, trapping, 

straining and bacterial degradation upon infiltrating through the soil (OCSP, 2003). They are 

usually only appropriate where the soil is o f  high/m oderate perm eability; the groundwater is at 

least 3 m below the infiltration point; there is sufficient storage capacity to allow infiltration 

and the suspended solids concentration o f the highway runoff is low so to prevent frequent 

blockages o f  the systems (M eseure and Fish, 1989).

Despite the extensive use that has been made o f  infiltration system s there has been limited 

examination o f  their performance (Pratt, 2001). The minimal research that has been 

conducted found that pollutant removal rates vary with the type o f  infiltration system used
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(Schluter and Jefferies, 2001). Tiiere has also been widespread concern regarding the 

hydraulic performance o f  the systems, with the general expectation that failure through 

blockage by sediment and debris would necessitate reconstruction within a limited time span 

(Pratt, 2001). In recent years there has been growing concern about the impact o f  the water 

passing through the infiltration system may have on the underlying ground water (Pratt, 2001). 

A review by M udge and Ellis (2001) on investigations carried out in England reported 

removal efficiencies o f  60%  to 90% for TSS, 70%  to 90% for hydrocarbons, and 70% to 90%  

for various metals and up to 35% for the dissolved metal fraction.

W a te r  qua lity  inlets - W ater quality inlet structures include trapping catch basins, oil/grit 

separators, oil/water separators and grit cham bers (OCSP, 2003). They consist o f  at least one 

or more chambers that promote sedim entation o f  coarse materials and separation o f  free oil (as 

opposed to dissolved or emulsified oil) from highway runoff. Some water quality inlets also 

include a set o f  screens that help to retain larger or floatable debris. The newer designs will 

include a coalescing screen that helps promote the separation o f  oil and water.

Research has found that water quality inlets such as oil/water separators are effective for 

collecting oil from spills and also provide some removal o f coarse sediment (OCSP, 2003). 

Due to their limited storage they generally provide minimal flood attenuation and reduction o f  

peak discharge. Even ideally designed water quality inlets cannot rem ove pollutants as well as 

other management practices therefore it is recommended they are integrated with another 

practice such as a constructed wetland (OCSP, 2003).

2.6.4.5 International experience

An extensive study was carried out on the international experience o f  management practices 

for highway runoff in the Daywater Project (2003). A wide number and variety o f 

m anagement practices both structural and non-structural are used throughout highways in the 

UK. The most common structural practices found include filter drains, gully pots, oil 

interceptors, and detention and retention ponds (Daywater Project, 2003). The most common 

non-structural practices include street cleaning and routine m anagement practices (Daywater 

Project, 2003).
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Throughout other European countries such as Germany swales and infiltration systems are 

frequently used (Daywater Project, 2003). In France constructed wetlands and porous paving 

with in-built reservoir structures are common. In colder climate countries such as Sweden and 

Denmark, retention ponds are frequently used to reduce peak flows and retain pollutants. In 

the more southern European countries such as Spain, Portugal, Greece and Italy the use o f 

management practices is limited but due to an increase in public awareness o f environmental 

issues there is a growing interest in management practices and their benefits.

2.6.4.6 Discussion o f mitigation measures

Each o f the management practices outlined has individual advantages in the removal o f 

pollutants from highway runoff; therefore a combination o f these systems should be used for 

enhanced and more uniform overall pollutant removal performance. In fact a combination of 

runoff management and control measures is recommended whenever it is feasible (Burch et 

a i,  1985b).

Vegetative controls are the measures best suited to treat runoff as it is conveyed; therefore 

they are recommended wherever possible as collection and conveyance links between 

treatment systems (Burch et a i, 1985b). Barrett et al. (1995) concludes that when combining 

treatment systems two restrictions should be considered. Firstly infiltration systems should be 

the last structures in the treatment train since high sediment loads adversely affect them. The 

preceding structures should remove as much of the suspended sediment as possible so as to 

increase the overall effectiveness and life span o f the infiltration system. Secondly, 

constructed wetlands alone should not be used in conjunction with infiltration devices as 

wetlands have the potential to discharge large sediment loads and decaying matter, which can 

clog infiltration systems. Barrett et al. (1995) concludes that wetlands are best positioned in 

the middle o f treatment systems and should discharge to ponds or vegetative control 

structures.

The selection o f a particular control option or a combination o f systems for the management 

and treatment o f highway runoff very much depends on the local and site characteristics. The 

final design criteria o f the system will include consideration o f the highway carrying capacity, 

the size and character of the site drainage, the sensitivity o f the receiving surface water and/or
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groundwater (in term s o f  flow volum es and quality), landscaping and planning concerns in 

addition to normal safety, operational and m aintenance requirem ents (M udge and Ellis, 

2001). A review by M udge and Ellis (2001) on previous research o f  in-situ studies on 

m anagem ent strategies is summarised in Tab. 2.8. A detailed evaluation o f  these 

characteristics will indicate which type o f  system or technique and what level o f  expenditure 

can be justified for the particular site. For instance a com bination wetland incorporating an 

upstream sedim entation pond is a good precursor to a downstream -vegetated Infiltration 

structure.

Under current EC legislation (EC, 2003), the W ater Framework Directive, which incorporates 

all previous water directives, will dictate the likely m easures to be em ployed so as to minimise 

risk to receiving waters under prevailing local conditions. Particular consideration for choice 

o f  treatm ent system in Ireland should relate to relatively high water tables and rainfall.
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Treatment W ater Flow Reduction Operation Sensitivity Potential Overall Design Robustness Average Rank
Facility Quality Rate

Control
Runoff

Volume
Maintenance to Site 

Conditions

for

Groundwater

Pollution

Failure
Potential

Hydraulic W ater
Quality

Rating Order

Wetland 5 4.5 2 -3 -4 -1 -1 4 4 1.17 1

Retention
Basin 4 5 1.5 -3.5 -3 -1 -1 4 4 1.11 2

Extended
Detention

Basin 3 5 1 -2 -2 -2 -2 4 3 0.89 3

Porous
Pavement 3.5 4.5 3 -4 -2 -2 -2 4 3 0.89 3

Sedimentation
Lagoon

4 4 1 -4 -4 -1 -3 3 3 0.33 5

Oil/Grit
Interceptor 4.5 2 0 -4 -2 0 -3 2 2 0.17 6

Gully/Carrier 
Pipe System

1 4.5 0 -5 -1 -1 -2 3 1 0.06 7

Grass Swale 2 3 1.5 -3 -3 -2 -2 3 1 0.06 7

Infiltration
Trench 2 2 2 -3 -3 -2 -2 2 1 -0.11 9

Soak way 4 4 4 -4.5 -4 -5 -5 2 2 -2.5 10
Score -5 to 5 (Poor to Excellent performance)

Table 2.8: Summary o f  a desktop review in the UK on a number o f  systems used fo r treatment o f  highway runoff

(Mudge and Ellis, 2001)



Chapter 3 Methodology and Procedures

3.1 Introduction to site selection

The selection of a suitable site is fiindamental to the successful monitoring and investigation 

of runoff from any highway catchment (Barrett et a i, 1995). The location for a particular 

study should be selected on the basis of a number of factors, which may include the climatic 

characteristics and traffic volumes but more importantly the ease o f monitoring and collection 

of the runoff from that site (Gupta et a i, 1981b). As the main focus of this research was on 

the investigation of highway runoff with respect to the EU recommended ‘Source-Pathway- 

Receptor’ conceptual model, this would dictate the strategy for site selection (EC, 2003). The 

sites selected have all three elements i.e. source, pathway and receptor present and each could 

be separately investigated.

A total of 15 sites were selected at the beginning of the project as potential locations for 

further detailed investigation. Each of these individual sites was chosen as they showed 

evidence of a Source-Pathway-Receptor linkage, that is, the source of the highway runoff and 

its pathway from the surface to the receptor could be clearly identified within the site. As the 

time and fianding was a constraint, only a maximum of four sites could be selected for detailed

monitoring. The four sites were chosen on the basis of design criterion, which originated from

recommendations by earlier experienced urban runoff researchers Aye (1979) and Gupta et al. 

(1981b). After several years of investigating the runoff from urban areas they concluded that 

when selecting a site in which to investigate the runoff a number of factors should be 

considered, which include:

• Proximity to receiving water body;

• Location, surrounding land type and activities;

• Highway maintenance practices;

• Logistical considerations - accessibility, safety, power supply etc
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• Traffic volume and characteristics;

• Climatic characteristics - rainfall, wind speed and direction;

• Pavement type and condition;

• Drainage area, system and highway design characteristics;

Each o f the four sites were located within a 2 hour driving distance o f Dublin, which was also 

an essential element o f the selection process due to the convenience o f access.

+  15 sites selected -f" Final 4 sites selected

Figure 3.1: Map o f Ireland showing locations o f  sites (NRA, 2004)
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SO U R C E D R A IN A G E/PA TH W A Y E X PE C T E D  R E C E P T O R
Location (road) Traffic (AADT) GPS

Dunbauin Bridge 
(N7) Co Kildare

50,000 
12.8% HGV

N970 242 Filter drain, over-the-edge into toe 
drain

Tributory o f 
River Slane

Tobem avore Bridge 
(N7) Co Kildare

50,000 
12.8% HGV

N925 220 Over-the-edge into toe drain River
Hartwell

M aynooth Bypass 
(M 4) Co Kildare

39,000 
7.5% HGV

N934 363 Filter drain Tributary o f 
River Liffey

M aynooth Bypass 
(M4) Co Kildare

27,500 
7.5% HGV

N913 370 Filter drain River
Lyreen

Dunleer Bypass 
(M l)  Co Meath

24,000 
12% HGV

0  135 260 Filter drain River
W hite

North East Newtown 
(M 50) Co Dublin

85,000 
8.2% HGV

0  135 255 Filter drain River
Ow sndoher

Bohrenphilip 
(N7) Co Kildare

50,000 
12.8% HGV

N 955 235 Over-the-edge into toe drain
ft

Tributary o f  River 
Painstown

Johnstown 
(N7) Co Kildare

50,000 
12.8% HGV

N 9 1 9 2 1 6 Filter drain River
Morell

W exford to Dublin 
( N i l )  Co W exford

35,000 
6.8% HGV

0  266 105 Filter drain. Kerb and gully system River 
Glen O ’ Downs

W exford to Dublin 
( N i l )  Co W exford

35,000 
6.8% HGV

0  256 117 Filter drain. Kerb and Gully system Glenview
Stream

Enfield (N7) 
Co Kildare

2,500 
6.8% HGV

N892 224 Kerb and Gully Tributary o f 
River Blackwater

Enfield (N7) 
Co Kildare

6,000 
11.3% HGV

N881 214 Kerb and Gully Tributary o f 
River Blackwater

Kildare Bypass 
(M 7) Co Kildare

27,500
12.5%HGV

N 6 6 7  113 Kerb and Gully S im pson’s Stream 
Tributary o f River Barrow

M onasterevin Bypass 
(M 7) Co Kildare

27,500 
12.5% HGV

N 569 059 Filter drain Tributary o f 
River Barrow

M onasterevin Bypass 
(M 7) Co Kildare

27,500 
12.5% HGV

N 569 059 Kerb and Gully River
Barrow

Table 3.1: Summary o f  sites investigated fo r  possible intense monitoring



3.2 Selection of final sites

3.2.1 Introduction

Three out of the final four sites selected for the investigation were located on the M7, a 

motorway linking the city o f  Dublin with the now commuter town o f Portlaoise. Under the 

National Development Plan 2000-2006 this motorway has been constructed over the last three 

years, with the completion o f  the Kildare By-pass section in 2003, closely followed by the 

Monasterevin By-pass in 2004. The main purpose of the motorway is to relieve the commuter 

towns o f Kildare and Monasterevin from high traffic flows, which had previously caused 

severe problems (traffic conjestion) for the respective towns. As the research had already 

commenced before the completion o f the motorway it gave a unique opportunity to construct 

treatment facilities and install equipment on the three locations before the motorway was 

opened to public vehicles, at which time it would be a safety issue. This situation also allowed 

easy access to the site. I ’he fourth and final site was located on the M4 motorway, which 

again linked Dublin with the commuter town o f Maynooth. This motorway had been 

constructed in 1993 to relieve traffic flow from the town o f Maynooth, and in the process open 

up the western corridor o f Ireland (Galway, Sligo).

3.2.2 Traffic volume and characteristics '

Traffic characteristics such as volume and vehicle mix (cars and heavy goods vehicles),! 

acceleration and braking patterns, and number o f traffic lanes, are all significant to the 

pollutant load found in the highway runoff (Driscoll et a l ,  1990c; Barrett et a i ,  1995). The 

comparative sites for monitoring purposes should therefore have similar traffic characteristics 

such as Annual Average Daily Traffic (AADT) and percentage o f heavy goods vehicles 

(HGV) (Gupta e/fl/., 1981c).

Each of the three sites selected on the M7 between Kildare and Portlaoise were located within 

10 kilometres o f one another, and on the same stretch o f motorway. This section o f motorway 

has a typical mix o f heavy goods vehicles and cars for a highway in Ireland. The tra ffic  

counter on the Kildare By-pass section records a daily traffic o f between 25,000 to 30,000 cars  ̂

with a slight increase in the summer months (NRA, 2004). O f this traffic flow 11 to 13% is
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attributed to HGV. On the Monasterevin By-pass section there was no counter monitoring 

traffic flow, although, as this is part o f the same motorway, traffic numbers were presumed to 

be similar to that o f the Kildare By-pass section. The motorway itself consisted o f 2 traffic 

lanes with a hard shoulder all o f which had constant dimensions throughout. The maximum 

traffic speed is 120 km/hr, which is standard for motorways in Ireland (NRA, 2004). There is 

adequate travelling speed during non-rush hours and none o f the sites encounter a build-up of 

rush hour traffic; therefore there are no stop-and-go traffic conditions. The fourth site is 

located on the M4 motorway between Dublin and Maynooth. The traffic volume and 

characteristics at this site are quite similar to those selected on the M7. Daily traffic counts 

vary from 25,000 to 30,000 o f which HGV range between 10 to 13% (NRA, 2004). 

Maximum traffic speed is 120km/hour with no build up o f traffic.

3.2.3 Climatic characteristics - rainfall, wind speed and direction

The climatic characteristics for a research site are important as the amount or rate of highway 

runoff obtained during the monitoring will depend on the amount and form o f precipitation, 

whether as snow or rainfall (Gupta et al 1981c). Research by Barrett et al. (1995) has shown 

that rainfall intensity, duration and volume all influence pollutant loads in the runoff. The 

wind direction and speed may also be an important factor in the build up of pollutants on the 

highway surface and in their removal mechanisms (TRL, 2002). The sites selected on the M7 

are within close proximity of each other and share a similar rainfall regime. The annual 

precipitation for the region is between 700mm and 800mm (Met Eireann, 2003) with likely 

snowfall in the winter months, November to January. The site on the M4 is 30km north o f the 

M7 sites and the climatic characteristics do not vary greatly. The area has an annual 

precipitation o f between 800mm and 900mm (Met Eireann, 2003).

3.2.4 Pavement type and condition

The pavement surface on the highway, whether an asphalt or concrete material, can be a 

significant factor in the quality o f the runoff (Willand and Malina, 1976). The porosity o f the 

surface is also a key feature as porous pavements have been reported to substantially reduce 

the pollutant loads in the highway runoff (TRL, 2002). Another pavement characteristic that 

can affect the quality o f the highway storm water runoff is the age o f the pavement and the
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degree o f wear and tear. All four sites selected have completely impervious surfaces with hot 

rolled asphalt. The Kildare section o f the M7 motorway is a year older than the Monasterevin 

section. In contrast, the M4 Maynooth site has been in service for at least 11 years and even 

on a visual inspection the degree o f surface erosion is much more evident at this site than on 

the M7.

3.2.5 Drainage area, system and highway design characteristics

One o f the most important o f all site selection criteria is the ability to define the drainage area 

from which the corresponding runoff is to be monitored (Aye 1979; Gupta et a l,  1981a). 

Gupta et al. (1981a) concluded that a large highway drainage area might be difficult to isolate 

and define as storm water from surrounding lands may influence the overall volume o f runoff. 

They concluded that a small, well-defined catchment is more suitable for detailed investigative 

analysis. The actual design characteristics o f the highway e.g. cross fall and longitudinal fall 

are also important factors in the selection o f an appropriate site. Researchers, including Gupta 

et al. (1981a), have reported that a number o f highway characteristics including vertical 

alignment o f the freeway, type of drainage system, type o f highway section (straight or 

intersection) and presence or absence o f a median barrier all have an influence on the quality 

and quantity o f highway runoff.

The drainage areas for all four sites in this research are well defined with minimal runoff from 

the surrounding non-highway areas. All four sites selected have very similar highway 

characteristics except for the drainage system, which differs at each site. On the M7 two o f 

the three sites have a kerb and gully drainage system whereas the other site has a filter drain 

system incorporating a geotextile lining. The site on the M4 motorway has an old style filter 

drain system with no additional liner. The reason for choosing various systems was to 

investigate the impact the drainage type had on both the hydrological and hydrochemical 

characteristics o f the highway runoff. With the majority of all the other characteristics 

relatively similar (traffic flow, surface type, climatic characteristics) the different drainage 

systems i.e. filter drain and kerb and gully could be assessed and compared.
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3.2.6 Proximity to a receiving water body

Preferably highway runoff sites should be located near a receiving water body if a detailed 

evaluation o f the impacts of highway runoff contaminants on water quality is to be conducted 

(Gupta et a l ,  1981a). The location o f the monitoring site should be such that contaminants 

from other non-highway discharges are not introduced upstream of the highway discharge 

point. Each o f  the four sites selected have been constructed so that discharge is directed to 

nearby surface waters. The sites on the M7 either discharge directly into the River Barrow or 

indirectly through one o f its many tributaries such as the Simpson’s Stream at the Kildare site. 

The site on the M4 discharges into the Lyreen Stream, which is a tributary o f the River Liffey.

3.2.7 Location, surrounding land type and activities

Researchers have indicated that the surrounding land use and associated activities may affect 

the quality o f the highway runoff from that catchment (Kobriger and Geinepolos, 1984b; 

Driscoll et a l,  1990c). Driscoll et al. (1990c) concluded that the surrounding area whether 

rural, urban or industrial is one o f the most important factors influencing pollutant loads in 

highway runoff They reported significant differences in runoff quality between rural and 

urban area with the latter having the higher pollutant loadings. All four sites are located in 

rural areas o f Ireland where the associated surroundings activities are mainly agricultural in 

nature such as crop growing or animal farming. Another important aspect with particular 

relevance to Ireland is the proximity o f construction sites to the highways under current 

investigation. Such construction sites may use the highways as access routes and associated 

vehicles (mainly HGVs) may contribute to extra loading o f solids onto the highway. All sites 

selected in this investigation are access routes to major highway construction sites, the M7 and 

M4 extensions respectively.

3.2.8 Highway maintenance practices

Highway maintenance practices such as grass cutting, herbicide/fertiliser use, de-icing 

operations and line repainting are important in evaluating the potential contamination from a 

highway location (Kramme et a l ,  1985a). Kildare County Council on behalf o f the National 

Roads Authority maintains the three sites on the M7 motorway; therefore the same
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maintenance protocol exists for all three sites. This protocol would include a visual inspection 

of the motorway on a monthly basis and a more detailed inspection once or twice a year. If 

there is any maintenance to be carried out on the highway, this would be conducted on a 

reactive basis, that is, when a problem arises. Kildare County Council also maintains the 

fourth site on the M4 motorway and the maintenance protocol for this site is similar to that for 

the M7 sites.

3.2.9 Logistical considerations

Logistical considerations are quite varied and include aspects such as the accessibility to the 

site, vandal proofing o f the monitoring equipment, power availability and the potential for 

constructing treatment systems at the site. According to Gupta et al. (1981a) monitoring sites 

should be easy to access and safe for monitoring and servicing, as well as for data and water 

sample collection. The three sites on the 1VI7 were accessed and set up for monitoring before 

the motorway went ‘live’ i.e. opened to the public, which was an obvious advantage. At one 

o f the sites there was also the potential to construct a treatment system, which was built before 

the motorway opened. The site on the M4 motorway at Monasterevin was set up with extreme] 

caution at a time when there were few vehicles on the highway. All four locations for thej 

sampling equipment were located well off the highway in secluded areas, out o f sight from the 

carriageway. There was no requirement for an external power supply at each of the sites as 

mobile batteries powered the sampling equipment. A summary table and map o f the final sites 

selected for detail investigation are presented in Table 3.2 and Fig. 3.2.
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C rite r ia Site A S iteB Site C Site D

Kildare E Monasterevin W Monasterevin Maynooth
Land Type (rural/urban) Rural Rural Rural Rural
AADT (vehs/day) 25,000-30,000 25,000-30,000 25,000-30,000 25,000-30,000
Yearly precipitation (mm) 700-800 700-800 700-800 800-900
Surface Pavement Type Rolled asphalt Rolled asphalt Rolled asphalt Rolled asphalt
Drainage Area (% Paved) 100 100 100 100
Highway Surface Area (m ) 14,184 11,368 9,600 9,760
Num ber o f  Lanes 2 2 2 2
Kerb/Barrier in Place Yes Yes No No
Section Type Elevated Elevated Elevated Slightly elevated
Surrounding Land Use Agricultural Agricultural Agricultural Agricultural
Regular Maintenance Yes Yes Yes Yes
Drainage Surface Type Kerb & Gully Kerb & Gully Filter Drain Filter Drain
Date Highway Opened 2003 2004 2004 1993

Table 3.2: Summary table o f  the final sites selected for detail investigation

Figure 3.2: Detailed map o f  the sites in relation to Dublin City
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3.2 Selection o f flnal sites

3.2.1 Introduction

Three out o f the final four sites selected for the investigation were located on the M7, a 

motorway linking the city o f  Dublin with the now commuter town o f Portlaoise. Under the 

National Development Plan 2000-2006 this motorway has been constructed over the last three 

years, with the completion o f the Kildare By-pass section in 2003, closely followed by the 

Monasterevin By-pass in 2004. The main purpose o f the motorway is to relieve the commuter 

towns o f Kildare and Monasterevin from high traffic flows, which had previously caused 

severe problems (traffic conjestion) for the respective towns. As the research had already 

commenced before the completion o f the motorway it gave a unique opportunity to construct 

treatment facilities and install equipment on the three locations before the motorway was 

opened to public vehicles, at which time it would be a safety issue. This situation also allowed 

easy access to the site. The fourth and final site was located on the M4 motorway, which 

again linked Dublin with the commuter town o f Maynooth. This motorway had been 

constructed in 1993 to relieve traffic flow from the town o f Maynooth, and in the process open 

up the western corridor o f  Ireland (Galway, Sligo).

3.2.2 Traffic volume and characteristics

Traffic characteristics such as volume and vehicle mix (cars and heavy goods vehicles), 

acceleration and braking patterns, and number o f traffic lanes, are all significant to the 

pollutant load found in the highway runoff (Driscoll et al ,  1990c; Barrett el a l ,  1995). The
e

comparative sites for monitoring purposes should therefore have similar traffic characteristics 

such as Annual Average Daily Traffic (AADT) and percentage o f heavy goods vehicles 

(HGV) (Gupta 1981c).

Each of the three sites selected on the M7 between Kildare and Portlaoise were located within 

10 kilometres o f one another, and on the same stretch of motorway. This section o f motorway 

has a typical mix o f heavy goods vehicles and cars for a highway in Ireland. The traffic 

counter on the Kildare By-pass section records a daily traffic o f between 25,000 to 30,000 cars 

with a slight increase in the summer months (NRA, 2004). O f this traffic flow 11 to 13% is

71



attributed to HGV. On the Monasterevin By-pass section there was no counter monitoring 

traffic flow, although, as this is part o f  the same motorway, traffic numbers were presumed to 

be similar to that of the Kildare By-pass section. The motorway itself consisted o f 2 traffic 

lanes with a hard shoulder all o f which had constant dimensions throughout. The maximum 

traffic speed is 120 km/hr, which is standard for motorways in Ireland (NRA, 2004). There is 

adequate travelling speed during non-rush hours and none o f the sites encounter a build-up of 

rush hour traffic; therefore there are no stop-and-go traffic conditions. The fourth site is 

located on the M4 motorway between Dublin and Maynooth. The traffic volume and 

characteristics at this site are quite similar to those selected on the M7. Daily traffic counts 

vary from 25,000 to 30,000 o f which HGV range between 10 to 13% (NRA, 2004). 

Maximum traffic speed is 120km/hour with no build up o f traffic.

3.2.3 Climatic characteristics - rainfall, wind speed and direction

The climatic characteristics for a research site are important as the amount or rate o f highway 

runoff obtained during the monitoring will depend on the amount and form o f precipitation, 

whether as snow or rainfall (Gupta et al 1981c). Research by Barrett et al. (1995) has shown 

that rainfall intensity, duration and volume all influence pollutant loads in the runoff. The 

wind direction and speed may also be an important factor in the build up o f pollutants on the 

highway surface and in their removal mechanisms (TRL, 2002). The sites selected on the M7 

are within close proximity of each other and share a similar rainfall regime. The annual 

precipitation for the region is between 700mm and 800mm (Met Eireann, 2003) with likely 

snowfall in the winter months, November to January. The site on the M4 is 30km north o f the 

M7 sites and the climatic characteristics do not vary greatly. The area has an annual 

precipitation o f between 800mm and 900mm (Met Eireann, 2003).

3.2.4 Pavement type and condition

The pavement surface on the highway, whether an asphalt or concrete material, can be a 

significant factor in the quality o f the runoff (Willand and Malina, 1976). The porosity o f the 

surface is also a key feature as porous pavements have been reported to substantially reduce 

the pollutant loads in the highway runoff (TRL, 2002). Another pavement characteristic that 

can affect the quality o f the highway storm water runoff is the age o f the pavement and the
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degree o f wear and tear. All four sites selected have completely impervious surfaces with hot 

rolled asphalt. The Kildare section o f the M7 motorway is a year older than the Monasterevin 

section. In contrast, the M4 Maynooth site has been in service for at least 11 years and even 

on a visual inspection the degree o f surface erosion is much more evident at this site than on 

the M7.

3.2.5 Drainage area, system and highway design characteristics

One o f the most important o f all site selection criteria is the ability to define the drainage area 

from which the corresponding runoff is to be monitored (Aye 1979; Gupta et a l,  1981a). 

Gupta et al. (1981a) concluded that a large highway drainage area might be difficult to isolate 

and define as storm water from surrounding lands may influence the overall volume o f runoff. 

They concluded that a small, well-defined catchment is more suitable for detailed investigative 

analysis. The actual design characteristics o f the highway e.g. cross fall and longitudinal fall 

are also important factors in the selection of an appropriate site. Researchers, including Gupta 

et al. (1981a), have reported that a number o f highway characteristics including vertical 

alignment of the freeway, type o f drainage system, type o f highway section (straight or 

intersection) and presence or absence o f a median barrier all have an influence on the quality 

and quantity o f highway runoff.

The drainage areas for all four sites in this research are well defined with minimal runoff from 

the surrounding non-highway areas. All four sites selected have very similar highway 

characteristics except for the drainage system, which differs at each site. On the M7 two of 

the three sites have a kerb and gully drainage system whereas the other site has a filter drain 

system incorporating a geotextile lining. The site on the M4 motorway has an old style filter 

drain system with no additional liner. The reason for choosing various systems was to 

investigate the impact the drainage type had on both the hydrological and hydrochemical 

characteristics o f the highway runoff. With the majority o f all the other characteristics 

relatively similar (traffic flow, surface type, climatic characteristics) the different drainage 

systems i.e. filter drain and kerb and gully could be assessed and compared.

73



3.2.6 Proximity to a receiving water body

Preferably highway runoff sites should be located near a receiving water body if a detailed 

evaluation o f the impacts of highway runoff contaminants on water quality is to be conducted 

(Gupta et a l ,  1981a). The location of the monitoring site should be such that contaminants 

from other non-highway discharges are not introduced upstream of the highway discharge 

point. Each o f the four sites selected have been constructed so that discharge is directed to 

nearby surface waters. The sites on the M7 either discharge directly into the River Barrow or 

indirectly through one o f its many tributaries such as the Simpson’s Stream at the Kildare site. 

The site on the M4 discharges into the Lyreen Stream, which is a tributary o f the River Liffey.

3.2.7 Location, surrounding land type and activities

Researchers have indicated that the surrounding land use and associated activities may affect 

the quality o f the highway runoff from that catchment (Kobriger and Geinepolos, 1984b; 

Driscoll et a l,  1990c). Driscoll et al. (1990c) concluded that the surrounding area whether 

rural, urban or industrial is one o f the most important factors influencing pollutant loads in 

highway runoff They reported significant differences in runoff quality between rural and 

urban area with the latter having the higher pollutant loadings. All four sites are located in 

rural areas o f Ireland where the associated surroundings activities are mainly agricultural in 

nature such as crop growing or animal farming. Another important aspect with particular 

relevance to Ireland is the proximity of construction sites to the highways under current 

investigation. Such construction sites may use the highways as access routes and associated 

vehicles (mainly HGVs) may contribute to extra loading o f solids onto the highway. All sites 

selected in this investigation are access routes to major highway construction sites, the M7 and 

M4 extensions respectively.

3.2.8 Highway maintenance practices

Highway maintenance practices such as grass cutting, herbicide/fertiliser use, de-icing 

operations and line repainting are important in evaluating the potential contamination from a 

highway location (Kramme et a l ,  1985a). Kildare County Council on behalf o f the National 

Roads Authority maintains the three sites on the M7 motorway; therefore the same
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maintenance protocol exists for all three sites. This protocol would include a visual inspection 

o f the motorway on a m onthly basis and a more detailed inspection once or twice a year. If  

there is any maintenance to be carried out on the highway, this would be conducted on a 

reactive basis, that is, when a problem arises. Kildare County Council also maintains the 

fourth site on the M4 m otorway and the maintenance protocol for this site is similar to that for 

the M7 sites.

3.2.9 Logistical considerations

Logistical considerations are quite varied and include aspects such as the accessibility to the 

site, vandal proofing o f  the monitoring equipm ent, power availability and the potential for 

constructing treatm ent systems at the site. According to Gupta et al. (1981a) monitoring sites 

should be easy to access and safe for monitoring and servicing, as well as for data and water 

sample collection. The three sites on the M7 were accessed and set up for monitoring before 

the m otorway went ‘live’ i.e. opened to the public, which was an obvious advantage. At one 

o f  the sites there was also the potential to construct a treatm ent system, which was built before 

the motorway opened. The site on the M4 m otorway at M onasterevin was set up with extreme 

caution at a time when there were few vehicles on the highway. All four locations for the 

sampling equipm ent were located well o ff the highway in secluded areas, out o f  sight from the 

carriageway. There was no requirement for an external power supply at each o f the sites as 

mobile batteries powered the sampling equipment. A summary table and map o f  the final sites 

selected for detail investigation are presented in Table 3.2 and Fig. 3.2.
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C rite ria Site A Site B Site C Site D

Kildare E Monasterevin W Monasterevin Maynooth
Land Type (rural/urban) Rural Rural Rural Rural
AADT (vehs/day) 25,000-30,000 25,000-30,000 25,000-30,000 25,000-30,000
Yearly precipitation (mm) 700-800 700-800 700-800 800-900
Surface Pavement Type Rolled asphalt Rolled asphalt Rolled asphalt Rolled asphalt
Drainage Area (% Paved) 100 100 100 100
Highway Surface Area (m^) 14,184 11,368 9,600 9,760
Num ber o f  Lanes 2 2 2 2
Kerb/Barrier in Place Yes Yes No No
Section Type Elevated Elevated Elevated Slightly elevated
Surrounding Land Use Agricultural Agricultural Agricultural Agricultural
Regular M aintenance Yes Yes Yes Yes
Drainage Surface Type Kerb & Gully Kerb & Gully Filter Drain Filter Drain
Date Highway Opened 2003 2004 2004 1993

Table 3.2: Summary table o f  the fin a l sites selected fo r  detail investigation

Figure 3.2: D etailed map o f  the sites in relation to Dublin City
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3.3 Detailed site description

3.3.1 Site A (Kildare side o f  M7 m otorway)

The Kildare By-pass is a section o f  M7 Dublin to Portlaoise motorway, which opened in 

December 2003 with 2 lanes per carriageway, and with a total length o f 13 km. This section 

o f  the M7 carries an average flow o f  traffic for a m otorway in Ireland with site traffic flow 

usually between 25,000 and 30,000 vehicles per day with a 12.7 percent (average) o f  heavy 

goods vehicles. The em bankm ent and subsoil consist o f  clay till.

Figure 3.3: Site A Kildare - view o f  monitored carriageway (looking west)

3 .3 .1.1 Highway details

The section o f  highway selected for this study is immediately east o f  the Mayfield 

interchange. It is situated in a rural area approximately 58km south west o f  Dublin and 4km 

west o f  Kildare town. The drainage area under investigation consisted o f  a straight length o f  

1,200m o f  two-lane eastbound carriageway o f  total width 11.82m. The carriageway has cross

longitudinal carriageway slopes o f  3 per cent cross fall and 0.94 per cent longitudinal slope. 

Fig. 3.4. The highway is surfaced with hot rolled asphalt, and a 90° sloping kerb face, 90mm 

deep, delineates the edge o f  the hard shoulder. The total area from which runoff was collected 

was m easured to be approxim ately 14,184 square metres.
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Figure 3.4: Plan and profdes o f carriageway (Site A)
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3.3.1.2 Drainage system

The drainage system in place is a standard kerb and gully structure constructed to guidelines in 

the Design Manual for Roads and Bridges (DM RB-UK, 1998). The surface runoff collects at 

the kerb surface and then discharges to a pipe drainage system via on-line gully traps, installed 

at 20m intervals. These pipes in turn discharge to a series o f  sedimentation tanks via pre

fabricated oil separators. The runoff is then gradually released into Sim pson’s stream, which 

is a tributary o f  the River Barrow.

The kerb and gully drainage system is frequently used on Irish highways. Their main function 

is to act as a diverting barrier to retain the runoff from the highway surface and then discharge 

it to a suitable outfall generally via a longitudinal carrier pipe set within the verge. They also 

provide some structural support during pavem ent construction and protect footpaths and 

verges from vehicle over run. The gully pot acts as a sediment trap so that the pipe does not 

become blocked with large volumes o f  sedim ent carried in the runoff from the highway 

surface.

This arrangement satisfied the project criteria as it gave direct runoff from an average 

trafficked highway surface. The site was also easily accessible for setting up the equipm ent 

and m aintaining it throughout the monitoring period.
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Figures.5: Drainage system in place (DMRB-UK, 1998)
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3.3.2 Site B (Monasterevin section o f M7)

The Monasterevin By-pass is a section o f the M7 motorway opened in November 2004 with 2 

lanes per carriageway and with a total length o f  17.5 km. This section o f the motorway carries 

a predicted average flow o f traffic, which is usually between 25,000 and 30,000 vehicles per 

day with a predicted 12.7 percent o f heavy goods vehicles. The embankment and the subsoil 

consist o f clay till. The first section o f this highway selected for investigation was located at 

the Monasterevin side o f the highway and adjacent to the River Barrow. The site is situated in 

a rural area 66km southwest o f Dublin and 2km south o f Monasterevin town.

Figure 3.6: Site B: Monasterevin M7 - view o f  carriageway (looking west)

3.3.2.1 Highway details

The drainage area under study consisted o f a straight length o f 480 m of westbound 

carriageway and 500 m o f eastbound carriageway, each o f total width 11.6 m. The 

carriageway has carriageway slopes o f 3 per cent cross fall and 0.5 per cent longitudinal fall 

(Fig. 3.7). The road is surfaced with hot rolled asphalt and a 90° sloping kerb face, 90 mm 

deep, delineates the edge o f the hard shoulder. The total area from which runoff was collected 

was measured to be approximately 11, 368 square metres.
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Figure 3.7: Plan and profdes o f carriageway
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3.3.2.2 Drainage system

The drainage system in place is a standard kerb and gully structure constructed to guidelines in 

the Design Manual for Roads and Bridges (DM RB-UK, 1998). The surface runoff collects at 

the kerb surface and then discharges to a piped drainage system via on line trapped gullies 

installed at 20 m intervals. This is then discharged into a constructed wetland and then into 

the River Barrow. The kerb and gully drainage system has already been discussed for the 

Kildare site.
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Figure 3.8: Kerb and gully drainage system (DMRB-UK, 1998)
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3.3.3 Site C (Portlaoise Section o f  M7)

The second section o f  this highway selected for investigation is located at the Portlaiose side 

o f the M7 m otorway to the River Barrow. It is situated in a rural area 72km southwest o f  

Dublin and 6km southwest o f  M onasterevin town. This section o f  the motorway carries a 

predicted average flow o f  traffic, which is usually between 25,000 and 30,000 vehicles per day 

with a predicted 12.7 percent o f  heavy goods vehicles. The em bankm ent and the subsoil 

consist o f  clay till.

Figure 3.9: Site C, Monasterevin - view o f monitored carriageway looking east 

3.3 .3 .1 Highway details

The drainage area under study consisted o f  a straight length o f  800m two lane eastbound 

carriageway with a total width o f  12.0m (including the filter drain width). The carriageway 

has slopes o f  3 per cent cross fall and 0.5 per cent longitudinal slope (Fig. 3.10). The road is 

surfaced with hot asphalt and the edge o f  the hard shoulder is continued with a filter drain o f 

width 0.8 m. The total catchment area from which runoff was collected was measured to be 

approxim ately 9,600 square metres.
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Figure 3.10: Plan and profiles o f  carriageway
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3.3.3.2 Drainage system

The drainage system in place is a filter drain structure constructed to guidelines in the Design 

Manual for Roads and Bridges (DM RB-UK, 2002). The surface runoff is diverted over and 

through the filter material and collects in a perforated pipe at the foot o f  the drain. This, in 

turn, discharges to a series o f settlem ent ponds via an oil separator. The runoff is released into 

a tributary o f  the River Barrow.

Filter Material

Trench Sides

Perforated pipe 
to Let W ater In

i J S m

Geotexhle membi ane oveilappeci at top

Figure 3.11: New style filter drain design

The filter drain design as presented in Fig. 2.11 consists o f  an excavated trench, which is 

firstly lined with a geotextile material (woven or nonwoven) and then backfilled with Cl 503 i

bedding material to a thickness < 75mm on to which a perforated land drainpipe or butt jo inted |
1

concrete pipes are laid horizontally. A layer o f  coarser Cl 505 type stone, which is either

natural, or m echanically crushed, is placed above. The finish is an overlap o f  the geotextile j
1

material at roughly 300 mm from the trench surface and additional Cl 505 type stone is added 

to bring the filter level with the road surface. The geotextile material, which surrounds the ; 

filter drain provides extra strength to the filter drain structure but is also intended to stop filter 

material from being blocked by silt from the surrounding subsoils (NGSRW , 2000). One o f 

the aims o f  this research is to investigate the overall efficiency o f  this drainage system
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especially to investigate whether the overlap o f  the geotextile in the top section o f  the filter 

drain is affecting the pathway o f  the runoff from the highway surface through the filter 

material into the underlying carrier pipe, which is the design pathway. It may be that the 

designers o f  the filter drain have underestim ated the sediment loading in the runoff from the 

highway and as a result the sediment has clogged the geotextile in the top section, which in 

turn prevents runoff migrating through the filter material into the carrier pipe. If the runoff 

cannot enter the drainage system it will either remain on the road surface resulting in a safety 

hazard or percolate into the subsurface o f  the road side in which case groundwater may 

become the receptor.
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3.3.4 Site D (Maynootii Section o f  M4 m otorway)

The Maynooth By-pass is a section o f  the M4 Dublin Killock m otorway, which was opened in 

December 1994. It consists o f  a two-lane carriageway with hard shoulders and is a total 

length o f  36 km. This section o f  the M4 carries an average flow o f  traffic for a m otorway in 

Ireland with site traffic flow usually between 25,000 and 30,000 vehicles per day with a 13 

percent (average) o f  heavy goods vehicles. The em bankm ent and subsoil consist o f  clay till.

Figure 3.12: Site D Maynooth - view o f  monitored carriageway (looking east)

3.3.4.1 Highway details

The section o f  highway selected is located at the intersection where the M4 m otorway crosses 

the River Lyreen near the town o f M aynooth. It is situated in a rural area approxim ately 32km 

west o f  Dublin and 2km southwest o f  M aynooth town. The drainage area under study 

consisted o f  a straight length o f 800m two lane eastbound carriageway o f  width 12m. The 

carriageway has slopes o f  2.5 per cent cross fall and 0.4 per cent longitudinal slope. Fig 3.13. 

The highway is surfaced with hot rolled asphalt, and the edge o f  the hard shoulder is continued 

with a filter drain o f  width 1.2m. The total area from which runoff was collected was 

m easured to be approxim ately 9,760 square metres.
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Figure 3.13: Plan and profiles o f  carriageway (Site D)
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3.3.4.2 Drainage system

The drainage system in place is a filter drain structure constructed to Design M anual for Roads 

and Bridges guidelines (DM RB-UK 1993). The runoff flows laterally o f the surface to the 

edge o f  the highway where it m eets the filter drain. The runoff flows through the filter 

material and is designed to collect in a butt-jointed concrete pipe at the foot o f  the drain. This 

in turn discharges directly into the River Lyreen, which is a tributary o f  the River Liffey.

Filter M aterial

Trench Sides

Concrete Pipe Butt Jo in ted  to 
Let W ate r In

L 1-2 m

/ \

3m

Figure 3.14: Old style filter drain design (DMRB-UK, 1998)
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3.4 Collection o f precipitation and storm water flow measurements

3.4.1 Introduction

Accurate and representative precipitation and storm water flow data are essential for valid, 

current, and technically defensible interpretations o f any highway runoff study results (Church 

et a i ,  1999). Precipitation patterns are dependent on a number o f factors including, distance 

from the sea, oceanic currents, and direction o f prevailing winds, relief and proximity to the 

equator (Meteireann 2003). Knowledge of variations in the intensity and duration of 

precipitation and resultant effects on storm water flows, pollutant concentrations, and pollutant 

loads is necessary to characterize storm water runoff from the highway surface and other areas 

that may contribute non-point source pollution to receiving water bodies (Church et a l ,  1999). 

Past research has indicated that precipitation characteristics such as rainfall intensity and 

duration were found to be the most statistically significant predictors for highway runoff 

pollutant loads in the runoff (Irish et ai ,  1995; Roe et al ,  2003).

The accurate measurement o f precipitation is important in calculating the mass balance o f 

rainfall that has fallen on a catchment area and removed in runoff so that pollutant loads on a 

receiving water body, whether surface or ground, can be computed (Irish et al ,  1995). The 

characterization o f rainfall intensity and duration are also important in the monitoring process 

because the accuracy o f both the time-based and flow-weighted compositing protocols 

depends on the accuracy o f precipitation and flow measurement (US EPA, 1992; Church et 

al,  1999). When sampling runoff it is difficult to match the frequency and duration o f  the 

sampling period to variations in the intensity and duration o f monitored storms for the 

optimization o f sampling schemes (Church et a l ,  1999). With an accurate precipitation and 

flow measurement system one can trigger the automatic sampler to take samples based on 

rainfall readings or flow past a specific point to achieve a well sampled event. In the final 

interpretation o f the results an accurate recording o f precipitation and runoff are required to 

calculate the Event Mean Concentration (EMC) values and relative loads for a particular storm 

event.
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3.4.2 Precipitation measurement

Precipitation is one o f the main removal mechanisms for highway pollutants from the 

atmosphere and the highway surface (TRL, 2002). The accurate measurement o f rainfall is 

essential to characterize the rainfall-runoff process and resultant pollutant loads in the runoff 

(Church et a l ,  1999; Irish et al., 1995). In previous studies it has been well documented that a 

positive relationship exists between the physical and chemical characteristics o f rainfall and 

runoff; short storm events with high rainfall intensities are associated with higher pollutant 

concentrations than long duration low intensity rainfalls (Driscoll et al., 1990c, Irish et al., 

1995). It should also be noted that the uncertainty in precipitation measurement is much lower 

than uncertainty in runoff flow measurement as the measuring o f rainfall is direct whereas the 

measurement o f flow is often indirect involving stage measurement and discharge rating. As a 

result it is recommended in literature to regard the precipitation as the most accurate 

measurement to which the flow should relate (Church et al., 1999).

The first step for the collection o f  accurate and representative precipitation data is the choice 

of measuring equipment and the subsequent placement o f the device. Rain gauges come in all 

different shapes and sizes with a range o f specifications. The Tipping Bucket Rain Gauge is 

recognized as the standard for measuring rainfall and precipitation in a remote and unattended 

site such as the highway catchment (ISCO, 1998). The placement and density o f these rain 

gauges in a study on highway runoff are critical factors for the interpretation o f the recorded 

precipitation data (Church et al., 1999). Errors in the measurement can arise due to a number 

o f factors including wind speed, siting characteristics and the type o f precipitation (Smith, 

1993). Past research has indicated that wind either naturally or vehicle-produced is the 

greatest source o f  error for rain-gauge-data integrity and that a windshield is a necessity 

(Smith, 1993). The rain gauge should not be placed on buildings or elevated in any way as 

mean wind velocities increase with height above local land surface (Smith, 1993; Rohan,

1986). It is an accepted standard (BS) that the rain gauge should be placed at ground level, in ]
I

an open space away from any object greater in height that may interfere with the pathway of 

falling precipitation. They should also be placed on level surfaces to prevent bias from poor i 

exposure although most rain gauges now have built in level devices. In a small catchment 

such as the section o f highway in this study the precipitation gauge should be positioned in 

close proximity to the runoff flow gauge, as this will ensure close correlation between

9 1
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measurements o f precipitation and flow o f runoff from the highway section. The gauge 

should not be located within 10 metres o f the road as the spray and wind created by the 

vehicles may interfere with recordings (Mudge and Ellis, 2001). It should also not be visible 

so to avoid problems with vandalism and tampering (Gupta et a l, 1981b).

Church et al. (1999) concluded that decades o f rainfall and runoff data may be necessary to 

generate design storms in a catchment, but also recognized that these monitoring durations are 

impractical for most stormwater projects. They recommend that precipitation measurement 

should be continuous throughout the testing time period so that all storm events are recorded. 

The high-monitoring frequency will provide substantially more detail and insight, but does not 

necessarily require more labour and resources for data download, processing and 

interpretation. Given the typical speed o f runoff response, the recording interval for individual 

precipitation measurements, depending upon catchment size, can range from less than 1 

minute for very small catchments to around 15 minutes for larger catchments (Church et a l, 

1999).

Although non-recording precipitation gauges are sufficient for measuring total precipitation 

during a storm event, a recording gauge will also record this as well as the timing, duration, 

and intensity o f precipitation. The recording gauge is therefore obviously more suitable for a 

detailed analysis o f rainfall-runoff relationships and calculation o f pollutant loads in the 

runoff. Recording tipping-bucket rainfall gauges have a long record o f proven ability and are 

the most widely used as standard.

This study utilises a tipping-bucket rainfall gauge with a tip o f 0.1 mm (Fig. 3.15). This type 

o f gauge allows the rainfall to be measured accurately while automatically disposing the 

rainfall accumulated upon each tip. The housing unit is approximately 400mm in height with 

a 200mm funnel that directs the rain catch into the tipping bucket. Each o f the tips represents 

1/10* o f a centimetre o f rainfall, giving 10 tips to one centimetre o f rainfall depth. A switch is 

activated upon each tip and an electronic pulse is sent to a logging unit, in this case the ISCO 

6712 sampler. The computer within this unit dates and time stamps each incremental tip. 

With the use o f a laptop this information is downloaded from the memory module on the 

logging unit.
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Figure 3.15: ISCO 675 Tipping bucket rain gauge

3.4.3 Flow measurement

The accuracy o f storm water flow measurement for further calculations o f the event mean 

concentration (EMC) and the resultant pollutant load, whether from a natural stream, an 

engineered channel, an urban or highway drainpipe, or overland flow from a grassy swale, is 

based on many common factors that may contribute to the uncertainty o f the data set (Church 

el a i ,  1999). Some o f these factors include the correct definition o f the catchment area 

contributing to the flow, the ability to obtain accurate measurement of flow at the particular 

site, and the timing, frequency, and duration o f this measurement relative to the timing, 

intensity, and storm duration. Consideration o f these factors is necessary to fully assess and 

characterize the flow event. Thus, the ability o f the flow measurement device to accurately 

measure the varied range o f flows at a rate required to fully characterize the flow event is 

critical (Church et a i ,  1999).

The importance o f proper site selection to monitor the highway runoff cannot be overstated 

(Barrett et a l ,  1995; Church et a l ,  1999; Roe et al., 2003). There are number o f questions that 

need to be addressed in the selection o f the best or most representative site. These include the 

accessibility o f the site, installation of equipment, the stability o f the flow regime, the
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distribution o f  the flow velocities, the development o f a stage-discharge relationship and the 

steadiness o f this relationship over time (Church et a i ,  1999). In small streams and highway 

storm water drains, flow measurements may be difficult due to the narrow widths and 

sometimes shallow depths resulting in rapidly changing flow measurements, in these types of 

flows, flow-control devices such as weirs and flumes are commonly used (Shaw, 1994). 

Structures such as weirs and flumes were considered for this investigation but as they had to 

be placed within a small defined area i.e. a 375mm diameter pipe, the risk o f sediment build 

up and subsequent blockage in the pipe was too high.

Church et al. (1999) reported that the timing, frequency, and duration o f the flow 

measurements are all critical factors in the accurate monitoring o f flow in highway drains 

because o f the rapid response to storm water runoff and the varied ranges o f flow over short 

periods o f time. Resultant flows respond differently to various types of storm events and may 

respond differently to the same type o f storm in different seasons o f the year. It is therefore 

critical that the measurement o f flow starts at the beginning o f the storm event, then continues 

through the duration o f the storm, and is measured at a frequency corresponding to the rate o f 

change o f flow and constituent concentrations to ensure the accuracy of the resultant flow and 

pollutant loads. To select the timing, frequency, and duration o f flow measurements Church et 

al. (1999) reported that a number o f basic elements needed to be addressed. Specifically, 

these include the time o f concentration o f flow in relation to storm intensity, the rate o f change 

o f flow, the range o f  flows, the rate o f  change o f  flow between storms and seasons and the 

synchronization o f flow measurement with collection o f pollutant samples.

Figure 3.16: Diagram showing low-profile flow  meter

The most common types o f flow measurement methods include the channel friction coefficient 

method, and the current-meter direct velocity method, weirs, flumes, differential pressure
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method, acoustic m ethods and dilution methods (Hamill, 1995). The method used in this 

project is the current-m eter method in which a low profile area-velocity flow meter (ISCO 

750) is set within the concrete pipe structure and measures the depth and velocity o f  the runoff 

passing over it (Fig. 3.16).

The area-velocity flow conversion requires three measurements: level, velocity, and channel 

dimensions. The integrated flow meter sensor provides the level and velocity measurements. 

The third measurement, the channel geometry, is assessed at site and inputted during m odule 

programming. The flow conversion is best represented as two steps. First, the m odule 

calculates the channel cross-section (or area) using the programmed channel dim ensions and 

the level measurement. Next, the module hardware m ultiplies the channel cross-section and 

the velocity m easurem ent to calculate the flow rate o f  the discharge. The flow m eter’s internal 

differential pressure transducer measures the liquid level. The transducer is a small piezo- 

resistive disk that detects the pressures transferred by a stainless steel diaphragm. The outer 

face o f  the diaphragm is exposed to the flow stream through the ports at the rear o f  the sensor. 

The inner face is exposed, or referenced, to the atm osphere through the internal vent tube that 

runs the full length o f  the sensor’s cable (ISCO, 1998). The difference between the pressures 

exerted on the diaphragm is the hydrostatic pressure. The transducer converts the hydrostatic 

pressure to analogue signals, which are sent to the module. As the pressure is proportional to 

the depth o f the stream, the m odule can convert the analogue signal to a depth measurement. 

The depth measurement, in turn, is applied to the channel cross-section. The flow meter 

sensor measures average velocity by using an ultrasonic sound signal and the Doppler effect 

shown in Fig. 3.17. The Doppler effect states that the frequency o f  a sound wave (or other 

wave) passed from one body to another are relative to both their motions. As the two 

approach each other, the frequency increases; as they move apart, the frequency decreases 

(ISCO, 1998). The AV sensor contains a pair o f  ultrasonic transducers. One transducer 

transm its the ultrasonic sound wave. As the transmitted wave travels through the stream, 

bubbles and particles carried by the stream reflect the sound wave back towards the sensor. 

The second transducer receives the reflected wave. The m odule compares the frequencies o f 

the sound waves. An increase or decrease in the frequency o f  the reflected wave indicates 

forward or reverse flow. The degree o f  change is proportional to the average velocity o f  the 

flow stream.
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Figure 3.17: Diagram showing the Doppler Effect

The velocity o f  a flow in a pipe is not constant across the cross section o f  flow. The velocity 

is minimal at the pipe walls and increases to a maximum at the centre then decreases 

symm etrically to the other wall. A typical velocity profile or distribution is represented in Fig. 

3.18. To avoid an over or under estimate o f  the velocity the flow meter records a number o f 

velocity readings over the entire profile o f  the pipe and then calculates the average - the mean 

velocity, which is then used to calculate the flow. Butler and Davies (2000) found that the 

presence o f  a sediment bed in the invert o f  the pipe can also affect the profile; in this 

m onitoring campaign any sedim ent build-up was removed after every m ajor storm event.

X

Di.staiice

u
Velocityuu m a x

Figure 3.18: A typical velocity profile across a pipe (u = velocity)

Q = V* (0 -  sin 0) (0 in radians)
8

Equation 3.1: Calculation o f  the discharge Q
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Fig. 3.19 shows the cross-section o f  a pipe in which the low-profile flow meter is set. The 

pipe has a diam eter D with flow o f  depth d. The angle subtended at the centre o f the pipe by 

the free surface is 0. The discharge can then be calculated from the m easured mean velocity, 

V, using the ‘continuity’ equation:

P

Figure 3.19: Geometric elements fo r  a circular pipe (Butler and Davies, 2004)

The flow rate can also be calculated using the M anning’s equation, as all geometric elements 

(Q, A, P, and S) are present. The M anning’s formula is an empirical form ula for open channel 

flow. It can be used for enclosed pipes where the depth o f  flow is not greater than the radius 

o f  the pipe. The equation is represented by:

V = 1 Q = V A
n

Equation 3.2: Manning’s equation used to calculate the flow  rate

W here n: M anning’s roughness coefficient; (for concrete pipe = 0 .0 13)

S: Bed slope

A: Area (m^)

P: W etted perim eter (m)

Q: Pipe discharge (m^)
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The flows calculated using the M anning’s equation could be compared and used to validate 

the results from the continuity equation, which uses depth and velocity values from the flow 

meter. This is a reasonable check on whether the velocity and depth levels are being correctly 

measured with the flow meter. An example o f  recorded and estimated flow is given in Fig. 

2.20. It must be noted that the flow meters were calibrated in the lab using a flume, which had 

the capacity to discharge water at up 100 L/s, before they were deployed at each site.

Flow (Manning 's)Rainfall  F low

20

0.4
16

0.8

1.4

1.6

l l l l i l H I I H I I I I I I I

08:20
0 Ih h u ii 

07:50 09:20 09:50 10:2008:50

T im e

Figure 3.20: Hydrograph o f measured flow and estimated flow using continuity equation and

Manning’s Equation

The hydrographs in Fig. 3.20 were formulated using the continuity equation and M anning’s 

equation. The curves are sim ilar in form and correspond well although the hydrograph 

formulated using M anning’s equation has a sm oother rising and falling limb. The total 

volume calculated using the continuity equation is 47.11m^, which is slightly greater than 

43.53m^, which was calculated using M anning’s equation.

The Software package ‘Flow Link 4 ’ was used to download the rainfall, flow depth and 

velocity data from the ISCO sampler 6712. Once the data was downloaded, the software, if  

programmed correctly could calculate the flow from the available data (flow depth and 

velocity) either by using M anning’s equation or using the m easured geometrical data. It then
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displays the hydrographs and the time and flow rate at which each water sample was collected. 

Flow Link 4 operations and program set up is included in Appendix D.
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Figure 3.21: Flow link 4 Software used to calculate the flows 

3.4.4 M onitoring Equipment

The autom atic sam pler used for this investigation was the ISCO 6712 (Fig. 2.22), which has 

the capacity to fill 24 bottles (300ml each). All the other equipm ent deployed such as the flow 

meter and rain gauge are connected to this central device, which stores data (included in 

Appendix B). This data may then be later downloaded on to a mobile laptop. The sampler 

itself is triggered to take samples by an electronic pulse either from the flow m eter or rain 

gauge as previously discussed. When the sampler takes a sample, it firstly draw s liquid 

through the strainer and suction line to the pump tube. The liquid flows through the pum p 

tube, past the liquid detector, which senses the liquid. From the detector, the liquid follows 

the pump tube through the pump to the bulkhead fitting and then through the discharge tube to
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the sample bottle. Each bottle is numbered and the sampling arm rotates in a clockwise 

direction to fill the bottles.

Figure 3.22: The ISCO 6712 Automatic Sampler

The number and type o f  bottle used in the autom atic sampler will depend on the program that 

has been set up and the param eter that is to be further analyzed. To maximise the potential for 

capturing the runoff throughout the entirety o f  the storm event the maximum num ber o f 

bottles, i.e. 24 were utilized. The bottles were also made o f  glass so that hydrocarbons such as 

PAHs could be analyzed for in the lab. Plastic bottles could not be used as some o f  the 

hydrocarbons may be absorbed into the plastic, introducing unnecessary errors.

Figure 3.23: Control panel and bottle arrangement
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3.4.5 Sampling Protocol

The accuracy in the m easurem ent o f  the intensity and duration o f  the precipitation and 

resulting storm discharge becomes apparent when program ming the sample protocol. The 

automatic sam pler can be programmed on a tim e-based or flow-weighted protocol, both o f 

which depend on the precipitation measurement. The choice between the two is the protocol 

under which the samples are taken, either based on defined time intervals or based on the flow 

passing the sensor module.

3.4.5.1 Time-based and flow-weighted

The time-based protocol relies on accurate m easurem ent o f  the precipitation. The 

precipitation is constantly measured by the rain gauge in 0.1mm tips, which can be 

programmed to trigger the autom atic sam pler (ISCO 6712) once a specified amount o f  rainfall 

e.g. 2mm/30min has been recorded. Once triggered, the sam pler fills the containers with the 

highway runoff based on a specified tim e interval e.g. 5, 10, 15 minutes. To ensure that the 

entire storm event is captured two program s A and B can be set up. Program A will usually be 

a short time interval such as 5 m inutes so that the first section o f  the storm event, the ‘first 

flush’ is captured. Program B is set at a longer tim e interval such as 10 m inutes to stagger the 

sampling over the entirety o f  the storm event.

The time-based method was used at the beginning o f  the research monitoring, as it was the 

simplest and most straightforward technique. After a num ber o f  storm events it became 

apparent that this m ethod, although sufficient in capturing the first section o f  the runoff was 

not the best technique to capture and assess the entire storm event as was necessary in this 

investigation. The bottles were either filled too rapidly or too late resulting in only sections o f 

the storm event being sampled.

The flow-weighted protocol relies heavily on both the accurate measurement o f  the 

precipitation and the flow o f  runoff past the flow meter. As with the time-based method the 

rain gauge would first trigger the sam pler once a required depth o f  precipitation has been 

recorded. The flow meter would then pace the sampler by sending an electronic signal to it 

after m easuring a specified volume o f  liquid i.e. highway runoff. As each o f  the pulses
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represents a volume interval e.g. lOm^, 15m^, flow pacing rates will be proportional to the 

volume o f  water flowing through the channel.

• Program type: Extended.
• Program name: HIGHW AY RUNOFF
• Site description: SITE KILDARE.

• Units: Length -  m, Flow Rate -  1/s, Flow Volume -  I
• M ode o f Operation: Flowmeter, Flow-Insert, round, 12"
• Bottle kit: 24, 300-milIiliter bottles.
• Suction-line length:5 feet.
• Suction head: Auto suction head.
• Line rinses: None.
• Sam pling retries: None.

• Part ‘A ’ and ‘B ’ bottle assignm ents: Bottles 1 - 6 to part ‘A ’,bottles 7 - 24 to
part ‘B’.

• Part ‘A ’ pacing: Time pacing, sam pling every 5 minutes.
• Part ‘A ’ distribution: Sequential, 1 sample per bottle.
• Part ‘A ’ sam ple volume: 300 milliliters.
• Part ‘A ’ enables: At least 2mm o f  rainfall in 30 m inutes and a flow stream level o f

more than 20mm
Once enabled, stay enabled, sample taken when the sampler is 
enabled.

• Part ‘A ’ pauses and resumes: None.

• Part ‘B ’ pacing: Flow pacing, sam pling every 1,000 litres.
• Part ‘B ’ distribution: Sequential, I sample per bottle.
• Part ‘B ’ sam ple volume: 300 milliliters.
• Part ‘B ’ enable: At least 2mm o f rainfall in 30 m inutes and a flow stream level o f

more than 20mm; once 6712 Portable Sam pler Section 5 
Extended Program ming enabled, stay enabled, no sample taken 
when the sampler is enabled; first sample taken 20 m inutes after 
the sampler is enabled.

• Part ‘B ’ pause and resumes: None

Figure 3.24: Outlay o f  typical program setup fo r  sampling the highway runoff

SITE T R IG G E R PR O G R A M
A Kildare 2mm/30mins 5m^ A, lOm^ B
B Monasterevin 0.8mm/30mins 3m ' A, 6 m 'B
C Monasterevin 0.8mm/30mins 3m ' A, 6 m 'B
D Maynooth 1 mm/30 min 5m ' A, 10m' B

Table 3.3: Summary table o f  the programs used at each o f the sites
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3.5 Sample analysis

3.5.1 Sample collection and storage

The appropriate collection and transportation o f water samples is an important aspect o f every 

research study involving field tests (Barrett et a i ,  1995). Any samples collected should be 

transported immediately to the laboratory where the analysis or preservation is to take place. 

To minimize changes in concentration and other errors the preservation and transportation 

guidelines should be correctly followed. These may include the correct labeling o f the sample 

bottles with the date on which the sample was taken, the location o f sampling and the 

parameter to be later tested. This would also include the correct preservation protocol such as 

the addition o f acid and the storage in a cooler while being transported. The full protocol for 

collection preservation and transportation o f the samples is included in the Appendix A.

Each o f the automatic samplers in this research project had special communication modems 

attached; therefore once samples had been taken the modem would send a text message to the 

collector informing him o f the sampling status. Once the samples had been collected and 

transported the next step was to analyze the sample as soon as possible after collection, if this 

were not possible the samples would have been preserved accordingly to minimize 

deterioration or contamination before analysis. The method o f preservation would depend on 

the parameter and could be the addition o f chemicals such as acid, a pH control, refrigeration 

and/or freezing.

Once back in the laboratory the discrete samples were combined to obtain 900ml for the water 

quality analysis. The compositing was carried out after a careful examination o f the storm 

event hydrograph and the resulting times the samples were taken.

3.5.2 Laboratory analysis

The runoff samples were analyzed in accordance with the methods approved by the APHA et 

al. (1998). They where carried out by the researcher under the careful supervision o f a trained 

laboratory technician. The analyses for hydrocarbons such as PAHs were sourced out to AL
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Control Limited, a specialist water laboratory located in Dublin. The detailed laboratory 

procedures are included in Appendix A.

3.5.2.1 Total Suspended Solids analysis (APHA, 1998 2540D)

The filter material (size) was first prepared and weighed using preparation guidelines outlined 

in APHA (1998) section 2540D. The filter material was then placed in the filtering apparatus 

and wet with a small volume o f  distilled water to seat it. A known volum e o f  well-m ixed 

sample was added to the seated glass fiber filter. The glass fiber filter was washed with three 

successive 10ml volumes o f  distilled water, drained completely between w ashes and subjected 

to suction (pressure) for 3 minutes after com plete filtration. The filter was removed from the 

filtration apparatus, transferred to an inert dish and placed in an oven at 103 to I05°C to dry 

for at least an hour. After this time the dish was placed in a desiccator to cool and reach a 

steady tem perature before weighing. The cycle o f  drying, cooling, and weighing was repeated 

until a constant weight was obtained or the weight change was less than 4 %  o f the previous 

weight or 0.5mg, whichever was less.

3.5.2.2 Total Phosphate analysis (Stannous Chloride Method APHA, 1998 4500PD)

Total phosphate is analyzed using a spectrophotom eter, which detects the change in colour 

between samples after an indicator is added, in this case the blueness o f  the sample. A series 

o f  standard solutions in the range o f 0.05 to l.Omg/l were firstly prepared by diluting the 

stock. A suitable portion o f mixed sample, usually 50ml, which does not contain more than 

200mg o f  P and is colourless was m easured out. To this sample one drop (0.05ml) o f 

phenolphthalein indicator solution was added and in the cases were a red colour developed, 

sulphuric acid was added, drop by drop to discharge this colour. To each sample, 1ml o f 

sulphuric acid solution and either 0.4g o f  amm onium  persulphate (NH4)2S208 or 0.5 g o f  

potassium persulphate K2S20g were added. The samples were then heated in an autoclave for 

30 m inutes at a tem perature o f  200°C and once removed were left to cool in the lab at room 

tem perature and pressure (RTP).

Once cooled, one drop (approx 0.05ml) o f  phenolphthalein indicator solution was added and 

neutralized to a faint pink colour with NaOH. With the addition o f  distilled water the samples
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w ere m ade up to 100m l and then vibrated w ell to d isso lv e  w hat m ight have precipitated. To  

th is m ixed solution  4 .0m l o f  m olybdate reagent 1 and 0 .5m l stannous ch loride reagent I w ere  

added. A s the tem perature o f  each sam ple in flu en ces its colour the sam ples w ere all held at a 

constant tem perature, w hich  varied by no m ore than 2°C. The sam ples w ere than ind ividually  

at a tim e spacing o f  1 0  m inutes p laced into the spectrophotom eter, w h ich  m easured  

absorbance at a level o f  690nm . The readings from each sam ple w ere com pared w ith a 

calibration curve, w hich  w as form ulated u sin g  d istilled  water as a blank.

3 .5 .2 .3  Total O rganic Carbon (A P H A , 1998 (5 3 1 0  B ))

T he Total O rganic Carbon (T O C ) content in each sam ple w as m easured using the H igh  

Tem perature C om bustion  M ethod (5 3 1 0 B ). Each sam ple w as first h om ogen ized , and then  

diluted as necessary before a m icro portion o f  each w as injected into a heated reaction  

cham ber packed w ith an ox id ative  catalyst such as cobalt ox id e . The w ater w as vaporized and 

the organic carbon w as ox id ized  to C O 2 and H2O. The C O 2 from the oxidation  o f  the organic  

and inorganic carbon w as transported in the carrier-gas stream s and w as then m easured by 

m eans o f  a non -d isp ersive infrared analyzer.

3 .5 .2 .4  H eavy M etals (C d, Cu, Pb, Zn) (A P H A , 1998 (3 0 3 0 E ))

A  suitable vo lu m e (50  to 100m l) o f  m ixed  sam ple w as m easured and transferred to an inert 

bottle. T o this 5m l o f  H N O 3 w as added along w ith  a few  b oiling  ch ips. T his w as s lo w ly  

brought to the boil and evaporated on a hot plate to the low est vo lu m e p ossib le  ( 1 0  to 2 0 m l) 

before precipitation occurred. The heating w as continued  and concentrated H N O 3 w a s added 

until d igestion  w as com p lete  as indicated by a light-coloured clear solution . The w a lls  o f  the 

bottle w ere w ashed d ow n w ith w ater and filtered w hen  necessary. The filtrate w as transferred 

to a 100m l volum etric flask, coo led , diluted to the mark and m ixed thoroughly. Portions o f  

th is so lution  w ere used for determ ining lev e ls  o f  Cd, Cu, Zn, and Pb resp ectively  using the 

Flam e A tom ic  A bsorption Spectrom etry (F A A S ).
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3.6 Quality Control/ Q uality Analysis

As this was an in-situ investigation a number o f errors may be introduced during the sample 

collection, transportation and analysis, which may affect the integrity and interpretation o f the 

water quality data (Church et a i ,  1999). To minimize errors, a stringent quality assurance 

protocol was established at the beginning o f the research project to ensure that the analyzed 

data were compatible and o f sufficient quality to meet the project needs.

When collecting the samples at each o f the sites the bottles that contained the highway runoff 

were firstly removed with care from the sampler and then marked with identification numbers. 

They were then stored in a cooler system and transported straight back to the laboratory. Once 

in the lab the samples were either analyzed right away or preserved for analysis on a later date. 

The research team under the careful supervision o f an experienced laboratory technician 

carried out the water analysis. Externally supplied standards were analyzed as part o f the 

calibration check for each o f the parameters investigated. Duplicate samples, laboratory 

blanks and in-situ blanks were also used for checking and clarification purposes. The 

laboratory equipment that was used such as the Flame Atomic Absorption Spectrometry 

(FAAS) was calibrated as per manufacturer’s recommendations.

As with most quality controls in the analysis o f water samples the Method Detection Limits 

(MDL) were determined for each o f the parameters. The Method Detection Limit is defined 

as the minimum concentration o f a substance that can be measured and reported with 99% 

confidence that the analyte concentration is greater than zero and is determined from analysis 

of a sample in a given matrix containing the analyte (U.S EPA, 1997). The MDL is calculated 

as the standard deviation (s) times the student “t” value. The number o f replicated runs, which 

the U.S EPA recommends to be at least seven, will determine the “t” value. The MDL is o f 

significant importance to ensure that the methodology o f  analysis in the lab is accurate and the 

results can then be deemed correct and suitable for further interpretation.
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3.7 Calculation o f pollutant concentrations, EM C and loading rates

To characterize the runoff at each o f  the sites the concentrations, event mean concentrations, 

annual pollutant loadings and dimensionless normalized mass and volume were calculated. 

The first and m ost basic calculation was to combine all concentrations into the same SI units, 

for example for Total Suspended Solids:

Total Suspended Solids (mg/l) = (A - B) x 1000
Sample Volume (I)

Where: A = weight o f filter + dried residue (mg)

B = weight o f filter (mg)

Equation 3.3 Total Suspended Solids calculation

Concentrations o f  runoff quality vary by orders o f  magnitude throughout the entirety o f  the 

storm event. The Event Mean Concentration (EM C) is a simple index, which is used to 

represent the average pollutant concentration o f  the complete storm event. The EMC is 

defined by the formula:

|c,e,d/

e,j<
Y.QM

Equation 3.4: Event Mean Concentration calculation

Where the EMC is the event mean concentration (mg/l); M is the total mass o f  pollutant over 

the entire event duration (g); V is the total volume o f  flow over the entire event duration (m^); 

t is the time (min); Ct is the tim e variable concentration (mg/l); Qt is the time variable flow 

(mVmin); and At is the discrete time interval (min). The EMC is computed for the entire 

runoff duration.
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The annual pollutant loadings are important in understanding the impact the runoff may have 

on the receiving water body whether ground or surface. They are also important in the design 

o f  any treatm ent system such as a constructed wetland that may be integrated into the drainage 

system. The annual loading rates can be calculated using the ‘Simple M ethod’ as defined by 

Schueler (1987). The Simple Method estimates pollutant loads for chemical constituents as a 

product o f  annual runoff volume and pollutant concentration, as:

L =  R*C*A

Where: L = Annual Load (g/hectare/year)

R = Annual runoff (mm/year)

C = Pollutant concentration (mg/1)

A = Catchments Area (hectares)

Equation 3.5: Calculation o f  annual loading

In terms o f  R the Simple Method calculates the annual runoff as a product o f  annual runoff 

volume, and a runoff coefficient (Rv). The runoff is calculated as:

R = P*Pj *Rv

Where: R = Annual runoff (mm)

P = Annual rainfall (mm)

Pj = Fraction o f  annual rainfall events that produce runoff (usually 0.9)

Rv = R unoff coefficient (usually 0.7-0.9 impermeable surfaces)

Equation 3.6: Calculation o f  annual runoff
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Chapter 4 Analysis: Kerb and Gully Systems

4.1 Introduction

The kerb and gully system is the second most popular form o f drainage used on motorways in 

Ireland. Up to 15% o f the total highway surface area is drained with this system (NRA, 2004). 

As the kerb and gully provides positive and direct drainage it gave the researcher the chance to 

sample runoff directly from the highway surface. The direct runoff could be analysed and 

then characterized so as to identify what pollutant parameters with respect to both their 

concentrations and loads were transported in the runoff from highways in Ireland. In this 

chapter the findings from each site will be discussed and compared.

The two sites selected, which had the kerb and gully system as the main form o f drainage, 

were both located on the M7 motorway between the towns o f Kildare and Monasterevin. The 

first o f these sites to be instrumented was a 1,200-metre section o f two-lane carriageway near 

Kildare town in which the traffic was travelling in a westerly direction towards Dublin, 

referred to as Site A. The total catchment area was measured to be approx 14,184m and the 

drainage was a standard kerb and gully system (detailed in chap.3). The monitoring program 

commenced in December 2003 and continued until August 2005. With approximately 21 

months of rainfall-runoff data and numerous storm events sampled, which covered all seasons, 

this was regarded as a successftil monitoring campaign. The second site (with this drainage) 

to be instrumented was a catchment area combining a 500m section o f two-lane carriageway 

in the westerly direction and a 480m section o f two-lane carriageway in the easterly direction 

located near the town o f Monasterevin. The total catchment area was measured to be approx 

ll,368m ^ and the drainage was a standard kerb and gully system (detailed in chap.3). The 

monitoring commenced in early August 2005 and lasted until late October 2005 in which time 

a number o f major storm events had been captured. The results and analysis from both sites 

are presented in this chapter. They are divided into two relative sections, the hydrological and 

the hydrochemical data. The hydrological analysis is important as the rainfall is the driving 

force o f the highway runoff process and its accurate measurement and interpretation is 

necessary to characterize the rainfall-runoff process. The hydrochemical analysis is equally 

important to identify the pollutant constituents in the runoff and compare them with other
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findings and with environmental quality and drinking water standards. Comparisons will be 

made between the findings at each site and discussed.

4.2 Hydrological analysis

4.2.1 Rainfall data at Site A

A complete record o f the rainfall was attained using an auto-log 0.1mm tipping bucket rain 

gauge (ISCO 700), which was located within the catchment area. For the twenty-one month 

period from the commencement o f the monitoring a total o f 1,090mm was recorded. This is 

substantially lower than a total o f  1,240mm that was recorded at the Met Eireann Site, which 

is located 20km east off the site, in Naas town. The annual average rainfall at the Kildare site 

was 705mm, which again was lower than the Naas site recording o f 788mm. The main 

difference in total rainfall between the sites is in the summer months, which may be due to the 

localized intense rain events during this period. The monthly rainfall summary is provided in 

Fig 4.1. The full data set containing daily rainfall is in the Appendix D.

It is clear from the summary table in Tab. 4.1 that the rainfall was not generally distributed 

evenly throughout the year. During the monitoring period o f nearly two years the months with 

the highest number o f rainy days were December and January with averages o f 25 and 26 wet 

days respectively. The maximum hourly and daily rainfalls were 7.8mm on the 6*’’ July 04 and 

23.1mm on the 21®‘ March 05 and October 04 was the wettest month. It was noted that a high 

percentage o f the rainfall fell during the months o f August 04 and October 04, which made up 

to a 30% of the total annual rainfall. The highest number o f storm events over 10 mm was 

also recorded in these particular months with 3 in August and 5 in October. The dry periods in 

both years tended to be during the summer months with May 04, April 05 and June 05 having 

the highest number with 19, 15 and 16 days with no rainfall recorded. May 04 had the highest { 

number o f dry days at 19, but this was also the longest period without any rainfall. ^
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Month Naas Kildare Days Days Days Days Days
Site* Site** = Nii < < < >
(mm) (mm) 1.0mm 5.0mm 10mm 10mm

December 03 64.6 26.3 7 6 2 2 0
January 04 102.4 84.0 3 10 13 4 1
February 04 30.0 29.5 13 8 6 2 0
March 04 68.8 60.0 12 7 6 6 0
April 04 70.8 67.0 6 12 6 5 1
May 04 34.0 36.6 19 4 6 2 0
June 04 50.2 58.9 14 8 5 2 1
July 04 44.5 33.0 14 8 6 3 0
August 04 113.6 105.7 8 10 5 5 3
September 04 56.1 41.7 11 11 3 5 0
October 04 116.2 120.1 5 9 9 3 5
November 04 46.2 27.5 11 15 2 1 1
December 04 55.3 41.4 6 16 7 1 1
January 05 76.3 56.9 8 12 10 0 1
February 05 44.6 24.5 6 14 7 1 0
March 05 44.5 63.2 9 12 5 4 1
April 05 76.9 46.1 15 6 7 1 1
May 05 78.7 66.4 11 8 7 2 3
June 05 25.4 35.8 16 5 7 2 0
July 05 66.4 51.7 9 12 7 1 2
August 05 42.0 37.7 13 9 6 2 0

Table 4.1: Monthly rainfall summary at Site A (Naas D provided by Meteireann, 2005) 

4.2.2 Rainfall-mnoff characteristics at Site A

The hydrological characteristics o f 107 rainfall events that occurred during the monitoring 

period from Dec 03 to Aug 05 are summarized in Tab. 4.2. The data is presented for the 

winter period o f October through to March and the summer period o f April through to 

September in terms o f total rainfall: storm duration, rainfall intensity, total rainfall volume, 

total runoff volume, runoff coefficient, and peak rainfall intensity, time to peak, peak flow, 

mean flow, and ratio o f peak to mean flow respectively. During the winter period the storm 

events were long lasting with steady, low intensity rainfalls. In contrast during the summer 

period, the weather patterns produced a significantly large number o f short, relatively intense 

storm events. The highest peak rainfall intensity (42mm/hr), peak flow (1221/s), mean flow 

(15.61/s) and peak/mean ratio (7.79) occurred during the summer period. Not surprisingly the 

longest storm duration (1175min) and time to peak (490min) occurred during the winter
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months. The runoff coefficient and total amount o f rainfall remained relatively constant 

throughout the seasons. The Relative Standard Deviation (RSD), which is a measure o f the 

spread o f data around the mean value, is presented in Tab. 4.2 for each o f the hydrological 

factors. Most o f the results for the parameters have a high variance with the exception o f the 

runoff coefficient, which is consistently low at 15% RSD in the winter and 19% RSD in the 

summer.

Fig. 4.4 shows a range o f typical storm hydrographs with the rainfall on the catchment and the 

corresponding runoff. The hydrographs that have been observed at this particular site respond 

quickly to the onset o f the rainfall and fluctuate with the rainfall intensity. Additionally they 

are characterized with sharp peaks and recession segments, which are steep in nature. Such 

characteristics suggest that a large proportion o f the rainfall falling onto the catchment enters 

the pipe system directly as storm water flow.

Fig 4.1 shows the relationship between the rainfall volume and the corresponding runoff 

volume. This linear relationship between the amount o f rainfall falling on the catchment and 

the resultant runoff flowing from the catchment represents the runoff coefficient (Pilgrim and 

Cordery, 1993). At Site A, the catchment area was 100% impervious; therefore the runoff 

coefficient was expected to be high. The coefficient values varied from 0.53 to 1.31 with an 

average o f 0.91. These values did not differ significantly between seasons. The range of 

coefficients found are similar to values reported in a study by Gupta et al. (1981c), which 

reported runoff coefficients in the range o f 0.40 to 1.42 from a 100% impervious highway 

section in Milwaukee, USA. Although theoretically unexpected, there are a number of 

practical explanations for recording values above 1; these include snow melt contributing to 

the runoff, wind steering the rain away from the rain gauge and actual blockage o f  the rain 

gauge, particularly during the growing season (grass blockage). The highest runoff coefficient 

of 1.31 was recorded on the 26* o f December 2004. It was reported by Met Eireann (2005) 

that the rainfall fell in the form o f snow during this event. This snow may have settled on the 

top section o f the rain gauge resulting in a low and inaccurate rainfall recording; therefore the 

runoff-rainfall relationship was incorrect giving a high runoff coefficient greater than 1.

112



300

R
U
N
O
F
F

V
O
L
U
M
E

250

200

150

100

50

y = 0 .9211x-0.2907 
= 0.9313

A ♦  ♦

50 100 ISO 200

Rainfall Volume (n )̂

250 300 350

Figure 4.1: Runoff volume vs. rainfall volume at site A (107 Storm Events)

Fig. 4.2 displays the relationship between the peak flow and both the average and peak rainfall 

intensities monitored at the site. The peak flow, which is the maximum instantaneous flow 

rate recorded during the storm event can easily be identified on the hydrograph as the 

maximum point on the flow line (flg.4.4). The correct definition and prediction of this flow 

rate is extremely important at the design stage of the drainage system and any additional 

treatment facility, as it will govern the size of the piping used to convey the water away from 

the highway.

The standard method to predict the peak flow from a design storm event is to use the rational 

method, which relates the peak flow to the average rainfall intensity of the storm. It is clear 

from the graph that the relationship between the peak flow and peak intensity is statistically 

more significant with an R squared (the proportion of variability in a data set that is accounted 

for by a statistical model) of 0.74 than that with the average intensity, which has an R squared 

of 0.59.
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Figure 4.2: Peak flow  V5. rainfall intensity site A

Fig. 4.3 shows the relationship between runoff duration (Rd) and storm duration (Sd). The 

linear relationship is well defined and the regression equation indicates that the runoff flow 

may disappear within 1 to 2 hour after the end of the rainfall. The equation is R j = 0.9998x + 

85.176 with R square of 0.9281 indicating a high linear relationship between the two factors.
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Figure 4.3: Runoff duration V5. storm duration Site A
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Another indicator of the rainfall-runoff process is the lag time, which is the time from the 

onset of the runoff to the peak flow. The lag times between the start of the runoff and the peak 

flow are short for this catchment averaging at 77 minutes for the summer months and 97 

minutes for the winter months respectively. The relative standard deviation is high at 138%, 

which is expected, as there were a wide range of storm events, both short and long in duration 

monitored over the 21-month period.

In summary, the hydrological results from site A were anticipated as the catchment area was 

100% impervious, so a large percentage of the rainfall was expected to end up as runoff in the 

pipe system. The majority of the runoff coefficients and peak flows were high responding 

directly to the rainfall on the catchment. The time for the runoff to subside was low as was 

expected for the direct form of drainage system in place.
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Figure 4.4: Typical storm hydrographs from Site A



SEASON Total Storm Flow Rainfall Total Total Runoff Peak Time Peak Mean Peak/

Rainfall Duration Duration Intensity Rainfall Runoff Coefficient Rainfall To Flow Flow Mean

(mm) (mins) (mm/hr)
Volume

(m»)
Volume

(m^) ( mins)
Intensity
(mm/hr)

Peak
(mins) (L/s) (L/s)

WINTER
(51)

MAX 22.2 1,175 1,500 6.10 315 292 1.30 24.0 490 38.1 8.75 8.97

MIN 0.70 15 80 0.20 9.93 7.06 0.66 1.2 10 1.60 0.48 1.66

AVER 5.00 231 333 2.10 70.8 63.0 0.90 7.2 97 12.3 3.20 3.78

SD 4.91 251 273 1.66 69.6 59.8 0.14 0.39 106 8.38 1.79 1.38

RSD (%) 98 109 82 78 98 95 15 69.6 110 68 56 36
SUMMER

(561

MAX 22.2 660 712 22.2 315 281 1.31 42 410 122 15.6 11.0

MIN 0.8 13 50 0.4 11.4 10.3 0.53 2.4 5 4.85 1.05 1.41

AVER 5.2 173 244 4.8 73.7 67.9 0.91 13.2 77 27.4 5.90 4.33

SD 3.77 192 192 5.25 53.5 52.5 0.18 0.90 106 25.2 3.67 2.01

RSD (%) 73.0 111 79.0 109 73.0 77.0 19.0 78.7 138 92.0 62.0 47.0
Table 4.2: Summary o f  hydrological data from Jan 04 to Aug 05 at the Site A



4.2.3 Rainfall data at Site B

This site located on the Monasterevin section o f the M7 was monitored over a three month 

time period, between August 05 and October 05. The rainfall data collected during this period 

was similar to that recorded by the weather station (Met Eirrean) in Naas town, which is 

located 25Km east o f the site. The rainfall recorded in October differed as the monitoring 

campaign ended in the middle o f the month.

Month Naas
Site

(mm)

Monast 
Site B 
(mm)

Days 
= Nil

Days
<

1.0mm

Days
<

5.0mm

Days
<

10mm

Days
>

10mm

August 05 37.7 34.2 15 8 5 2 1

September 45.7 38.4 16 5 6 3 0
October 92.3 32.1 10 2 3 1 0

Table 4.3: Summary o f Rainfall data at Site B (Naas D provided by Meteireann, 2005)

4.2.4 Rainfall-runoff characteristics at Site B

The hydrological characteristics o f 15 storm events, which occurred during the monitoring 

period from Aug 05 to Oct 05, are summarized in Tab. 4.4. The highest peak rainfall intensity 

was recorded as 12mm/hr, peak flow 21.41/s, and mean flow 5.091/s. The longest storm 

duration was 430min and the longest time to peak was 204min. The runoff coefficients varied 

between 0.65 and 0.93, with a mean o f 0.78.

Fig. 4.8 shows typical storm hydrographs observed from the catchment at the site B. The 

shape o f the hydrographs are similar to those observed at site A, which is to be expected as 

both sites have a similar drainage regime, which produces direct runoff. The hydrographs 

respond quickly to the onset o f the rainfall and fluctuate with the rainfall intensity. They have 

also distinct sharp peaks and recession segments, which are steep in nature.



The characteristics at site B were sim ilar to that o f  Site A such as the catchm ent area, which 

was 100% impervious so the runoff coefficient was expected to be high again. The recorded 

values ranged between 0.65 and 0.93 with an average o f  0.78. The relative standard deviation 

is 12% indicating low variance around the mean. In the graph o f  runoff volume against 

rainfall volume (Fig, 4.5) there is a clear linear relationship between the two hydrological 

factors. The R square is very high at 0.96 and the linear equation is y = 0 .8 6 17x -  2.58, with a 

slope o f  0.86 indicating a high ratio o f runoff to rainfall. The average runoff coefficient o f 

0.78 at this site may have been lower than the average value o f  0.91 at Site B due to the 

inclination o f  the highway surface, which was less at 0.50%  compared to 0.96%  at Site A, but 

also more likely due to the num ber o f  storm events sampled in each season.
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Figure 4.5: Runoff volume vs. rainfall volume at Site B (15 Storm Events)

Fig. 4.7 o f  peak flow against rainfall intensity for site B shows the relationship between peak 

flow and both the average and the peak intensity. With sim ilarity to the results from site A the 

relationship between peak flow and peak intensity is more statistically significant with an R 

square o f  0.60, than the relationship with average intensity, which has an R square o f  0.42.
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Figure 4.6: Peak flow  V5. rainfall intensity at Site B

Fig. 4.7 shows the relationship between rainfall duration (R j) and storm duration (Sd) for site 

B. There is a distinct linear relationship with the time for the runoff to subside (averaging 44 

mins in this case), which is expected for the direct drainage system. The linear equation is Rd 

= 1.0875Sd + 44.623 with an R square value o f 0.86.
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Figure 4.1: Runojf duration V5. storm duration at Site B
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The lag times between the start o f the runoff and the peak flow at site B was similar to that 

observed at site A. The times were short, ranging between 5 and 204 minutes with a 

respective mean o f 69 minutes. The relative standard deviation for the lag times was high at 

82% as there was a wide range o f storm events monitored.

In summary, the hydrological results from site B are similar to the results obtained at site A as 

both catchment areas were 100% impervious and the form o f drainage in place i.e. kerb and 

gully system was also similar. It is similar to site A as the majority o f the runoff coefficients 

and peak flows were high responding again in a directly to the rainfall on the catchment. The 

short time for the runoff to subside was also similar to that at site A, which was expected for 

the direct form o f drainage system in place.
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Figure 4.8: Storm hydrographs from Site B



Storm Total Storm Runoff Rainfall Total Total Runoff Peak Time Peak Mean Peaky

Number Rainfall Duration Duration Intensity Rainfall Runoff Coefficient Rainfall To Flow Flow Mean

[151 (mm) (mins) (mins) (mm/lir)
Volume

(mO
Volume

(m^)
Intensity
(mm/hr)

Peak
(mins) (1/s) (1/s)

max 9.70 430 600 5.10 110 99.0 0.93 12.0 204 21.4 5.09 8.47

min 1.10 45.0 110 0.30 12.5 8.19 0.65 1.20 5.00 1.55 0.57 1.96

mean 3.76 191 252 1.50 42.1 33.7 0.78 5.30 69.0 9.19 2.38 3.80

SD 2.30 121 1.36 142 1.16 26.2 23.0 0.09 0.27 56.9 6.46 1.77

RSD 61.0 64.0 56.0 75.0 62.0 68.0 12.0 61.0 82.0 70.0 57.0 47.0

Table 4.4: Summary o f  hydrological data from Aug 05 to Oct 05 at Site B



4.3 Water quality analysis

4.3.1 Site A sampling

At Site A, the runoff samples were analysed for a number o f contaminants, which included the 

total suspended solids, total phosphate, total organic carbon, total chloride, heavy metals and 

hydrocarbons. The heavy metals included cadmium, copper, lead and zinc, o f which both the 

particulate and dissolved phase was investigated. A total o f 15 PAHs (as recommended by the 

U.S. EPA 1983) were also investigated. Table 4.5 is a summary o f the storm event details 

including the date o f the storm, total rainfall and runoff volume, peak intensity and flow, 

duration o f the event and sampling time, and the preceding conditions and the vehicle count 

during the event. Table 4.6 is a summary table o f the minimum, maximum and mean 

concentrations observed throughout the monitoring campaign. Table 4.7 is a summary table 

of the concentrations observed during each o f the respective seasons, winter and summer. 

Tables 4.8 and 4.9 present summaries o f the event mean concentrations and loading rates 

observed at each storm event and the total minimum, maximum and mean values.

In addition to the results from this investigation, findings from a particular highway site (TR3) 

in the WRc (2002) study on highway runoff in England are included so that comparisons, if 

any, can be made. This site, which is a typical dual carriageway located on the A4I7 

Cirencester Bypass, South England, had similar site characteristics to that o f site A. The 

catchment area of the site was I3,671m^ compared to 14,l84m^ for site A. Both sites had an 

annual average daily traffic flow o f between 20,000 and 30,000 and the annual average rainfall 

was 900mm compared to 700-800mm at site A. The peak rainfall intensities for the storm 

events sampled ranged from 1.2 and 24.0mm/hr compared to between 0.8 and 37.2mm/hr at 

site A. The drainage system in place was an in-situ concrete channel, which discharged to a 

piped drainage system via on line trapped gullies, which was similar to that at site A with the 

exception o f the kerb. The parameters investigated at each site were also similar and included 

the standard high runoff parameters, TSS, heavy metals and the hydrocarbons such as the 

PAHS.
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Event Date Total Peak Peak Event Total Antecedent Sam|> Vehicles
Rainfall Flow Dur RunofT ...... f tS ! ..... Dur

Volume Period Storm

(mm) (mm/hr) fl/s) {mins) tm») (mins) (mins) <veh)
I 25-May-04 2.90 25.2 26.1 20.0 54.2 28,080 35.0 280

2 28-May-04 1.80 4.80 7.67 60.0 19.7 90.0 110 84.0

3 18-Jun-04 3.70 26.4 32.1 15.0 30.2 11,520 60.0 325

4 I8-Jun-04 1.30 12.0 3.82 10.0 5.63 95.0 60.0 141

5 03-Aug-04 3.90 10.8 25.7 50.0 54.0 18,780 20.0 734

6 03-Aug-04 13.4 20.4 68.0 210 192 10.0 160 3,350

7 10-Aug-04 3.60 21.6 53.1 30.0 59.7 2,700 70.0 354

8 02-0ct-04 2.20 12.0 26.0 20.0 35.8 1,260 83.0 512

9 28-Oct-04 5.50 10.8 25.6 50.0 57.8 1,080 135 726

10 21-Mar-05 3.80 6.0 17.7 85.0 56.7 360 118 970

11 17-Apr-05 5.80 18.0 26.5 100 66.5 14,400 69.0 2,650

12 03-May-05 4.70 14.4 26.4 60.0 53.0 560 38.0 90.0

13 21 -May-05 7.40 37.2 122 25.0 124. 4,320 77.0 400

14 24-Jun-05 3.50 16.8 30.2 30.0 40.6 70.0 65.0 45.0

15 30-Jun-05 2.40 12.0 20.6 30.0 34.8 15.0 52.0 180

16 30-Jun-05 3.30 30.0 45.9 20.0 48.5 850 47.0 250

17 02-Jul-05 2.60 15.6 21.1 15.0 27.7 1,560 31.0 158

18 05-Jul-05 3.20 6.00 16.9 60.0 43.5 3,540 61.0 1,267

19 23-Jul-05 4.80 24.0 56.1 60.0 66.4 100 85.0 1,159
Total Drainage Area = 14184 m'

Table 4.5: Storm event details at Site A

4.3.1.1 Total Suspended Solids (TSS)

Concentrations/EMC/Loadings

TSS is the most common constituent to be analysed in past research on highway runoff 

pollution (Irish et a l ,  1995; WRc 2002 and TRL 2002). The range and mean concentrations 

obtained from this research are summarized in Table 4.6. The minimum concentration o f TSS 

detected was 31.0 mg/l on the 28'*’ Oct 04 and the highest concentration detected was 

4,290mg/l on the 25* May 04. The relative standard deviation (RSD), which is an indication 

o f the spread o f values in relation to the mean, is high at 131%. Such a value indicates a high 

variance o f results, most likely due to the high range o f storm events sampled. The minimum 

concentration o f TSS (31.0mg/l) was detected from a sample collected at the end o f the storm 

event, at which stage a large percentage o f the TSS would have already been washed from the 

highway surface. The maximum value (4,290mg/l) was detected from a sample collected at
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the first stage o f  the storm event. This concentration o f  TSS is extrem ely high, but due to the 

nature o f  sampling, the preceding dry conditions and the storm intensity it is understandable. 

The sample was collected right at the onset o f  the runoff response from the storm event, in 

essence capturing the first flush o f  contam inates from the highway surface. The num ber o f  

dry days preceding the storm event was high, at 19 days. Such a long dry period would have 

allowed a large quantity o f  TSS to amass on the highway surface, which with the aid o f  the 

kerb would have been trapped at the edge o f  the highway. The kerb would have prevented the 

removal o f  the TSS by other transport mechanisms, such as natural or vehicle induced wind 

turbulence. The final critical factor was the intensity o f  the rainfall, which peaked at 

25.2m m/hr during the event. Such an intense rainfall would have provided enough kinetic 

energy to rem ove a large percentage o f  the available loose particles from both the highway 

surface and any vehicles travelling during the storm event.

The TSS concentrations have been noted to vary with the seasons (Young et al., 1996). In this 

investigation the mean value o f  TSS concentration was highest during the summ er period 

(April-September) at 779mg/l (Table 4.7) compared to 333mg/l in the winter period (October- 

M arch). Barrett et al. (1995) reported that any seasonal trend was related to climatic 

characteristics such as rainfall intensity and preceding dry days that were associated with each 

season, in this investigation, the highest values o ff TSS concentration were recorded in the 

summer period, which coincided well with the highest recorded rainfall intensities and the 

longest dry periods.

With both the hydrological data and water quality data available the event mean 

concentrations (EM C) and resultant loads were calculated for each o f  the 19 storm events 

sampled at site A. The maximum event mean concentration o f  TSS was 2,340m g/l, which 

sim ilar to the highest concentration, was detected from an event on the May 25*’’ 04. The 

lowest EMC value was 125mg/l from an event on the 5* July 05, which incidentally had the 

lowest peak rainfall intensity (6mm/hr) o f  the entire storm events sampled at this site. The 

highest loading rate o f  TSS was 19,400g/1000m^, which was from a storm event on the 21** 

May 05. This particular event had the highest rainfall intensity (37.2mm /hr) and the highest 

runoff volume (124m^) o f  all the events sampled (Table 4.7). The lowest loading rate o f  TSS 

was detected from an event on the I8 ‘*’ June 04. This event had an average rainfall intensity o f
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12mm/hr but the lowest volume o f runoff 5.63m^, which would have contributed to the low 

load rate.

4.3.1.2 Total Phosphate, Organic Carbon, Chloride 

C oncentration/EM C /L oadings

The concentrations o f Total Phosphate (TP) varied between 0.03 and 3.49mg/l averaging at 

0.57mg/l. The RSD is 116% indicating a high variance in values for the 116 samples tested. 

The highest values o f total phosphates were found during the high intensity storm events, 

which correlate well with the findings for the TSS values.

The EMC of TP varied from 0.05mg/l to 1.84mg/l averaging at 0.75mg/l. The highest EMC 

of TP detected was 1.84mg/l from an event on the 21®‘ May 05, which like the TSS is due to 

the storm characteristics, and preceding conditions. The loading rates o f TP varied from 0.13 

to 16. Ig/IOOOm^ with an average o f  3.02g/1000m^. The highest loading rate o f 16. Ig/lOOOm^ 

was from an event on the 21®‘ May 05 and the lowest value o f 0.13g/1000m^ was from an 

event on the 2"̂ * Oct 04, which again correlates well with the TSS findings and is related to the 

low runoff volume.

Concentrations o f total organic carbon (TOC) varied from 0.72 to 35.2mg/l averaging at 

8.00mg/l. The RSD is 90% indicating a high variance in values but not as significant as the 

TSS and TP values. The highest values again were found during the intense rainfall events 

that occurred during the summer period.

The EMC of TOC varied from 1.21 to 2 l.lm g/l, averaging at 8.93mg/l. The highest value of 

21.1mg/l was detected from an event on 18* June 04, which was unusual as the storm 

characteristics for the event, such as the rainfall intensity, were not significantly high 

(12mm/hr) nor was the traffic count during the event (M lveh). Both the rainfall intensity and 

the traffic count have been used as predictors for the TOC concentration in past research (Wu 

et al., 1998). The second highest value was 20.8mg/l from an event on the 25* May 04. This 

correlates well with the TSS and TP findings and is related to both a long dry period preceding 

the event in which time a high organic mass would have been deposited on the highway
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surface and then washed off by the high rainfall intensity (25.2mm/hr). The lowest EMC 

value o f TOC was detected from an event on the 28* o f October 04, which had an average 

rainfall intensity o f I0.8mm/hr, and traffic volume during the event o f 726 vehicles. The 

loading o f TOC varied between 4.94 to 79.4g/l000m^ averaging at 29.5g/1000m^. The 

highest loading o f 79.4g/l000m^ was detected from an event on the 25'̂  May 04, which 

correlates well with the event mean concentrations and is related to the characteristics o f the 

storm event such as the runoff volume. The lowest load detected was 4.94g/l000m^ from an 

event on the 28‘̂  October 04, which again correlates well with the low EMC value.

The concentrations o f chloride (TCI) varied from 0.44 to 24.4mg/l within an overall average of 

S.OOmg/l. The RSD for the 70 samples analysed is 80%, which is a significant spread of 

values but not as high as the previous parameter values. The seasonal difference was not 

significant with the winter mean o f 5.86mg/l similar to the summer mean o f 6.06mg/l. This 

similarity between seasons and the low winter mean value are surprising as high values of 

chloride are usually associated with the winter months due to the heavy salt (NaCI) application 

on the highways. In a comparison o f  the storm events sampled and the dates that salt was 

applied to the highway surface it would seem that the monitoring might have missed any 

impact from the salt applications.

The EMC o f Cl varied from 0.88 to I8.8mg/I, with an average o f 7.31 mg/1. The loading rate 

varied from 4.80 to 71.8mg/l, averaging at 21.5mg/l. The highest EMC and loading rate value 

were detected from an event on the 25*̂  May 04, which is similar to the findings o f the other 

parameters, and the same explanation i.e. storm characteristics may apply.

4.3.1.3 Heavy Metals (Total and Dissolved)

Concentrations/EMC/Concentrations

Total Cadmium (TCd) concentrations varied from non-detectable to 30.0|ag/l with an 

average o f 7.72)^g/l. The RSD for the 125 samples analysed is 76% indicating a moderate 

variance in values. The highest values o f cadmium recorded were during the summer months 

although the overall average was the same in both seasons at I0.0|j.g/1. The dissolved phase of
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cadmium was not analysed, the reason for this was that the AAS equipment had not the 

required detection limit.

The EMC of TCd varied between 8.00 and 18.9|J.g/l averaging at 8.43|4,g/l. Loading rates 

ranged from 5.33 to 73.9mg/1000m^, with an average o f 30.6mg/1000m^. The highest EMC 

and loading values detected were from an event on the 25*'’ May 04, which correlate well with 

high rainfall intensity during this event. The lowest EMC and loading values were detected 

from an event on the 18̂ '’ June 04, which correlates well with the low rainfall intensity during 

this event.

Total Copper (TCu) concentrations varied from 10.0 to 448^g/l averaging at 102^g/l. For 

the 125 samples analysed the RSD is moderately high at 88%. The maximum values again 

were detected during the summer months with a mean o f 110|^g/l compared to a winter mean 

of 80.0j4,g/l. The dissolved copper (DCu) ranged between 2.00|j.g/l and 120|ig/l with an 

average o f 14.71fj,g/l. The RSD is high at 117% for the 51 samples analysed.

The EMC of TCu varied from 39.7 to 293^g/l with an average value o f 123[xg/l. The loading 

rates ranged from 33.4 to 2,560mg/l000m^ averaging at 500mg/1000m^. The highest EMC 

and loading values were detected from an event on the 21®' May 05, which correlates with the 

high rainfall intensity, and the lowest values were detected from events on the 28*'’ May 04 and 

18* June 04 respectively. The EMC of DCu varied from 4.30 to 23.3^g/l averaging at 

14.4|o,g/l. The loading rate ranged from 17.2 to 94.6mg/1000m^ averaging at 54.3mg/l000m^. 

The highest EMC and loading values for the DCu were from an event on the 21*' May 05, 

which is the similar to the total metal value. The lowest value was detected from an event on 

the 21®‘ March 05, which does not correlate well with low values o f the total metal value, as 

these values are nearer to the average. The mean load value o f TCu was 500mg/1000m and 

the DCu load was 54.3mg/1000m^, which made up to 10.8% o f the total copper load.

Total Lead (TPb) concentrations varied from 10.0 to 590|^g/l averaging at 117|j,g/l. The RSD 

is high at 99% for the 125 samples analysed. The highest values detected were from events in 

the summer period with an overall mean o f  120^ig/l compared to 80.0fig/l for the winter, 

which is very similar to the copper findings. The dissolved lead (DPb) concentration varied
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from non-detectable to 66.0)ag/l averaging at 17.9)ig/l. The RSD is similar to that for the total 

lead at 96%.

The EMC values ranged from 14.8 and 373|ng/l with an average o f  14.8)j.g/l. The load values 

ranged from 27.9 and 3,270mg/1000m^ averaging at 555mg/1000m^ (sim ilar to the total 

copper). The highest values for EMC and load were both detected from an event on the 21®‘ 

May 05 and the lowest were from events on the 3'̂ '̂  Aug 04 and 18‘*’ June 04 respectively. The 

EMC o f  DPb varied from 10.00 to 42.4|.ig/l with an average o f  21.9|ag/l. The loading rates 

varied from 22.5 to 128mg/1000m^ with a mean o f  79.3mg/1000m^. The highest EMC and 

load values were detected from events on 30‘̂  June 05 and 23"̂ *̂  July 05 respectively. The 

lowest values were detected from events on the 17'*’ April 05 and 2"‘* July 05 respectively. 

With the mean load value o f  TPb at 555mg/1000m^ the DPb load o f  79.3mg/1000m^ made up 

to 15% o f  the total lead load.

Total Zinc (TZn) concentrations varied from 40.0 to 2,730)J.g/l averaging at 526)^g/l. The 

RSD is high at 104% for the 125 samples analysed. The maximum values were from events 

sampled during the summ er period with a mean o f  540(ig/l compared to a winter mean o f 

440)j,g/l. The dissolved zinc (DZn) ranged from 3.00 to 113(ig/l with an average o f  38.9)ig/l. 

The RSD o f  75% for 51 samples is relatively low compared to the other param eter values.

The EMC values ranged from 109 and l,750 |ig /l with an average o f  667}j.g/l. The load values 

ranged from 129 and 15,300mg/1000m^ averaging at 2,730mg/1000m^, which is six times 

greater than the copper and lead loads. The highest values for EMC and loading were both 

detected from an event on the 21®’ May 05, which is similar to the other metals and the lowest 

were from events on the 28'*’ May 04 and 18'*’ June 04 respectively, which is similar to the TPb 

results. The EMC o f  DZn varied from 15.4 to 72.9|jg/l with an average o f  4 l.l)j.g /l. The 

loading rates varied from 62.3 to 327mg/1000m^ with a mean o f  162mg/1000m^. The highest 

EMC and load value were detected from an event on the 23' ‘̂‘ March 05 and 23'̂ '* July 05 

(similar to DPb findings) respectively. The lowest values were detected from events on the 

17* April 05 and 30'*’ June 05 respectively. With the mean load value o f  TZn at 

2,730mg/1000m^ the DZn load o f 163mg/1000m^ m ade up to only 6% o f the total zinc load.
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4.3.1.4 Poly Aromatic Hydrocarbons (PAHs)

Concentrations/EMC/Loadings

Concentrations o f PAHs ranged from non-detectable limits to a maximum value of 3.05|j.g/l 

for Naphthalene. The highest mean value o f 0.20|ag/l was also for Naphthalene. The RSD for 

all the 15 PAHs samples (15 in total) were extremely high ranging from 278% for 

Naphthalene to 539% for Dibenzo (ah) anthracene, which indicated a high variance in values.

The EMC values ranged from a non-detectable value to l,050ng/l for pyrene. The next 

highest values were 894ng/l for phenanthrene and 883ng/l for fluoranthene respectively. 

These three PAHs had also the highest means, 129, I I I ,  and 112ng/l respectively. The lowest 

PAH mean values were for acenaphthylene, indeno (123cd) pyrene, and benzo (ghi) perylene 

at 9.22, 16.0, and 23.3ng/l respectively. The maximum total PAH loading value was 

4,180|Jg/1000m\ which was detected on the 21®* March 05. The storm characteristics for this 

event such as the rainfall intensity, preceding dry period and traffic during the event are all 

relatively low therfore these factors are not contributing to the high value. The three dominant 

PAHs, fluoranthene, phenanthrene and pyrene make up approximately 50% of the total PAH 

loading. Research by Shinya et a l ,  (2000) have found that the three predominant PAHs in 

highway runoff are phenanthrene, fluoranthene and pyrene and they comprise about 50% of 

the fifteen quantified PAHs constituents in each highway runoff sample.
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PARAMETER STATISTICAL ANALYSIS
MAX MIN MEAN SD RSD % D

Total Suspended Solids 4,290 31.0 691 908 131 117
Total Phosphate 3.49 0.03 0.57 0.66 116 116
Total Organic Carbon 35.2 0.72 8.00 7.20 90.0 116
Total Chloride 24.4 0.44 5.99 4.78 80.0 70

Heaw Metals CUsfl}
Total Cd 30.0 ND 7.72 0.01 76.0 125
Total Cu 448 10.0 102 0.09 88.0 125
Dissolved Cu 120 2.00 14.7 0.02 117 51
Total Pb 590 10.0 117 0.12 99.0 125
Dissolved Pb 66.0 ND 17.9 0.02 96.0 51
Total Zn 2,730 40.0 526 0.55 104 125
Dissolved Zn 113 3.00 38.5 0.03 75.0 51
PA H O liil
Naphthalene 3.05 ND 0.20 560 278 45
Acenaphthylene 0.21 ND 0.01 37.0 358 45
Acenaphthene 1.18 ND 0.04 182 451 45
Fluorene 0.64 ND 0.03 124 357 45
Phenanthrene 2.81 ND 0.12 518 424 45
Anthracene 1.75 ND 0.06 274 492 45
Fluoranthene 2.11 ND 0.15 364 245 45
Pyrene 2.03 ND 0.18 408 225 45
Benzo(a)anthracene 0.89 ND 0.04 139 321 45
Chrysene 2.21 ND 0.08 339 402 45
Benzo(b)(k)fluoranthene 1.37 ND 0.05 205 452 45
Benzo(a)pyrene 1.11 ND 0.03 165 502 45
Indeno( 123cd)pyrene 0.60 ND 0.02 92 458 45
Dibenzo(ah)anthracene 1.11 ND 0.03 166 539 45
Benzo(ghi)perylene 0.79 ND 0.03 122 418 45
Total PAH 17.99 ND 1.08 3,080 284 45

SD: Standard Deviation RSD: Relative Standard Deviation n: Number of Samples

Table 4.6: Maximum, minimum and mean concentration values at Site A

TSS
(mg/1)

TCd
Cmg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCI
(mg/1)

MAX 635 0.01 0.12 0.17 0.76 0.66 3.82 10.9

WINTER MIN 31.0 ND 0.03 0.02 0.06 0.03 0.72 0.87

MEAN 333 0.01 0.08 0.08 0.44 0.31 2.13 5.86

MAX 4290 0.03 0.45 0.59 2.73 3.49 35.2 24.4

SUMMER MIN 35.0 ND 0.01 0.01 0.04 0.04 0.96 0.44

MEAN 779 0.01 0.11 0.12 0.54 0.64 9.46 6.06

Table 4.7: Comparison between winter and summer concentrations

132



_ iEM C
P » i« ia « ta ^ b R n L ._ , 1 2 3 : > 4 . 5 6 ■ .. 7 P ] 1<], 1 "  11 -u -.1.3

m m
^  ' 18-Jun-

04
18-Juri-

m.
1 03-' l^<Aug> 

1 04
'lO^ "0 2 -0 c t-1 

04 \f 04
2 i i  - j  

\msm
: f7 - ,
-.jmrnl

03-M ay-"j > ^ -M ay -
05

Total Suspended Solids 2,340 256 1350 519 181 208 368 476 404 1,720 704 2,210
Total Phosphate 1.12 0.20 0.94 0.34 - - 0.17 0.05 0.54 0.43 1.71 0.93 1.84
Total Organic Carbon 20.8 11.1 17.9 21.1 15.7 2.93 7.43 3.08 1.21 2.08 2.50 1.97 2.65
Total Chloride 18.8 12.3 9.49 10.2 2.52 0.88 2.64 1,130 5.58 1.05 - - -

-
1

__  _f . . . J .....* j J

Total Cd 18.9 4.27 9.00 5.00 8.29 9.00 10.0 9.54 6.30 12.2 9.16 8.43
Total Cu 207 39.7 140 70.8 62.0 41.3 89.9 94.9 - 95.5 259 152 293
Dissolved Cu _ - - - - - - - - 4.30 12.2 - 10.8

Total Pb 222 21.1 156 59.0 43.7 14.8 87.9 63.3 - 116 319 188 373
Dissolved Pb - - - - - - - 10.3 6.20 - 14.2
Total Zn 969 109 550 Ill 295 147 445 521 - 554 1,520 956 1,750
Dissolved Zn - - - . - - - 72.9 15.4 - 33.4

KVHfiiiBfli. : ............. J
' ! t r

>, . . .

Naphthalene _ _ - - - - 689 640 ND ND ND
Acenaphthylene - _ . - - - - 5.06 64.9 ND ND ND
Acenaphthene - - - - - - - - 21.7 270 ND ND ND
Fluorene - - - - - - - - 37.7 215 ND ND ND
Phenanthrene . - - - - - - - 46.9 894 ND ND ND
Anthracene - - - - - - - - 3.79 455 ND ND ND
Fluoranthene _ _ - - - - - 75.9 883 ND ND ND
Pyrene - - - - - - - - 67.1 1,050 ND ND ND
Benzo(a)anthracene - - - - - - 46.7 203 ND ND ND
Chrysene - . - - - - - 25.2 531 ND ND ND
Benzo(bXk)fluoranthene - - - - - - - - 14.2 306 ND ND ND
Benzo{a)pyrene - - - - - - - - 9.34 220 ND ND ND
Indeno{ 123 cd)pyraie - . - - - - - - 3.30 120 ND ND ND
Dibenzo(ah)anthracene - - . - - - - - ND 222 ND ND ND
Benzo(ghi)perylene - - - - - - - - 15.30 159 ND ND ND
Total PAH - - - - - - - - 1,070 6,230 ND ND ND



EMC STORM EVENT TH B  STUDY SITE A
14 15 16 17 18 19 !

24-Jun- 
05 ■ 05

30-Jun-
05

02-Jul-
05

05-Jul-  ̂
05

^ '- J u l -
05 Min .  J » f8 l V J b 'jii. ' i r M>

Total Suspended Solids 302 433 2,020 430 125 1,370 2,340 125 857 USO 62.0 318
Total Phosphate 0.37 0.42 1.55 0.41 - 1.01 1.84 L 0.05 0.75 - - -

Total Organic Carbon 18.3 5.31 7.87 9.36 - 9.47 21.1 1.21 8.93 _ - -

Total Chloride - - - - - - 1,130 0.88 120 U 20 5.40 177
Heavy
Total Cd 5.80 .66 16.1 8.12 6.11 10.0 18.9 5.00 8.43 5.40 ND 0.99
Total Cu 77.8 73.1 230 74.4 47.9 171 293 39.7 123 242 13.0 54.6
Dissolved Cu 11.7 20.7 14.8 13.5 23.3 18.4 23J 4 J0 14.4 90.0 12.9 33.6
Total Pb 97.3 115 274 106 75.8 177 373 14.8 140 178 ND 61.4
Dissolved Pb 31.7 42.4 25.1 11.5 28.6 27.2 42.4 6.20 21.9 - . -

Total Zn 407 457 1,400 393 205 1,050 1,750 109 667 688 51.0 222
Dissolved Zn 44.2 26.8 18.2 50.3 39.2 69.8 72.9 15.4 41.1 636 37.6 163
PAEdMSa .................
Naphthalene ND - . ND 41.8 ND 689 ND 152 4,750 ND 520
Acenaphthyiene ND . - ND 13.0 ND 64.9 ND 9.22 130 ND 30.0
Acenaphthene ND - - ND 28.5 ND 270 ND 35.6 30.0 ND 10.0
Fluorene ND - - ND 28.5 ND 215 ND 31.2 50.0 ND 20.0
Phenanthrene ND - . ND 57.0 ND 894 ND 111 310 ND 100
Anthracene ND - - ND 23.9 ND 455 ND 53.6 120 ND 50.0
Fluoranthene ND - - ND 51.8 ND 883 ND 112 360 ND 160
Pyrene ND - - ND 50.5 ND 1,050 ND 129 380 ND 140
Benzo(a)anthracene ND - - ND 96.3 ND 203 ND 38.4 480 ND 110
Chrysene ND - - ND 106 ND 531 ND 73.6 260 ND 100
Benzo(bXk)fluoranthene ND - - ND 41.5 ND 306 ND 40.2 425 ND 130
Benzo(a)pyrene ND - . ND 39.1 ND 220 ND 29.8 600 ND 240
lndeno( 123 cd)pyrene ND - - ND 20.5 ND 120 ND 16.0 260 ND 100
Dibenzo(ah)anthracene ND - - ND 18.2 ND 222 ND 26.7 260 ND 100
Benzo{ghi)f)erylene ND - - ND 35.4 ND 159 ND 2 3 J 290 ND 110
Total PAH ND - - ND 653 ND 6,230 ND 884 - ND -

Table 4.8: Event Mean Concentrations ofparameters fo r  different storm event Site A
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Total Suspended Solids 8,950 358 2,880 245 684 2,820 930 1,940 1,620 8,080 2,630 19,400
Total Phosphate 4.26 0.28 2.01 0.16 - 0.71 0.13 2.18 1.74 8.04 3.47 16.1
Total Organic Carbon 79.4 15.5 38.1 9.97 59.3 39.7 31.2 7.77 4.94 8.34 11.7 7.33 23.2
Total Chloride 71.8 17.2 20.3 4.80 9.53 12.0 11.1 24.4 22.7 4.22 _ _

, ■ ' --  '
i

Total Cu 72.1 5.96 19.2 3.33 31.4 12.3 42.0 24.1 _ 25.2 57.3 34.1 73.9
Total Cu 792 55.4 299 33.4 235 560 377 240 - 382 1,220 567 2,560
Dissolved Cu - - - - - - - - 17.2 57.3 - 94.6
Total Pb 850 29.4 333 27.9 165 200 370 160 - 466 1,500 701 3,270
Dissolved Pb - - - " - - - - 41.2 29.1 - 124
Total Zn 3,700 152 1,170 129 1,120 1,990 1,870 1,310 _ 2,220 7,130 3560 15,300
Dissolved Zn - - - - - - - - 292 72.3 - 293
PAQ'CUielKHHhi^

—- - - ,
i ___  .  ̂ .......... i

Naphthalene - - - - - ■ - - 2,800 2,560 ND ND ND
Acenaphthylene - - - - - - 20.6 260 ND ND ND
Acenaphthene - - - - - - - - 88.3 1,080 ND ND ND
Fluorene - - - - - - - - 153 859 ND ND ND
Phenanthrene - - - - - - 191 3,580 ND ND ND
Anthracene - - - - - - 15.4 1,820 ND ND ND
Fluoranthene - - - - - - - - 309 3,530 ND ND ND
Pyrene - - - - - - - - 273 4,180 ND ND ND
Benzo(a)anthracene - - - - - . - - 190 814 ND ND ND
Chrysene - - - - - - - - 103 2,120 ND ND ND
Benzo (b)+(k) fluoranthene - - - - - - - - 57.6 1,220 ND ND ND
Benzo(a)pyrene - - - - - - - 38.0 880 ND ND ND
Indeno( 123 cd)pyrene - - - 13.4 482 ND ND ND
Dibenzo(ah)anthracene - - - ND 888 ND ND ND
Benzo(ghi)perylene - - - - - - - - 62.1 636 ND ND ND
Total PAH - - - - - - - 4,350 24,900 ND ND ND
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30-Jun- ■: 
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Total Suspended Solids 867 1,060 6920 839 384 6,400 19,400 245 3580 3,130 23.7 658
Total Phosphate 1.07 1.02 5.31 0.80 _ 4.75 16.1 0.13 3.02 . . _

Total Organic Carbon 52.5 13.0 26.9 18.3 - 44.4 79.4 4.94 293 _ _ _

Total Chloride - - - . - . 71.8 4.80 213 1,900 3.12 244
Hieavy Mefiiti6ne/100QiD*),
Total Cd 16.6 21.3 55.2 15.8 18.8 47.0 73.9 3.33 30.6 3.70 ND 0.99
Total Cu 223 179 785 145 147 802 2,560 33.4 500 377 7.20 793
Dissolved Cu 33.6 50.8 50.7 26.4 71.5 86.3 94.6 17.2 25.9 140. 12.9 42.2
Total Pb 279 283 939 206 233 832 3,270 27.9 555 277 6.09 61.4
Dissolved Pb 90.9 104 85.9 22.4 87.8 128 128 22.4 80.4 - - -
Total Zn 1,170 1,120 4,800 766 628 4908 15300 129 2,730 1,070 25.6 371
Dissolved Zn 127 65.8 62.3 98.2 120 327 327 623 137 835 37.6 217

Naphthalene ND - - ND 128 ND 2,800 ND 610 12,700 ND 1340
Acenaphthylene ND - - ND 39.9 ND 260 ND 35.6 346 ND 70.8
Acenaphthene ND - - ND 87.6 ND 1,080 ND 140 79.9 ND 15.9
Fluorene ND - - ND 87.3 ND 859 ND 122 133 ND 34.6
Phenanthrene ND - - ND 175 ND 3,580 ND 438 320 ND 152
Anthracene ND - - ND 73.5 ND 1,820 ND 212 683 ND 118
Fluoranthene ND - - ND 159 ND 3330 ND 444 835 ND 274
Pyrene ND - - ND 155 ND 4,180 ND 512 881 ND 269
Benzo(a)anthracene ND - - ND 295 ND 814 ND 144 325 ND 132
Chrysene ND - - ND 326 ND 2,120 ND 283 768 ND 193
Benzo (b)+(lc) fluoranthene ND - - ND 127 ND U 2 0 ND 156 896 ND 217
Benzo(a)pyrene ND - - ND 120 ND 880 ND 115 1,620 ND 409
Indeno( 123cd)pyrene ND - - ND 63.0 ND 482 ND 62.0 854 ND 178
Dibenzo(ah)anthracene ND - - ND 55.8 ND 888 ND 105 1,110 ND 202
Benzo(ghi)perylene ND - - ND 109 ND 636 ND 89.7 358 ND 121
Total PAH ND - - ND 2,000 ND 24,900 ND 3,470 - ND -

Table 4.9: Loading rates o f parameters for different storm events Site A



4.3.2 Site B (Monasterevin)

At Site B (Monasterevin), tiie runoff samples were analysed for a number o f contaminants, 

which included the total suspended solids, total phosphate, total organic carbon, and heavy 

metals. The heavy metals included cadmium, copper, lead and zinc, and both the total and 

dissolved phase were investigated.

Table 4.10 is a summary o f the storm event details including the date o f the storm, total 

rainfall and runoff volume, peak intensity and flow, duration o f the event and sampling time, 

and the preceding conditions and the vehicle during the event. Table 4.11 is a summary table 

o f the minimum, maximum and mean concentrations observed throughout the monitoring 

campaign. Tab. 4.12 and 4.13 present summaries o f  the event mean concentrations and 

loading rates observed at each storm event and the total minimum, maximum and mean values 

observed.

Results from this site are also compared to those from a particular site (TR4) in the WRc 

(2002) study. This site was located on the M4 London-South Wales’s motorway and had 

relatively similar catchment characteristics (notably the climate) to site B. The drainage area 

was 4,348m^ compared to 1 l,368m^ for site B and both surfaces were composed o f hot rolled 

asphalt. The WRc site had a greater traffic flow o f approximately 30,000 AADT one-way 

compared to a similar number going two-way at site B. The average annual rainfall was 

700mm compared to 700-800mm for site B. The peak rainfall intensities ranged from 4.00 to 

18.9mm/hr and from 4.80 to 12.0mm/hr at site B. The drainage system incorporated a 

concrete channel, which discharged to a carrier drain via offline gully pots at 40-60m 

intervals. The drainage at site B was a kerb system, which discharged to a carrier drain via 

online gully pots at 20m intervals. The parameters analysed at both sites were also 

comparable.
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Event Date Total Peak Peak Event Total Antecedent Samp Veh

Rainfall latourilsr Flow Dur RunofT Dnr Dur Dur

Volume Period Storm

(mm) (mm/hr) fl/8) (mins) (m*) (mins) (mins) (vehs)

1 18-Aug-05 4.70 4.80 10.7 140 39.5 2,880 69.0 _

2 23-Aug-05 1.30 6.00 6.69 50 10.6 5,760 91.0 _

3 09-Sep-05 3.70 6.00 4.41 220 31.9 60.0 105 _

4 09-Sep-05 3.30 3.60 12.0 80 34.0 90.0 40.0 _

5 26-Sep-05 5.90 12.0 16.4 165 56.6 2,700 85.0 _

6 28-Sep-05 3.80 7.20 20.1 45 33.6 2,160 41.0

7 08-0ct-05 3.20 9.60 15.6 205 31.0 11,500 109

8 lO-Oct-05 9.70 9.60 21.4 425 98.9 3,170 103 .

Table 4.10: Storm event details at Site B

4.3.2.1 Total Suspended Solids (TSS)

Concentrations/EMC/Loadings

The concentrations o f TSS detected at Site B were generally lower than that at Site A. This is 

most likely due to the short period o f  monitoring at site B and the nature o f the storm events in 

this period. The TSS concentrations varied from 43.0 to 437mg/l with an average o f 158mg/l. 

The RSD is 52% for 30 samples, which is relatively low, compared to the high value o f 131% 

at Site A.

The EMC values ranged from 60.9 to 258mg/l with a mean o f 156mg/l. The highest value o f 

258mg/l was detected from an event on 26 '̂’ Sept 05, which had also the highest recorded peak 

rainfall intensity o f 12.0mm/hr. The lowest value o f 60.9mg/l was detected from an event on 

9̂ ’’ Sept 05, which had a relatively low peak rainfall intensity o f 6mm/hr. The loading rates 

ranged from 109 to l,590g/1000m^ with a mean o f 632g/1000m^. The highest loading rate of 

l,590g/1000m^ was detected from an event on the 10*̂  Oct 05, which is related to both a high 

EMC value and large runoff volume. The lowest loading rate of 109g/1000m^ was detected ' 

from an event on the 23'̂ '* August 05, which is related to a low runoff volume o f 10.6m^.
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4.3.2.2 Total Phosphate, Organic Carbon

Concentration/EMC/Loadings

Concentrations of total phosphate (TP) varied between 0.10 and 0.61 mg/1 averaging at 

0.27mg/l. The RSD is 49% indicating a relatively low variance in values for the 30 samples 

tested.

The EMC of TP varied from 0.1 lmg/1 to 0.40mg/l averaging at 0.26mg/l. The highest EMC 

of TP detected was 0.40mg/l from an event on the 26^  Sept 05, which like the TSS is due to 

the storm characteristics i.e. heavy rainfall. The lowest EMC value was 0.1 lmg/1 from an 

event on the 9* Sept 05. The loading rates of TP varied from 0.29 to 2.05g/1000m^ with an 

average of 0.96g/1000m^. The highest loading rate of 2.05g/1000m^ was detected from an 

event on the 10*'’ Oct 05, which is similar to the TSS finding and related to high EMC and 

runoff values. The lowest value of 0.29g/1000m^ was detected from an event on the 9'̂ ’ Sept 

05, which was related to a low EMC value.

Concentrations of total organic carbon (TOC) varied from 2.83 to 47.0mg/l averaging at 

I3.3mg/1. The RSD is 87% for the 26 samples indicating a high variance in values, which is 

similar to a value of 90% observed at Site A.

The EMC of TOC varied from 3.72 to 40.4mg/l averaging at 13.3mg/l. The highest value of 

40.4mg/l was detected from an event on 9‘̂’ Sept 05, which was unexpected as the storm 

characteristics such as rainfall intensity were not significantly high (6mm/hr). The reason for 

such a high value may be due to an oil spillage on the highway surface preceding the event. 

The lowest EMC value of 3.72mg/l was detected from an event on the 10‘*' Oct 05, which also 

had a relatively high rainfall intensity of 9.6mm/hr. The loading rates of TOC varied between 

4.28 to 113g/1000m^ averaging at 43.9g/1000m^. The highest loading rate of 113g/1000m^ 

was detected from an event on the 9**’ Sept 05, which is related to a high EMC value. The 

lowest load detected was 4.28g/1000m^ from an event on the 23'̂ '' Aug 05, which is related to 

the low runoff volume.
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4.3.2.3 Heavy Metals (Total and Dissolved)

C oncentrations/EM C /C oncentrations

Total Cadm ium  (TCd) concentrations varied from non-detectable to 8.00(xg/l with an 

average o f 4.62^ig/l. The RSD for the 30 samples analysed is 44% indicating a moderate 

variance in values. The dissolved phase o f cadmium was not analysed.

The EMC o f TCd varied from 2.66 to 7.07|ig/l, averaging at 4.86|J.g/l. Loading rates ranged 

from 2.49 to 35.2mg/1000m^ with an average o f 18.2mg/1000m^. The highest EMC and 

loading values were detected from an event on 26'*’ Sept 05, which correlates well with high 

rainfall intensities. In contrast, the lowest EMC and loading value were detected from an 

event on 23'̂ '̂  Aug 05, which relates well with the low rainfall intensity during the event.

Total C opper (TCu) concentrations varied from 22.0 to 95.0)ag/l averaging at 48.9(j.g/l. For 

the 30 samples analysed the RSD is moderately low at 40%. The dissolved copper (DCu) 

ranged from non-detectable and 38jjg/l with an average o f I9.9(xg/I. The RSD is low at 32% 

for the 26 samples analysed.

The EMC of TCu varied from 40.9 to 69.l|ag/l with an average o f 48.9|ag/l. The loading rates 

ranged from 38.9 to 379mg/1000m^ averaging at I85mg/I000m^. The highest EMC and 

loading values were detected from events on the 26̂ *̂  Sept 05 and lO**’ Oct 05 respectively, 

correlating with the high rainfall intensities and the high runoff volumes o f these events. The 

lowest values were detected from an event on the 9*̂  Sept 04 and 23'̂ '̂  Aug 05 respectively. 

The EMC of DCu varied from 15.6 to 25.9jxg/l averaging at 20.5^ig/l. The loading rate ranged 

from 16.3 to I80mg/I000m^ averaging at 8l.lmg/IOOOm^. The highest EMC and loading 

values for DCu were detected from events on the 9*̂  Sept 05 and 10'*’ Oct 05. The lowest 

values were detected from events on the 28*’’ Sept 05 and 23'̂ '' Aug 05. With the mean load 

value o f TCu at 185mg/IOOOm^ the DCu load at 81.1mg/l000m^ made up over 44% of the 

total copper load compared to only 10% at the Kildare Site A.
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Total Lead (TPb) concentrations varied from 48.0 to 109|a,g/l averaging at 75,l|a,g/l. The 

RSD is 22% for the 30 samples analysed, which is the lowest for all the parameters analyzed. 

The dissolved lead (DPb) concentration varied from non-detectable to 46.0ia,g/l averaging at 

20.8|.ig/l. The RSD is 67% for 26 samples, which is higher than the value for TPb.

The EMC values ranged from 50.5 and 86.9^g/l with an average of 68.9(ig/l. The load values
2 2 • ranged between 55.9 and 440mg/I000m averaging at 248mg/1000m (similar to the total

copper). The highest values for EMC and load were both detected from events on the 18*

Aug 05 and 10̂  ̂Oct 05. The lowest values were detected from events on the 28'*’ Sept 05 and

23^^ Aug 05 respectively. The EMC of DPb varied from 10.9 to 37.6^g/l with an average of

21.8p,g/l. The loading rates varied from 14.1 to 240mg/1000m^ with a mean of

88.7mg/1000m^. The highest EMC and load value were detected from events on 9'*’ Sept 05

and 10̂ '’ Oct 05 respectively. The lowest values were detected from events on the 28* Sept 05

and 23'̂ '* Aug 05 respectively. With the mean load value of TPb at 248mg/l000m^ the DPb

load of 88.7mg/1000m^ made up to 36% of the total lead load compared to a value of 15% at

Site A.

Total Zinc (TZn) concentrations varied from 115 to 426|ag/l averaging at 220|j.g/l. The RSD 

is low at 32% for the 30 samples analysed. The dissolved zinc (DZn) ranged between 17.0 to 

59.0|ig/l with an average of 36.3|ag/l. The RSD of 30% for 26 samples is low compared to the 

other parameter values.

The EMC values ranged from 138 and 318fxg/l with an average of 198fxg/l. The load values
2  2 • •ranged from 137 and l,580mg/1000m averaging at 736mg/1000m , which is three times

greater than the copper and lead loads. The highest values for EMC and loading were both 

detected from an event on the 26* Sept 05, which is a similar finding to the other metals, and 

the lowest values were detected from events on the 10* Oct 05 and 23̂ *̂  Aug 05 respectively. 

The EMC of DZn varied from 29.9 to 50.2)j,g/l with an average of 38.6|o.g/l. The loading rates 

varied from 32.7 to 437mg/1000m^ with a mean of 160mg/1000m^. The highest EMC and 

load value were detected from an event on the 10* Oct 05. The lowest values were detected 

on the 28* Sept 05 and 23'̂ ‘* Aug respectively. With the mean load value of TZn at
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736mg/1000m^, the DZn load o f  160mg/1000m^ made up to 22% o f  the total zinc load, which 

is much higher than the 6% value observed at Site A.

P aram eter CaueflD STATISTICAL ANALSIS
MAX MIN MEAN SD RSD N

Total Suspended Solids 437 43.0 158 82.1 52.0 30
Total Phosphate 0.61 0.10 0.27 0.13 49.0 30
Total Organic Carbon 47.0 2.83 13.3 11.5 87.0 26
Total Chloride - - - - - -

H eat^  Metals
Total Cd 8.00 NO 4.62 0.00 44.0 30
Total Cu 95.0 22.0 48.9 0.02 40.0 30
Dissolved Cu 38.0 ND 19.9 0.01 32.0 26
Total Pb 109 48.0 75.1 0.02 22.0 30
Dissolved Pb 46.0 ND 20.8 0.01 67.0 26
Total Zn 426 115 220 0.07 32.0 30
Dissolved Zn 59.0 17.0 36.3 0.01 30.0 26
SD: Standard Deviation RSD: Relative Standard Deviation n: Number o f Samples

Table 4.11: Maximum, minimum and mean concentration values at Site B
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EMC STORM EVENT THIS STUDY SITE B
Parameter (me/I) 1 2 3 4 5 6 7 8

18-Aug- 
05

23-Aug-
05

0 9 -S ^
05

09-
So)-05

26-
Sep-05

28-
Sep-05

08-Gct-
05

10-
Oct-05 Max Min Mean Max Mmii

Total Suspended Solids 163 116 60.9 154 258 127 184 183 258 60.9 156 231 18.4 101
Total Phosphate 0.22 0.33 0.11 0.28 0.40 0.24 0.28 0.24 0.40 0.11 0.26 - - -

Total Organic Carbon _ 4.58 40.4 10.7 13.5 13.5 6.79 3.72 40.4 3.72 13J - - -

Total Chloride . - . - - - - . - - 281 37.8 125
Heavy Metal* (msA)
Total Cd 6.17 2.66 5.76 5.74 7.07 2.82 5.12 3.51 7.07 2.66 4.86 1.11 ND 0.66
Total Cu 59.1 41.6 43.4 40.9 69.1 42.3 51.7 43.5 69.1 40.9 48.9 108 20.2 67.9
Dissolved Cu - 17.4 25.9 22.7 21.0 15.6 - 20.6 25.9 15.6 20.5 36.8 12.1 23J
Total Pb 86.9 59.8 63.1 74.6 79.2 72.3 64.9 50.5 86.9 50.5 68.9 99.0 3.50 50.5
Dissolved Pb _ 15.1 37.6 24.5 10.9 15.2 - 27.6 37.6 10.9 21.8 - - -

Total Zn 218 146 151 239 318 210 166 138 318 138 198 397 41.0 220
Dissolved Zn - 35.1 45.9 37.6 29.9 32.8 - 50.2 50.2 29.9 38.6 167 38.0 66.8

PAH(HBfl)
Naphthalene _ - - - - - - - - - - 80.0 ND 20.0
Acenaphthylene _ . - - - - - - - - - 20.0 ND 2.00
Acenaphthene - - - - . - - - - - - 30.0 ND 3.00
Fluorene _ . - - - - - - - - - 30.0 ND 4.00
Phenanthrene . - - - - - - - - - - 110 ND 20.0
Anthracene - - - - - - - - - - - 110 ND 30.0
Fluoranthene - - - - - - - - - - - 570 ND 80.0
Pyrene - - - - - - - - - - - 550 ND 90.0
Benzo( a)anthracene _ . - - - - - - - - - 320 ND 50.0
Chrysene - - - - - - - - - - - 740 ND 90.0
Benzo(bO(k)fluoranthene - - - - - - - - - - - 470 ND 60.0
Benzo(a)pyrene . - - - - - - - - - - 520 ND 80.0
Indeno( 123cd)pyrene . - . - - . - - . - - 660 ND 80.0
Dibenzo(ah)anthracene - . - - - - - - - - - 650 ND 70.0
Benzo( ghi)pery lene - - - - - - - - - - - 190 ND 30.0
Total PAH - - - - - - - - - - - - ND -

Table 4.12: Event Mean Concentrations of parameters for different storm events Site B
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LOADINGS STORM EVENT TfflS STUDY SITE B
Parameter (e/lOOOm )̂ 1 2 3 4 5 6 7 8

18-Aug-
05

23-Aug- 
05

09Sep
05

09-
Sep-05

26Sep
05

28Sq)
05

080ct-
05

lO-Oct-
05 Max Min Mean lie Mfsr

Total Suspended Solids 564 109 171 461 U 80 376 501 1,590 1^90 109 632 840 1.90 167
Total Phosphate 0.76 0.31 0.29 0.85 1.97 0.72 0.76 2.05 2.05 0,29 0.96 . - _

Total Organic Carbon - 4.28 113 31.9 67.0 39.9 18.5 32.4 113 4.28 43.9 . _

Total Chloride - - - - - - - - . - _ 6.55 i,c:o
HeavyMetals(ing/1000in^)
Total Cd 21.4 2.49 16.1 17.2 35.2 8.34 14.0 30.6 35.2 2.49 18.2 2.98 ND 0.94
Total Cu 205 38.9 122 122 344 125 141 379 379 38.9 185 302 2.16 90.8
Dissolved Cu - 16.3 72.5 68.0 104 46.1 - 180 180 163 81.1 101 0.92 37.6
Total Pb 302 55.9 177 223 394 214 177 440 440 55.9 248 232 1.04 60.0
Dissolved Pb - 14.1 105 73.2 54.5 44,9 - 240 240 14.1 88,7 - - -

Total Zn 757 137 424 714 1,580 620 452 1,200 1,580 137 736 1 3 3 9.59 299
Dissolved Zn - 32.7 129 112 149 97.0 - 437 437 32.7 160 197 2.60 77.8
PAH(|Xg/1000in’)
Naphthalene - - - - - - - - _ . _ 78.2 ND 13.4
Acenaphthylene - - - - - - - - _ . _ 2.25 ND 0.22
Acenaphthcne - - - - - - - - . _ - 331 ND 0J4
Fluorene - - - - - - - - - . - 61.7 ND 8.92
Phenanthrene - - - - - - - - - - _ 103 ND 23.6
Anthracene - - - - - - - - - - 104 ND 30.6
Fluoranthene - - - - - - . _ . _ 528 ND 90.4
Pyrene - - - - _ - - - . _ 513 ND 82J
6enzo(a)anthracene - - - - - . - - . . . 297 ND 35.4
Chrysene - - - - - - • 685 ND 71.6
Benzo(bXk)fluoranthene - - - - - - - . _ 433 ND 64.7
Benzo(a)pyrene - - - - - - - - - 486 ND 75.7
Indeno(l 23cd)pyrene - - . - _ - - _ _ 608 ND 71.6
Diben zo( ah)anthracene - - - - - _ _ 605 ND 62.5
Benzo(ghi)perylene - - . - - . _ 177 ND 31.5
Total PAH - - - - - - - - - - ND -

Table 4.13: Loading rates ofparameters fo r  different storm events Site B



4.3.3 Gully pot sampling

To extend the detailed analysis o f  the kerb and gully drainage system a num ber o f grab 

samples were collected from the gully pots at site A. These samples were then analysed in the 

lab for total suspended solids, total organic carbon, phosphates and four heavy metals - zinc, 

copper lead and cadmium. The results are summ arised in Tab. 4.14. These values particularly 

for the TSS are very sim ilar to the results from the first section o f  the storm events analyzed. 

This stage is known as the first flush and is well documented to contain the highest pollutant 

concentrations. This is a good indicator that the gully pots, if  not regularly maintained 

(cleaned out) are a significant source o f  the pollutant load in the highway runoff.

POT No. PA R A M E T E R S B«)
TSS TOC TP TZn TCu TPb TCd

1 2,710 61.1 2.45 1.94 0.34 0.39 0.01

2 2,750 52.2 2.65 2.09 0.38 0.43 0,01

3 1,690 62.8 2.33 1.71 0.31 0.34 0.01

Table 4.14 Gully pot samples from Site A

4.4 Summary

In general the pollutant concentration and loading rates at site A are higher than at site B. A 

plausible explanation for this could be the fact that runoff from site A was m onitored for over 

a 21 month period compared to a short 3 month campaign at site B, therefore a greater range 

o f  storm events o f  different categories would have been sampled and assessed at this site. In 

a com parison with the results from the WRc (2002) study in England for each site, which 

depended on the characteristics o f  the site, particularly the climatic conditions, the values are 

sim ilar with the exception o f  TSS and cadmium. These param eters are generally higher in the 

runoff sampled in this investigated than in the WRC study. The reasons for this will be 

discussed in the following comparison chapter 6.
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Chapter 5 Analysis: Filter Drain Systems

5.1 Introduction

The filter drain system is used extensively as one o f the main methods for drainage of 

highways in Ireland (DEHLG, 2004). In the highways investigated in this research project, 

which included the M l (Dublin-Dundalk), M4 (Dublin-Galway), M7 (Dublin-Portlaoise), and 

the M50 (Dublin ring route) motorways, the filter drain system is integrated in up to 70% of 

the overall drainage in use. Its popularity is mainly accredited to its ease o f construction and 

its ability to drain both the highway surface and the subsurface, thus extending the overall life 

span o f the highway (DMRB-UK, 1996). Two types o f filter drain are currently in use for the 

drainage o f highways in Ireland, the old and new design. The old, non-lined filter drain was 

incorporated into the drainage system for highways designed and constructed before 1999. 

After recommendations by the UK Highway Agency in 1998, a geo-textile liner was 

integrated into the filter design in the expectation that it would reduce the sediment fines 

entering the drain from the surrounding earth and in turn prevent clogging and improve the 

overall stability o f the system (Santhalingam, 1999). .

The two sites selected for detailed investigation o f the filter drain performance where located 

on the Dublin to Galway motorway (M4) and the Kildare to Portlaiose motorway (M7). The 

first o f  these sites to be equipped and monitored, Site D, was an 814m section o f a two-lane 

carriageway with traffic traveling in a westerly direction towards Dublin on the M4. The total 

catchment area drained by the filter system was measured to be approx 9,760m . The drainage 

system at the site was a typical example of the old-style filter drain where there is no lining 

incorporated into the structure and the underlying carrier pipe is made up o f a linear row of 

butt-jointed concreted pipes. In contrast the next site to be monitored. Site C was an 800m 

section o f two-lane carriageway but drained by a typical example o f the new-style filter drain, 

which was located on the M7. The total catchment area for this site was measured to be 

approx 9,600m^. This filter drain design was different from the old style as the filter material 

was fully wrapped in a geotexile material, which was then overlapped at the top section o f the 

drain. A linear row o f perforated corrugated PVC pipes made up the underlying carrier pipe.
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which collected the runoff at the bottom o f the drain after it had percolated through the filter 

material.

Storm events at Site D were monitored for a total o f fifteen months between June 04 and 

August 05, which included all seasons. Storm events at Site C were monitored for six months 

between March 05 and August 05. The results and analysis for both these filter drain systems 

are presented in this chapter. In a similar layout to the previous chapter they are divided into 

two main areas, the hydrological data and the hydro chemical data for each site. The results 

from each site are compared to those from a study site in the WRc (2002) investigation, which 

had also a filter drain system as the main form o f drainage. This site had a greater catchment 

area of 58,680m^ and also a higher traffic density of between 70,000 and 80,000 AADT (two- 

way), compared to approx 30,000 at sites C and D. The climate characteristics were similar 

with an annual average rainfall o f 744mm compared to 700-800mm at site C and 800-900mm 

at site D. The peak rainfall intensities for the storm events ranged from 2.00 to 36.0mm/hr 

compared to 4.80 to 24.0mm/hr for sites C and D.

5.2 Hydrological Analysis

5.2.1 Rainfall at Site D

A complete record o f the rainfall was achieved using an auto-log 0.1mm tipping bucket rain 

gauge, which was located within the catchment area. For the fifteen-month period from the 

commencement o f the monitoring campaign a total o f 640.7mm was recorded. This is much 

lower than a total o f 880.3mm that was recorded at the nearest Met Eireann site located 30km 

east of the site at Dublin International Airport. The annual average rainfall at the site was 

522.4mm, which again was lower than the Met Eireann site annual recording o f 657.7mm. A 

reason for the difference in rainfall between the sites could be the different geographical 

characteristics and the associated rainfall regime o f each location. The airport site is adjacent 

to the coastline and is exposed to the weather fronts coming directly in from the sea, whereas 

site D is more inland and relatively sheltered from such weather. There is a notable difference 

between the rainfall particularly that recorded in June 04 at the site D and the rainfall recorded 

at Dublin airport in the same time period. This is due to the fact that the rainfall recording 

only commenced on June 10* 04 therefore a number o f rainfall events in this month were not
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recorded. There is also a notable difference between rainfall values in August 04 and July 05 

at both sites, with recordings at site D 50% lower than that recorded at the airport. This may 

be due to the fact that rainfall during the summer period can be very intense but localized so 

the rainfall gauge at site D may have missed a number o f such events. The monthly rainfall 

summary is provided in Table 5.1. The full data set containing minute-by-minute rainfall is in 

the Appendix D.

Month Airport Maynooth Days Days Days Days Days
Site Site = Nil < < < >

(mm) (mm) 1.0mm 5.0mm 10mm 10mm
June 04 (50.6) (17.0) (15) (9) (5) (1) (0)
July 04 38.1 30.3 8 16 6 0 1
August 04 133.9 71.8 10 11 2 7 1
September 04 46.8 41.1 12 10 4 4 0
October 04 120.2 93.9 9 7 9 3 2
November 04 39.9 32.9 19 4 5 0 2
December 04 45.0 45.4 3 16 10 2 0
January 05 64.0 63.2 15 8 5 2 1
February 05 40.6 24.7 8 12 8 0 0
March 05 21.9 36.3 13 14 2 1 1
April 05 71.6 50.1 6 13 8 2 1
May 05 67.1 44.0 9 14 7 0 1
June 05 31.2 19.5 9 15 6 0 0
July 05 83.4 40.9 17 9 3 1 1
August 05 26.0 29.6 15 9 5 2 0

Table 5.1: Monthly rainfall data summary at Site D (Airport data: Meteireann 2005)

The summary data presented in Table 5.1 clearly indicates that the rainfall is generally not 

distributed evenly throughout the year, which is similar to the rainfall recorded at site A (Table 

4.1). During the monitoring period o f fifteen months, a high percentage o f the precipitation 

fell during the months o f August 04 and October 04, which made up a quarter o f the total 

annual rainfall. The largest daily storm events o f over 10 mm occurred during the months o f 

October 04 and November 04 respectively. The months with the highest number of dry days 

were expected to be during the summer period but results show an even spread across the 

seasons with surprisingly a high number of dry days in November 04 and January 05, which 

had as many as 19 days without rainfall. The wettest recorded month was during the winter 

period, in December, which had a total o f 28 wet days.
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5.2.2 Rainfall-Runoff Characteristics at Site D

The hydrological characteristics o f 40 storm events that occurred during the monitoring period 

from June 04 to Aug 05 are summarized in Table 5.2. At this site there was a problem with 

the Lyreen River flowing back into the outlet pipe during the winter period, and as a result the 

flow data collected during the winter months is restricted to a small number o f storm events. 

The data is presented for the winter period October thru to March and the summer period April 

thru to September in terms o f total rainfall, storm duration, rainfall intensity, total rainfall 

volume, total runoff volume, runoff coefficient, and peak rainfall intensity, time to peak, peak 

flow, mean flow, and ratio o f peak to mean flow respectively. During the winter period the 

storm events were long lasting with steady low intensity rainfalls. In contrast during the 

summer period, the weather patterns produced a significantly large number o f short, relatively 

intense storm events, with the highest peak rainfall intensity (19.2mm/hr), peak flow (17.11/s), 

mean flow (3.401/s) and peak/mean ratio (6.95). Figure 5.1 shows typical storm hydrographs 

from site D. The hydrographs that have been obsei-ved at this particular site respond quite 

slowly to the onset o f the rainfall and fluctuate with the rainfall intensity. Additionally they 

are characterized with rounded peaks and recession segments, which are moderate in nature. 

Such characteristics suggest that a large proportion o f the rainfall on the catchment is detained 

by the filter drain system and then slowly discharged via the outlet pipe.

SiteD (Maynooth) Sept 30,2004 Site 0 (Maynooth) Apri! 5^005

R a in fa ll  Flow Flow

23:40 01:20 03:00 04:40 08KK)

TimeTime

Figure 5.1: Storm hydrographs from Site D
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The relationship between the rainfall and runoff volume at this site is graphically displayed in 

Fig. 5.2. The relationship between the two factors is relatively linear with little deviation 

around the best-fit line. The relative standard deviation is 20%, which is similar to results 

from the other sites (A, B, C). The runoff coefficients ranged from 0.36 to 0.62 in the winter 

and 0.21 to 0.66 during the summer months respectively. The average runoff coefficient was 

0.46 indicating a runoff loss greater than 50% between the highway surface and the expected 

surface water receptor, in this case, the River Lyreen. This runoff was either remaining on the 

surface, stored within the system or migrating downwards through the subsoil and possibly 

into the underlying groundwater.

120
y = 0.5735X -4.1367 

= 0.9792
100

80

60

40

150 200 250100

Rainfall Volume (m )

Figure 5.2: Runoff volume against rainfall volume fo r  Site D

The relationship between rainfall intensity and peak flow is graphically displayed in Fig. 5.3. 

The linear relationship between the peak flow and both the average and peak rainfall intensity 

is not well defined. A plausible reason for this weak correlation between these factors is the 

distortion caused by the transfer o f the runoff through the gravel within the filter drain. The 

filter drain acts as an attenuation system storing the runoff and then gradually releasing it via 

the carrier pipe through to the outfall. As a result the flows were substantially retarded and the 

peak flows were not significantly high.
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Figure 5.3: Peak flow  against rainfall intensity for site D

Fig. 5.4 shows the relationship between the runoff duration (Rj) and storm duration (Sd). With 

a similar trend to the findings from the other sites there is a well-defined linear relationship 

between the two factors. The linear equation is Sd = 0.956IR j + 253.28 with an R square o f 

0.8612, which indicates that the average runoff flow may not subside until up 4 hours after the 

actual storm event as ended. This is an indication o f the high level o f attenuation and storage 

provided by the filter drain system.
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Figure 5.4: Runoff Duration against Storm Duration (Site D)
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The level o f attenuation provided by the filter drain is also highlighted by the lag times 

between the start o f the runoff and the peak flow, which tend to be much longer than that for 

the direct drainage - kerb and gully systems at sites A and B. The average lag time for the 

winter period was 224mins, which is higher than the 133min for the summer period. The 

relative standard deviations o f 133 and 93% are high corresponding to the high variance in 

storm events monitored.
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SEASON Total Storm Flow Rainfall Total Total Runoff Peak Time Peak Mean Peak/

Rainfall Duration Duration Intensity Rainfall Runoff Coefficient Rainfall To Flow Flow Mean

(mm) (mins) (mins) (mm/hr)
Volume

(m^)
Volume

(m")
Intensity
(mm/hr)

Peak
(mins) (1/s) (1/s)

W INTER
m

MAX 20.9 1,085 1,440 3.57 204 127 0.62 19.2 910 11.6 3.68 4.18

MIN 1.2 25 195 0.91 11.7 4.16 0.36 2.4 55 0.52 0.36 1.46

AVER 8.41 339 563 1.69 82.1 45.7 0.48 7.2 224 3.50 1.17 2.85

SD 8.63 346 404 1.07 84.2 52.1 0.09 0.51 303 3.75 1.17 0.81

RSD (%) 103 102 72 64 103 114 19 81 135 107 100 28
SUMMER

MAX 23.8 1,440 1,560 6.9 232 153 0.66 19.2 590 17.1 3.40 6.95

MIN 1.5 20 160 0.29 14.6 4.8 0.21 1.2 25 0.44 0.25 1.55

AVER 5.72 267 512 2.02 55.8 28.9 0.46 7.2 133 3.10 0.97 3.07

SD 5.18 296 295 1.55 50.5 33.3 0.09 0.40 123 3.36 0.84 1.17

RSD (%) 91 111 58 77 91 115 20 67 93 108 86 38

Table 5.2: Summary o f hydrological data at Site D



5.2.3 Rainfall at Site C (Filter drain with Geotextile Linear)

With the same procedure as the other sites the rainfall was m onitored for a 7-month period at 

site C, which is summarized in Table 5.3. The m onthly total rainfalls are sim ilar to that at site 

A, which is located 10km east o f  the site, and so would have a similar rainfall regime. The 

only m ajor difference was the month o f  July, with the total rainfall recorded at site C half that 

observed at site A. The reason for this could have been the tim e o f  year and the nature o f  the 

storm events, which may have been localized, and o f  short intense duration. The driest month 

was June 05, which had 16 dry days and one o f  the lowest m onthly rainfall recordings o f 

24.9m m.

Month Kildare 
Site A 
(mm)

Monast 
Site C 
(mm)

Days 
= Nil

Days
<

1.0mm

Days
<

5.0mm

Days
<

10mm

Days
>

10mm
M arch 05 63.2 52.3 11 12 6 1 1

April 05 46.1 52.1 11 7 9 2 1

May 05 66.4 59.3 12 7 8 3 1
June 05 35.8 24.9 16 7 6 1 0
July 05 51.7 24.3 10 17 3 0 1

August 05 37.7 34.2 15 8 5 2 1

Septem ber - 38.4 16 5 6 3 0

Table 5.3: Summary o f  rainfall data fo r  Site C

5.2.4 Rainfal 1-runoff characteristics at Site C

The hydrological characteristics o f  28 storm events, which occurred during the m onitoring 

period o f  March 05 to Aug 05, are summarized in Table 5.3. During the w inter period the 

storm  events were longer lasting with steady low intensity rainfalls. The num ber o f  storm 

events monitored in the winter period was minimal so a contrast between the summ er and 

w inter periods could not be established. During the sum m er period, the weather patterns 

produced a significantly large num ber o f  short, relatively intense storm events. The highest 

peak rainfall intensity (32.4mm/hr), peak flow (6.391/s), and mean flow (2.251/s) occurred 

during the summ er period. The longest storm duration (l,280m in) and the longest tim e to
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peak (l,140m in) occurred during the winter months. The runoff coefficients varied 

significantly throughout m onitoring ranging between 0.02 and 0.47 with a mean o f  0.11.

Fig. 5.5 show typical storm hydrographs from the corresponding catchment area at site C. The 

hydrographs that have been observed at this site are sim ilar to those observed at site D, which 

is not surprising as the two sites have the filter drain system. The graphs respond quite slowly 

to the onset o f  the rainfall and fluctuate with the rainfall intensity. They are distinguished with 

rounded peaks and recession segments, which are moderate in nature. Such characteristics 

suggest that a large proportion o f  the rainfall on the catchment is retained by the filter drain 

system and slowly discharged via the carrier pipe into the outfall.

Site C (M onasterevin FD), May 3 ,2005 Site C (Monasterevin FD) A ugust 4,2005

I Rainfall — Flew I R ain fa ll - - F lo w  I

t l  T Tfl|^ "FIJT 1 1 1 |I I  1 |T  n  I I

1:30 10:40 17:00 18:10 19:20 20:30 21:40 22:60 OOM

T im e Tim e

Figure 5.5: Storm hydrographs from Site C

The relationship between the rainfall and runoff at the site is graphically represented in Fig 

5.6. There is a well-defined linear relationship with a high R square o f  0.77. The runoff 

coefficients ranged from 0.11 to 0.18 in the w inter and 0.02 to 0.47 during the sum m er months 

respectively. The mean runoff coefficient is 0.11 indicating an average runoff loss o f  89% 

between the highway surface and the expected surface receptor, in this case the Borough 

River, is an indication that the runoff is going elsewhere. This is a similar finding to results at 

site D, but to a greater extent. As with site D the runoff is either remaining on the surface is 

stored within the filter drain, or is m igrating downwards into the subsoil and possibly into the 

underlying groundwater.
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Figure 5.6: Runoff volume vs. rainfall volume at Site C
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Figure 5.7: Peak flow against rainfall intensity at Site C

The relationship between peak flow and both the average and peak rainfall intensity is 

represented in Fig. 5.7. For the peak flow vs. average intensity the points are sparsely spread 

and the R square is low at 0.08, indicating a poor relationship. For the peak flow vs. peak 

intensity the relationship is better defined with a higher R squared o f  0.44.
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Fig. 5.8 sh o w s the relationship  betw een ru noff duration (Rd) and storm duration (Sd) for the 

site. There is a d istinct linear relationship  w ith Sd =  1.075Rd + 2 1 .3 9 4  and w ith an R square o f  

0 .9 3 , although the tim e for the storm ru n off to subside is quite short at approx 20m ins. This  

tim e o f  20m in s is substantially  shorter than that for the filter drain at site  D and indicates that 

there m aybe m inim al storage o f  ru n off in the filter drain. T his is a lso  an indication that the 

ru noff m ay not be entering the filter drain system  in the first p lace and so is m ost lik ely  

percolating into surrounding subsoil.
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Figure 5.8: Runoff duration against storm duration at Site C

The lag tim es ranged betw een  21 and 1 140m ins for the w inter period and 5 to 447m in s for the 

sum m er period w ith averages o f  158 and 192m ins resp ectively . T he relative standard 

deviation is very high again at 158%  for the w inter and 192% for the sum m er, representing a 

variance in storm events.
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Storm Total Storm Flow Rainfall Total Total Runoff Peak
Time

to Peak Mean Peak/

Number Rainfall Duration Duration Intensity Rainfall Runoff Coefficient Rainfall Peak Flow Flow Mean

(mm) (mins) (mm/hr)
Volume

(m^)
Volume

(m’)
Intensity
(mm/hr) (mins) (1/s) (1/s)

W INTER
13)

MAX 26.0 1,280 1,503 2.40 72.0 259 0.18 4.80 1,140 5.12 0.53 9.91

MIN 2.00 50.0 90.0 1.20 19.2 2.04 0.11 4.80 21.0 0.77 0.38 2.04

AVER 12.0 527 624 1.80 45.9 90.1 0.14 4.80 403 2.40 0.48 4.80

SD 12.6 660 767 0.59 26.4 147 0.04 0.00 638 2.38 0.08 4.44

RSD 106 125 123 33 57 163 28 0.00 158 99 18 93
SUMMER

MAX 16.1 845 782 6.90 155 70.0 0.47 32.4 447 6.39 2.25 5.21

MIN 0.60 20.0 49.0 0.60 5.76 0.47 0.02 1.20 5.00 0.18 0.11 0.65

AVER 4.00 147 169 2.50 40.4 6.57 0.11 8.30 48 1.30 0.50 2.48

SD 4.10 183 186 1.67 39.3 14.4 0.09 0.59 92.8 1.60 0.54 0.93

RSD 97 125 110 66 97 220 80 86 192 123 107 38

Table 5.4: Summary o f hydrological data at Site C



5.3 Water quality analysis

5.3.1 Sampling at Site D (Old Style Filter Drain)

At the Site D, the runoff samples were analysed for a number o f  contaminants, which included 

the total suspended solids, total phosphate, total organic carbon, and heavy metals. The heavy 

metals included cadmium, copper, lead and zinc, o f which both the total and dissolved phases 

were investigated. Table 5.5 is a summary o f the storm event details including the date o f the 

storm, total rainfall and runoff volume, peak intensity and flow, duration o f the event and 

sampling time, and the preceding conditions and the vehicle during the event. Table 5.6, 5.7 is 

a summary of max, min, and mean concentrations. Tables 5.8 and 5.9 are summarj tables of 

the EMC and loading rates at each storm event and the total minimum, maximum and mean 

values. In addition to the results from this investigation results from a particular site in the 

WRc (2002) study on runoff from highways in England is included.

Event Date
■’TTTSriawnsTO

Total
tfSL rsirrvTcrr^.

Peak
cinvRirsPT'i

Peak Event Total
ir.V . '

Antecedent Samp Veh
Rainfall Intensity Flow Dur RunofT Dry Dur Dur

Volume Period Storm
(mm) (mm/ll r) (1/s) (mins) (m") (mins) (mins) (vehs)

1 30-Sep-04 16.4 10 .8 6.53 300 90.1 660 300 -

2 21-Mar-05 20.9 7.20 4.17 1,085 127 9,000 485 -

3 06-Apr-05 10.9 10 .8 3.25 380 58.2 6,360 240 -

4 03-May-05 18.9 8.40 3.47 450 123 330 670 -

5 28-Jul-05 23.8 4.80 0.44 1,440 153 6,840 490 -

Table 5.5: Storm event details at Site D

5.3.1.1 Total Suspended Solids (TSS)

Concentrations/EMC/Loadings

The TSS concentrations varied from 14.0 to 736 mg/1 with an average o f 128mg/l. For the 30 I  

samples analysed the RSD is 112%, which indicates a high variance o f concentration values i  

over the sampling period. The maximum values were detected in the summer months with a , 

mean o f I47mg/1 compared to a winter mean o f 103mg/l.
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The EMC values ranged from 59.1 to 445mg/l w ith a mean o f 157mg/l. The highest value o f 

445mg/l was detected from a storm event on the 3'̂ ’̂ May 05, which had also a high peak 

rainfall intensity o f 8.40mm/hr. The lowest value o f 59.1 mg/1 was detected from an event on 

the 28*’’ Jul 05, which had a low peak rainfall intensity o f 4.8mm/hr. The loading rates ranged 

from 70.8 to 5,680g/1000m^ with an overall mean value o f 1,750g/1000m^. The highest 

loading rate o f 5,680g/1000m^ was detected from an event on the 3'̂ ’̂ May 05, which was due 

to a combination o f a high EMC value and a large runoff volume. The lowest loading rate o f 

70.8g/1000m^ was detected from an event on the 6“’ April 05, which was due to a low runoff 

volume o f 58.2m^.

5.3.1.2 Total Phosphate, Organic Carbon, Chloride 

Concentration/EMC/Loadings

Concentrations o f total phosphate (TP) varied between 0.05 and 0.92mg/l averaging at 

0.21 mg/1. The RSD is 96%, indicating a relatively high variance in values for the 19 samples 

tested.

The EMC values for TP varied from 0 .13mg/l to 0.59mg/l averaging at 0.29mg/l. The highest 

EMC o f TP detected was 0.59mg/l from an event on the 3'̂ '’ May 05, which similar to the TSS 

is due to the storm characteristics i.e. heavy rainfall o f that event. The lowest EMC value was 

0.13mg/l from an event on the 21®* Mar 05. The loading rates o f TP varied from 1.28 to 

7.54g/I000m^ with an average o f 3.51g/1000m^ The highest loading rate o f 7.54g/1000m^ 

was from an event on the 3'̂ ‘* May 05, which is similar to the TSS finding and is related to the 

high EMC and runoff values. The lowest value o f !.28g/1000m^ was from an event on the 

30‘*’ Sept 04, which is related to a very low EMC value.

Concentrations o f total organic carbon (TOC) varied from 1.75 to 5.64mg/l averaging at 

3.29mg/l. The RSD is 35% for the 26 samples indicating a low variance in values. The 

concentrations o f TOC tended to be higher in the summer periods with an average o f 4.01 mg/1 

compared to a winter average o f 2.63mg/l.
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The EMC of TOC varied from 2.18 to 4 .31 mg/1 averaging at 3.04mg/l. The highest value of 

4.31 mg/1 was detected from an event on the 28̂ '̂  Jul 05, which is unexpected as the storm 

characteristics such as rainfall intensity (4.80mm/hr) for the event were not significantly high. 

The lowest EMC value o f TOC (2.18mg/l) was detected from an event on the 30**̂  Sept 04, 

which had high rainfall intensity recording o f 10.8mm/hr. The loading rates o f  TOC varied 

between 20.4 to 68.8g/1000m^ averaging at 40.7g/1000m^. The highest loading rate of 

68.8g/1000m^ was detected from an event on the 28*'’ July 05, which is related to a high EMC 

value. The lowest loading rate o f 20.4g/1000m^ was detected from an event on the 30* Sep 

04, which is related to the low EMC value.

Total chloride concentrations varied from 8.28 to 27.5mg/l averaging at 17.8mg/l. The RSD is 

the lowest at 34% for the parameters, which was understandable due to the small number o f 

samples analysed, 13 in total, which would have reduced the variance in values.

The EMC values ranged from 13.1 to 19.8mg/l with an average o f 16.5mg/l. The loading rate 

values ranged from 123 to 261mg/1000m^ averaging at I92mg/1000m^. Out o f only two 

storm events sampled the highest value for EMC and loading were both detected on the 21 st 

March 05 and the lowest was on the 30* Sep 04.

5.3.1.3 Heavy Metals

Concentrations/EM C /Loadings

Total Cadm ium  (TCd) concentrations varied from non-detectable to 13.0(a.g/l with an 

average o f 5.61 [ig/1. The RSD for the 30 samples analysed is 76% indicating a moderate 

variance in values. The levels o f cadmium did not vary significantly between the seasons.

The EMC of TCd varied from non-detectable to 10.0|ig/l averaging at 4.42|^g/l. Loading rates 

range from 0.00 to 160mg/1000m^ with an average o f 63.6mg/1000m^. The highest EMC and 

loading values were detected on 28* July 05. Cadmium was not detected in both the 30* Sep 

04 and 6* Apr 05 storm events.
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Total Copper (TCu) concentrations varied from 4.00 to 89.0|xg/l averaging at 26.3^g/l. For 

the 30 samples analysed the RSD is moderately low at 63%. The copper values were higher in 

the summ er than in the w inter with a mean o f  0.03mg/l compared to 0.02mg/l.

The EMC o f  TCu varied from 20.0 to 62.0ng/l with an average o f  28.8|ag/l. The loading rates 

ranged from 12.8 to 791mg/1000m^ averaging at 319mg/1000m^. The highest EM C and 

loading values were detected from an event on the 3'̂ '* May 05, which correlates well with high 

rainfall intensities and high runoff volumes. The lowest values were detected from an event 

on the 6*'’ April 05, which correlates well with both a low EMC and runoff volume.

Total Lead (TPb) concentrations varied from 23.0 to 133jxg/l averaging at 59.2[xg/l. The 

RSD is 45%  for the 30 samples analysed. The highest values o f  TPb were detected in the 

summer months with an average o f  0.07m g/l compared to a w inter average o f  0.05mg/l.

The EMC values ranged between 36.0 and 110|ag/l with an average o f  61 .2|ag/l. The load rate 

values ranged between 38.4 and I,400m g/I000m ^ averaging at 647mg/1000m^. The highest 

values for EMC and load were both detected from an event on the 3'̂ ‘* May 05, which is related 

to the storm characteristics i.e. heavy rainfall during that event. The lowest EMC and load 

values were detected from an event on the 30'*’ Sep 04 and 6'*̂  April 05 respectively.

Total Zinc (TZn) concentrations varied from 26.0 to 678|J.g/l averaging at 118|0,g/I. The RSD 

is the second highest after TSS at 110% for the 30 samples analysed. Sim ilar to the rest o f  the 

parameters the TZn values were highest in the summer period with an average o f  O.I4mg/l 

compared to a w inter average o f  0.09mg/l.

The EMC values ranged between 80.0 and 400|ig/l with an average o f  150|ag/l. The load rate
2 2 • •values ranged between 51.2 and 5,100m g/1000m  averaging at l,700m g/1000m  , which is

more than five tim es greater than the copper load and nearly three tim es greater than the lead 

loads. The highest values for EMC and loading were both detected from an event on the 3'̂ '* 

May 05, which is sim ilar to results for the other metals, and the lowest was detected from an 

event on the 6* April 05.
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5 .3 .1.4 Hydrocarbons

A number o f  samples from three storm events notably, 2I®‘ March 05, 3"̂ *̂ May 05, and 28**’ 

July 05, were analysed for the 15 Standard PAHs (outlined in chap. 3). There were no PAHs 

detected above the limit o f  detection o f  O.OIng/l.

Pa ra  m e te r  fittilSD S T A T IST IC A L  ANALYSIS
M AX M IN M EAN SD ^ RSD n

Total Suspended Solids 736 14.0 128 143 112 30
Total Phosphate 0.92 0.05 0.21 0.20 96 19
Total Organic Carbon 5.64 1.75 3.29 1.14 35 26
Total Chloride 27.5 8.28 17.8 6.12 34 13

HmwiT M etals CMSfl)
Total Cd 13.0 ND 5.61 0.00 76 30
Total Cu 89,0 4.00 26.3 0.02 63 30
Dissolved Cu - - . - - -

Total Pb 133 23.0 59.2 0.03 45 30
Dissolved Pb - - - - - .

Total Zn 678 26.0 118 0.13 no 30
Dissolved Zn - - - - - -

P A H f tU ^
Naphthalene NO ND ND ND ND 15
Acenaphthylene ND ND ND ND ND 15
Acenaphthene NO ND ND ND ND 15
Fluorene ND ND ND ND ND 15
Phenanthrene ND ND ND ND ND 15
Anthracene ND ND ND ND ND 15
Fluoranthene ND ND ND ND ND 15
Pyrene ND ND ND ND ND 15
Benzo(a)anthracene ND ND ND ND ND 15
Chrysene ND ND ND ND ND 15
Benzo(b)(k)fluoranthene ND ND ND ND ND 15
Benzo(a)pyrene ND ND ND ND ND 15
Indeno(123cd)pyrene ND ND ND ND ND 15
Dibenzo(ah)anthracene ND ND ND ND ND 15
Benzo(ghi)perylene ND ND ND ND ND 15
Total PAH ND ND ND ND ND 15

SD: S tan d a rd  Deviation RSD: Relative S tan d a rd  Deviation n: N um ber o f Sam ples

Table 5.6: Maximum, minimum and mean concentration values at Site D



PARAM ETER (mg/l)
TSS

(mgfl)
Cd

(n>E«)
Cu

(n>^)
Pb TP

(mg/l)
TOC
(mg/I)

TCI
(mfifl)

MAX 156 0.010 0.03 0.08 0.22 0.17 3.86 27.5

WINllEll MIN 24.0 ND ND 0.02 0.03 0.05 1.75 8.28

MEAN 103 0.010 0.02 0.05 0.09 0.13 2.63 17.8

736 0.010 0.09 0.13 0.68 0.92 5.64 -

SUMMER MtN 14.0 ND 0.01 0.03 0.03 0.19 2.38 -

MEAN 147 0.004 0.03 0.07 0.14 0.41 4.01 -

Table 5.7: Comparison between winter and summer concentrations
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EMC STORM EVENT THIS STUDY SFTE D WRC (2002} TR5
Parameter (nifl/D 1 2 3 4 5

30-Sep-04 21-Mar-05 06-Apr-05 03-May-05 28-Jul-05 Max Min Mean M u Min Mean
Total Suspended Solids 60.6 112 111 445 59.1 445 59.1 157 137 38.5 82.7
Total Phosphate 0.14 0.13 - 0.59 - 0.59 0.13 0.29 - - -

Total Organic Carbon 2.18 2.82 - 2.86 4.31 4.31 2.18 3.04 - - -

Total Chloride 13.1 19.8 - - - 19.8 13.1 16.5 438 126 210
Heavy Metals (ae/D
Total Cd N D 10.0 ND 2.10 10.0 10.0 ND 4.42 0.64 ND 0.25
Total Cu 22.0 20.0 20.0 62.0 20.0 62.0 20.0 28.8 75.9 11.0 32.4
Dissolved Cu - - - - - - - - - - -

Total Pb 36.0 50.0 60.0 n o 50.0 110 36.0 61.2 48.4 2.04 16.7
Dissolved Pb _ - . . - . - - - - .

Total Zn 97.0 90.0 80.0 400 80.0 400 80.0 149 267 36.7 98.0
Dissolved Zn - - - - - - - - - - -

PAH(ns/D
Naphthalene - ND - ND N D ND ND ND 190 ND 10.0
Acenaphthylene - N D - ND ND ND ND ND 40.0 ND 3.00
Acenaphthene - N D - ND N D ND ND ND 100 ND 5.00
Fluorene - N D - ND N D ND ND ND 30.0 ND 10.0
Phenanthrene - N D - ND N D ND ND ND 200 ND 10.0
Anthracene - N D - ND N D ND ND ND 210 ND 1.00
Fluoranthene - N D - ND ND ND ND ND 600 ND 30.0
Pyrene - ND - ND ND ND ND ND 700 ND 40.0
Benzo(a)anthracene - ND - ND ND ND ND ND 510 ND 20.0
Chrysene - ND . ND ND ND ND ND 550 ND 30.0
Benzo(b)(k)fluoranthene - N D - ND ND ND ND ND 435 ND 60.0
Benzo(a)pyrene - N D - ND N D ND ND ND 720 ND 40.0
Indeno( 123cd)pyrene - N D - ND ND ND ND ND 540 ND 40.0
Dibenzo(ah)anthracene - N D - ND ND ND ND ND 600 ND 10.0
Benzo(ghi)perylene - N D - ND N D ND ND ND 380 ND 50.0
Total PAH - N D - ND N D ND ND ND - ND -

Table 5.8: Event Mean Concentrations ofparameters fo r  different storm events at site D



O n
ON

LOADINGS STORM EVENT THIS STUDY SITE D WRC t2002> TR6
Parameter Cl/lMOn^ 1 2 3 4 5

30-Sep^ 21-Mar-05 06-Ai>r-05 03May-05 28-JuI-05 Max Min Mean Max Min Mean
Total Suspended Solids 568 1,470 70.8 5,680 943 5,680 70.8 1,750 698 1.48 183
Total Phosphate 1.28 1.71 - 7.54 7.54 1.28 3.51 . . -

Total Organic Carbon 20,4 37.2 - 36.5 68.8 68.8 - 40.7 - - .

Total Chloride 123 261 - - - 261 123 192 892 3.89 238
Heavy Metals {nc/lOOOn*)
Total Cd ND 132 ND 26.8 160 160 ND 63.6 2.15 ND 0.53
Total Cu 207 264 12.8 791 319 791 12.8 319 150 1.43 51.6
Dissolved Cu - - - - - - - - . - _

Total Pb 338 659 38.4 1,400 798 1,400 38.4 647 95.6 8.19 25.3
Dissolved Pb - - - - - - - . - . .

Total Zn 911 1,190 51.2 5,100 1,280 5,100 51.2 1,700 528 3.38 171
Dissolved Zn - - - - - - - - . - .

PAH C ne/im ah
Naphthalene - ND - ND - ND ND ND 237 ND 88.7
Acenaphthylene - ND - ND - ND ND ND 53.7 ND 7.25
Acenaphthene - ND - ND - ND ND ND 257 ND 57J
Fluorene - ND - ND - ND ND ND 123 ND 37.5
Phenanthrene - ND - ND - ND ND ND 215 ND 51.2
Anthracene - ND - ND - ND ND ND 274 ND 78.3
Fluoranthene - ND - ND - ND ND ND 1,120 ND 192
Pyrene - ND - ND - ND ND ND 1,390 ND 224
Benzo(a)anthracene - ND - ND - ND ND ND 745 ND 185
Chrysene - ND - ND - ND ND ND 1.090 ND 181
Benzo(bXk)fluoranthene - ND - ND - ND ND ND 804 ND 144
Benzo(a)pyrene - ND - ND - ND ND ND 1,020 ND 185
Indeno( 123cd)pyrene - ND - ND - ND ND ND 1,000 ND 124
Dibenzo(ah)anthracene - ND - ND - ND ND ND 1190 ND 126
Benzo(ghi)perylene - ND - ND - ND ND ND 285 ND 54.6
Total PAH - ND - ND - ND ND ND - ND -

Table 5.9: Loading rates ofparameters fo r  different storm events site D



5.3.2 Sampling at Site C

At Site C, the runoff samples were analysed for a number o f contaminants, which included the 

total suspended solids, total phosphate, total organic carbon, and heavy metals and 

hydrocarbons. The heavy metals included cadmium, copper, lead and zinc, o f which both the 

particulate and dissolved phase was investigated. The samples were also analysed for the 

standard 15 PAHs. Tab. 5.10 is a summary o f the storm event details including the date o f the 

storm, total rainfall and runoff volume, peak intensity and flow, duration o f the event and 

sampling time, and the preceding conditions and the vehicle during the event. Tab. 5.11 and 

5.12 present a summary o f max, min, and mean concentrations. Tab. 5.13 and 5.14 present a 

summary o f EMC and loading values.

Event Date Total Peak Peak Total Ajiteciedmt Simip Veh
IteliiIkU ffloir Dwr Runoff Dry Dur

V<flume Stronn

(naln) (mnlAiF) m (nins) (m*) {mins) (V«ll8)
I 21-Mar-05 26.0 4.8 5.12 1,280 46.6 8,644 128 -

2 17-Apr-05 16.1 7.2 2.12 845 27.9 3,300 249 -

3 03-May-05 ^ 11.3 20.4 5.91 148 63.0 124 395 -

4 23-Jul-05 2.9 4.8 0.52 65 0.47 3,960 25 -

5 28-Jul-05 2.4 4.8 1.94 155 5.28 4,200 58 -

6 04-Aug-05 8.7 8.4 1.79 380 7.67 3,000 49 -

Table 5.10: Storm event details at Site C

5.3.2.1 Total Suspended Solids (TSS)

Concentrations/EMC/Loadings

The concentrations varied from 12.0 to I25mg/1 with an average o f 46.9mg/l. The RSD is 

77% for 22 samples, which is relatively high. The maximum values were detected in the 

summer months with a mean o f 50.7mg/l compared to a winter mean o f 22.3mg/l.

The EMC values ranged from 14.4 to 116mg/l with a mean o f 49.5mg/l. The highest value of 

116mg/l was detected from an event on the 23'̂ '̂  Jul 05, which also had the highest peak 

rainfall intensity recording o f 32.4mm/hr. The lowest value o f 14.5mg/l was detected from an
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event on the 29'*’ Jul 05, which had incidentally the lowest peak rainfall intensity recording o f 

4.8mm/hr. The loading rates ranged from 0.24 to 392g/1000m^ with a mean o f  114g/1000m^. 

The highest loading rate o f  392g/1000m^ was detected from an event on the 3'̂ '* May 05, which 

is related to a large runoff volume o f  63.Om .̂ The lowest loading rate o f  0 .24g/l000m  was 

detected from an event on the 23’̂‘* July 05, which is related to a very low runoff volum e o f  

0.47m^

5.3.2.2 Total Phosphate, Organic Carbon, Chloride 

Concentration/EMC/Loadings

Concentrations o f  total phosphate (TP) varied between 0.04 and 0.21 mg/1 averaging at 

0.08mg/l. The RSD is 51%, indicating a relatively low variance in values for the 16 samples 

tested.

The EMC o f  TP varied from 0.06mg/l to 0. IOmg/1 averaging at 0.09mg/l. The highest EMC 

o f  TP detected was O.lOmg/1 from an event on the 3'̂ *̂ May 05, which like the TSS maybe due 

to the storm characteristics i.e. heavy rainfall. The lowest EMC value was 0.06mg/l from an 

event on the 29̂ *’ July 05. The loading rates o f  TP varied from 0.03 to 0.66g/1000m^ with an 

average o f  0.30g/1000m^. The highest loading rate 0.66g/1000m^ was from an event on the 3'̂ ‘* 

May 05, which is similar to the TSS finding and is related to a high EMC and runoff volume 

value. The lowest value o f  0.03g/1000m^ was from an event on the 29* July 05, which is 

related to a very low runoff volume.

Concentrations o f  total organic carbon (TOC) varied from 1.70 to 5.70mg/l averaging at 

2.90mg/l. The RSD is 36% for the 16 samples indicating a low variance in values. These 

values are very sim ilar to those detected at Site D. The concentrations o f  TOC were higher in 

the summer periods with an average o f  3.00mg/l compared to a w inter average o f  2.29mg/l.

The EMC o f  TOC varied from 2.09 to 4.18mg/l averaging at 3 .0 1 mg/1. The highest value o f 

4 .l8m g/l was detected from an event on the 17*̂  April 05, which was unusual as the storm 

characteristics o f  this event such as rainfall intensity o f  7.2m m/hr were not significantly high. 

The lowest EMC value o f  TOC o f  2.09mg/l was detected from an event on the 3'̂ ‘* May 05,



which had also a high rainfall intensity o f 20.4mm/hr. The loading rates o f TOC varied from 

1.91 to 13.7g/1000m^ averaging at 9.76g/1000m^. The highest loading rate o f 13.7g/1000m^ 

detected was from an event on the 3'̂ '̂  May 05, which had surprisingly the lowest EMC value 

but the highest runoff volume o f 63.Om .̂ The lowest loading rate detected was 1.91g/1000m^ 

from an event on the 29*'’ Jul 05, which is related to a low runoff volume of 5.28m^.

Total chloride concentrations varied from 9.59 to 12.02mg/l averaging at 10.69mg/l. The 

RSD is the lowest for all the parameters analyzed at 12%, which is understandable as only 3 

samples were analysed.

The only storm event sampled and analysed for chloride was on the 21®‘ Mar 05 and the 

corresponding EMC and loading values were 10.27mg/l and 49.8g/1000m^ respectively.

5.3.2.3 Heavy metals (Total)

Concentrations/EMC/Concentrations

Total Cadmium (TCd) concentrations varied from non-detectable to 30.0|ig/l with an 

average o f 10.0)ig/l. The RSD for the 22 samples analysed is 113% indicating a high variance 

in values. The levels o f cadmium did not vary significantly between seasons.

The EMC of TCd varied from non-detectable and 24.0|ag/l averaging at 8.60|j.g/l. Loading 

rates ranged from 0.02 to 45.6mg/1000m^ with an average o f 14.6mg/1000m^ The highest 

EMC and loading rate value were detected from events on the 28*’’ Jul 05 at 24.0)Jg/l and the 

2 P ‘ March 05 at 45.6mg/1000m^ respectively. The lowest values 2.00(xg/l and 

0.02mg/1000m^ were from events on the 3'̂ '̂  May 05 and the 23'̂ ‘* July 05.

Total Copper (TCu) concentrations varied from 1.00 to 60.0)j,g/l averaging at 20.0|ag/l. For 

the 22 samples analysed the RSD is moderate at 76% compared to the other parameters. The 

copper values were similar in the summer and the winter with both having a mean o f 0.02mg/l.
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The EM C  o f  T C u varied  from 6.00 to  43.0}4.g/i w ith  an average o f  24.7fj.g/l. T he loading rates 

ranged from  0.05 to  125m g/1000m ^ averaging  at 51.3m g/1000m ^. T he h ighest EM C  and 

loading values w ere detected  on the 17^ A pril 05. T he low est values o f  2.00)j,g/l and 

0 .05m g/l OOOm  ̂ w ere detected  on the 6‘*’ M ay 05 and 23^̂  ̂ Ju ly  05.

T o ta l L ea d  (T P b ) concen trations varied from  40.0  to  I50)4,g/I averaging  at 70.0|o,g/l. T he 

RSD is 36% , w hich is relatively  low  for the 22 sam ples analysed . The h ighest values o f  TPb 

w ere detected  in the w in ter period w ith an average value o f  0 .09m g/l com pared  to  a sum m er 

average o f  0 .07m g/l. D ue to the sm all num ber o f  sam ples analysed  during  the w in ter m onths 

th is w ould represen t a fair v iew  o f  seasonal d ifferences.

T he EM C values ranged from 52.0 to  95.0(xg/l w ith  an average o f  76.9|j.g/l. T he loading rate
2 2 values ranged from  0.12 to  5 1 9 m g /l0 0 0 m  averag ing  at 216m g/1000m  . S im ilar to  the

findings for copper the  highest value for EM C o f  89.0|^g/l w as detected  from  an event on the

I7 ‘*’ April 05. T he h ighest loading rate o f  519m g/l000m ^ w as detected  from  an event on the

3^^ M ay 05, w hich is related to  the high volum e o f  runoff. The low est EM C  and load rate

values o f  52.0|j,g/l and 0 .12m g/1000m ^ w ere from  an event on the 4'^ A ug 05 and 23 ’̂'* July 05

respectively  and are related  to a low  rainfall in tensity  and low  ru n o ff volum e.

T o ta l Z in c  (T Z n ) concentrations varied from  20 .0  to 2IO|Lig/l averag ing  at 60.0fxg/l. T he 

RSD is 91%  for the 22 sam ples analysed. T he T Z n values w ere h ighest in the  w in ter w ith  a 

m ean o f  0 . lOmg/l com pared  to a sum m er m ean o f  0 .07m g/l. T his is s im ilar to  the TPb 

findings and m ay be related to  the fact that only  a sm all num ber o f  w in ter sam ples w ere 

analysed.

T he EM C values ranged from 18.0 to  154(Jg/l w ith  an average o f  82 .0^g /l. T he load values 

ranged from  0.32 and 515m g/1000m ^ averag ing  at l,700m g/1000m ^, w hich is sim ilar to  the 

m axim um  loading rate o f  TPb. The h ighest values for E M C  and loading rate o f  I54^g /I and 

5 l5m g/1000m ^ w ere detected  on the 23'̂ '  ̂ Ju ly  05 and 21®* M arch 05. T he low est values o f  

18.0|Lig/l and 0.32m g/1000m ^ w ere detected  on the 3"̂ *̂ M ay 05 and 2 3 ’̂‘* Jul 05, w hich sim ilar 

to  the o ther param eter resu lts is related to  the storm  characteristics i.e. low  rainfall in tensity  

and low  ru n o ff volum e.
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5.3.2.3 Hydrocarbons

A number o f  PAHs were detected above the dectection limit for only one storm event that 

occured on the 21st March 2005 at site C. Twelve o f  the total fifteen PAHs were detected 

during this event. The PAHs with the highest concentration were Phenanthrene, Chrysene and 

Naphthalene respectively. The three PAHs not detected above the detection limit were 

Acenaphthene, Fluorene, and Benzo(a)pyrene. The relative standard deviation was very high 

for all the PAHS indicating that their occurence in the runoff is very varied.
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M '  .. ,

MAX MIN. SD m " - . N
Total Suspended Solids 125 12.0 46.9 35.9 77 22
Total Phosphate 0.21 0.03 0.08 0.04 51 16
Total Organic Carbon 5.70 1.70 2.90 1.03 36 16
Total Chloride 12.0 9.59 10.7 1.23 12 3

Total Cd 30.0 ND 10.0 0.08 113 22
Total Cu 60.0 1.00 20.0 0.02 76.0 22
Dissolved Cu - - - - - -

Total Pb 150 40.0 70.0 0.03 36.0 22
Dissolved Pb - - - - - -

Total Zn 210 2.00 60.0 0.06 91.0 22
Dissolved Zn - - - - - -

P A H {M
Naphthalene 452 ND 68.2 160 235 12
Acenaphthyiene 248 ND 40.3 79.7 198 12
Acenaphthene ND ND ND ND ND 12
Fluorene ND ND ND ND ND 12
Phenanthrene 811 ND 67.6 234 346 12
Anthracene 270 ND 22.5 77.9 346 12
Fluoranthene 187 ND 22.7 57.2 252 12
Pyrene 254 ND 31.1 78.1 251 12
Benzo(a)anthracene 160 ND 29.8 56.2 189 12
Chrysene 520 ND 83.8 166 199 12
Benzo(b)(k)fluoranthene 164 ND 13.7 47.3 346 12
Benzo(a)pyrene ND ND ND ND ND 12
Indeno( 123cd)pyrene 124 ND 10.3 35.8 346 12
Di benzo(ah )anthracene 223 ND 18.6 64.4 346 12
B enzo(ghi )pery 1 en e 139 ND 11.6 40.1 346 12
Total PAH 3,100 ND 420 926 220 12

SD: Standard Deviation RSD: Relative Standard Deviation n: Number of Samples

Table 5.11: Maximum, minimum and mean concentration values at Site C

PARAMETER (mg/l)
TSS

iNeaj
Cd Cu Pb

(ingfl)
Z d TP TO C TCl

MeffL
MAX . 33.0 0.01 0.03 0.09 0.11 0.09 2.33 12.0

MIN 15.0 ND 0.02 0.09 0.08 0.06 2.22 ^ 9.59

22.3 0.01 0.02 0.09 0.10 0.08 2.29 10.7

125 0.03 0.06 0.15 0.21 0.21 5.71 -

SUMMER SQK 12.0 ND ND 0.04 ND 0.03 1.70 -

9m *Si 50.7 0.01 0.02 0.07 0.07 0.08 3.00 -

Table 5.12: Comparison between winter and summer concentrations
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BMC ____ _______________ _ T E ISJS3:0B ¥SrrE :C  1* W K C o i a a t m
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"*1-Mar- j 
06 ■

03-May- j 
i 05

23-JuT ' 
,0 5

28-Jul- ' 
05

04-Aug-
m

■ ' t

. , MIn : : %|»i, ■
Total Suspended Solids 25.4 44.4 59.8 116 14.5 37.0 116 14.5 49.5 137 38.5 82.7

Total Phosphate 0.09 0.10 - 0.06 0.10 0.10 0.06 0.09 . - -
Total Organic Carbon 2.31 4.18 2.09 - 3.48 4.18 2.09 3.01 - - -

Total Chloride 10.3 - - - . - lOJ . lOJ 438 126 210

Heavy Metals
'

■t . i

Total Cd 9.40 4.00 2.00 7.23 24.0 5.00 24.0 2.00 8.60 0.64 ND 0.25
Total Cu 23.0 43.0 6.00 26.2 33.0 17.0 43.0 6.00 24.7 75.9 11.0 32.4

Dissolved Cu - - - - . - - - - . - -

Total Pb 87.0 89.0 79.0 59.4 95.0 52.0 95.0 52.0 76.9 48.4 2.04 16.7
Dissolved Pb - - . . - - - . - -

Total Zn 106 32.0 18.0 154 150 32.0 154 18.0 82.0 267 36.7 98.0
Dissolved Zn - - - - - - - - - - - -

PAH
Naphthalene 213 ND ND ND - - 213 ND 53.2 190 ND 10.0

Acenaphthylene 184 ND ND ND - - 184 ND 45.9 40.0 ND 3.00
Acenaphthene ND ND ND ND - - ND ND ND 100 ND 5.00

Fluorene ND ND ND ND - - ND ND ND 30.0 ND 10.0
Phenanthrene 406 ND ND ND - - 406 ND 101 200 ND 10.0
Anthracene 135 ND ND ND - 135 ND 33.8 210 ND 1.00

Fluoranthene 123 ND ND ND 123 ND 30.8 600 ND 30.0
Pyrene 168 ND ND ND . - 168 ND 42.1 700 ND 40.0

Benzo(a)anthracene 132 ND ND ND - - 132 ND 33.0 510 ND 20.0
Chrysene 377 ND ND ND - - 377 ND 94.2 550 ND 30.0

Benzo(bXk)fluoranthene 82.1 ND ND ND - - 82.1 ND 20.5 435 ND 60.0
Benzo(a)pyrene ND ND ND ND - - ND ND ND 720 ND 40.0

Indeno( 123cd)pyrene 62.0 ND ND ND . - 62.0 ND 15.5 540 ND 40.U
Dibenzo(ah)anthracene 112 ND ND ND - - 112 ND 27.9 600 ND 10.0

Benzo{ghi)perylene 69.6 ND ND ND - - 69.6 ND 17.4 380 ND 50.0
Total PAH 2,060 ND ND ND - - 2,060 ND 516 - ND -

Table 5.13: Event Mean Concentrations ofparameters fo r  different storm events



LOADB«6S STORM i m s  STUDY SITB C •V K> 1K

F)icaiDct«r6^l4NIA9d . . 1 . , 2 3 4 1 5 6 1

05
17-Apr-

05
03-May-

05
23-

Jul-05
28-Jul-

05
04-Aug-

05 Max M bi I M n a 1(
Total Suspended Solids 123 129 392 0.24 7.95 29.5 392 0.24 114 698 1.48 183
Total Phosphate 0.42 _ 0.66 0.03 0.08 0.66 0.03 OJO - - -

Total Organic Cariwn 11.2 12.2 13.7 - 1.91 - 13.7 1.91 9.76 - - -

Total Chloride 49.8 . . . . . 49.8 49.8 892 3.89 238
Heayy MetiOf (rosedQOQa^
Total Cd 45.6 11.6 13.1 0.02 13.2 3.99 45.6 0.02 14.6 2.15 ND 0.53
Total Cu 112 125 39.4 0.05 18.3 13.6 125 0.05 5 1 J 150 1.43 51.6
Dissolved Cu - - - - - - - - -

Total Pb 422 259 519 0.12 52.3 41.6 519 0.12 216 95.6 8.19 2 5 J
Dissolved Pb _ _ - - - - - - -

Total Zn 515 93.1 118 0.32 82.5 25.6 515 0 J2 139 528 338 171
Dissolved Zn . . - - - - - - -

PAHCM /tOOOm^
Naphthalene 1,030 ND ND ND - - 1,030 ND 258 237 ND 88.7
Acenaphthylene 891 ND ND ND - - 891 ND 223 53.7 ND 7.25
Acenaphthene ND ND ND ND _ - ND ND ND 257 ND 5 7 J
Fluorene ND ND ND ND - . ND ND ND 123 ND 37.5
Phenanthrene 1,970 ND ND ND . . 1,970 ND 492 215 ND 51.2
Anthracene 656 ND ND ND - - 656 ND 164 274 ND 7 8 J
Fluoranthene 598 ND ND ND - - 598 ND 149 1,120 ND 192
Pyrene 817 ND ND ND - - 817 ND 204 U 9 0 ND 224
Benzo(a)anthracene 640 ND ND ND - - 640 ND 160 745 ND 185
Chrysene 1,830 ND ND ND . - 1,830 ND 457 1.090 ND 181
Benzo {b)-Kk) fluoranthene 398 ND ND ND - . 398 ND 99.6 804 ND 144
Benzo(a)pyrene ND ND ND ND - - ND ND ND 1,020 ND 185
Indeno( 123cd)pyrene 301 ND ND ND . - 301 ND 7 5 J 1,000 ND 124
Dibenzo(ah)anthracene 542 ND ND ND - - 542 ND 135 1190 ND 126
Benzo(ghi)perylene 338 ND ND ND . - 338 ND 84.4 285 ND 54.6
Total PAH 10,000 ND ND ND - - 10,000 ND 2,500 - ND -

Table 5.14: Loading rates o f  parameters fo r  different storm events



5.4 Excavation of filter drain systems

5.4.1 Introduction

Filter drain systems are primarily underground drainage structures, therefore they are 

relatively hard to understand, particularly in terms o f what processes are taking place within 

their structure. It was therefore decided to excavate two filter drains, one with the old design 

and the other with the new design, so that they could be investigated in greater detail. 

Sediment samples were extracted within the filter drains for further examination, which 

included sediment quality analysis and particle size distribution analysis. The old designed 

filter drain was excavated just 2 kilometres west o f Site D where the M4 motorway was being 

extended. Fortunately this filter drain was exactly the same design as that investigated in Site 

D. The other filter drain, which had the liner integrated into the structure, was excavated at 

the Naas town intersection on the M7, which was 10 kilometres east o f Site C. This section o f 

the highway was being extended from a two-lane to a three-lane carriageway and so allowed 

the researcher access to the existing filter drain. Although this system had been in operation 

for a couple o f years more than that at site C the design o f the filter drain with the liner was 

exactly the same.

Old design New design

Figure 5.9: Diagram o f the old and new filter drain systems
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Figure.5.10: Excavation o f  the o ld  f ilte r  drain on the M4

5.4.2 Old filter drain type

The soil samples, which included the filter drain material (gravel) and associated sediment, 

were extracted throughout the filter drain structure as indicated by the red m arkings in Fig. 

5.10. The samples were then tested in the lab for metal content, which included copper, 

cadmium, zinc and lead. Fig 5.16 shows the metal content o f  the samples from the top o f the 

filter drain right through to the bottom o f  the structure. A particle size distribution analysis 

was also carried out on each o f  the samples and is graphically presented in Fig 5. 17.

The soil samples at the top o f  the filter drain show high concentration values for all four 

metals, which then gradually decrease towards the bottom o f  the filter drain. The zinc and 

lead metal concentration in the sediment show the greatest decrease from the top to bottom o f 

the filter drain with an approxim ately 70% reduction in concentration from top to bottom. The 

metals cadmium and copper also decrease in concentration through the filter drain but not to 

the same degree; in fact copper concentrations are only reduced by 5% from the top to bottom.
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Figure 5.11: Locations o f  where samples were taken

Figure 5.12: Concrete carrier pipe at the foot o f  the oldfilter drain 
N. B. the high quantity o f  fine sediment present

The DM RB-UK (1997) states that the m ajority o f  the filter m aterials in the upper section o f 

the filter drain should be retained in the 14mm sieve or higher if  it were constructed to the 

proper guidelines. The particle size distribution analysis (PSD) values indicate that there is a 

large percentage as high as 65% o f  intruded material i.e. sediment less than 14 mm in the top 

section o f  the filter drain and as much as 50 % in the middle section. These results indicate
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that either the filter drain was not built to the correct specification or that it has become 

clogged with sedim ent deposited from the highway surface and surrounding soil.

Figure 5.13: Water ponds on the top surface o f the filter drain due to the clogging

Fig. 5.13 shows one consequence o f  clogging o f  the filter material within the drain structure. 

As a result, the highway runoff is restricted from passing through the filter material to the 

carrier pipe at the foot o f  the drain. If the highway surface is not adequately drained due this 

reduction o f infiltration capacity o f  the filter drain then there may be problem s with localised 

flooding and also softening o f the pavement structure due to the ingress o f  the runoff. The 

water would m ost likely be diverted to the subsoil and eventually enter the groundwater 

regim e, which may dependent on the pollutant concentration and pathway o f  the runoff result 

in contam ination o f  the groundwater.

5.4.3 New filter drain design

The next site to be excavated was the filter drain structure located on the Naas By-pass, which 

w as a typical example o f  the new design monitored at site C. This filter drain had a non

woven geo-textile integrated into the structure, which was overlapped at approxim ately 300 

mm from the top surface o f the drain. Samples were taken at sections below and above this
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overlap, as well as across the rest o f the drain profile. A particle size distribution analysis was 

carried out on the samples. These results are graphically presented in Fig.5.5.

Figure 5.14: The concrete pipe at the bottom o f  the new filter drain 

N. B. very little sediment is present

Figure 5.15: The geotexile overlap (woven geotextile)

In the PSD analysis there was 45%  o f  intruded material found at the top o f  the geotextile but 

below the geotextile there was only 11% found. From a visual inspection it can be clearly 

seen that the top o f  the geotextile is badly clogged with sediment but below the geotextile the 

filter material is in excellent condition and could easily be used in the construction o f  other 

filter drains. The geotextile seems to be obviously doing the job  o f  preventing sediment
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passing but ironically because o f this it is becoming clogged at the overlap due to the high 

sediment load in the runoff from the highway surface. If this blockage is preventing the 

passage o f runoff from the highway, this has significant implications for the drainage o f the 

road.

5.4.4 Summary

In Volume 2 o f  ‘Notes for Guidance on the Specification for Road Works’ (NGSRW, 2000) it 

states that if a geotexile is to be used in the filter drain structure it should incorporate a margin 

o f safety to allow for the reduction in permeability with time due to clogging. It states that 

this margin should also include an allowance for the fact that the geotextile’s quoted 

permeability is obtained from an unimpeded water flow test, whereas the filter material in a 

filter drain will block some o f the geotextile. If the geotextile is to be used in the structure this 

margin o f safety should be investigated especially where the overlap is located, which in some 

case is three to four times folded. It is clear that the old filter drain design at the Site D has 

become clogged with sediment over its life span o f 12 years. As a result a large percentage of 

the runoff from the highway is not passing the filter material to the carrier pipe and through to 

the designated surface water receptor. This indicates that the receptor for the runoff is most 

likely the groundwater in the case o f the filter drain.

It is surprising to see that the new filter drain system, which was excavated on the Naas By

pass and is similar in design to the one at Site C is becoming blocked so soon. The filter drain 

on the Naas By-pass is approximately 5 years old and already has at least 45% (of total 

volume) intruded material present above the geotextile overlap. The filter drain at Site C is 

only a year old and the water balance indicates that there is a significant water loss throughout 

the system. The mean average runoff coefficient o f 0 .11 indicates a loss o f up to 89% of the 

runoff from the highway surface. It is clear to see that there is already a problem with this 

filter drain design, in particular the overlap o f the geo-textile material. The blockage that 

already exists will only get worse as the more sediment load from the highway surface enters 

the filter drain and is prevented from passing the geo-textile material, which acts as a filter 

barrier. As a result the design of the filter drain should be thoroughly investigated and 

changes implemented. The liner should still be used, as it prevents ingress o f soil from the 

surrounding embankment but there should be no overlap at the top section o f the filter drain.
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Figure 5.17: Graphs showing the results o f a particle size distribution analysis on the soil samples (old filter drain)
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Figure 5.18: Graphs showing the results o f a particle size distribution analysis on the soil samples (new filter drain)



Chapter 6 Comparisons and Interpretation of Results

6.1 Inter site comparisons

6.1.1 Rainfall

The first noticeable difference that may exist between the sites is the hydrological 

characteristics such as the rainfall regime, which is the driving force o f the rainfall-runoff 

process. Sites A, B, and C were all located within 10km o f one another on sections o f the 

Dublin to Portlaiose motorway (M7), in a rural area o f County Kildare. Their geographical 

positions were comparable, which is reflected in the similarity o f the rainfall data collected at 

each o f the sites. Site D was located approximately 20km north o f these sites in a relatively 

sheltered section o f the Dublin to Galway motorway (M4) just south o f Maynooth town. This 

area was less exposed than the other three sites, which was reflected in the rainfall recording, 

as there were less intense storm events and an overall lower rainfall at the site e.g. from June- 

04 to Aug-05 641mm fell at site D (Maynooth area) and for the same time period 811mm fell 

at the site A (Kildare area).

Tab. 6.1 presents a summary o f the highest rainfall depth recorded at different time periods at 

each o f the sites. This rainfall data clearly indicates that the storms with the highest rainfall 

intensities were recorded in the Kildare area in the vicinity o f sites A, B, and C. The highest 

recorded rainfall intensity was 60mm/hr (Imm/min), during the summer period on the 16*’’ and 

the 23̂ *̂ o f August 2004 at site A in the Kildare area. At site D in the Maynooth area the 

highest recorded rainfall intensity was 21.6mm/hr during the winter period on the 8‘*' January 

2005. The highest 60 minute and 2 day rainfalls at site A over the 21-month monitoring 

period were recordings o f 7.8mm and 27.6mm respectively. These values are well below the 

60-minute and 2 day rainfalls o f 16.0mm and 55.0mm for a return period o f 5 years, which 

were used for the original highway drainage design. These M5-60 and M5-2day values cover 

a large area and so may not be accurate for a specific site such as the case with site A. This 

would suggest that the rainfall values used for the drainage design o f this highway may have 

been overestimated and so this highlights the need for site specific rainfall data to be recorded 

for the use in any fiiture road drainage design.
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Kildare Area 
Sites A, B, C

Maynooth Area 
Site D

Duration Highest Rainfall 
Depth (mm)

Dates Highest Rainfall 
Depth (mm)

Dates

1 min 1 16/8/04, 23/8/04 - -

2 min 1.6 23/8/04, 30/6/05 - -

5 min 3.5 23/8/04 1.8 8/1/05
10 min 5.6 16/8/04 2.7 12/8/04, 8/1/05
20 min 6.2 21/5/05 4.2 12/8/04
30 min 6.8 3/8/04 4.5 12/8/04, 15/8/04
40 min 7.3 16/8/04 5.6 12/8/04
50 min 7.5 15/8/04 6.6 4/10/04
60 min 7.8 6/7/04 7.2 4/10/04
2 hrs 11.7 3/8/04 11.2 3/5/05
6 hrs 16.6 3/8/04 18.6 21/10/04
12 hrs 22.1 22/6/04 24.6 8/1/05
24 hrs 23.1 21/3/05 31.8 8/1/05
48 hrs 27.6 30/10/04 38.5 9/1/05
Month 120.1 Oct-04 93.9 Oct-04

Table 6.1: Summary o f the highest rainfall depth recorded at different time periods 

6.1.2 Rainfall-runoff characteristics

Past research has indicated that the rainfall-runoff process may differ at each highway location 

and is dependent on a number of characteristics specific to that site, such as the rainfall 

regime, surface type, catchment area and the drainage system in place (Barrett et al., 1995). In 

this investigation all the highway sites selected had a similar surface of impervious hot-rolled 

asphalt, and the catchment area and rainfall regime were both relatively similar with the 

exception of a lower precipitation recording at site D. The main notable difference between 

the sites was the system in place for the drainage of the highway, which was either a filter 

drain or a kerb and gully structure.

Tab. 5.2 summarizes the hydrological results from each of the sites in terms of the runoff 

coefficient, peak flow, mean flow and time to peak. The highest peak flows were recorded at 

Sites A and B, which both had the kerb and gully as the main form of drainage. The mean 

peak flows at these sites were 20.3 and 9.191/s respectively. In contrast, the peak flows at 

Sites C and D, which had the filter drain as the main form of drainage were much lower with 

mean values of 1.42 and 3.181/s respectively. Such low peak flows can be attributed to the 

high level of attenuation provided by the filter drain structure, which provides significant
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reduction in both the peak and mean flow rate. The mean flow rates calculated for each o f the 

sites supports this theory with values from the kerb and gully sites, nine times higher than that 

recorded at the filter drain sites. These flow characteristics are important in the design o f any 

treatment system that may be implemented at the outlet of any o f these systems and in the 

consideration o f whether any additional attenuation system, such as a pond may be required 

and if  so, what size. It is obvious from the results that the kerb and gully system attributes to 

high flow rates and therefore some form o f attenuation system would be required. The results 

recorded from the filter drain system particularly in the case where the filter material is lined 

as in Site C suggest that they provide adequate attenuation o f flow and that no other additional 

attenuation system is required.

SITE/
DRAINAGE/

EVENTS

Peak Flow 
(1/s)

Mean Flow 
(1/s)

Time to 
Peak (mins)

Runoff
Coefficient

A KG (108)
Range 1.6 0 - 1 2 2 0 .4 8 - 15.6 5 - 4 9 0 0 .5 3 - 1.31
Mean 20.3 4.62 86.0 0.91

D FD (40)
Range 0 .4 4 - 17.1 0 .2 5 - 3.68 2 5 - 9 1 0 0 .2 1 - 0.66
Mean 3.18 1.00 149 0.47

C FD (28)
Range 0 . 18 - 6.40 0 . 1 1 - 2.25 7 - 1,140 0 .0 2 - 0.58
Mean 1.42 0.50 87 0.11

BK G  (15)
Range 1.5 5 - 21.4 0 .5 7 - 5.09 5 - 2 0 4 0.65  -  0.93
Mean 9.19 2.38 69 0.78

Table 6.2: Summary o f  hydrological characteristics at each site

The time to peak, which is the time from the start o f the run-off to the peak flow varied 

considerably between the sites. This factor is important in characterizing the response o f both 

the catchment and the drainage system, to the onset o f the rainfall. The time to peak will give 

an indication o f the level o f attenuation, if any, that the system provides in reducing the rate of 

the resultant runoff. Not surprisingly the mean time o f peak values at the sites with the kerb 

and gully (A and B) are similar, and both relatively low at 86 and 69 minutes respectively. 

The mean value for the filter drain system at site D is high at 149 minutes, whereas the mean 

value o f 87 minutes for the filter drain at site C is surprisingly low. This is an indication that 

in the case o f the filler drain at site C, the system is not storing and attenuating the flow, which 

would be expected for a filter drain system as observed at site D. It may also suggest that the
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highway runoff is not entering the fiUer drain and so not reaching the designated surface water 

receptor via the perforated carrier pipe. This would mean that the pathway o f the runoff is 

different to what is expected and that the runoff is most likely percolating into the subsoil and 

then into the underlying groundwater, which is not the original intended receptor.

For further investigation into the hydraulic performance o f the systems a relationship between 

the duration o f the storm event and the resultant runoff was derived for each o f the sites. 

These linear equations, which relate the storm duration to the runoff duration, are presented 

below:

Site A (Kildare Site); 

Site B (Monasterevin): 

Site C (Monasterevin): 

Site D (Maynooth):

Rd = 0.99Sd + 85.176 

Rd = 1.09Sd + 44.623 

Rd = 1.07Sd + 21.39 

Rd = 0.96Sd + 253.28

The relationships between the runoff and storm duration are similar for both the sites with the 

kerb and gully system in place (sites A and B). The equations indicate that the runoff will 

subside within 1 to 2 hours after the storm event ended at each o f the sites. In contrast the 

equation for the filter drain at site D indicates that the runoff may not subside for at least four 

hours after the end o f the rainfall. This is not surprising, as the filter system structure will act 

as a reservoir storing the runoff and then discharge it gradually via the perforated carrier pipe 

to the outfall. For the lined filter drain system at site C the relationship between runoff and 

storm duration is more comparable to that of the kerb and gully system. In this case, the 

equation indicates that runoff will subside at approximately 20 minutes after the end of the 

storm event, which is very short for this type o f system. This is an indication that there is a 

flaw with this particular design as there is minimal storage and release o f the highway runoff 

as would be expected. It is fiirther evidence to indicate that the runoff may not be passing 

through the filter material and into the carrier pipe at the foot of the system in the first place 

and as a result is going elsewhere. |

The runoff coefficient, which is the ratio o f precipitation falling onto the catchment and the j 

resultant runoff, was calculated for each o f the sites. The coefficient value may vary from site 

to site depending on a number o f factors, which include the storm characteristics, vehicular
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splash off, the pre-storm history, the monitoring protocol, and the nature o f the catchment, and 

the drainage system in place (Gupta et a i ,  I98Ic). Evaporation may also be a factor, but in 

such a temperate region as Ireland, this effect is likely to be minimal, particularly during the 

winter period. In this investigation the drainage system in place was found to be a major 

contributing factor to the runoff coefficient. This is clear to see in the results from the sites 

with the kerb and gully system (A and B), which had very similar runoff coefficients. The 

values are high at both o f the sites with a mean value o f 0.91 at site A and 0.78 at site B 

respectively. This was expected, as both sites had direct drainage and so most o f the runoff 

would enter the carrier pipe and then discharge via the outfall to the surface water receptor. 

Any loss o f runoff, which was minimal, would have been the result o f depression storage on 

the highway surface and vehicular splash o ff  In contrast, the two sites with the filter drain 

system (C and D) had low runoff coefficients with a mean value o f 0.48 at site D and 0.11 at 

site C. The runoff coefficients at site C were extremely low, which raises the question of 

where the majority o f the runoff (~89%) was actually going, as it was not entering the carrier 

pipe at the foot o f the filter drain and onto the outfall. The reason for this loss o f water in the 

system could be a catastrophic hydraulic failure o f the filter drain system due to sediment 

transported in the runoff clogging the filter material, particularly where the liner is 

incorporated. These water balances (runoff coefficients) clearly suggest that the majority of 

the runoff is not getting to the designated surface water receptor via the carrier pipes. 

Therefore it can be concluded that a significant percentage o f the highway runoff was ‘lost’ in 

roadside percolation to the subsurface and into the underlying groundwater. As the 

groundwater is inadvertently the receptor o f the highway runoff this raises the issue of 

groundwater contamination, as there would have been no assessment o f any impact on the 

groundwater during the design stage o f the highway.

6.1.3 Hydrological comparisons with other studies

The majority o f past studies on highway runoff have concentrated on the quality aspect, but 

very few have looked at the actual rainfall-runoff relationships within the highway catchment. 

O f the small number o f studies that have investigated these relationships, the results for the 

runoff coefficient indicate a high value o f between 0.70 and 1.00 for highways with direct 

drainage and a relatively moderate value o f between 0.40 and 0.60 for those with the filter 

drain system.

188



RU N O FF C O E F F IC IE N T
RA N G E M EAN SU R FA C E L O C A TIO N D RA INAGE R E F E R E N C E

0 .5 3 -1 3 1 0.91 Highway
Kildare,
Ireland

Kerb & Gully 
(Direct)

This Study 
(2006)

0.65 - 0.93 0.78 Highway
Monasterevin,

Ireland
Kerb & Gully 

(Direct)
This Study 

(2006)

0.51 - 1.18 0.70 Highway
Burnaby,
Canada

Kerb
(Direct)

Flint
(2001)

0 .40 -1 .11 0.92 Highway
Milwaukee,

USA
Kerb

(Direct)
Gupta et al. 

(1981)

. 0.80 Highway
Pullman,

USA
Kerb

(Direct)
Chui et al. 

(1981)

1.00 Highway
Charlolette,

USA
Kerb

(Direct)
Wu et al. 

(1998)

. 0.93 Highway
CH Austin, 

USA
Kerb

(Direct)
Barrett et al. 

(1998)

0.83 Highway
WC Austin, 

USA
Kerb

(Direct)
Barrett et al. 

(1998)

. 0.84 Highway
Nantes,
France

Kerb
(Direct)

Fagotto et al. 
(2000)

. 0.86 Highway
Heilbronn,
Germany

Kerb
(Direct)

Stotz
(1987)

0.02 - 0.58 0.11 Highway
Portlaiose,

Ireland
Filter Drain 

(Lined)
This Studv 

(2006)

0.21 - 0.66 0.47 Highway
Maynooth,

Ireland
Filter Drain 
(Unlined)

This Studv 
(2006)

0 .1 6 -1 .1 0 0.58 Highway
Oxford,
England

Filter Drain 
(Unlined)

WRc
(2002)

0.33 - 0.76 0.60 Highway
Bedfordshire,

England
Filter Drain 
(Unlined)

Colwill et al. 
(1984)

Table 6.3: Comparison o f  the runoff coefficients between sites

Tab. 6.3 presents a comparison o f  the runoff coefficients from this research study and other 

findings from research conducted on similar highway drainage systems. The coefficient 

results in this investigation found at both the kerb and gully sites are very comparable with 

other research findings. The results for the old style filter drain at site D are also comparable 

with past findings, but the results from the new style filter drain at site C are very low in 

comparison. This again would indicate that there is a problem with the design o f  this lined 

fiher drain system.
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6.1.4 Water Quality

The event mean concentrations for each o f the parameters analyzed are summarized and 

compared in Tab. 6.4 in terms o f the minimum, maximum and mean values detected at each of 

the sites. These values are also normalized and graphically displayed in the form of bar charts 

in Fig. 6.1 and 6.2.

Total Suspended Solids

The highest event mean concentration values of TSS were detected at site A with an overall 

average o f 857mg/l compared to a value o f 156mg/l at site B, 49.5mg/l at site C and 157mg/l 

at site D respectively. Surprisingly the mean values for sites B and D were similar despite the 

difference in drainage system, as one incorporated the kerb and gully system while the other 

the filter drain. A plausible reason for this could be the fact that site D was compromised with 

two field drains discharging into the same carrier pipe as the filter drain. The runoff from 

these field drains would have contributed to the overall concentration o f TSS in the outfall 

where the water samples had been collected.

Total Phosphate, Organic Carbon, Chloride

The mean values for the total phosphate showed a similar pattern to the values for the TSS at 

each site. The highest mean value o f 0.75mg/l was detected at site A compared to a value of 

0.26mg/l at site B, 0.09mg/l at site C and 0.29mg/l at site D respectively. With a similar trend 

to the TSS results the total phosphate values at site B and D are similar, although as there was 

additional runoff from agricultural fields at site D the total phosphate was expected to be 

higher due to the association o f high values o f phosphate with the agricultural runoff.

The mean values o f total organic carbon did not show the same pattern as the other parameters 

measured at each site. The highest mean value o f 13.30mg/l was detected at site B compared 

to a value o f 8.93mg/l at site A, 3.01mg/l at site C and 3.04mg/l at site D. A plausible reason 

for the high values at site B could be related to the fact that the highway was recently surfaced 

with a layer o f bitumen tar, which would have had high associated carbon content.

Total chloride was measured at only three o f the sites. A, C and D. The highest mean value of 

16.5mg/l was detected at site D compared to a value o f 7.31 mg/1 at site A and 10.3mg/l at site
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C respectively. The high values at both sites D and C may be associated with the alleviated 

levels o f chloride in the groundwater, which the filter drain intercepts at each o f these sites.

Heavy Metals

Cadmium: The highest event mean concentrations o f total cadmium were detected at site C 

with an overall mean o f 8.60fjg/l compared to a value o f 8.43(ig/l at site A, 4.86jag/l at site B 

and 4.42(ag/l at site D respectively. These results were surprising; particularly the high values 

o f cadmium detected at the outfall from the filter drain at site C. It was concluded that there 

might have been another source o f cadmium other than the highway at this site, possibly the 

subsoil surrounding the filter drain.

Copper: The highest event mean concentrations o f total copper were detected at site A with 

an overall mean o f 123|j,g/l compared to a value o f 48.9^g/l at site B, 24.?ng/l at site C and 

28.8|jg/l at site D respectively. The dissolved copper was measured at two sites, A and B with 

the highest values detected at site B with a mean EMC of 20.5^g/l compared to 14.5|ig/l at 

site A. The reason for the higher value at site B may be due to the small range o f storm events 

sampled compared to a wide range sampled at site A.

Lead: The highest event mean concentrations o f total lead were detected at site A with an 

overall mean o f 139|ig/l. The range o f values at the other sites were relatively similar with a 

mean value o f 68.9)iig/l at site B, 76.9|ag/l at site C and 61.2)^g/l at site D respectively. The 

dissolved lead values were also similar at the sites analyzed, A and B. The mean value at site 

A o f 21.9|jg/l was only slightly higher than a value o f 21.8|ig/l at site B.

Zinc: Values o f total zinc followed a very similar trend to that o f the total suspended solids at 

all four sites. The highest event mean concentrations o f total zinc were detected at site A with 

a mean value o f 667)ng/l compared to a mean value o f 198)ig/l at site B, 82.0)ag/l at site C and 

149^g/l at site D respectively. The values o f dissolved zinc were similar at both sites 

analyzed, with a mean value o f 41.1(ig/l slightly higher than a mean value o f 38.6^g/l at site 

B.
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Hydrocarbons

The highway runoff from three of the sites, A, C and D was selected for further analysis of the 

15 recommended PAHs. All 15 of the PAHs were detected at site A with mean values ranging 

from as low as 9.22ng/l for Acenaphthylene to as high as 152ng/l for Naphthalene. At site C 

all the PAHs were detected with the exception of Acenaphthene, Fluorene and 

Benzo(a)pyrene, which were not detected above the limit of detection. The mean values at 

this site ranged from 15.5ng/l for Indeno(123cd)pyrene to lOlng/1 for phenanthrene. The total 

PAH concentration value at site A was higher than at site C with a mean of 884ng/l compared 

to a mean of 516ng/l.

Comparisons between sites for storm events on the same date

Comparisons were also made between the direct runoff at site A and the runoff via the filter 

drains at site C and D. Storm events, which occurred on the same date and had similar 

precipitation characteristics, were sampled and comparisons were made. Since the sites were 

in close proximity to each other the precipitation characteristics of these events were similar in 

nature. Fig. 6.3 presents a summary o f bar charts for each parameter at the three sites for the 

four storm events that occurred on the 21*' March, 17'*' April, 3"̂** May, and the 23'̂ '* of July 

2005. It is clear from the bar charts that the concentrations of a number of the pollutants were 

significantly higher at site A with the kerb and gully drainage than at site C and D with the 

filter drain. The event mean concentrations of TSS were low at site C, with values ranging 

from 91.5% to 97.4% less than that at site A. For site D the TSS values were between 36.8% 

and 72.3% less than at site A. This would indicate that the filter drains are removing a 

significant load of suspended solids as the runoff passes through the filter material, 

particularly in the case were the liner is integrated into the design as in site C. The total 

phosphate values show a similar trend to the total suspended solids at each of the sites. The 

total organic carbon concentrations were surprisingly similar at each of the sites, which 

suggest that the filter drain system whether old or new has very little removal capacity for 

organic carbon. All the highest concentrations of total heavy metals with the exception of 

cadmium were detected at site A, with again the lowest concentrations detected at site C. 

Cadmium concentrations were very variable at each site suggesting a source other than 

highway infrastructure and the traffic, possibly the surrounding subsoil at each site. Although 

there were a limited number o f samples analyzed for PAHs the highest concentrations were 

detected at site A and the lowest at site D.
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EMC SITES TOTAL
SUMMARYParameter (mK/I) Site A SlteB SlteC SiteD

Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean
Total Suspended Solids 2,340 125 857 258 60.9 156 116 14.5 49.5 445 59.1 157 2,340 14.5 305
Total Phosphate 1.84 0.05 0.75 0.40 0.11 0.26 0.10 0.06 0.09 0.59 0.13 0.29 1.84 0.05 0J5
Total Organic Carbon 21.1 1.21 8.93 40.4 3.72 13.3 4.18 2.09 3.01 4.31 2.18 3.04 40.4 \ 2 \ 7.07
Total Chloride 18.9 0.88 7.31 - - - 10.3 - 10.3 19.8 13.1 16.5 19.8 0.88 11.4
Heavy Metals (ue/I)
Total Cd 18.9 5.00 8.43 7.07 2.66 4.86 24.0 2.00 8.60 10.0 ND 4.42 24.0 ND 6.58
Total Cu 292 39.7 123 69.1 40.9 48.9 43.0 6.00 24.7 62.0 20.0 28.8 293 10.0 56.4
Dissolved Cu 23.3 4.30 14.4 25.9 15.6 20.5 - - - - - - 25.9 4J0 17.5
Total Pb 373 14.8 139 86.9 50.5 68.9 95.0 52.0 76.9 110 36.0 61.2 373 14.8 86.6
Dissolved Pb 42.4 6.20 21.9 37.6 10.9 21.8 - - - - - - 42.4 6.20 21.9
Total Zn 1,750 109 667 318 138 198 154 18.0 82.0 399 80.0 149 1,750 20.0 274
Dissolved Zn 72.9 15.4 41.1 50.2 29.9 38.6 - - - - - - 72.9 15.4 39.9
PAH (ne/1)
Naphthalene 689 ND 152 - . - 213 ND 53.2 ND ND ND 689 ND 68.4
Acenaphthylene 64.9 ND 9.22 - - - 183 ND 45.9 ND ND ND 183 ND 18.4
Acenaphthene 270 ND 35.6 - - - ND ND ND ND ND ND 270 ND 11.9
Fluorene 215 ND 31.2 - - - ND ND ND ND ND ND 215 ND 10.4
Phenanthrene 894 ND i n - - - 406 ND 101 ND ND ND 894 ND 70.7
Anthracene 455 ND 53.6 - - - 135 ND 33.8 ND ND ND 455 ND 29.1
Fluoranthene 883 ND 112 - . - 123 ND 30.8 ND ND ND 883 ND 47.6
Pyrene 1,050 ND 129 - - - 169 ND 42.1 ND ND ND 1,050 ND 57.0
Benzo(a)anthracene 203 ND 38.4 - - - 132 ND 32.9 ND ND ND 203 NO 23.8
Chrysene 531 ND 73.6 - - - 377 ND 94.2 ND ND ND 531 ND 55.9
Benzo(bXk)fluoranthene 306 ND 40.2 - - - 82.1 ND 20.5 ND ND ND 306 ND 20.2
Benzo(a)pyrene 220 ND 29.8 - - - ND ND ND ND ND ND 220 ND 9.93
lndeno( 123cd)pyrene 120 ND 16.0 - - - 62.0 ND 15.5 ND ND ND 120 ND 10.5
Diben zo( ah)anthracene 222 ND 26.7 - - - 111 ND 27.9 ND ND ND 222 ND 18.2
Benzo( gh i)pery 1 ene 159 ND 23.3 - - - 69.6 ND 17.4 ND ND ND 159 ND 13.6

1 Total PAH 6,230 ND 884 - - - 2,060 ND 516 ND ND ND 6,230 ND 467

Table 6.4: Summary o f  the event mean concentrations detected at all the sites
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Figure 6.1: Normalized parameter concentrations at each o f  the sites investigated

Figure 6.2: Normalized PAH concentrations at each o f  the sites investigated
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Figure 6.3: Comparisons between storm events at each site on the same date
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6.2 Comparison with world studies

Tables 6.5 and 6.6 present the summaries o f minimum, maximum and mean pollutant 

concentrations and loading rates from this research study compared to findings from other 

studies on highway runoff in countries throughout the world, including Europe, U.S.A, 

England and Japan. Overall, the values for a number o f pollutant parameters are relatively 

similar to the values from other world studies, with the exception o f the total suspended solids 

and the PAHs. The values most similar to the results from this investigation were from the 

European study by the Transport Research Laboratory in the UK. This is not surprising, as 

although this was a European study most o f the sites were located within the United Kingdom, 

which is in close proximity to Ireland.

The suspended solids concentrations and loading rate values are mainly higher in this research 

study than those reported elsewhere. One reason for this could be due to the location o f the 

highway sites selected for this investigation and their close proximity to major construction 

sites. Site A, B and C were located on the M7 Dublin to Portlaiose motorway, which is a 

major access route to the M7 extension construction site. Site D is located on the M4 Dublin 

to Galway motorway and is also a major access route to a large construction site, this time for 

the M4 extension. A high number o f construction vehicles, such as dumper trucks with 

associated high quantities o f solids, would have used these access routes. Another reason 

could be related to the sampling protocol during the storm event, which was flow based and so 

a high number o f samples were collected at the start o f the runoff response due to the high 

flow rates. These samples at the onset o f the runoff would have had high pollutant 

concentrations associated with this first flush stage and this would have contributed to an 

overall high suspended solid concentration. The PAH results are relatively lower than the 

values detected in other studies such as the Shinya et al. (2000) study in Japan. This may be 

due the fact that there were a limited number o f samples analysed for PAHs in this study or 

could be related to the moderate traffic density in Ireland compared to a high traffic density in 

Japan.
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CONCENTRATION IRELAND EUROPE U ^ ^ ENGLAND JAPAN
Parameter (me/I) THIS STUDY (2006) TRL (2002) CALTRANS (1999) CIRIA (1994) Shinya et aA(2000)

Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean
Total Suspended Solids 4,290 31.0 691 1,660 4.00 261 4,800 4.00 161 5,700 110 NR - - -

Total Phosphate 3.49 0.03 0.57 3.55 0.05 0.79 3.30 0.01 0.29 - - - - - -

Total Organic Carbon 35.2 0.72 8.00 - - - 137 1.40 17.7 - - - - - -

Total Chloride 24.4 0.44 5.99 2,170 15.9 NR . . - - - - - - -

Heavy Metals (ue/1)
Total Cd 30.0 ND 7.72 400 10.0 40.0 13.0 0.10 1.25 - - - 43.0 ND 1.75
Total Cu 448 10.0 102 880 10.0 103 770 2.10 50.0 690 50.0 NR 620 ND 66.0
Dissolved Cu 120 2.00 14.7 - - - 140 1.00 15.8 - - - - - -

Total Pb 590 10.0 117 13,000 20.0 96.0 1,530 1.10 121 2,410 340 NR 567 ND 34.0
Dissolved Pb 66.0 ND 17.9 143 1.00 3.20 300 0.20 7.34 - - - - - -

Total Zn 2,730 40.0 526 3,400 10.0 ^ 4 1 0 2,400 11.0 232 3,550 170 NR 7,640 ND 648
Dissolved Zn 113 3.00 38.5 - - . 1,300 6.56 89.0 - - - - - -

PAHfuem
Naphthalene 3.05 ND 0.20 - - - - - - - - - - - -

Acenaphthylene 0.21 ND 0.01 - - - - - - - - - - - -

Acenaphthene 1.18 ND 0.04 - - - - - - - - - - - -

Fluorene 0.64 ND 0.03 - - . - - - - - - - - -

Phenanthrene 2.81 ND 0.12 - - . - - - - - - 6.85 ND 0.28
Anthracene 1.75 ND 0.06 - - - - - - - - - 0.51 ND 0.05
Fluoranthene 2.11 ND 0.15 - - - - - - - - - 6.29 ND 0.19
Pyrene 2.03 ND 0.18 . - - - - - - - - 5.33 ND 0.18
Benzo(a)anthracene 0.89 ND 0.04 - - . - - - - - - 0.83 ND 0.05
Chrysene 2.21 ND 0.08 - - - - - - - - - 2.27 ND 0.10
Ben zo(bXk)fl uoranthene 1.37 ND 0.05 - - - - - - - - - - - -

Benzo(a)pyrene 1.11 ND 0.03 - - - - - - - - - 0.84 ND 0.06
Indeno{ 123cd)pyrene 0.60 ND 0.02 - . . - - - - - - 0.98 ND 0.08
Dibenzo(ah)anthracene 1.11 ND 0.03 - - - - - - - - - 0.21 ND 0.03
Benzo{Khi)perylene 0.79 ND 0.03 - - - - - - - - - 0.55 ND 0.14
Total PAH 18.0 ND 1.08 - - - - - - - - - - - -

Table 6.5: Comparisons between results from this study and other worldwide studies



This
Study
(2966)

TRL 
(EU Review) 

(2M2)

FUmt
(Cnudai

(2001)
(US)

(J99S)

Ernrrem et oL 
(US Rewiew) 

(1995)

SM zetal
KS

(J987)
Parameter (kg/ha/year) (kg/km/year) (kg/ha/year) (kg/ha/year) (kg/ha/year) (kg/ha/year)

Total Suspended Solids 4,300 - 3,100 2,680 314-11,900 873
Total Phosphate 4.33 - 4.60 3.50 0.60 - 8.23 1.62
Total Organic Carbon 35.3 - - - 31.3-342 -

Total CMoride 20.5 - - - 4.63- 1,340 -

Heavy Metals (g/ha/year) (g/km/year) (g/ha/year) (g/ha/year) (g/ha/year) (g/ha/year)
Totaled 47.0 3.00 - 6.00 24.0 30.0 7.20 - 37.0 37.0
Total Cu 692 1.00-1,130 840 220 30.0 - 4,670 621
Dissolved Cu 79.3 - - - - -

Total Pb 806 14.0-1,120 1,700 200 80.0-21,200 1,330
Dissolved Pb 121 - - - - -

Total Zn 3,970 I l l  -8,090 8,500 - 220- 10,400 2,330
Dissolved Zn 226 - - - - -

PAH (g/ha/year) (g/km/year) (g/ha/year) (g/ha/year) (g/ha/year) (g/ha/year)
Naphthalene 0.08 - - - - -

Acenaphthjdene 0.01 - - - - -

Acenaphthene 0.02 - - - - -

Fluorene 0.02 - - - - -

Phenanthrene 0.06 - - - - -

Anthracene 0.03 - - - - -

Fluoranthene 0.06 - - - - -

Pyrene 0.07 - - -

Benzo(a)anthracene 0.02 - - - - -

Chrysene 0.04 - - - - -

Benzo(bXk)fluoranthene 0.02 - - - -

Benzo(a)pyrene 0.02 - - - -

Indeno( 123cd)pyrene 0.01 - - - - -

Dibenzo(ah)anthracenc 0.01 - - - - -

Benzo{ghi)perylene 0.01 - - - - -

Total PAH 0.49 1.00-7.00 - - 5.00-18.00 -

Table 6.6: Comparisons with this studies annual loading rates and other research studies



6.3 Comparison with Design Manual for Roads and Bridges (2006)

A list o f concentration and loading rates for a number o f pollutant parameters are included in 

Section 3, Volume 11 o f  the Design Manual for Roads and Bridges (2006) as guidance for 

highway engineers. These values are in essence a summary o f the findings from the WRc 

study conducted in England from 1998 to 2002. Tab. 6.7 presents a comparison o f these 

values with those obtained in this research. Overall the mean values in this study tend to be 

higher than those in the DMRB-UK (2006) with the exception o f the dissolved heavy metal 

fractions o f copper and zinc, which are lower. The reason for the differences may be due to 

the nature o f  the storm events sampled and analyzed in both studies. In this investigation the 

majority o f the storm events analyzed had relatively high rain intensities so as to trigger the 

automatic samplers, whereas those in the WRc study were o f various intensities as the sampler 

program differed. This reason could also be viable in explaining the big difference in 

pollutant loading rates from the two investigations. The mean loading rates in this 

investigation were significantly higher than those included in the DMRB (2006), which again 

is related to the high rainfall intensities and volumes o f the storm events sampled.

6.4 Comparison with Environmental Quality Standards

In Tab 6.8 highway runoff concentrations from this study have been compared with Irish 

Environmental Protection Agency and the UK Environmental Agency Drinking Water 

Standards (DWS) and Environmental Water Quality Standards (EQS). Also included is a list 

o f EQS screening levels for PAHs from the USA Environmental Protection Agency (1983).

The concentrations detected from the water samples collected at the kerb and gully system 

exceed the Irish EPA DWS for a number o f pollutants, which include the total suspended 

solids, total cadmium, total lead, and the PAHs -  benzo(a)pyrene, indeno(123cd)pyrene and 

benzo(ghi)perylene respectively. A greater number o f pollutants also exceed the more 

stringent Irish EPA EQS levels and include the total phosphate, and all four total heavy 

metals, cadmium, copper, lead and zinc. In comparison with USA EQS screening levels, three 

o f the PAHs, anthracene, chrysene and benzo(a)pyrene exceeded the values.
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The concentrations detected in the water samples collected from the unlined filter drain system 

exceed the Irish EPA DWS for only one parameter total lead. The EQS levels are only 

exceeded for total lead and zinc. For the samples collected from the lined filter drain system, 

concentrations o f total cadmium and lead in addition to two PAHs, Indeno(123cd)pyrene and 

Benzo(ghi)perylene exceed the DWS. Concentrations o f total cadmium and lead exceed the 

EQS levels and two o f the PAHs, anthracene and chrysene exceeded the US EQS screening 

levels.
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THIS STUDY (2006) UKDMRB(2006)
Parameter Eveoti EMC LOAD /lOOOm̂ Event! EMC LOAD /lOOOm^

Detected UNITS MEAN MAX UNITS MEAN Detected UNITS MEAN MAX UNITS MEAN
Total Suspended Solids 100 mg/l 305 2,340 g 1,520 100 mg/l 115 1,350 g 276
Total Phosphate 100 mg/l 0.35 1.84 g 1.95 - mg/l . - 8 -

Total Organic Carbon 100 mg/l 7.07 40.4 g 31.0 - mg/l - - S -

Total Chloride 100 mg/l 11.4 19.8 g 87.8 15 mg/l 258 3,120 g 526
Heavy Metals
Total Cd 100 Mg/l 6.58 20.0 m g 31.8 100 Mg/l 0.49 5.40 mg 0.61
Total Cu 100 Mg/l 56.4 293 mg 264 100 Mg/l 41.0 242 mg 60.6
Dissolved Cu 100 Mg/l 17.5 25.9 mg 53.5 100 Mg-'l 20.6 90.0 mg 29.0
Total Pb 100 Mg/l 86.6 373 mg 416 88 Mg'l 23.1 178 mg 26.5
Dissolved Pb 100 Mg/l 21.9 42.4 mg 84.6 - Mg/l - - mg -

Total Zn 100 Mg/l 274 1,750 mg 1,330 100 Mg/l 140 688 mg 205
Dissolved Zn 100 Mg/l 39.9 72.9 mg 148 100 Mg/l 57.5 536 mg 74.1
PAB
Naphthalene 33 Mg/l 0.15 0.69 Mg 610 55 Mg/l 0.11 4.75 Mg 32.3
Acenaphthylene 33 Mg/l 0.01 0.06 Mg 35.6 32 Mg/l 0.02 0.22 Mg 15.2
Acenaphthene 33 Mg/l 0.04 0.27 Mg 140 28 Mg/l 0.02 0.31 Mg 30.5
Fluorene 33 Mg/l 0.03 0.22 Mg 122 38 Mg/l 0.03 0.26 Mg 25.0
Phenanthrene 33 Mg/l 0.11 0.89 Mg 438 63 Mg/l 0.08 0.80 Mg 74.7
Anthracene 33 Mg/l 0.05 0.46 Mg 212 55 Mg/l 0.05 0.39 Mg 62.0
Fluoranthene 33 Mg/l 0.11 0.88 Mg 444 73 Mg-'l 0.16 1.40 Mg 276
Pyrene 33 Mg/l 0.13 1.05 Mg 512 75 Mg/l 0.16 1.30 Mg 308
Benzo(a)anthracene 33 Mg/l 0.04 0.20 Mg 144 67 Mg/l 0.11 1.30 Mg 161
Chrysene L 33 Mg/l 0.07 0.53 Mg 283 70 Mg/l 0.12 1.00 Mg 200
Benzo(bXk)fluoranthene 33 Mg/l 0.04 0.31 Mg 156 - Mg/l - - Mg -

Benzo(a)pyrene 33 Mg/l 0.03 0.22 M8 115 75 Mg/l 0.15 0.70 Mg 232
Indeno( 123 cd)pyrene 33 Mg/l 0.02 0.12 Mg 62.0 63 Mg/l 0.11 0.90 Mg 172
Dibenzo(ah)anthracene 22 Mg/l 0.03 0.22 Mg 105 43 Mg/l 0.07 0.58 Mg 77.3
Benzo( ghi)perylene 33 Mg/l 0.02 0.16 Mg 89.7 50 Mg/l 0.08 0.90 Mg 51.4
Total PAH - Mg/l 0.88 6.23 Mg 3,470 - Mg/l - - Mg -

Table 6.7: Comparisons between results from this study and the Design Manual for Roads and Bridges (2006)
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EMC DRAINAGE SYSTEM 1 1 1

PARAMETER (me/l)
Kerb&
Gully

UNLINED 
Filter Drain

LINED 
Filter Drain LOD

Drinking Water 
Standard*(2005)

Environmental Qaality 
Standard!(2005)

Max Mean Max Mean Max Mean IRISH EPA
UK
EA

QUSH
EPA

UK
EA

U^.A
EPA

Total Suspended Solids 2,340 857 445 157 116 49.5 1.00 25.0 25.0 - _ -

Total Phosphate 1.84 0.75 0.59 0.29 0.10 0.09 0.01 - - 0.70 _ -

Total Organic Carbon 21.1 8.93 4.31 3.04 4.18 3.01 . - _ -

Total Chloride 18.9 7.31 19.8 16.5 10.3 10.3 0.20 250 200 250 . _

Heavy Metals (iie/I)
Total Cd 18.9 8.43 10.0 4.42 20.0 8.60 1.00 5.00 5.00 5.00 5.00 _

Total Cu 292 123 62.0 28.8 40.0 24.7 2.00 2,000 2,000 30.0 50.0 -

Dissolved Cu 23.3 14.4 - - . - 1.00 - - 28.0 -

Total Pb 373 139 110 61.2 100 76.9 1.00 25.0 25.0 25.0 75.0 .

Dissolved Pb 42.4 21.9 - . - . 1.00 . - - - .

Total Zn 1,750 667 399 149 150 82.0 1.00 5,000 - 100 125 -

Dissolved Zn 72.9 41.1 - - - - 1.00 . - - - -

PAH(iwrt)
Naphthalene 0.69 0.15 ND ND 0.21 0.05 0.01 1.00 - - 10 44.0
Acenaphthylene 0.06 0.01 ND ND 0.18 0.05 0.01 . - - - 4.84
Acenaphthene 0.27 0.04 ND ND ND ND 0.01 - - - - 9.90
Fluorene 0.22 0.03 ND ND ND ND 0.01 - - - - 3.90
Phenanthrene 0.89 0.11 ND ND 0.41 0.10 0.01 - - - 2.10
Anthracene 0.46 0.05 ND ND 0.14 0.03 0.01 1,000 - - - 0.03
Fluoranthene 0.88 0.11 ND ND 0.12 0.03 0.01 1.00 - - 8.10
Pyrene 1.05 0.13 ND ND 0.17 0.04 0.01 - - - - 0.30
Benzo(a)anthracene 0.20 0.04 ND ND 0.13 0.03 0.01 - - 0.08
Chrysene 0.53 0.07 ND ND 038 0.09 0.01 - - 0.03
Benzo(bXk)fluoranthene 0.31 0.04 ND ND 0.08 0.02 0.01 - 0.1 - -

Benzo(a)pyrene 0.22 0.03 ND ND ND ND 0.01 0.01 0.01 - - 0.01
Indeno( 123 cd)pyren e 0.12 0.02 ND ND 0.06 0.02 0.01 0.05 0.10 - - 4.31
Dibenzo(ah)anthracene 0.22 0.03 ND ND 0.11 0.03 0.01 - - - - 5.00
Benzo(ghi)perylene 0.16 0.02 ND ND 0.07 0.02 0.01 0.05 0.1 - - 7.64
Total PAH 6.23 0.88 ND ND 2.06 0.52 0.01 - - - - -

Table 6.8: Summary o f  Runoff Comparison with Environmental Quality Standards and Drinking Water Standard



6 .5  S u m m a r y

The hydrological results for each site, particularly the runoff coefficients suggest that a large 

percentage o f the highway runoff in the case o f the filter drain, particularly the lined system is 

not reaching the designated surface water receptor where it can be monitored and sub 

sequentially managed. The water quality results suggest that a number o f the pollutant 

concentrations are above the drinking water quality and environmental quality standards 

particularly for the heavy metals for both drainage systems, kerbed and filter drain. This 

would indicate that the pathway as outlined in Fig. 6.4 needs some form o f treatment so as to 

significantly lower the pollutants to admissible concentrations.

ROAD RUNOFF Or

FRENCH DRAIN

PATHWAY

IN D IR E C T
runoff D IR E C T , 

kerbed runoff

INTERCEPTION?
INTERCEPTION?

RECEPTOR
G/W

Figure 6.4: Source-Pathway-Receptor o f  traditional drainage systems

The implications o f the difference in runoff coefficients are that a significant part o f the 

highway runoff is being ‘lost’ to roadside percolation to the subsurface and most likely into 

the underlying groundwater. This is an indication that the main receptor in the case o f the 

filter drain system is most likely the groundwater. As a number o f the pollutant parameters in 

this investigation are above the drinking water standards, some form o f risk analysis would be 

required to evaluate whether the system is suitable for a site.
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Chapter 7 Characterization of the highway runoff

7.1 Introduction

For effective highway runoff management one requires an in-depth understanding of the 

processes within the highway catchment. To acquire such an understanding with respect to 

pollutant concentration and loading rates during a rainfall event, past research has identified a 

number of factors such as, the correlations in water quality parameters, the first flush, and the 

water quality relationship with event characteristics as potentially important watershed 

phenomenon (Kayhanian et a l, 2005, Soller et al, 2005). These three factors will now be 

investigated for the direct highway runoff results attained in this project from site A to see if 

any relationships can be identified and utilised for the subsequent management of the runoff.

7.2 Parameter Correlation

Correlations between the water quality parameters are interesting but are also important in 

determining the source of the pollutant and in the design of any management structure. In past 

research it is well acknowledged that a significant portion of pollutants is transported by 

highway runoff as sediment-bound pollutants. The total suspended solid fraction has actually 

been used as a surrogate for other pollutants in highway runoff and so offers the prospect for 

tremendous analytical cost savings (Han et al., 2004). Caltrans (2003) and Han et al. (2004) 

have found strong positive correlations with TSS and heavy metals such as zinc, copper and 

lead but not with cadmium. The same studies have found no significant correlation between 

TSS and most organic and inorganic constituents. Sansalone and Buchberger (1997) 

identified cadmium to be predominantly associated with the dissolved phase. Mann and 

Hammerschmid (1989) and Ball et al. (1991) found strong positive correlations with the TSS 

and the total phosphate fraction.

Fig. 7.1 is a scatter plot matrix graph showing any relationship that may exist between each of 

the pollutant parameters investigated for the direct runoff at study site A. Table 7.1 presents a 

summary of the Pearson correlation coefficients between the parameters, which indicates the 

statistical significance of any relationship that may exist (Montgomery et al., 2004). These
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coefficients are frequently referred to as “R”, and the significance value given below these R 

values are representative o f the probabilities associated with obtaining a random result with 

the same R value, with a low number indicating the lower possibility o f an artifactual or 

random finding (Kayhanian et a i, 2005). In general, significance values below 0.05 are 

significant and those below 0.01 are o f a higher significance (these numbers are represented in 

red).

There is a clear indication from the results that there is a strong positive correlation between 

the total suspended solids and a number o f the total heavy metals with coefficients ranging 

between 0.64 and 0.93 at a significance level o f below 0.01. In contrast there is a weak and 

negative correlation between the TSS and the dissolved heavy metal fraction with values 

ranging between -0.08 and -0.21. This would indicate that the strong correlations that do exist 

are between the TSS and the particulate fraction o f the heavy metals. This is presumably due 

to the fact that the water quality analysis for TSS and particulate heavy metals is being made 

on the same material. Another reason could be that the source o f the pollutants is similar or is 

releasing the pollutant in the same way such as the wear and tear o f the tyres on the vehicles or 

the erosion o f the highway infrastructure itself

Strong positive correlations also exist between the TSS and the total phosphate indicating that 

the phosphate may be absorbed to the suspended solid fraction. There is also a strong positive 

correlation between the TSS fraction and total chloride, which although surprising, as the 

chloride would be expected to be mainly in dissolved form, could signify similar sources such 

as the grit and salt (NaCl) applied to the highway surface.

There are significantly strong positive correlations between each o f the total heavy metals (Cu, 

Cd, Pb, and Zn) with coefficients ranging from 0.57 to 0.99. This is not the case for the 

dissolved fraction as the correlations are weak, suggesting that the strong positive correlations 

are between the particulate fractions o f the metal. A plausible reason for this could be a 

similar source for the particulate heavy metals investigated; such an example would be metal 

alloys, which are frequently found in vehicles (engine parts, body work) and contain all three 

heavy metals, copper, zinc and lead.
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There are strong positive correlations with the chloride, total organic carbon and the dissolved 

heavy metals particularly lead and copper. The reason for this could be the fact they are all 

associated with the dissolved fraction and so due to their similar physio-chemistry behave in 

the same manner.

WATER QUALITY PARAMETER
TUs Study (2006) TSS TP TCd TCu TPb TZn

TSS 1 0.92 0.64 0.93 0.89 0.89
TP - 1 0.51 0.95 0.96 0.95

TCd - - 1 0.60 0.60 0.57
TCu - - - 1 0.97 0.99
TPb - - - - 1 0.97
TZn - - - - - 1

Kayhanian et al. (2005)
TSS 1 0.35 0.02 0.58 0.60 0.60
TP - 1 - - - -

TCd - - 1 0.30 0.62 0.75
TCu - - - 1 0.70 0.83
TPb - - - - 1 0.74
TZn - - - - - 1

Table?.2: Comparison with the California Department o f  Transport, USA

(TCayhanian et al., 2005^

The trend o f correlation results found in this investigation is comparable to those from a 

similar study on highway runoff by Kayhanian et al. (2005) in the California Department of 

Transport in America, with the exception o f cadmium, which they found to have much weaker 

correlations with a number o f parameters (presented in Table 7.2). The American study 

similar to this study also found strong positive correlations between TSS and the heavy metals, 

and between each individual heavy metal fraction. Both sets o f  findings suggest that the TSS 

fraction o f highway run-off is o f particular interest in the control of pollution from the 

highway surface. It indicates that proper management o f TSS in the form o f sedimentation 

will also remove much o f the associated other pollutants, particularly the particulate heavy 

metal and phosphate fractions. Overall the correlations found in this study are much stronger 

than those identified in the American study as presented in Table 7.2. The results highlight the 

need for further investigation, particularly into the positive correlations between the dissolved 

fractions such as the dissolved heavy metals, chloride and the total organic carbon.

206



DZ
n 

DP
b 

DC
u 

TC
I 

TO
C 

TP
 

TZ
n 

TP
b 

TC
u 

TC
d 

TS
S - f

/ / ~~.
**

V ' * r>*
**

-------- 7—
* V*

•- ■ '**

* 

* ̂ t  —
" **

«
***•’'* ,*- -  
/  *

* ; , v
**

*
< ^---
'  (1̂

•X
*

**
»•*

<*

/* ^

# "■

* * 
* • - -”*■^
* *

 ̂ '* K*--* 

'*  *

M

4'
" ! r V

K*

4*// / / f : - *
** 'v \

*K"̂
" < ^ s :* N*

I- '" "
€Z"̂
**

t*-*' 
- - * - *  

*  V

v r _ .
'**

J*
 ̂ ♦

«*
Ar </ **

* S •*

♦
i - " *
* *

9'--

J -
i.'

- : : 5 ‘
«» / /

y

f ^ - - -
**

s

\
* ' f

f : '
**

• *. * 
■ f * " ' 
• *

/ /  " / /
/r «p***•*“>.

* 'm>
-  N.

** ''■
• “IT“ - 
* * '**

•

n'

• *

* V ?»

*

y

* * • / * *

\

*\
V

' t

»

*/

♦ ' ?  •
•v

" S ' *

*

*-•< •>
As

. .  

- ‘ V *
s :

; / >r r A *. *
\

* ^ 1 "
■ V v * *

* * • * * *

V s f>

*

y

*

-JT*-*

*

• * 'V  * >

(► *

1r̂

*

- ' C* y'’it *

* ̂ ♦ 
•  • * ♦ 5/^

A
r - 'i

•w '  
*

*

>* *

*
*“ — *"

*
-

* -<'*•'
✓ ✓ */

*
- - - . n

y

*

y S w
s

V*

' ' s * \ •
—

*
- i ; V

I 1 ^  i y 1 ^  1 ^  I \  |  ^ 1  s i  ^ 1

TSS TCd TCu TPb TZn TP TOC TCI DCu DPb DZn

Figure 7.1: Scatter plot matrix o f pollutant correlations in the direct runoff
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PARAMETER TSS TCd TCn TPb TZn TP TOC TO J DCo DPb DZn
TSS Pearson Correlation 1 .635f**) ,890(**'! •893(**) .915(**) -0.027 .399(**1 -0.127 -0.08 -0.214

Sie. (2-taned) 0.000 0.000 0.000 0.000 0.000 0.786 0.003 0.374 0.579 0.131
N 123 115 115 108 115 106 101 55 51 51 51

TCd Pearson Correlation •635(**) 1 ,603(**) ,599(**) .567(**> ,51 Of” ) -.20^(*) -0.139 0.019 0.05 -0.127
SiK.(2-tailcd) 0.000 0.000 0.000 0.000 0.000 0.027 0.245 0.895 0.727 0.376

N 115 139 139 132 139 114 117 72 51 51 51
TCu Pearson Correlation .934(**) 603(**) 1 ,970(**) 9S6(**') -0.142 0.135 -0.157 -0.113 -0.226

S!e. (Maned) 0.000 0.000 L 0.000 0.000 0.000 0.128 0.258 0.270 0.430 0.111
N 115 139 139 132 139 114 117 72 51 51 51

TPb Pearson Correlation ,890f**^ .599(*’̂ ) .970(**) 1 ,973(**) 960{**) -.217(*) -0.001 -0.125 -0.098 -0.214
Sie. (2-tailed) 0.000 0.000 0.000 0.000 0.000 0.023 0.991 0.383 0.492 0.132

N 108 132 132 132 132 107 110 66 51 51 51
TZn Pearson Correlation •893(**) ,567(*‘=) 986< -) ,973(--) 1 948(**) -.188(*> 0.027 -0.163 -0.087 -0.205

Sie. (2-tailed) 0.000 0.000 0.000 0.000 0.000 0.042 0.823 0.252 0.543 0.150
N 115 139 139 132 139 114 117 72 51 51 51

TP Pearson Correlation .915(’̂ -i .510(**> .9541--) .96W*») 948(**') 1 -0.118 0.09 -0.046 -0.104 -0.243
SIe. (2-taHed) 0.000 0.000 0.000 0.000 0.000 0.229 0.500 0.760 0.494 0.103

N 106 114 114 107 114 122 105 59 46 46 46
TOC Pearson Correlation -0.027 -,204(*'» -0.142 -.217(*> -.188{-> -0.118 1 ,505(*'^) 0.162 .325<*) 0.072

SIe. (2-tailed) 0.786 0.027 0.128 0.023 0.042 0.229 0.000 0.281 0.027 0.633
N 101 117 117 110 117 105 125 79 46 46 46

TO Pearson Correlation .399(**' -0.139 0.135 -0.001 0.027 0.09 .505(**) 1 69&( ,703(*) -0.526
Sig. (2-tailed) 0.003 0.245 0.258 0.991 0.823 0.500 0.000 0.037 0.035 0.146

N 55 72 72 66 72 59 79 79 9 9 9
DCn Pearson Correlation -0.127 0.019 -0.157 -0.125 -0.163 -0.046 0.162 .696'-^ 1 0.062 0.138

Sie.(2-tailed) 0.374 0.895 0.270 0.383 0.252 0.760 0.281 0.037 0.666 0.333
N 51 51 51 51 51 46 46 9 51 51 51

DPb Pearson Correlation -0.08 0.05 -0.113 -0.098 -0.087 -0.104 .325(*) .703'-'; 0.062 1 0.203
SlK. (2-tailed) 0.579 0.727 0.430 0.492 0.543 0.494 0.027 0.035 0.666 0.154

N 51 51 51 51 51 46 46 9 51 51 51
DZn Pearson Correlation -0.214 -0.127 -0.226 -0.214 -0.205 -0.243 0.072 -0.526 0.138 0.203 1

SlE.(2-taiIed) 0.131 0.376 0.111 0.132 0.150 0.103 0.633 0.146 0.333 0.154
N 51 51 51 51 51 46 46 9 51 51 51

Table 7.1: Summary o f  Pearson correlation coefficients fo r  the pollutants



7.3 First flush analysis

7.3.1 Introduction

The term “flushing” is used to describe the mechanism in which the pollutants are washed 

from the surface of the highway. The first flush describes this mechanism of pollutant 

removal at the early stage of the storm event. It is an important watershed phenomenon to 

understand so that one can quantitatively characterize the pollutant flushing and design any 

management system that may be required. A number of criteria have been used in past 

research to characterize and define this first flush phenomenon, they include:

The abbreviations m’(t) and v ’(t) in the selected criteria represent the dimensionless 

normalized mass and flow volume. In simple terms these represent m(t)/M and v(t)/V, where

(i) m’( t)> v ’(t) (HelseUra/., 1979)

(Urbonas and Stahre, 1993) 

(Wanielista and Yousef, 1993) 

(SageteM/., 1995)

(ii) m’(t) > 0.80 and v’(t) < 0.20

(iii) m’(t) > 0.50 and v’(t) < 0.25

(iv) m’(t) > 0.80 and v’(t) < 0.30

m(t) and v(t) are the mass loading and runoff volume for a discrete time interval during the 

rainfall event and the M and V are the total mass loading and runoff volume for the entire 

storm event. They are displayed in two equations:

I

0 0

Equation 7.1: Equations fo r  normalised mass and volume

The assumption that the first section of the highway runoff is the most polluted can be tested 

by plotting curves of normalized cumulative mass m’(t) versus normalized cumulative volume 

v’(t) for each of the pollutant parameters. Additionally a 45° slope is plotted on the graph



(Fig.7.2) and the departure o f the cumulative load above this line will indicate in qualitative 

terms if the first flush phenomenon is evident. Best-fit lines can also be plotted to provide an 

averaged first flush response for each pollutant parameter. This degree o f departure above the 

45° slope has a number o f precise definitions as outlined in the previous four criteria in which 

to decide whether or not a first flush has occurred.

Fiist Flush R esponse
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Figure 7.2: First flush  response and criteria

The first criterion set out by Helsel et al. (1979) basically states that for a first flush to occur 

the percentage o f total mass that has been flushed at any time during an event must be equal or 

greater than the percentage o f total volume that has been washed from the surface up to that 

point. In contrast, the other three criteria are better defined and as a result more restrictive in 

the definition o f the first flush. In conclusion, the first criterion will indicate the incidence of 

any flush that may occur at any point during the storm event but not the scale o f the flush, 

whereas the other three criteria are more precise quantitative measures in the understanding of 

the first flush. Past researchers including Harrison et al. (1985); Hewitt et al. (1992); 

Sansalone et al. (1997) and Lee et al. (2004) have investigated the first flush in terms of 

establishing suitable criteria to define the phenomenon but also to identify any trends that may 

exist between the pollutant parameters. They concluded that the particulate fraction exhibited
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a first flush but that it was complex and its flushing mechanism was dependent on a number of 

event characteristics such as storm intensity and volume.

7.3.2 Results o f first flush analysis

Plotted graphs o f all the concentrations for the different pollutant parameters investigated are 

presented in Figures 7.3-7.10. The 45° slope and best-fit lines representing the averaged first 

flush response for each pollutant are also included on each o f the graphs. For each o f the 

pollutant parameters the qualitative definition o f the first flush is observed as indicated by the 

consistent departure o f the points above the 45° slope. It is clear to see that this degree of 

departure varies from event to event and among the different pollutant parameters. To 

measure this degree o f departure three pointer lines have been included in the graphs to 

indicate the cumulative flush at 10%, 30% and 50% o f the cumulafive volume, the results o f 

which are represented in Table 7.3.

It is clear that the phosphate, particulate heavy metals and the total suspended solids exhibited 

the greatest first flush response with the dissolved heavy metal fraction and chloride showing 

the least flrst flush response. These results strengthen the view within the literature that a 

large percentage o f the particulate fraction is washed off the highway surface in the first flush 

(Sansalone et a l, 1997). A further correlation analysis o f the NCRV 30 (normalized cumulative 

runoff volume o f 30%) for TSS and dissolved zinc, with the storm event characteristics such 

as preceding rainfall intensity and dry period, and the actual storm event duration, volume and 

intensity is represented in Table 7.4. A Pearson coefficient o f 0.57 with a significance o f 0.03 

clearly indicates that there is a strong correlation between TSS and the rainfall intensity during 

the event with respect to the first flush. In contrast there are weak correlations between the 

dissolved zinc and the storm characteristics. Such correlations strengthen the theory that the 

storm characteristics during the event are influential to the first flush o f particulate fraction of 

pollutants but not to the dissolved fraction.

In comparing the results from the first flush analysis with the four criteria previously discussed 

it is clear to see that all the pollutants meet the first criteria set out by Helsel et al. (1979). 

None o f the pollutant parameters meet the criteria set out by Urbonas and Stahre, (1993) and 

Saget et al. (1995) with the exception o f the storm event on the 23’̂‘* July 2005, which saw the
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TSS, TP, Cu, Zn and Pb concentrations meet the criteria, but for only one event. The criteria 

set out by Wanieiista and Yousef, (1993) tends to be more lenient and a number of the 

pollutants including that for TSS, TOC, TP, Cu, Zn and DPb meet the 50% mass to 25% 

volume condition.

Rank Parameter NCRV.o
%

Parameter N(RVjo
%

Parameter NCRVso
%

1 TP 27 TP 63 TP 84
2 TZn 25 TZn 60 TSS 83
3 TOC 25 TSS 58 TZn 82
4 TSS 24 TPb 57 DPb 80
5 DPb 24 TOC 56 TPb 78
6 TCu 23 DPb 56 TCu 78
7 TPb 22 TCu 56 DZn 77
8 Cl 22 DZn 53 TOC 76
9 DCu 21 DCu 52 Cl 76
10 DZn 21 Cl 52 DCu 74
11 TCd 18 TCd 47 TCd 67

NCRV: normalized cumulative runoff volume o f 10, 30 and 50 %

Table 7.3: First flush analysis o f  a number ofparameters

ASPI ADP SD SPl SV NCRVjo

TSS NCRVso
Pearson

Correlation 0.199 -0.014 -0.32 .568(*) 0.346 1
Sig. (2-tailed) 0.477 0.959 0.245 0.027 0.207

N 15 15 15 15 15 15
DZn NCRV30

Pearson
Correlation 0.051 -0.291 -0.383 0.39 0.274 1

Sig. (2-tailed) 0.914 0.526 0.397 0.387 0.553
N 7 7 7 7 7 7

Table 7.4: First flush o f TSS in relation to storm characteristics
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Cd First Flush Response
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Figures 7.3-7.10: Graphs o f  normalized cumulative mass V5. normalized cumulative volume fo r  various pollutants



7.4 Relationships with water quality and storm event characteristics

7.4.1 Introduction

There are many factors that appear to influence the quality o f storm water runoff from 

highways, including traffic volume, precipitation characteristics, drainage characteristics, 

highway surface type and the nature o f the pollutants themselves (Barrett et a l, 1995). For 

each storm event in this investigation a number o f characteristics specific to the event were 

measured so as to determine their influence, if any, on the resultant pollutant concentration. 

The factors included the antecedent climatic conditions, traffic characteristics and present 

storm conditions. Individual event concentrations have been plotted against each o f these 

selected event characteristics and are presented in the scatter box plots in Figs 7 .11 and 7.12 

and the resultant Pearson coefficients are summarised in Tables 7.5.and 7.6.

7.4.2 Antecedent climatic conditions

Antecedent climatic conditions include the number o f dry days (<0.lm m  rainfall) before the 

storm event (ADP), the peak and average rainfall intensity (ASPI, ASA!) and duration and 

volume (ASD, ASV) o f the preceding storm event. The statistical analysis show that there is 

no strong trend or relationship between any of the preceding storm event characteristics and 

the pollutant concentration, indicating that the preceding storm may have little influence on 

the resultant pollutant concentrations. In contrast, there is a positive correlation to a 

significance level o f 0.01 between the ADP and two o f the pollutants, TSS and TOC, with 

Pearson coefficients o f 0.48 and 0.56, respectively. There is also a positive correlation to a 

significance level o f 0.05 between ADP and cadmium with a Pearson coefficient o f 0.58. Irish 

et al. (1998) also found strong positive correlations between ADP and both TSS and COD. A 

plausible explanation for this could be that large quantities o f suspended solids are deposited 

on the highway surface during the dry period, which build up as solids on the surface and then 

wash away by the action o f the rainfall in the next storm event. The longer this dry period is 

the greater the amount o f solids that accumulates on the surface, and so is available for the 

wash-off process.
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7.4.3 Traffic conditions

The relationship with traffic flow before and during a storm event with the resultant pollutant 

concentrations has been a topic o f much debate in past research with some results suggesting 

strong correlations and others weak correlations. The traffic volume, which is defined in 

terms o f annual average daily traffic (AADT), is actually used in many design guidelines in 

the UK and the USA to predict highway runoff quality and in the recommendations for 

suitable management practises. In the Design Manual for Roads and Bridges (2000) it is 

recommended that for any highway with an AADT >30,000, some form o f treatment is 

necessary and for highways with AADT >15,000, treatment may be required depending on the 

level o f concern. The cut off level o f 30,000 AADT dates back to a study by Driscoll et al. 

(1990c), which found that runoff concentrations were two to four times higher from urban- 

traffic sites (>30,000) than from non-urban low traffic (<30,000) sites. However, the same 

study through a regression analysis o f the data from the urban site found no strong or definite 

relationship between AADT and the pollutant level. Although the relationship may not be 

linear, the traffic volume, as the main source o f the pollutants, must have a significant 

influence on the accumulation o f pollutants on the highway surface. Barrett et al. (1998) 

concluded that the number o f vehicles travelling during the storm event (VDS) was influential 

to a number o f pollutant loading rates. Other studies, including Kerri et al. (1985) and 

Driscoll et al. (1990c) found similar positive correlations. Kerri et al. (1985) also noted that 

the vehicle disturbance can actually remove solids and other pollutants from the highway and 

so the impact o f the traffic volume on the pollutant accumulation can be obscured. Drapper et 

al. (2000) questioned the suitability o f applying a 30,000 AADT cut o ff for determining if 

highways require treatment or differing levels o f treatment in Southeast Australia because of 

the variability o f the rainfall intensity and preceding dry days. The same study suggested that 

the climatic characteristics should be taken into consideration in predicting the likely pollutant 

loads and also the environmental significance or the water quality o f the receiving waters. 

This may be the case for highways in Ireland, which has a unique oceanic climate and so 

needs to be taken into consideration when predicting the pollutant level and potential 

environmental impacts.

To assess if the traffic volume had any significance in the pollutant level this research 

investigated the influence o f the traffic during the dry period before the storm event
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(antecedent traffic count, ATC), and the vehicle count (vehicles during storm, VDS) during 

the storm. There were weak correlations with the VDS and all o f the pollutant parameters, 

indicating that it was not a major influential factor in the pollutant loadings for this study. In 

contrast, there were positive correlations between the antecedent traffic count (ATC) and four 

o f the pollutants, notably the TSS, TOC, TCI and TCd. These relationships suggest that the 

traffic travelling in the preceding dry period is depositing the pollutants on the highway 

surface and is therefore a source o f the overall pollutant load for TSS, TOC, TCI and TCd in 

the following storm event.

7.4.4 Storm event conditions

The four main storm event conditions are the peak and average rainfall intensity (storm peak 

intensity SPI, storm average intensity SAl) and the storm duration and volume (SD, SV). 

Previous research has indicated that the rainfall is a major mechanism in the removal o f 

pollutants from the highway surface and from the passing vehicles (TRL, 2002). With the aid 

o f statistical analysis the results in this investigation indicate that there are strong positive 

correlations with SPI and a number o f the pollutants including TSS (0.58), TP (0.75), TCd 

(0.47), TCu (0.76), TPb (0.71) and TZn (0.72). There are also positive correlations but o f a 

lesser extent with SAI and TSS (0.58), TCu (0.49) and TPb (0.50). It is no surprise that the 

rainfall intensity has a major influence on the pollutant level as the particulate matter enters 

highway runoff by a two-step mechanism, which is dictated by the rainfall. This process 

involves the dislodgement o f the particulate matter from its resting place by the impact of 

raindrops and then the pseudo-suspension o f particulate matter in the lateral sheet flow (Sartor 

and Boyd, 1972). This would suggest that the rainfall intensity, particularly the peak intensity 

should be a major contributor in any prediction o f the pollutant levels from the highway.

There are also a number o f strong positive correlations with storm volume SV and the 

pollutants TSS (0.50), TP (0.63), TCu (0.66), TPb (0.65) and TZn (0.72) respectively 

indicating that this may also be used to predict the pollutant level. In contrast, there are weak 

correlations with storm duration SD and all the pollutant parameters.
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ATC ASD ASV ASM ASAI ADP SD SPI VDS SAI s v

TSS
Pearson

Corrdation •577(**) - 0.345 - 0.088 0.052 - 0.097 ^93(**) - 0.29 •830(**) - 0.092 ,576(**) .498(*)

Sis.(2-taaed) 0.01 0.147 0.72 0.831 0.693 0.008 0.226 0 0.709 0.01 0.03

N 19 19 19 19 19 19 19 19 19 19 19

TP
Pearson

Correlation 0.437 - 0.308 0.206 0.23 0 0.437 0.151 .750(**) 0.407 0.419 .627(‘*)

Sie.r2-taflcd) 0.079 0.228 0.427 0.375 0.999 0.08 0.564 0.001 0.105 0.094 0.007

N 17 17 17 17 17 17 17 17 17 17 17

TOC
Pearson

Correlation .623(**) 0.098 0.009 0.325 0.417 .622(**) - 0.45 0.154 - 0.379 0.314 - 0.351

Sie.|2-tailed) 0.006 0.7 0.97 0.189 0.085 0.006 0.062 0.542 0.121 0.204 0.153

N 18 18 18 18 18 18 18 18 18 18 18

TO
Pearson

Corrdatfon •646(*) - 0.234 - 0.482 - 0.1 0.022 ■634(*) - 0.56 0.384 - 0.552 0.419 - 0.248

Sli>.(2'tajled) 0.032 0.489 0.133 0.779 0.948 0.036 0.075 0.244 0.078 0.2 0.462

N 11 11 11 11 11 11 11 11 11 11 11

Table 7.5: Pearson correlation coefficients for a number o f the pollutant parameters and storm characteristics
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ATC ASD ASV ASPI ASAI ADP SD SPI VDS SAI SV

TCd
Pearson

Corretetion J91(**) - 0.335 - 0.289 - 0.276 - 0.286 ^80(**) - 0.454 .474(*) - 0.297 0.346 0.298

Sie. (2-teiIed) 0.008 0.161 0.231 0.253 0.236 0.009 0.051 0.04 0.217 0.147 0.216

N 19 19 19 19 19 19 19 19 19 19 19

TCu
Peanon

Corrdation 0.436 - 0.38 - 0.17 0.03 - 0.148 0.425 - 0.205 •761(**) 0.006 •492(*) ■658 ( * * )

SiK. O-taOcd) 0.062 0.108 0.487 0.903 0.545 0.069 0.4 0 0.979 0.032 0.002

N 19 19 19 19 19 19 19 19 19 19 19

DCu
Peanon

Corrdadon - 0.088 - 0.228 0.134 0.368 0.565 - 0.094 - 0.181 - 0.014 0.014 - 0.163 0.024

Sie, (2-tailed) 0.821 0.555 0.73 0.33 0.113 0.811 0.64 0.971 0.971 0.675 0.951

N 9 9 9 9 9 9 9 9 9 9 9

TPb
Pearson

Correlation 0.335 - 0.419 - 0.189 0.043 - 0.148 0.325 - 0.231 .714(**) - 0.029 ■499(*) •654(**)

Sic.(2-t8ii«« 0.161 0.074 0.438 0.863 0.544 0.174 0.34 0.001 0.908 0.03 0.002

N 19 19 19 19 19 19 19 19 19 19 19

DPb
Pearson

CorreiatiQn - 0.47 0.24 0.275 0.157 0.316 - 0.487 - 0.306 - 0.127 - 0.331 - 0.285 - 0.295

Sie. (2-tailed) 0.202 0.534 0.475 0.687 0.408 0.184 0.424 0.745 0.384 0.457 0.441

N 9 9 9 9 9 9 9 9 9 9 9

TZn
Pearson

CoEtciation 0.27 - 0.372 - 0.187 0.011 - 0.178 0.262 - 0.164 .717(**) 0.027 0.418 .719(**)

Sie.(2-taOed) 0.263 0.117 0.442 0.963 0.466 0.279 0.502 0.001 0.912 0.075 0.001

N 19 19 19 19 19 19 19 19 19 19 19

DZn
Pearson

Corrdadon - 0.503 - 0.478 - 0.454 - 0.114 0.168 - 0.493 0.233 - 0.364 - 0.049 - 0.372 0.139

Sie. (2-tailed) 0.168 0.193 0.22 0.77 0.665 0.177 0.546 0.335 0.901 0.325 0.722

N 9 9 9 9 9 9 9 9 9 9 9

Table 7.6: Pearson correlation coefficients for a number of the pollutant parameters and storm characteristics
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7.5 Water quality predictive models

7.5.1 Introduction

The development o f a suitable water quality model that can predict the pollutant loading from 

the highway has a number o f practical applications. These include the ability to estimate 

pollutant mass loads, particularly under different conditions i.e. climate and traffic, and also to 

use the model in addressing runoff management issues. The three most common types of 

storm water quality predictive models include the regression model, statistical technique, and 

deterministic simulation model (Irish et a l, 1995).

The regression model is a mathematical equation, which attempts to model the relationship 

between two variables by fitting a linear equation to the observed data. One o f the variables is 

considered to be an explanatory independent variable, and the other is considered to be the 

dependent variable. Storm water quality regression models identify the pollutant 

concentration or load as the dependent variable and the storm event characteristics, such as 

rainfall intensity, runoff volume, traffic density and antecedent dry period as the explanatory 

variables. Such a method o f analysis for predicting water quality has been criticized in the 

past for being inaccurate outside the original data set or the region in which it was formulated 

(Driscoll et al., 1990c). Irish et al. (1995) believe this is true for all water quality modelling 

methods and in order to use such a simulation model as regression analysis it is important to 

calibrate and verify it with actual site-specific quality data.

Statistical techniques employ analytical methods for estimating the water quality concentration 

and loading rates from data such as the rainfall volume, runoff volume and event mean 

concentration from a number o f storm events. The mean pollutant loads can be calculated by 

multiplying the average rainfall volume with the average event mean concentration. Irish et | 

al. (1995) concluded that such a simple method could be used to provide a quick screening o f ! 

storm water quality but that any temporal change in concentration or load cannot be predicted | 

during the storm. Such a method would have its limits particularly in evaluating highway 

runoff treatment systems.
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Deterministic simulation models are regarded as the most complex tools in predicting storm 

water quality (Irish et al, 1995). These models carry out a detailed analysis o f the storm event 

from the build-up o f pollutants to their wash-off from the highway surface. They can be used 

to study how the runoff quality changes through a drainage system including storage and 

treatment facilities using either the nonlinear reservoir method or kinematical method to route 

the runoff through the system.

Results from the Pearson correlation analysis (included in section 7.3) suggest that a number 

of independent (causal) variables such as rainfall intensity, rainfall volume and antecedent dry 

period maybe influential on the pollutant concentration and loading rates. The regression 

analysis is therefore applicable in this investigation as such a method can be used to determine 

the relationship o f these numerous causal variables on the pollutant concentration and load. It 

can also be used to indicate the statistical significance o f each causal variable as it relates to a 

specific pollutant, which in turn may suggest possible mitigation measures or model 

applicability scenarios (Irish et al, 1995).

7.5.2 Regression analysis

Regression analysis is a statistical tool for the investigation o f any relationships that may exist 

between variables. At the beginning o f any regression study, one formulates some hypothesis 

about the relationship between the variables o f interest; in this case it may be the TSS 

concentration and the rainfall intensity o f the storm event. The literature has suggested that 

the greater the rainfall intensity is during the event the larger the resultant pollutant load in the 

runoff. Thus, the tentative hypothesis is that the storm events with the higher rainfall 

intensities during the storm event have higher pollutant concentrations in the runoff.

The hypothesized relationship between these variables maybe written as:

Y = Po + P X + Error

Where; Y = the dependent variable (e.g. TSS concentration)

Po = a constant amount (e.g. what concentration is with no rainfall)

224



P = the effect o f  the independent variable

(e.g. rainfall intensity on the TSS concentration)

X = the explanatory independent variable (e.g. rainfall intensity)

Error = reflection o f  the other factors that may influence the dependent variable

As they’re a number o f  variables in this investigation that may constitute as possible 

explanatory variables for the pollutant concentration and load, it was concluded that a multiple 

form o f  linear regression was most appropriate. This multiple regression is a natural extension 

o f  the linear regression in which case more than one predictor variable (X) is involved.

The equation takes the form:

Y ~  p o  +  P i  X i  +  P 2  X 2  +  p 3  X 3  ... + Error

Where Y = dependant variable

P o  = a constant

P i ,  p 2 ,  p 3 =  the effect o f  each variable

X ] , X 2 , X 3 = explanatory variables 

Error = the standard error

The task o f  estimating the parameters P o ,  P i ,  P 2 ,  and P3 , is conceptually identical to the earlier 

task o f  estimating only P o ,  p i ,  in the linear regression. The main difference is that we are no 

longer looking at a line in a two-dimensional diagram; with two or more explanatory variables 

we need three dimensions and we are now estimating a plane instead o f  a line (Montgomery et 

a i ,  2004). The multiple regression analysis will select a plane so that the sum o f  squared 

errors is at a minimum. The formulas for the betas and associated variances involve matrix 

inverses and thus would be impractical to calculate by hand. It is therefore recommended to 

use a computer program to carry out such calculations. For this investigation the ANOVA  

program, which is part o f  the SPSS statistical software package was used.
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7.5.3 Relevant variables for the model

Irish et al. (1995) strongly emphasized that the most important step in the development o f an 

empirical model is the correct identification o f the relevant explanatory variables. The 

relationship between certain storm event characteristics with the pollutant load has already 

been investigated in the preceding section (sec 7.3). A simple correlation analysis identified 

that the key variables that had a strong positive correlation with pollutant load were the storm 

event characteristics -  rainfall intensity, runoff volume and the preceding conditions such as 

the number o f dry days and the vehicles travelled in this period. Although Irish et al. (1995) 

stated that a high degree o f correlation between two variables in no way implies causation, 

past research has also identified these particular characteristics as being influential on the 

pollutant concentration in highway runoff (Gupta et a l, 1981c).

A number o f the other pollutant parameters such as phosphate and the heavy metals have been 

identified to correlate strongly with the total suspended solid concentration, mainly due to the 

adsorption onto the sediment fraction. Therefore, as the majority o f the pollutants behave in a 

similar fashion to the TSS it is vital to investigate and formulate a model for the prediction o f 

the TSS load during any storm event, with which the other pollutants could be related. Using 

a simple multiple linear regression model the independent variables selected were:

Duration (D) 

Flow (F)

Intensity (I) 

ADP 

ATC 

Constant

the total duration o f the storm (minutes)

the total volume o f flow per unit area o f watershed during

the storm event (1/m )
'y

Flow divided by Duration (I/m /min)

total duration o f the antecedent dry period (hours)

number o f vehicles travelled in the ADP

the constant (y-intercept) term in the equation

7.5.4 Results o f the multiple regression analysis

The numerical results o f the regression analysis with the aid of the ANOVA statistical 

software are presented in the model summary in Fig. 7.13. The TSS equation was formulated 

from a data set consisting o f just 12 storm events. This number o f events is quite low for a
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m ultip le linear an a lyses but w ill g iv e  so m e indication o f  how  each o f  the variables w ill a ffect  

the pollutant loading. In the m odel sum m ary the R Square for the T SS regression is high at 

0 .9 1 3 . T his va lue ind icates that 91%  o f  the variation in the T SS loading observed  from  the 

direct ru n off at site A  is exp la ined  by the variables - flo w , intensity and antecedent dry period. 

The variation o f  the residuals w as analysed  for the m odel. The results indicate that the tw o  

fundam ental ordinary least squares w ere satisfied  i.e. the variances o f  residuals w ere uniform  

and there w as a norm al distribution o f  residuals.

The m ultip le linear regression  equation takes the form:

T S S  load  (g /m 2 ) =  P i(F lo w , l/m^) +  P 2 (In te n s ity , l/m ^/m in) + P3 (A D P , h o u rs) +  C

in this equation the Pi P2 , and p 3 are the m odel co e ffic ien ts  for their respective variables and 

the C is the y-intercept. W ith the va lu es for the B etas ( 1 , 2  and 3) and the constant C in place  

the equation takes the form:

T S S  lo a d  (g/m ^) =  1 .5 3 9 (F lo w , 1/m^) +  2 1 .9 8 (In te n s ity , I/m ^/m in)

+ 0.009(ADP, hours) -  4.158

The variables that do not appear in the m odel include the duration o f  the storm  and the 

antecedent traffic count, as they are not statistically  sign ificant in the m odel. The variables  

that are included are the flo w , in tensity  and A D P . T hey have a p ositive im pact (denoted  by + 

sign) on the T SS  load; that is an increase in their value w ill result in an increase in the 

resultant T SS  load. T he dependent variable in the regression , T SS  load, is expressed  as 

gram s/square meter; therefore it is o b v io u s that the total v o lu m e o f  flo w  w ill appear in the 

m odel and in every  other constituent m odel. The other tw o  variables, the intensity o f  the 

storm flo w  (i.e . d irectly  related to the rainfall intensity) and the antecedent dry period are the 

true variables that control the loading rate. T he dry period preceding the storm even t is a 

sign ifican t factor as th is is the period w hen  the contam inants, particularly the suspended  so lids  

accum ulate on both the h igh w ay surface and the p assing  traffic. The longer th is period is the 

greater the build up o f  the sed im ent fraction availab le for subsequent w a sh -o ff  in the fo llo w in g  

storm event. The in tensity  o f  the storm  even t (i.e . rainfall intensity) is a lso  a sign ifican t factor
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as this provides the kinetic energy to d islodge the particulate matter from its resting place on 

either the veh icles or the road surface and then in the follow ing pseudo-suspension o f  

particulate matter in the lateral sheet flow.

Model Summary

Model R R Square
Adjusted R 

Square
Std. Error o f  the 

Estimate
1

.955(a) .913 .884 1.8581

a Predictors: (Constant),ADP, F, I 

ANOVA (b)

Model
Sum o f 
Squares

Degrees
o f

freedom Mean Square F Sig.
1 Regression 324.975 3 108.325 31.374 .000(a)

Residual 31.074 9 3.453

Total 356.049 11

a Predictors; (Constant),ADP, F, I
b Dependent Variable: TSS 

Coefficients (a)

Model

Unstandardized
Coefficients

Standardized
Coefficients

t Sig.B Std. Error Beta
1 (Constant) -4.158 1.039 -4.001 .003

F 1.539 .388 .569 3.967 .003

I 21.979 9.118 .362 2.410 .039

ADP .009 .004 .232 2.202 .055

a Dependent Variable: TSS

Figure 7.13: ANOVA model summary 
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7.5.5 Model verification

The last four storm events monitored on the 30‘*’ June, 2"‘*, 5*'’ and 23'̂ '* o f July 2005 at Site A 

were used to verify the model as they were not utilised in the formulation o f the equation (they 

are represented in yellow in Fig. 7.14). The two storm events on the 30'*’ June and 23"̂  ̂ July 

fit relatively well to the predicted load, with an observed load o f 5.00g/m^ compared to a 

prediction o f 6.90g/m^ and an observed load o f 6.l0g/m^ compared to a predicted load o f 

6.40g/m^.
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□ Observed Load ■ Predicted Load
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? '5̂’" .yS V> lA

IP

Date

Figure 7.14: Bar chart o f  observed and predicted loads o fT S S

Two storm events that occurred on the 3̂ '̂  o f August 2004 were omitted in the formulation of 

the equation. The reason for this was that highway maintenance in the form o f gully pot 

cleaning and road sweeping took place the day before on Monday 2"'̂  August 2004, and so this 

would have greatly reduced the TSS load available for wash-off. This can be clearly identified 

from the graph as the observed load is significantly lower than that predicted by the model for 

each o f those storm events. The same maintenance activities were also evident on Monday 4*
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of July 2005 and this again can be clearly identified in the bar chart as the observed loading 

rate o f  TSS is much lower than what was predicted for the storm event on the 5̂ '’ July 2005.

With the results attained over the year for flow, intensity and antecedent dry period, the 

equation was used to calculate a loading rate o f TSS for a number o f storm events over the 

year and this is graphically displayed in Fig. 7.15. A number o f storm events with very low 

rainfall intensities have been omitted as the equation gives a zero or negative value. Such 

storm events would have had very low TSS loading rates associated with them as the energy to 

mobilize the sediment fraction would not have been sufficient as the rainfall intensities were 

minimal. The total annual load o f TSS per hectare o f motorway was calculated as 

3,880kg/hectare/year using the multiple linear regression equation. This is lower than the 

value o f 4,300kg/hectare/year calculated using the Schueler et al. (1987) ‘Simple Method’ 

(included in section 6.4). The reason for the lower loading rate could be the exclusion o f the 

several very low rainfall intensities, which individually did not contribute a significant load, 

but if accumulated the load would have been significant, in this case approx 

400kg/hectare/year.

- This Study Prediction
25
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CO

3.8.04 23.8.04 7.10.4 17.12.04 21.3.05 21.5.05 5.7.05

Date

Figure 7.15: Graph o f  predicted TSS loading rates throughout the year
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7.5.6 Com parisons with other research studies

An American study in the late 1990’s on highway runoff from an expressway in Austin, 

Southwest Am erica by Lyn Irish amongst others developed a num ber o f  regression models for 

predicting loads for various constituents comm only found in highway runoff. The study 

concluded that the m ajority o f  variations observed in highway storm -water loading could be 

explained by causal variables measured during the rainstorm event, the antecedent dry period, 

and the previous rainstorm  event. They noted that loads for each o f  the constituents were 

dependent upon a unique subset o f  identified variables that indicated the processes responsible 

for the generation, build-up and w ash-off o f  highway pollutants are constituent specific (Irish 

et ai ,  1998). The study’s relationship for the TSS load and a number o f  the storm and 

preceding storm characteristics is summarised in the following equation:

TSS load (g/m^) = C + m>(FIow, 1/m )̂ + ^(Intensity, l/m^/min) + j(A D P, h) 

+ z(PINT, l/m/min)

Where C =  y-intercept: and w, x, y and z = the model coefficients for their respective 

variables. The ADP is the antecedent dry period and the PINT is the preceding storm 

intensity. The values the predictive equation for the TSS loading is therefore:

TSS load (g/m^) = 0.2556 + 0.3068(Flow, l/m^) + 2.0181(Intensity, l/m^/min) 

+ 0.0037(ADP, h) -  2.9865(PINT, l/m/min)

The TSS loading rates calculated with the Am erican equation are graphically compared with 

the observed and predicted TSS loads for this investigation in Fig. 7.16. The predicted loading
I

rates from the equation are well below the results in this investigation for the storm events 

with high rainfall intensity but are com parable for events with low rainfall intensity. The 

reason for this may be due to the fact that in the Am erican study there were no gully pots 

incorporated into the highway that was investigated as there are in this study. The gully pots 

add a significant quantity o f  solids to the overall load but these solids within the pot would 

only have been displaced by a relatively high intensity o f  rainfall. This would signify that the ! 

results using both the Am erican equation and this study’s equation are com parable for low

!
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intensities as the solids in the gully pots have not been immobilised so therefore do not play a 

significant role.

□ Observed Load ■ This Study Prediction ■ Irish et al. (1998) Prediction
25

->?''' <5' ' '

Date

Figure 7.16: Bar chart o f  observed loads and both this study and the American studies

predicted loads

If a num ber o f  the insignificant low intensity storm events are omitted the values o f  TSS 

loading are approxim ately three tim es greater using this study’s equation than the Am erican 

equation. Therefore, in adjusting the Am erican equation by a m ultiple o f  three, the results for 

the TSS loading throughout a period o f  a year (3'̂ '̂ Aug 04 -  3'̂ “̂ Aug 05) can be compared as 

presented in Fig 7.17. The annual loading rate using the Am erican equation is 

3,850kg/hectare/year, which is lower but very sim ilar to the 3,880kg/hectare /year, calculated 

using the equation formulated in this study.
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♦ This Study Prediction Irish et al.(1998) Adjusted Prediction
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Figure 7.11: Graph o f  predicted annual TSS loads using this studies equation and the

Adjusted American equation

The adjusted American equation to take into account for the gully pots is presented as follows:

TSS load (g/m^) = [0.2556 + 0.3068(Flow, I/m )̂ + 2.0181(Intensity, 1/mVmin)

+ 0.0037(ADP, h) -  2.9865(PINT, l/in/min)l*3

7.4.7 Comparison with direct runoff at Site B

Comparisons were also made with both the equation formulated in this study and the 

American equation using the direct runoff data obtained at site B. The comparisons are 

presented in a bar chart format in Fig. 7.18. it is clear to see that the predicted TSS loading 

rates from both equations are significantly higher than the load observed. A plausible 

explanation for this difference could be down to the abnormal level o f maintenance carried out 

on the highway at site B. This was a similar maintenance protocol to site A with gully pot 

cleaning and surface sweeping but the frequency was much higher. This may have been due 

to the fact that this section of the highway had been recently constructed and a number of
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activities such as the erection o f fences and sign posts were still on going and so the 

maintenance activities would have been stepped up to keep the highway surface free from 

fragments (e.g. nails) associated with these activities.

I  This Study Prediction ■  Irish et al. (1998) Prediction □  Observed Load
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18,Aug.05 23,Aug.05 9,Sept.05 9,Sept.05 26,Sept.05 28,Sept.05 7,0ct.05

Date of Sampling Site B

10,Oct.05

Figure 7.18: Bar chart o f  observed TSS loads at site B and both this studies equation and the

American prediction

7.4.8 Summary

The regression equation formulated in this research indicates that > 91% o f the variation 

observed for the TSS loads in the highway runoff from site A may be explained by causal 

variables during the storm event such as the flow, intensity and the preceding conditions such 

as the antecedent dry period. This would indicate that the TSS loads are influenced by the 

conditions during the dry period preceding the storm event and may be mitigated by such 

practices as road sweeping and gully pot cleansing. The equation would also suggest that the 

TSS loads are influenced by the intensity and flow o f the actual storm event and may be 

mitigated with structural runoff controls, which attenuate the runoff dissipating the energy of 

the storm effectively for the settlement o f the solid fraction. These results in this investigation 

are similar to the findings by Irish et al. (1995) as they highlight that the traffic densities are
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not as influential to the TSS loading as others have suggested. The two studies are also similar 

in that they both conclude that the actual build up o f  sediment on the highway surface and on 

passing traffic during the preceding dry period and the intensity o f  the storm event in 

providing the energy to rem ove the sediment fraction are the two major factors dictating the 

TSS loading rate from the highway.

The TSS loading rates calculated using the equation formulated in this research were 

significantly higher than those using the Am erican equation, particularly for high rainfall 

intensity events, but were relatively similar for low rainfall intensity events. This may be due 

to the inclusion o f  a num ber o f  gully pots at the study site for this research. These systems 

would have contributed to a significantly high load o f  TSS, particularly in the storm events 

with high rainfall intensities. If theses gully pots are factored into the American equation by 

increasing the total load rate by a factor o f  three, the results from both equations are 

comparable over a one-year tim e frame.

In conclusion the m ultiple linear regression analysis worked well in formulating an equation to 

predict the TSS loading from a highway catchment given the storm characteristics and 

preceding conditions. The regression equation can calculate both the single storm event and 

continuous storm loading patterns. In m aking use o f  the multiple causal variables they can 

provide information for the correct mitigations procedure to be put in place. They could also 

be used for other highway catchm ent sites once they have been calibrated for that particular 

site utilising field data from that site.

235



Chapter 8 Management of the highway runoff

8.1 Introduction

This investigation has clearly identified that the current highway drainage design strategy in 

Ireland aims to provide drainage for rapid removal o f the water from the highway surface, 

with little regard for the quality o f the runoff The methods used were identified to be either 

through direct and positive drainage e.g. kerb/gully to the nearby watercourse or by indirect 

drainage involving a filter drain, which may include integrated collection. Through a careflil 

monitoring and analysis campaign o f the runoff from a number o f highway sites that 

incorporated the two main drainage systems this research can conclude that the runoff contains 

a range o f pollutants. A number of these pollutant concentrations were detected above EPA 

Environmental Quality Standards (EQS) and Drinking Water Standards (DWS) (EPA, 2005), 

therefore if discharged directly to adjacent waters could have a detrimental impact on both the 

ground and surface water quality. The research has also highlighted that under increasing 

pressure o f a number o f EU Directives; in particular the Water Framework Directive (2000), 

there needs to be a new approach to the management o f runoff from highways in Ireland. The 

Water Framework Directive emphasizes that there should be a quantification and control of 

diffiise pollution, in which, highway runoff is an important component. Moreover, before any 

suitable control can be implemented at a particular site the Directive recommends that a risk 

assessment be conducted. This risk assessment refers to the quantitative and qualitative 

evaluation of the risk posed to human health and/or the environment by the actual or potential 

presence o f and exposure to particular pollutants (DETR, 2000). There are three essential 

elements to any risk assessment, notably the source o f the pollutants, the pathway the 

pollutants take and the receptor, in this case identified as both the surface and ground water.

8.2 Risk Assessment

Tab. 8.1 shows the main controlling influences, with respect to highway runoff, on the risk of 

pollution at a receiving water body (adapted from the UK Highway Agency Risk Assessment 

of highway runoff prepared by Halcrow Group, 2002). Under the Water Framework 

Directive, potential risks o f pollution to a receptor are interpreted in terms o f a ‘pressure’
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applied by a source to a pathway, en route to a receptor. The susceptibiHty o f a pathway to the 

pressure, resulting in an impact on the receptor is a key part o f the risk assessment. In the 

context o f water (surface or groundwater bodies) in Ireland, the risk is assessed in a generic 

manner, largely independent of the properties o f the pollutant itself. The risk is essentially 

based on the presence o f a significant source ‘type’ coupled with the vulnerability/ 

susceptibility o f the pathway. In the case o f highway runoff, the presence o f significant 

sources (i.e. along the highway route) has been established in this study. The susceptibility of 

the pathway, as for other environmental pollutant sources, depends on the characteristics o f 

the subsoil and the proximity to the receptor. The key characteristics for groundwater as the 

receptor are the thickness o f subsoil and its relative permeability. For ‘free-draining sub soils 

o f a thickness less than 3m over an aquifer, the vulnerability would be ‘high’, triggering 

appropriate mitigation measures at source (depending on the classified importance o f the 

aquifer). Mitigation measures imply treatment and the proposed wetland for road runoff is 

one such measure having a probable strong mitigation effect on water quality. A fiill risk 

response matrix for road runoff remains to be developed but this study has indicated that such 

a protocol is required. Such a protocol, with appropriate validation, would then suggest 

corresponding management measures.

In all, seventeen properties have been identified to affect the quality o f the highway runoff 

from the source through to the receptor. The first seven parameters influence the source o f the 

pollutant, the next seven operate on the pathway function, and the remaining three relate to the 

impact on the receiving environment, ground and surface waters. The parameters include:

Loading

The pollutant loading rate from the highway surface will be a key factor in determining any 

adverse impact on the roadside environment, so plays a key role in the assessment scheme. 

The pollutant loading rate is dependent on a number o f factors, such as the present and 

preceding storm characteristics as well as the traffic volumes; therefore it will need to be 

considered for each specific site.
I
i

!

M iscibility
I

The miscibility is the ability o f the pollutants, particularly the liquids to mix together and form 

a single homogeneous phase. Pollutants with a low miscibility will most likely not be i
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transported far, especially through the soil, whereas those with high miscibility will have a 

high potential to transfer through soil and into the groundwater.

Solubility

The solubility o f  the pollutant is basically its ability to dissolve in the runoff water and 

therefore follow the same pathway as the runoff. Moreover, the pollutants solubility will 

determine whether it will be transferred to the ground waters and the possible impact on the 

water quality.

Mobility

This is basically a measure o f how mobile the pollutants are and their ability to leach to the 

groundwater, which will depend on the sorption potential o f the actual pollutant. The 

classification scheme used in the UK Highway Agency Risk Assessment makes use o f soil 

organic carbon - water partitioning coefficients i.e. Koc values, where a low value presents a 

very mobile substance and a high value the opposite effect, an immobile substance.

Persistence

The persistence o f a pollutant is a measure o f how it accumulates and degrades in the 

environment, with a high presistence level indicating a low rate o f degradation in the natural 

environment, and a low persistance indicating a high rate o f degradation. The UK Highway 

Agency has made use o f DT50 values (time required for 50% reduction in initial 

concentration) to donate the persistence level, with low values (<5) indicating non-persistent 

and high values (>60) indicating a high persistent parameter.

Toxicity

Permissible limits such as Environmental Quality Standards (EQS’s) and Drinking Water 

Standards (DW S’s) are available for a number o f the pollutants found in highway runoff and 

so could be used as a basis for any “toxicological” component o f the risk assessment scheme.

Filter drain geometry

The area the runoff is distributed over particularly for the filter drain system will have an 

influence on the point concentration o f pollution, with a large surface area providing a reduced 

point o f pollution and a small surface area providing a maximum point o f pollution.
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Rainfall distribution

One o f the main findings in this research is the strong influence that the rainfall intensity has 

on both the pollutant concentration and loading rates. Therefore, the rainfall distribution with 

respect to the rate o f rainfall (mm/hr) for any specific area should be included in the 

assessment scheme.

Rainfall volume

The mean armual rainfall in Ireland varies from east to west with approx 700mm in the Dublin 

area to approx 1,400mm in the Galway area. The western area has also a lower number o f dry 

days compared to the east, resulting in a lower build up o f pollutants on the highway surface.

Depth of unsaturated flow

The greater the depth o f the unsaturated zone the greater the distance the contaminant has to 

travel, therefore providing a greater opportunity for the attenuating process to operate.

Flow type

Intergranular flow paths provide the greatest opportunity for the contaminate to interact with 

the soil material, therefore attenuating the rate o f advance o f the contaminant. In contrast, 

fissures, which are often denoted by large cracks in the ground provide for a rapid and often 

irregular long-distance movement o f the contaminant.

Grain size

The particular grain size o f the soil will dictate their hydraulic conductivity and the rate at 

which the pollutant will transfer between them. The finer materials will have the lowest 

permeability and provide the longest delay in the migration o f the contaminant. The coarser 

material provides little protection, if any, and offer a rapid pathway for the contaminants.

Lithological factors

Mixed mineralogy and lithology, especially those with significant clay mineral content offer 

an increased potential for beneficial attenuation.
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Groundwater characteristics

The vulnerability o f the ground water will determine the impact o f any contamination and so 

the groundwater at any specific site should be assessed to see how susceptible it is to 

pollution. The importance o f the groundwater for extracting and consuming should also be 

assessed at the site.

Surface water

The designated surface water receptor for the highway runoff should be assessed for 

environmental significance and any adverse affect the runoff may have. A number o f criteria 

already exist for assessing any impact on the surface water
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Property LOW MEDIUM SIGNIFICANT HIGH
1

S
O
u
R
C
E

Miscibility Immiscible - - Miscible

2 Solubility Insoluble Slightly soluble Soluble Very soluble
3 M obility Immobile

(K 0O 4000)
Slightly mobile 

(Koc 500-40000)
M oderate mobile 

(Koc 75-499)
Very mobile 

(Koc<74)
4 Persistence Non-persistent

(DT50<5d)
Slightly 

persistent 
(DT50 5-2Id)

M oderately 
persistent 

(DT50 22-60d)

Very
persistent

(DT50>60d)
5 Toxicity Low toxic 

(>250mg/l)
Slightly toxic 

(l-25m g/l)
Toxic 

(lug/1 -< lm g/l)
Very toxic 

(< lug/1)
6 Loading Low load 

(<0.001 kg/km/yr)
Medium load 

(0.001 - 
<0.1 kg/km/yr)

High load 
(0.1-10 

kg/km/yr)

Very high 
load 

(>10kg/km/yr)
7 Release

frequency
Continuous

(metals,
hydrocarbons)

Semi-continuous 
(e.g. de-icing 

salts)

Infrequent 
(e.g. pesticide)

8

P
A
T
H
W
A
Y

Filter Drain 
geometry

Large area, 
even distribution

Small area, 
concentrated 

input
9 Rainfall

distribution
Even (<1% of 

annual on any one 
day)

(> K 5 % o f  
annual on any 

one day)

(>5<10%  of 
annual on any 

one day)

Concentrated 
(>10% of 

annual 
one day)

10 Rainfall
volume

Low(<600mm/yr) >600
<800mm/yr

>800
<1000mm/yr

High>
1 OGOmm/yr

11 Depth
unsaturated

flow

>40m <40>15m <15>3m <3m

12 Flow type Dominantly
intergranular

Dominantly
fissure

13 Grain size <0.25mm (fine 
sand and below)

>0.25<0.50mm 
(medium sand)

>0.50<1.0mm 
(coarse sand)

>1.0mm (very 
coarse sand)

14 Lithological
factors

>15% clay 
minerals

<15% - >5% 
clay minerals

< 5 % - > l%  
clay minerals

<1% clay 
minerals

15

R
E
C
P
T
O
R

Ground
water

Low
vulnerability

M oderate
vulnerability

High
vulnerability

V High 
vulnerability

16 Ground
water

aquifer

Non-aquifer Limited 
connection to 

SW. W ater for 
agriculture & 

industry

Locally
important

Regionally
important

17 Surface
water

Bathing
waters

EC designated 
Saimonid/ 
Cyprinid 

fishery. Site 
protected 
under EU 
legislation 

(SAC, SPA, 
SSSI)

Table 8.1: Risk assessment for Irish conditions (adapted from UK Highway Agency Risk 

Assessment Framework prepared by the Halcrow Group 2002)
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8.3 Management systems

A number o f management systems have been previously discussed and evaluated in section 

2.6 o f the literature review. Vegetated controls; in particular constructed wetlands were 

deemed to be one o f the overall best systems to use in the control o f a number o f contaminant 

parameters found in the highway runoff. Wetlands are also a viable system for use in Ireland 

as they occur naturally, due to both the Irish climate and geological conditions; in fact, approx 

20% o f the total surface area is made up o f natural wetland ecosystems (EPA, 2002). Wetland 

species such as Phragmites australis and Typha latifolia flourish in the wet and mild Irish 

climate in which the rate of precipitation is greater than the rate o f evaporation. With this in 

mind a constructed wetland for the receipt of direct kerbed runoff was built adjacent to the M7 

Monasterevin bypass. The highway catchment area draining into the wetland was 

approximately 1 1,368 square metres and the highway section catered for an annual average 

daily traffic flow of between 25,000 and 30,000 vehicles (NRA, 2004). The wetland was a 

free flow system with a total surface o f approx 273 square metres in which half was planted 

with Phragmites australis and the other half with Typha latifolia. The depth o f the wetland 

was approximately 0.5 metres and the cross longitudinal slope was 1% as recommended by 

numerous design guidelines (Halcrow et al., 1998).

8.4 Constructed wetland

8.4.1 Site details

The site selected for the construction o f the wetland was located adjacent to the new motorway 

(M7), which linked Dublin city with the commuter towns o f Monasterevin and Portlaiose in 

the East o f Ireland. This site was preferable as the highway had a predicted traffic count of 

between 25,000 and 30,000 vehicles per day, and as the highway was being built this allowed 

the research team safe and easy access to construct the wetland before the road went ‘live’ to 

commuting vehicles. The highway catchment area draining into the wetland was measured to 

be approximately 11,368 m through a kerb and gully system as presented in Fig.8.1.
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Figure 8.1: Highway site discharging to the wetland (Site B)

8.4.2 Design details for wetland

The overall design o f the constructed wetland was determined from guidelines contained in 

two interim manuals: “Treatment o f highway runoff using constructed wetlands” (Halcrow, 

1998); and “Review o f the design and management o f constructed wetlands” (CIRIA, 1998). 

The hydrological data and pollutant loading rates from two other roads in Ireland that were 

being monitored as part o f the wider overall research project in to highway runoff were also 

used to formulate the design. The first step was to design the pipe network into the wetland in 

order to avoid any blockages or backflow onto the road. The critical inflow Qc into the system 

for a one-year return period was calculated as 58 1/s using the Rational Method (Hamill, 

1995). The required pipe diameter into the wetland was determined to be a 375 mm pipe onto 

which four 0.1 m diameter pipe inlets were attached via saddles at equal spacings across the 

width o f the wetland to ensure even flow distribution. These inlets discharged onto stone 

gabions to prevent localised scouring and channelling. The outlet pipes were a similar setup 

with mobile T-pieces used as weirs to control the water level within the wetland. The 

dimensions o f the system were calculated on the basis o f modelling the wetland as a simple 

reservoir system. As the area in which to construct the wetland was limited, a minimum 

retention period o f 1 hour was chosen, contrary to the recommended period o f 5 -  10 hours
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(Halcrow, 1998). The dimensions were based around a maximum 1-hour rainfall event with a 

1 year return period recorded as 7.8 mm per hour for the area.

Other critical factors used in the design were that the depth o f the wetland was no greater than 

0.5 metres at any point and the cross sectional slope was between 0.5 and 1% of the total 

longitudinal length. The final dimensions o f the wetland worked out to be 14m wide by 19.5m 

length with a cross sectional slope of 1 %. When the excavation was completed the clay base 

was compacted several times to produce a relatively impermeable layer. The permeability o f 

the clay liner was subsequently tested using the ‘Double Ring Infiltrometer’, which yielded a 

value o f K < IxlO'^m/sec. The importance o f this liner was to minimise loss o f the runoff 

down through the base, which in turn could impact upon the underlying groundwater. Once 

the base was completed a 120mm layer o f topsoil was added and the section was divided into 

two subsections, cells A and B as seen in Fig.8.2 and 8.3. Cell A was planted with 500 

Phragmites australis and cell B with 500 Typha latifolia - approximately four reeds per square 

metre.
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Figure 8.3: Photograph o f wetland system 

(Adjacent to M7 motorway and the River Barrow)



8.4.3 Monitoring campaign

The site was installed with an ISCO 675 0.1mm tipping bucket rain gauge, which recorded the 

rainfall on a one-minute time series. The flow into the wetland was measured with a low 

profile ISCO 750 area velocity flow module, which was placed within the inlet pipe to 

measure the average velocity (using the Doppler effect principle) and depth (hydrostatic 

pressure) o f the flow in the pipe. The flow out o f the wetland system was deemed to have a 

much smaller flow rate than the inlet, so a v-notch weir system with an ISCO 730 bubble 

module to measure the depth was installed and a relationship between depth and flow over the 

v-notch was established.

Probes that measured the temperature, pH, dissolved oxygen and conductivity were also 

installed in both the inlet and outlet. All these devices led into the central ‘mother’ system, an 

ISCO 6712 automatic sampler, which acted as a storage cell but also took samples o f the

runoff via a suction tube deposited into a series o f 300 ml bottles. Once all monitoring

equipment was correctly in place, the sampler was programmed to activate when a certain 

criteria was met, such as the recording o f a depth o f rainfall. The pacing at which the samples 

were taken was regulated by the flow in the pipe, for example, a sample o f runoff would be 

taken after every 3m^ o f runoff had passed the flow meter.

This setup worked well in capturing the entirety o f the main storm events. In the time period

from summer to autumn 2005 six major storm events were captured and fully sampled. The 

samples o f runoff were collected at both the inlet and outlet and transported immediately back 

to the laboratory where they were analysed for a number o f parameters commonly found in 

highway runoff, including total suspended solids, total organic carbon, total phosphorus and 

four heavy metals, zinc, cadmium, copper and lead respectively. The water quality analysis 

was carried out in the laboratory in accordance with the Standard Methods (APHA, 1998) as 

highlighted in section 3.5 and Appendix A.
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8.5 Results and analysis

8.5.1 Hydrological analysis

The hydrological characteristics o f  the 6 storm events sampled for untreated runoff into the 

wetland and treated runoff out o f  the wetland during the sum m er and autumn seasons o f  2005 

are summ arised in Tab. 8.2 with the hydrographs shown in Fig.8.4. The data presented covers 

intensive m onitoring over a three-m onth episode during which a num ber o f  short duration 

intense storm events were captured. The constructed wetland performed well hydraulically, 

buffering the inflow to the system from the highway and substantially reducing the peak flow 

by as much as 96% at the outfall. The total volume entering the wetland was efficiently stored 

w ithin the system, particularly during the month o f  August, which had frequent intense storm 

events with associated high pollutant loads. The runoff was detained by the wetland for a 

num ber o f  days and then was discharged by the following storm events. The hydraulic 

retention tim es (HRT) for the wetland during these periods varied from between 1 and 12 

days. Outflow from the wetland was a steady low flow with little potential for erosion o f  the 

receiving river with a mean flow as much as 94% lower than the inflow. In all, the wetland 

provided both sufficient storage and flow attenuation so that a num ber o f  processes such as 

sedim entation, filtration and biodegradation could be effectively harnessed for the removal o f 

pollutants.

VOLUME PEAK FLOW MEAN FLOW

Date Inlet Outlet Reduction Inlet Outlet Reduction Inlet Outlet Reduction

(m') (m^) (%) (I/s) (1/s) (%) (1/s) (1/s) (%)

18Aug05 39.5 3.52 91.1 10.7 0.53 95.1 3.87 0.25 93.5

23Aug05 10.6 1.02 90.4 6.69 0.23 96.6 1.36 0.12 91.2

09Sep05 65.9 13.4 79.7 12.0 1.31 89.2 3.41 0.55 83.9

26Sep05 56.6 47.8 15.6 16.4 10.6 35.8 4.72 1.66 64.8

28Sep05 33.6 13.9 58.7 20.1 1.86 90.7 5.09 0.54 89.4

lOOctOS 99.0 52.7 46.8 21.4 3.91 81.8 3.23 1.39 57.0

MEAN 50.9 22.1 63.7 14.6 3.06 81.5 3.61 0.75 80.0

Table 8.2: Summary o f  hydrological data fo r  events sampled during 2005
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Figure 8.4: Hydrographs o f  two storm events sampled during autumn 2005

250



8.5.2 W ater quality analysis

W ater quality analysis was carried out on each o f  the samples to determine the concentrations 

o f  total suspended solids, total organic carbon, total phosphate and four heavy metals, zinc, 

lead, cadmium and copper presented in Fig. 8.6. However, it was clear from a visual 

comparison o f  the influent and effluent samples that the wetland was certainly functioning 

well in terms o f  rem oving the sediment from the runoff. This is clearly identified in Fig 8.5.

INFLOW OUTFLOW

Figure 8.5: Inflow and outflow water samples 

Total Suspended Solids (TSS)

Inflow values o f  TSS ranged between 43.0 and 437 mg/1. These values were com parable with 

earlier findings from the w ider research project o f  direct highway runoff and were found to be 

dependent on a num ber o f  factors including rainfall intensity and antecedent climatic 

conditions. The outflow values ranged between 10.0 and 32.0 mg/1 respectively. The 

concentration removal efficiencies o f  TSS fluctuated from 87.6 to 92%, with an average o f  

88.3%, which is relatively high and confirmed, as indicated by the visual inspection, that the 

wetland was behaving as an excellent sedim entation system.
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Total Organic Carbon (TOC)

Inflow values o f  TOC were quite variable and ranged between 2.23 and 47.0 mg/l. These 

values are considered to be high, which possibly can be explained by the fact that the highway 

was new and had ju st been surfaced with a thick layer o f  bitumen. The outflow  values were 

also surprisingly variable ranging from 2.74 to 13.4 mg/l. The removal efficiency o f  the 

wetland fluctuated from a negative value o f -22 to 40.4% , with an average o f  13.7%. It is 

suggested that this relatively poor performance is prim arily due to the wetland not effectively 

rem oving the organic fraction in the form o f  oil since no oil interceptor had been installed 

upstream o f  the wetland process. It is therefore recom mended that an oil interceptor should 

always be incorporated as an inherent part o f  this treatm ent technology.

Total Phosphate (TP)

Inflow values o f  TP ranged between 0.10 and 0.61 mg/l. The outflow values ranged between 

0.06 and 0.19 mg/l. The removal efficiency varied between 52.0 to 75.0%, with an average o f 

62.0%. As it was clearly identified in section 7.2 that the phosphate was closely associated 

with the sediment fraction the dom inant removal process o f  the phosphates removal was 

assumed to be sedimentation.

Heavy Metals: Zinc, Copper, Cadmium and Lead

Inflow values o f  zinc ranged between 0.08 and 0.43 mg/l. Outflow values were much lower 

and ranged between 0.01 and 0.05 mg/l. The corresponding removal efficiencies varied 

between 75.0 to 90.6% , with a high average o f  85.0%. Inflow values o f  copper ranged 

between 0.02 and 0.10 mg/l. Outflow values ranged between 0.01 and 0.04 mg/l. Removal 

efficiencies varied between 50.0 to 79.7%, with an average o f  68.4%. Inflow values o f  lead 

ranged between 0.03 and 0.09 mg/l. Outflow values ranged between 0.02 and 0.05 mg/l. 

Removal efficiencies varied between 47.1 to 70%, with a high average o f  61.6%. Inflow 

values o f cadmium ranged between ND and 0.01 mg/l. Outflow values ranged between ND 

and 0.003 mg/l. Removal efficiencies varied between 50.0 to 71.4 %, with a high average o f 

61.9%. Heavy metal analysis is ongoing and in particular is focusing on the dissolved 

fraction, which is regarded as the most toxic state (M udge and Ellis, 2001).
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Comparisons with world studies

Tab. 8.3 presen ts a sum m ary o f  the findings from  th is study on the perfo rm ance o f  the 

constructed  w etland com pared to  o ther studies th roughout the w orld  (outlined in section 2 .8). 

The percentage rem oval effic iencies from  th is study are com parable and in som e cases h igher 

for a num ber o f  po llu tan t param eter for the constructed  w etland in th is investigation . In 

particular, the resu lts are very  sim ilar to  those from  the M udge and Ellis (2001) rev iew  o f  

w etland efficiency  in treating ru n o ff from  highw ays in the UK. T h is w ould suggest that the 

perform ances o f  w etlands in an Irish con tex t are ju s t  as efficient at trea ting  h ighw ay runoff, as 

they have been in the UK for the last num ber o f  years.

REMOVAL EFFICIENCY (% )
This Bulc et Revitt et Walker et Hoal et Mudge

PARAMETER Study al. al. al. al. and Ellis
2006 2003 2003 2002 1998 2001

Ireland Slovenia UK Australia Australia UK
TSS 89 (88 - 92) 69 58 - (35 - 86) (70 -90)
TP 14 (-22-40) - - - - -

TOC 62 (52 - 72) - - - - -

Cd 62 (50 -71) - 85 - - (40 - 75)
Cu 68 (50 - 80) - -40 48 - (40 - 75)
Pb 62 (47 - 70) - 9.1 71 (24 -51 ) (40 - 75)
Zn 85 (75 - 91) - 62 57 - (40 - 75)

Table 8.3: Comparison table for concentration removal efficiencies of wetlands

Specific Conductivity, pH, Dissolved Oxygen, and Temperature

The average inflow  concentration o f  DO w as 6 .90  mg/1 and w as noted  to  be h ighly  variable 

com pared to  the m ore stable DO levels at the outlet, w hich averaged  7.70 mg/1, w hich m ay be 

due to the O 2 produced by the p lants. T his rise in DO  w as assum ed to  be due to  the high air- 

w ater in terface o f  the shallow  surface w ater w etland  and re la tive ly  low  organic content. 

Inflow  tem peratu res ranged from  2 .00 to  22.0°C w ith an average o f  13.3°C. A verage outflow  

tem perature w as 14.3°C, ranging from  10.0 to  20.0°C . T he average increase o f  1.00°C 

suggests the w etland m aybe acting  as a heat sink and is d ischarg ing  slightly  w arm er w ater to  

the receiv ing  w ater body. The average specific conductiv ity  w as 10.O^iS/cm at the inflow  and 

125|aS/cm at the outflow  respectively . The specific conductiv ity  w as im portant in calcu lating  

the optim al retention tim e o f  the w etland. The inflow  values o f  pH ranged from  4 .00  to  8.00 

and the outflow  values ranged from 7.50 to  9.00. T he average value o f  the inflow  w as 7.20
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and 8.40 at the outflow respectively. It is well documented that wetlands act as buffer zones 

neutralizing the acidic nature o f the inflow. The pH and net acidity/alkalinity o f the water are 

particularly important because pH influences a number of reactions within the wetland and 

hence a number o f the treatment processes (Kadlec and Knight, 1996). Bulc et al. (2003) who 

monitored a constructed wetland to treat runoff from a highway in Slovenia also found a rise 

in temperature o f a few degrees in the effluent and also a steady pH of between 7 and 9 in the 

effluent.

Hydraulic Residence Time (HRT)

The hydraulic residence time, which is defined as the average time the storm water remains in 

the wetland, is perhaps the most important factor influencing the treatment mechanism 

function. The effectiveness o f the sediment fraction settling is directly related to the particle 

sedimentation time, a time that is also a crucial variable in determining the efficiency o f the 

biochemical process (Halcrow, 1998). From the results in this investigation, which are 

graphically displayed in Fig. 8.6 with the associated hydraulic residence time, it is clear to see 

the longer this time is the greater the settlement and removal o f the pollutants by the wetland, 

particularly for the solid fraction and associated heavy metals and phosphate.
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Figure 8.6: Inflow and outflow EMC for the wetland and the hydraulic residence time
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With both the hydraulic and water quality data available, the total pollutant loading rates into 

and out o f  the wetland have been calculated for each individual month o f  m onitoring as 

summarised in Tab. 8.4. It can be seen that removal rates o f  pollutant loads were very high 

particularly during the m onth o f August when the wetland was growing steadily.

LOAD(g)
Aug-

05
Sep-
05

Oct-
05 Mean LOAD(g)

Aug-
05

Sep-
05

Oct-
05 Mean

TSS TZn
INLET 7,650 24,100 23,800 INLET 10.2 33.3 18.8
OUTLET 85.4 1,660 1,260 OUTLET 0.13 2.31 1.08
%RED* 98.9 93.1 94.7 95.6 %RED 98.8 93.1 94.3 95.4

TCd TP
INLET 0.27 0.7 0.51 INLET 12.1 40.3 32
OUTLET 0.01 0.11 0.11 OUTLET 0.17 10.6 6.02
%RED 95.7 83.7 79.2 86.2 %RED 98.6 73.8 81.2 84.5

TCu TOC
INLET 2.77 6.76 5.91 INLET 48.7 1,620 578
OUTLET 0.06 1.26 0.69 OUTLET 4.18 708 157
%RED 98 81.4 88.4 86.2 %RED 91.4 56.3 72.8 73.5

TPb
INLET 4.07 9.51 7.01
OUTLET 0.17 1.79 1.45

*%RED: Percentage reduction in load

Table 8.4: Loading rates in grams into and out o f  the constructed wetland 

8.5.2.1 Com parisons with EQS and DWS

Figures 8.7 and 8.8 present comparisons that were made between the inflow and outflow 

concentrations with respect to the perm issible limits o f  two standards, the Environmental 

Quality Standards (EQS) and the Drinking W ater Standards (DW S). A number o f 

contam inant concentrations, which includes lead, copper and cadmium, were detected in the 

influent to the wetland (direct runoff from highway) at levels much higher than the permissible 

limits o f  the EQS. In contrast, the majority o f  the contam inant concentrations in the effluent 

from the wetland are well below the perm issible limits. Similarly concentrations o f  suspended 

solids, lead and cadmium in the influent exceeded the Drinking W ater Standards, whereas the 

m ajority o f  the effluent concentrations for the same contam inants were well below the 

permissible limits.
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Figure 8.8: Inflows and outflow compared w ith  D rink ing  water standards (DWS)

257



8.5.3 Difference between plant species

A semi partition was constructed between the wetland cells A and B, which allowed runoff to 

flow freely throughout the system. Research is now focusing on the effluent from each cell A 

and B; however, during the monitoring period, grab samples o f runoff were collected from 

specific locations within each cell. Water quality analysis for TSS gives an initial indication 

that cell A, which is planted with Phragmites australis was performing up to twice as 

efficiently with respect to TSS removal compared to cell B planted with the Typha latifolia. It 

should be noted that TSS removal would be expected to correlate closely with the heavy metal 

and total phosphate fraction. A plausible reason could be due to the more rapid propagation of 

the Phragmites australis compared to the Typha latifolia, which would promote a more even 

distribution o f flow across the width o f the wetland and thus more optimal conditions for solid 

settlement.

8.5.4 Summary

The results o f this study show that the constructed wetland performed exceptionally well in 

pollutant removal efficiency for a number o f parameters particularly suspended solids and 

heavy metals. The dominant process involved in the removal o f pollutants appeared to be due 

to sedimentation o f the solid fraction. The pollutant load removal efficiency for total 

suspended solids was 95%, 85% for total phosphate, 74% for total organic carbon, 86% for 

total copper, 95% for total zinc, 86% for total cadmium and 85% for total lead respectively. 

These results would suggest that the constructed wetland is very efficient at removing 

pollutant loads in highway runoff. Research is still ongoing as the wetland matures and other 

treatment processes such biological interactions develop. The influence o f the plant species 

was not examined thoroughly but early indications suggest that the faster propagation o f the 

Phragmites australis plant compared to the Typha latifolia has provided a greater surface area 

to inhibit short-circuiting through the wetland and thus promote more optimal hydraulic 

conditions for solid settlement.

Further investigation should be carried out on the capability o f the wetland to remove the 

dissolved fraction o f the pollutants especially the heavy metals in addition to the overall 

pollutant removal efficiency as the wetland matures and flourishes. The final goal o f any
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future research should be to formulate design criteria so that constructed wetlands can be used 

successfully to treat runoff from highways under Irish conditions.
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Chapter 9 Summary, Conclusions and Recommendations

9.1 Summary

As described in section 1.3.1 the four main objectives within the thesis included:

a) A review on the extent of information on highway runoff and management protocol in other 

countries throughout the world, particularly in the EU. With the EU Water Framework 

Directive (2000) as the regulatory driver this review will follow the Source-Pathway-Receptor 

framework for the assessment and consequent risks to both surface and ground water posed by 

the highway runoff.

b) To identify suitable highway sites for monitoring flow and quality o f runoff based on 

current road drainage practice in Ireland. To specify appropriate equipment for the automated 

measurements o f flows and sample collection at these sites and the corresponding water 

quality analysis for a range o f  indicative parameters.

c) To monitor and sample the runoff from the sites selected and compare the results with 

similar studies. To characterise the highway runoff for a number o f watershed phenomena, so 

as to acquire a good understanding o f the processes within the highway catchment. To 

develop a suitable water quality model that can predict the pollutant loading rate from the 

highway with the ability to be used to estimate pollutant mass loads, particularly under 

different conditions i.e. climate and traffic, and for use in addressing runoff management 

issues i.e. in design.

d) To design, construct and evaluate a suitable management system for the treatment o f the 

highway runoff. To measure pollutant concentrations and loading rates at the inflow and 

outflow o f this system so as to determine the overall pollutant removal efficiency. To then 

recommend a suitable management strategy that could be implemented on highways in 

Ireland.
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In an extensive review o f previous research studies conducted on highway runoff and 

management practices a number o f major points can be concluded. The key indicator 

compounds for road and vehicle emissions have been found to include solids, heavy metals 

(Cd, Cu, Pb and Zn), hydrocarbons (PAHs and MTBE) and inorganic salts (phosphorus and 

chloride). The pollutants have been identified to have different levels o f impact on the 

receiving roadside environment depending on their quantity and physio-chemical state. A 

number o f factors have been identified which influence the pollutant characteristics: These 

include the preceding storm conditions, the traffic density and the current storm conditions. 

The main transfer for these pollutants to the roadside environment has been identified to be 

through a combination o f both aerial dispersion and the actual rainfall-runoff process. The 

three main receptors have been identified to be the roadside soil and both the nearby surface 

and ground water.

In Ireland, the current management strategy for the runoff has historically been based only on 

hydraulic considerations and effectively ignores water quality, which is now o f increasing 

concern. The main drainage practice has been identified to be both a filter drain system, 

which makes up over 70% of the drainage on highways investigated or the kerb and gully 

system, which makes up over 15% respectively. The main EU legislation o f particular 

relevance to the management o f highway runoff is the Water Framework Directive (2000), 

which combines existing directives (GW, UWWT) and requires the quantification and control 

o f all diffuse and point pollution, o f which highway runoff is a significant component. These 

regulations are exercised through the Environmental Impact Statement (EIS), which is 

required for most major highways in Ireland. This assessment requires that the impact of 

highway drainage and runoff quality on receiving waters be evaluated and mitigation 

measures, if needed, be incorporated into the drainage system. A review o f international 

experience with alternative forms o f treatment, which can be incorporated into road drainage 

design, showed that constructed wetlands would be the best all-round option for treatment

A total o f 15 sites were selected at an early stage o f the project on the basis that each showed 

evidence o f a Source-Pathway-Receptor linkage, which could be clearly identified within each 

site. A protocol for the selection o f four representative road drainage sub-catchments for 

detailed instrumentation and monitoring was established. This protocol included a number of 

factors that were crucial to the final site selection, such as the proximity to a receiving water
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body, logistical considerations, traffic densities, climatic characteristics, highway maintenance 

practices and both the highway drainage area and system in place. Three o f the final sites 

selected were located on the M7 motorway connecting Dublin and the commuter town of 

Portlaoise; the other site was located on the M4 motorway, which links Dublin to the western 

corridor (Galway, Sligo). The drainage system in place at each o f final sites was either a 

kerb/gully system or an old/new style filter drain.

Analyses o f the runoff waters showed that they contained significant levels o f contaminants, 

which included suspended solids, total and dissolved heavy metals (cadmium, copper, lead 

and zinc), hydrocarbons including PAHs, total organic carbon, chlorides and phosphorous. 

The total heavy metal concentrations followed a pattern o f Cd<Pb<Cu<Zn in magnitude with 

the dissolved phase following a similar trend. The highest concentrations of PAHs were 

detected for the two light 2-3 ring PAHs, naphthalene, phenanthrene, and three of the more 

toxic heavy 4-5 ring PAHs, fluoranthene, chrysene and pyrene. The lowest PAH 

concentrations detected were also a mixture o f the light and heavy groups, acenaphthylene, 

fluorine, and indeno(123cd)pyrene respectively.

The nature and concentrations o f contaminants measured were broadly comparable with those 

reported from similar site conditions in European countries. In particular there were 

similarities with a UK (WRc, 2002) study on highway runoff for a number of contaminant 

concentrations, mainly the heavy metals and PAHs. Those contaminant concentrations not 

similar were total suspended solids and total cadmium, which were detected at higher levels in 

the runoff from the highway sites in Ireland. The main reasons for these differences could be 

due to the location o f the sites selected, which were on highways operating as major access 

routes to large construction sites. This would explain the high concentrations o f suspended 

solids in the runoff that may have been associated with the construction vehicles accessing the 

site and subsequently washed-off in the storm event.

In a visual inspection o f the major highways investigated, it was established that the filter 

drain system was the most popular form o f drainage, making up to 70% of the carriageway 

drainage. The kerb and gully system was the second most popular, making up to 15% of the 

carriageway drainage. In a comparison between the two systems, the level of runoff 

contamination was significantly higher from the kerb and gully system than the filter drain

262



system, particularly for suspended solids, phosphate and the heavy metals (Cu, Pb, and Zn) as 

measured at the outfall to the surface water. The majority o f the PAHs detected were also 

higher in the runoff from the kerb and gully system than that from the lined filter drain system. 

Moreover, there were no PAHs detected in the runoff from the filter drain with no lining 

incorporated into the design at Maynooth site D. However, higher levels o f suspended solids, 

phosphate, copper and zinc were detected in the runoff from the unlined filter drain than the 

one with the lining. This would indicate that the lining is effectively removing a high solid 

fraction, which may have other associated pollutants attached. Upon closer inspection, which 

involved the excavation and soil analysis o f the material in the two types o f filter drain it was 

concluded that both systems were seriously clogged, particularly at the section o f the new 

design where the overlap o f the geotextile lining was located.

In comparison with EU Drinking Water Standards (DWS) and Environmental Quality 

Standards (EQS), the runoff from the kerb and gully system exceeds the maximum permissible 

values for suspended solids, phosphate, one particular PAH -  Benzo(a)pyrene and all the 

heavy metals. The concentrations in the runoff from the unlined filter drain exceed the 

maximum permissible values for suspend solids, lead and zinc, whereas for the lined filter 

drain values for suspended solids, cadmium and lead are exceeded at the study site.

A number of hydrological characteristics were analysed for the drainage systems under 

investigation. The runoff coefficient was found to be the most significant characteristic. This 

is basically a water balance depicting the ratio o f precipitation falling onto the catchment to 

the resultant runoff, which was calculated for each drainage system investigated. The values 

for the two sites with the kerb and gully were high, at 0.91 (site A) and 0.78 (site B), which 

was expected and is comparable with previous findings in the literature. The values for the 

two sites with the filter drain were low, at 0.48 (site D) for the unlined filter drain system, and 

extremely low at 0.11 (site C) for the lined filter drain. These values are below expectations 

and findings from similar investigations on filter drains (unlined) reported in the literature. 

These water balances suggest that the majority o f the runoff is not passing through to the 

designated surface water via the carrier pipe at the foot o f the filter drain. Therefore, it was 

concluded that a significant percentage o f runoff, as high as 89% for the lined system is lost in 

roadside percolation to the subsurface, and possibly reaching the underlying groundwater. As 

the groundwater is inadvertently the receptor o f the highway runoff this raises the issue o f
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possible groundwater contamination particularly from the dissolved contaminants (nutrients, 

heavy metals) in the runoff. In summary, these runoff coefficients and subsequent 

contaminant loading rates indicate that groundwater is a receptor, particularly where the filter 

drain is incorporated. Moreover, under the EU Water Framework Directive (2000) a risk 

analysis is required and if  the risk is high, the pathway to the receptor may require a different 

form o f treatment.

In the water quality characterization o f the direct runoff from the Kildare kerbed site (site A) a 

number o f catchment phenomena were investigated, including parameter correlations, the first 

flush, and the parameter relationships with the storm characteristics. In summary, a number of 

contaminants exhibited strong and positive correlations with each other, particularly the 

suspended solids with both the phosphate and heavy metals. The dissolved heavy metal 

fraction and the chloride were also highly correlated indicating a similar transport mechanism 

most likely due to their similar physio-chemical state. The individual heavy metals -  copper, 

lead and zinc had also strong correlations with each other, indicating a similar origin such as a 

metal alloy consisting o f all three. In the analysis o f the first flush effects, a number o f graphs 

o f normalized cumulative mass against normalized cumulative volume were plotted for each 

of the pollutants. It is clear from the level o f departure above the 45° slope that the phosphate, 

particulate heavy metals and the total suspended solids exhibited the greatest first flush with 

the dissolved heavy metal fraction and chloride showing the least first flush response. In 

comparison with four first flush criteria reported in the literature the results from this study 

only meet the 50% mass to 25% volume ratio as set out by Wanielista and Yousef (1993) for 

the majority o f the pollutants.

Comparisons were made between the pollutant concentrations and a number o f the storm 

event characteristics, such as past and current climate conditions and traffic volumes. Results 

indicated that the main influential climate characteristics were the rainfall intensity o f the 

present storm event and the length of the antecedent dry period. The traffic volumes 

surprisingly did not have as big an impact as expected and only the traffic volumes in the dry 

period preceding the storm event had any influence on some o f the pollutant concentrations. 

With the identification o f the main influential factors affecting the pollutant loading rate, a 

predictive model was formulated with the aid o f basic multiple linear regression analysis. The 

model has the ability to estimate pollutant mass loads o f total suspended solids, particularly
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under different conditions i.e. intensity and flow, and can also be used in addressing runoff 

management issues. This equation and R square value indicates that 91% o f the variation in 

the TSS loading observed from the direct runoff at site A is explained by the variables - flow, 

intensity and antecedent dry period. The dependent variable in the regression, TSS load, is 

expressed as grams/square meter; therefore it is obvious that the total volume o f flow will 

appear in the model and in every other constituent model. The other two variables, the 

intensity o f the storm flow (i.e. directly related to the rainfall intensity) and the antecedent dry 

period are the true variables that control the loading rate. The dry period preceding the storm 

event is a significant factor as this is the period when the contaminants, particularly the 

suspended solids accumulate on both the highway surface and the passing traffic. The longer 

this period is, the greater the build up o f the sediment fraction available for subsequent wash- 

off in the following storm event. The intensity o f the storm event (i.e. rainfall intensity) is also 

a significant factor as this provides the kinetic energy to dislodge the particulate matter from 

its resting place on either the vehicles or the road surface and then in the following pseudo

suspension o f particulate matter in the lateral sheet flow. The equation is presented below:

TSS load (g/m^) = Pi(Flow, l/m^) + p2 (Intensity, l/m^/min) + P3 (ADP, hours) + C

TSS load (g/m^) = 1.539(Flow, 1/m^) + 21.98(Intensity, l/m^/min)

+ 0.009(ADP hours) -  4.158

With the TSS load calculated, other pollutants such as phosphate and the heavy metals, which 

have a close affiliation with the TSS, could be estimated. The formulated predictive equation 

was then compared to one from an American study (Irish et a i ,  1995) and, with adjustments 

for the additional gully pot, the TSS annual loading rates calculated using each equation were 

relatively similar.

The final stage o f the project was to suggest and implement alternative drainage management, 

which might avoid the possible impacts, in this case, likely to be to both the surface and 

ground water. In this context, a wetland for the receipt o f direct, kerbed runoff was built on 

the M7 Monasterevin bypass (site B), approximately 20m x 14m and approximately 0.5m in 

depth, planted with Phragmites and Typha species. The data collected to date indicates that 

the wetland is performing to design and will act as both a flow regulating device/detention
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pond as well as a quality attenuation mechanism. The pollutant load removal efficiency for 

total suspended solids was 95%, 85% for total phosphate, 74% for total organic carbon, 86% 

for total copper, 95% for total zinc, 86% for total cadmium and 85% for total lead 

respectively. These results would suggest that the constructed wetland is very efficient at 

removing pollutant loads in highway runoff, but that such a mechanism remains essentially a 

mass storage system for the contaminants and in the long term there will be maintenance 

requirements. Nevertheless, as a sustainable drainage system, it is clearly more advantageous 

than the current kerb/gully and filter drain systems and is likely to have a more pragmatic 

mitigation effect in terms o f  both surface and ground water protection under the Water 

Framework Directive.

9.2 Conclusions

The results o f this research impart understanding o f highway diffuse pollution, factors 

affecting pollution concentrations and suitable management practices that can be implemented 

for Irish conditions.

The following conclusions have been drawn from this research study:

• Traffic and the highway infrastructure are significant sources o f various types of 

contamination, which form part of the runoff as it leaves the road pavement along 

highways in Ireland.

• Analyses on the runoff water from highways in Ireland showed that it can contain 

significantly high contaminant levels o f suspended solids, heavy metals phosphorous 

and a number o f PAHs, some o f which are higher than the permissible water quality 

guidelines (EQS and DWS).

• The nature and concentrations of contaminants measured were broadly comparable 

with those reported from similar conditions in other European countries, particularly 

with a study for highways in England (WRc, 2002).

• The kerb and gully system, which was found to drain approximately 15% of the major 

highways in Ireland, contributed to high pollutant concentrations in the runoff. The 

gully was identified to contribute to a large fraction of the contaminant loading.
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particularly in the first flush, whereas the kerb was identified as a barrier retaining the 

pollutants on the highway surface for later wash-off

• The filter drain, which drained approximately 70% of the highways contributed to 

relatively low pollutant concentrations in the runoff The filter drain, although not 

expressly designed as a runoff treatment system, performs well in the removal of a 

number of pollutants particularly the suspended solids. However, investigation 

showed, as typically designed, their drainage function appears to deteriorate relatively 

rapidly with age, mainly through clogging of the filter material and the surrounding 

geotextile. One of the main conclusions from this investigation is that regular 

maintenance on the filter drain such as on-site recycling of the filter material is 

essential for a long lasting and healthy drainage system.

• At present the drainage design for major highways in Ireland has the surface water as 

the designated receptor. However, on sites studied, particularly with the filter drain, 

significant proportions of the flow and the associated contaminant load from the road 

surface do not reach the intended receptor.

• Careful water balance calculations on each of the drainage systems investigated 

indicated that there are alternative, undocumented pathways taken by part of the 

runoff Runoff coefficients particularly from the lined filter drain were as low as 10%. 

Investigations including excavations indicate that there are probable subsurface 

pathways, which bypass the designed drainage route to the surface water. These 

bypasses have the potential to cause contamination of the adjacent soils and subsurface 

waters

• In the characterization of the runoff the TSS was identified as having a strong 

affiliation with other contaminants (heavy metals, phosphorus); therefore it could be 

used as a surrogate for other pollutants in highway runoff, offering the prospect for 

tremendous analytical cost savings.

• The first flush criterion of 50% mass to 25% volume was identified for a number of the 

pollutants including suspended solids, total organic carbon, phosphate, copper, zinc 

and dissolved lead. This has implications for any management system, which could be 

designed to capture at least the first 25% of the runoff volume so as to achieve a 

reduction of at least half the pollutant load for a number o f contaminants.
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• Statistical analysis o f the relationships between pollutant concentrations and storm 

event characteristics suggest that the main influential factors are the rainfall intensity 

and the antecedent dry period and minor factors may include the traffic volumes and 

preceding storm conditions for highways in Ireland.

• A predictive model for the prediction of the TSS load was formulated on the basis o f a 

multiple linear regression, which after adjustment correlated well with a similar model 

from an American study. The predictive model from this study indicated that 91 % of 

the variation in the TSS loading is explained by the intensity o f the storm, the flow, 

and the dry period preceding the storm. Traffic volumes were not included as they 

were identified to have a weak statistical significance in the model, which is a similar 

outcomc to past studies (Irish et a l,  1998, Drapper et a l ,  2000).

• A review o f international experience with alternative forms o f treatment, which can be 

incorporated into road drainage design, showed that constructed wetlands would be the 

best all-round option for treatment. The wetland constructed performed to design and 

acted as both a flow regulating device/detention pond as well as a quality attenuation 

mechanism. The pollutant load removal efficiency for total suspended solids was 95%, 

85% for total phosphate, 74% for total organic carbon, 86% for total copper, 95% for 

total zinc, 86% for total cadmium and 85% for total lead respectively. The dominant 

process involved in the removal o f pollutants appeared to be due to sedimentation of 

the solid fraction. Research is still ongoing as the wetland matures and other treatment 

processes such as biological interactions develop. The influence o f the plant species 

was not examined in detail but early indications suggest that the faster propagation of 

the Phragmites australis vegetation density compared to the Typha latifolia has 

provided a greater surface area to inhibit short-circuiting through the wetland and thus 

promote more optimal hydraulic conditions for solid settlement.
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9.3 Recommendations

Future research should include further investigations into the unexplained losses o f water from 

the filter drain system, with a view to determining if  there are any implications for 

groundwater contamination. If the filter drain is to continue in use, a re-design is required to 

improve its efficiency in terms o f drainage maintenance as well as treatment if  it is specifically 

to assume that role. In particular, it is recommended that the role o f the geo-textile is re

examined. If the kerb and gully system is to continue in use, a re-design o f the actual kerb and 

gully pot designs should be required to avoid the build-up o f pollutants on the highway. There 

should also be a control structure incorporated into this system, which will act as both a 

suitable treatment and attenuation mechanism. The drainage system should be designed 

specifically for management o f both runoff quality and quantity.

The results o f this study indicate that the conventional cut-off, 30,000 AADT, may not be an 

adequate guide for treating runoff from highways in Ireland. The majority o f the sites 

investigated were below 30,000 AADT yet had significantly high levels o f pollutants. The 

correlations between the pollutant concentrations in the runoff and traffic densities were weak 

compared to other factors such as the storm intensity and antecedent dry period. This suggests 

that these factors are statistically stronger and so are better indicators than the traffic volumes 

for determining if  the highway requires some form o f runoff treatment practice.

This study has established that a high proportion o f many o f the contaminants, particularly the 

solid fraction and associated heavy metals and phosphate were washed off the highway 

surface in the “first flush”. These findings indicate that it is essential that the early fraction of 

runoff (first flush) be routed through any treatment arrangements, such as the wetland etc. 

However, the findings also indicate that the latter parts o f many storm events contained low 

levels o f pollutants and so raises the possibility that they could be allowed to by-pass the 

treatment facility. Thus the treatment facilities such as the wetland may only have to be sized 

to accommodate the “first flush” and not the entire storm volume. The quantification o f these 

relationships in future work will allow the potential capacity savings to be estimated. As this 

could apply over the entire length o f the relevant highways, any saving in treatment capacity 

could be greatly multiplied.
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To fully validate the treatment option o f the constructed wetland in Irish conditions, 

monitoring and evaluation should he continued on the site constructed under this study. 

Additional pollutants such as the dissolved metals and the PAHs should be monitored as the 

wetland matures and other processes such as biological begin to develop. The influence o f the 

plant species should be investigated fiirther and a more efficient integration o f the wetland into 

the roadside environment either as a linear wetland or point-source wetland should also be 

investigated. The final goal o f any future research should be to formulate design criteria so 

that constructed wetlands can be used successfully to treat runoff from highways under Irish 

conditions.
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Appendix A LABORATORY PROCEDURE

Introduction

To produce reliable and accurate results a suitable sampling, transportation, storage and 

analysis technique was important. The samples were first collected using hi-tech ISCO 6712 

automatic samplers, which contained 24 glass bottles with Teflon-lined caps. Before placed in 

the sampler these glass bottles were wrapped with foil to minimise photolytic decomposition, 

so as to comply with the requirements for PAH sampling. At the collection stage the glass 

bottles were careftilly removed and each was labelled for later identification. They were then 

placed in a cooler box for the transfer back to the laboratory. In the lab the samples were 

analysed immediately or preserved for a later date by freezing or the addition o f an acid. The 

water quality analysis in the lab was carried out to American Public Health Association (1998) 

guidelines, under the careful eye o f a professional laboratory technician.

A.l Procedure for the Determination of Total Suspended Solids

Method: 2540D (APHA, 1998)

Principal: The filter material (size) was first prepared and weighed using preparation

guidelines outlined in APHA (1998) section 2540D. The filter material was

then placed in the filtering apparatus and wet with a small volume o f reagent-

grade water to seat it. A known volume o f well-mixed sample was added to the 

seated glass fiber filter. The glass fiber filter was washed with three successive 

10ml volumes o f reagent-grade water, drained completely between washes and 

subjected to suction (pressure) for 3 minutes after complete filtration. The 

filter was removed from the filtration apparatus, transferred to an inert dish and 

placed in an oven at 103 to 105°C to dry for at least an hour. After this time the 

dish was placed in a desiccator to cool and reach a steady temperature before 

weighing. The cycle o f drying, cooling, and weighing was repeated until a 

constant weight was obtained or the weight change was less than 4 % o f the 

previous weight or 0.5mg, whichever was less.
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Interferences:

1. Exclude any non-representative particulates such as leaves and sticks from the 

filtered sample

2. Limit the sample size to yield no more than 200mg o f residue.

3. Rinse the filtration apparatus thoroughly with distilled-ionized water for 

samples containing large amounts o f solid residue.

Apparatus:

1. Vacuum pump

2. Glass-fiber filter disks (934 AH)

3. Filtration apparatus

4. Drying oven, operational at 103 to 105°C

5. Analytical balance, capable o f weighing 0.1 mg

6. Desiccator

7. Planchet, stainless steel or aluminum 

Procedure:

1. Wash glass-fiber filter disks with three successive 20ml portions o f reagent 

grade water.

2. Transfer filter to inert planchet and dry in an oven at 103-105“C for at least an 

hour.

3. Cool filters in desiccator to balance the weight and temperature, and then repeat 

cycle until constant weight is obtained (±0.5mg).

4. The sample volume should be limited to yield no more than 200mg o f solid 

residue.

5. Place the filter in the apparatus and then wet slightly with distilled water to seat 

it.

6. Add a volume o f well-mixed sample to the seated glass fiber filter.

7. Wash through with three successive volumes o f distilled water (10ml), and

continue suction process for approximately three minutes.

8. Remove filter from apparatus and place on the planchet.

9. Place planchet with filter into the oven and dry for at least 1 hour at 103-105°C,

place in a desiccator and repeat cycle until constant weight is obtained.
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10. Weigh the filter and residue on the analytical balance and record the weight.

Calculation: The total suspended solids is calculated using the following formula

Total suspended solids = (A -  B) x 1000

Sample volume (ml)

Where:

A = weight o f filter + residue, mg, and

B = weight o f filter, mg.

QA/QC:

1. One duplicate is run for ever 10 samples analyzed

2. One blank sample using distilled water is run for every 10 samples analyzed.

Limit of Detection:

TSS l.OOmg/1

Reference:

This procedure is based on the following method 

1. Standard Methods for the Examination o f Water and Wastewater 20* Edition, 

APHA 1998. 2540 D; Total Suspended Solids Dried at 103-105°C

A.2 Procedure for the Determination of Total Phosphorus

Method: Starmous Chloride Method 4500-PD (APHA, 1998)

Principal: Total phosphate is analyzed using a spectrophotometer which detects the

change in colour between samples after an indicator is added, in this case the 

blueness o f the sample. A series o f standard solutions in the range 0.05 to 

1 .Omg/1 were firstly prepared by diluting the stock. A suitable portion o f mixed 

sample usually 50ml, which does not contain more than 200mg o f P and is

colourless was measured out. To this sample one drop (0.05ml) of

phenolphthalein indicator solution was added and in the cases were a red colour 

developed, sulphuric acid was added, drop by drop to discharge this colour. To
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each sample, 1ml o f sulphuric acid solution and either 0.4g o f  ammonium 

persulphate (NH4)2S20s or 0.5 g o f  potassium persulphate K2 S2 O 8 were added. 

The samples were then heated in an autoclave for 30 minutes at a temperature 

o f 200°C and once removed were left to cool in the lab at room temperature and 

pressure (RTP). Once cooled, one drop (approx 0.05m l) o f  phenolphthalein 

indicator solution was added and neutralized to a faint pink colour with NaOH. 

With the addition o f  distilled water the samples were made up to 100ml and 

then vibrated well to dissolve what might have precipitated. To this mixed 

solution 4.0ml o f  molybdate reagent I and 0.5ml stannous chloride reagent I 

were added. As the temperature o f  each sample influences its colour the 

samples were all held at a constant temperature which varied by no more than 

2°C .  The samples were than individually at a time spacing o f  10 minutes 

placed into the spectrophotometer which measured absorbance at a level o f  

690nm. The readings from each sample were compared with a calibration 

curve which was formulated using distilled water as a blank.

Interferences:

1. Guard against contamination from reagents, water, glassware, and the sample 

preservation process.

2. Silica and arsenate cause a positive interference, whereas arseant, fluoride, 

thorium, bismuth, sulphide, thiosulphate, thiocyanate, or excess molybdate 

cause a negative interference.

Apparatus/Reagents:

1. Spectrophotometer (to read at 690nm)

2. Autoclave or pressure cooker

3. Distilled water (phosphate free)

4. Phenolphthalein indicator aqueous solution

5. Sulphuric acid solution (300ml H 2S04  diluted with 700ml to 1 litre)

6. Ammonium persulphate, (NH4)2S20g, solid or potassium persulphate, K2 S2 O8 

solid

7. Sodium hydroxide
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8 . Am m onium  m oiybdate reagent I: Add 25g (NH 4)6M o7024 .4 H2 0  to 175ml o f  

distilled water. Add 280ml conc. H2SO4 to 400ml distilled water. Add 

m oiybdate solution, and dilute to 1 litre.

9. Stannous Cloride reagent I; Add 2.5g SnCl2.2H20 in 100ml glycerol. Heat in 

water bath with constant stir.

10. Phosphate stock solution: Dissolve in still water 219.5m g anhydrous KH 2PO4 

and dilute to 1000ml.

Procedure:

1. Prepare standard solutions in the range 0.05 to l.Omg/1 (dilution o f  stock 

solution)

2. Use a suitable portion (50ml) o f  m ixed sample containing no greater than 

200m g o f  P and free from colour and turbidity. To this add 0.05ml (1 drop) o f 

phenolphthalein indicator solution. N.B. if  red colour appears, add H 2S 04  

drops to discharge colour.

3. Add 1ml o f  H 2S 04  solution and either 0.4g o f  solid (NH4)2S20g or 0.5g solid 

K2S2O8.
4. Heat solution for 30 min in an autoclave. After cooling, add 0.05ml (1 drop) 

phenolphthalein indicator solution, and then neutralize to a faint pink colour 

with NaOH. Using distilled water, make up to 100ml, and shake w ell to 

dissolve any participates.

5. Add, while mixing, 4.0ml m oiybdate reagent I and 0.5ml stannous chloride 

reagent I. Hold samples, standards and reagents w ithin 2°C o f  one another and 

w ithin tem perature range from 20 to 30“C.

6. Place samples one at a time into the spectrophotom eter at tim e intervals o f 

approx lOmin. M easure absorbance at 690nm and compare with the calibration 

curve, using distilled water blank.

Calculation: The total phosphate is calculated by; firstly obtaining a standard curve by 

plotting absorbance o f  standards against phosphorous concentration, then 

com puting sample concentrations directly from the standard curve.



QA/QC:

1. As the colour at first develops progressively and later fades, equal tim ing 

conditions for samples and standards are maintained.

2. Blanks on reagents and distilled water are run at every analysis period. At 

least one standard with each set o f  samples or once each day samples are 

tested are prepared.

Limit o f Detection:

TP 0.01 mg/1

Reference:

This procedure is based on the following method

1. Standard M ethods for the Exam ination o f  W ater and W astew ater 20* 

Edition, APHA 1998. 2540 D: Total Phosphorous, Stannous Chloride

M ethod 4500 PD.

A.3 Procedure for the Determ ination o f Total Organic Carbon

Method: High-Tem perature Com bustion M ethod 5310 B (APHA, 1998)

Principal: The Total Organic Carbon (TOC) content in each sample was m easured using

the High Tem perature Com bustion M ethod (531 OB). Each sample was first 

hom ogenized, and then diluted as necessary before m icro portion o f  each was 

injected into a heated reaction cham ber packed with an oxidative catalyst such 

as cobalt oxide. The water was vaporized and the organic carbon was oxidized 

to C O 2 and H 2O. The C O 2 from the oxidation o f  the organic and inorganic 

carbon was transported in the carrier-gas streams and was then m easured by 

m eans o f  a non-dispersive infrared analyzer.

Interferences:

1. Losses can occur during sample blending, and if  large carbon-containing 

particles fail to enter the needle used for injection.

2. Avoid contam inated glass-ware, plastic containers, and rubber tubing.
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Apparatus/Reagents:

1. Carbon Analyzer

2. Distilled water

3. Sulphuric acid

4. Organic carbon stock solution: Dissolve 2.1254k anhydrous potassium 

biphthalate, C 8H 5KO4 in water (carbon free) and dilute to 1000ml. Preserve by 

acidifying with H2 SO4 .

5. The carrier gas: purified oxygen or air, CO2 free, containing less than Ippm 

hydrocarbons.

6 . Purging gas: Gas free o f both CO 2 and hydrocarbons.

Procedure:

1. Instrument operation: Follow manufacturer’s instructions for analyzer

assembly, testing, calibration, and operation. Adjust the optimum combustion 

temperature (680‘’C) at the start.

2. If there are noticeable gross solids or insoluble matter in sample, homogenize 

until satisfactory replication is obtained.

Calculation: The first step is to calculate the correct instrument response o f standards and 

samples by subtracting the reagent-water blank instrument response from the 

standard and sample values. A standard curve o f corrected instrument response 

vs. TOC concentration is prepared. The protocol blank is subtracted from each 

sample instrument response and compared to the standard curve to determine 

carbon content. An appropriate dilution factor is applied when necessary.

QA/QC:

1. After 10 samples have been analyzed, a blank and a laboratory control sample 

prepared from a source o f material other than the calibration standards, at a 

level similar to the analytical samples is analyzed.

Limit of Detection:

TOC 1 .OOmg/1
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Reference:

This procedure is based on the following method

1. After Standard Methods for the Examination o f Water and Wastewater 20* 

Edition, APHA 1998. 5310 B: Total Organic Carbon.

A.4 Procedure for the Determination of Heavy Metals (Cd, Cu, Pb, and Zn)

Method: Flame Atomic Absorption Spectrometry 311 IB, 3030B, (FAAS) (APHA,

1998)

Principle: A suitable volume (50 to 100ml) o f mixed sample was measured and

transferred to an inert bottle. To this 5ml o f HNO3 was added along with a few 

boiling chips. This was slowly brought to the boil and evaporated on a hot 

plate to the lowest volume possible ( 1 0  to 2 0 ml) before precipitation occurred. 

The heating was continued and concentrated HNO3 was added until digestion 

was complete as indicated by a light-coloured clear solution. The walls o f the 

bottle were washed down with water and filtered when necessary. The filtrate 

was transferred to a 1 0 0 ml volumetric flask, cooled, diluted to the mark and 

mixed thoroughly. Portions o f this solution were used for determining levels o f 

Cd, Cu, Zn, and Pb respectively using the Flame Atomic Absorption 

Spectrometry (FAAS).

Interferences:

1. For the metals tested (Cd, Cu, Pb and Zn), no major chemical interferences 

have been reported in the air-acetylene.

Apparatus/Reagents:

1. Atomic Absorption Spectrometer (AAS) and associated equipment

2. Hot plate / Steam bath

3. Glass bottles

4. Distilled water

5. Concentrated nitric acid

6 . Standards -  metal solutions
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Procedure:

1.

2 .

3.

4.

Calculation:

To determine the d issolved  fraction o f  the m etals filter the sample im m ediately  

after collection through a filter o f  size 0 .45m m  membrane. After the filtration 

process acidify the sample to ph o f  2 with conc. H NO 3 and then analyze 

directly.

To determine the acid extractable metals, acidify the entire sample with 5ml o f  

conc. HNO 3 . Transfer 100ml o f  the sample to a beaker, and then add 5ml 1 + 1 

high purity HCl. Heat beaker on a steam bath for 15min. Filter the sample 

through a membrane filter, and add distilled water to up 1 0 0 ml o f  filtrate 

volum e, and then analyse.

To determine the total metals m ix the sample a transfer a suitable volum e  

(100m l) to a beaker. Add 5ml o f  H NO 3 and a few  boiling chips. S low ly  boil 

and evaporate the sample on a hot plate to the low est volum e possible (~ 2 0 ml) 

before precipitation occurs. Continue the heating and add more con c.H N 03  

until the digestion process is com plete as presented by a light-coloured to clear 

solution. Wash sides o f  beakers and filter i f  needed. Transfer the filtrate to a 

100ml volumetric flask and dilute to marked level. Analyse solution  

appropriately using the AAS.

For the metals associated with the sediment, firstly oven dry the soils samples 

at 103-105°C for 24 hours, and then cool in a desiccator. Crush and sieve and 

then take a known weight (2g) and transfer this to a beaker. Add 5ml o f  conc. 

HNO3 and evaporate the sample on a hot plate to dryness. D isso lve this residue 

in 1% nitric acid and filter through a Whatman 934-AH  Glass M icrofibre Filter. 

Make it up to a final volum e o f  100m l and then analyse.

At least three concentrations o f  each standard metal solution are selected to 

bracket the expected metal concentration o f  the sample and blank. The A A S  

reads o f  the concentrations based on the calibration curve. This curve is re

sloped after five sam ples have been run through. The concentrations can then 

be read directly from the AA S instrument.
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QA/QC:

1. Blanks on reagents and distilled water are run at every analysis period. At least 

one standard with each set o f samples or once each day samples are tested are 

prepared.

Limits of Detection:

Cadmium 0.001 mg/1

Copper 0.002mg/l

Lead O.OlOmg/1

Zinc 0.002mg/l

Reference:

This procedure is based on the following method

1. After Standard Methods for the Examination o f Water and Wastewater 20* 

Edition, APHA 1998. 311 IB, 3030E Treatment for Acid-Extractable Metals, 

Air-Acetylene Flame Method.

A.5 Procedure for the Determination of Chloride

Method: Argentometric Method 4500-Cl (APHA, 1998)

Principal: In a neutral or slightly alkaline solution, potassium chromate can indicate the

end point o f the silver nitrate titration o f chloride. The silver chloride is 

precipitated quantitatively before red silver chromate is formed.

Interference:

1. Substances in amounts normally found in potable waters will not interfere.

2. Bromide, iodide, and cyanide can register as equivalent chloride concentrations

3. Sulfide, thiosulfate, and sulfite ions can interfere but can be removed by 

treatment with hydrogen peroxide.

Apparatus/Reagents:

1. Erlermieyer flask, 250ml
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2. Buret, 50ml

3. Potassium dichrom ate indicator solution: Dissolve 50g o f  K 2C r04  in a little 

distilled water. Add A gN 03 solution until a definite red precipitate is formed. 

Let it stand for 12h, filter, and dilute to 1L with distilled water.

4. Standard silver nitrate solution, 0.0141M: Dissolve 2.395g AgNOB in distilled 

water and dilute to 1000ml. Standardize against NaCl. 1.00ml = 500|xg C1-. 

Store in a brown bottle.

5. Standard sodium chloride, 0.0141M : Dissolve 824.Omg NaCl (dried at 140°C) 

in distilled water and dilute to 1000ml; 1.00ml=500|xg C1-.

Procedure:

1. Sample preparation: Use a 100ml sample or a suitable portion diluted to 100ml.

2. Titration: Directly titrate samples in the pH range 7 to 10. Adjust sample pH to 

7 to 10 with H2SO4  or NaOH if  it is not in this range. Add 1.0ml K2Cr0 4  

indicator solution. Titrate with standard AgNOs titrant to a pinkish yellow end 

point. Be consistent in end-point recognition.

3. Standardise AgNOs titrant and establish reagent blank value by m ethod 

outlined above.

Calculation:

Cl (m g/i) = (A -  B) X N X 35 450

Sample (ml)

Where: A = titration for sample (ml)

B = titration for blank (ml)

N = norm ality o f  AgNOs

QA/QC:

1. Blanks on reagents and distilled water are run at every analysis period. A t least 

one standard with each set o f  samples or once each day samples are tested, are 

prepared.

Limit o f Detection:

TCL 0.2mg/l
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Reference:

This procedure is based on the following method

1. After Standard Methods for the Examination o f Water and Wastewater 20* 

Edition, APHA 1998. 4500-Cl Argentometric Method

A.5 Procedure for the Determination of Poly Aromatic Hydrocarbons

Method: Gas Chromatographic/Mass Spectrometric Method (GC-MS) 6440C (APHA,

1998)

Principal: A measured volume o f sample is extracted with methylene chloride. The

extract is then dried, concentrated, and separated by the gas chromatographic 

(GC) method. A flame ionization detector is used with the GC and the sample 

is analysed by a temperature programmed capillary chromatography and Mass 

Selective Detection (MSD). The identification is performed using Selective 

Ion Monitoring (SIM) and quantification o f the components is carried out by 

means o f the Internal Standard technique, using 5 deuterated Internal Standards

Interference:

1. Method interferences may be caused by contaminants in solvents, reagents, 

glass-ware, and other sample-processing hardware that lead to discrete artifacts 

and/or elevated base lines in detector output. All these materials must be 

demonstrated to be free from interferences under the conditions of the analysis. 

This is undertaken by analysis o f method blanks.

2. Interferences co-extracted from the sample will vary considerably from source 

to source. If  the analysis o f an extracted sample is prevented due to 

interferences, it may be necessary to clean up by chromatography. :

3. The raw data from all blank samples and spikes, where applicable, must be 

evaluated for interferences; all samples must be blank corrected. It most be 

determined if  the source o f interference is in the preparation and/or clean up of 

samples. Corrective action must be taken to eliminate any problem.

4. In some cases contamination by carry over can occur whenever high-level and 

low-level samples are sequentially analysed. Therefore as part o f the auto-
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sampling sequence o f the GC-MS, the syringe must be rinsed out between 

samples with solvent. When there is an unusually high concentrated sample 

encountered, the next analysis should be that o f a blank to ensure that no cross 

contamination occurs. Wherever the sample is part o f a continuous batch the 

analysis should be repeated.

Apparatus/Reagents:

1. Gas chromatographer

2. Custom stock PAH standard containing 19 PAHs, each at a concentration of 

lOO^g/1

Procedure:

1. Prepare the sample for analysis using the 10^1 precision syringe, and add lO^il 

o f the working Internal Standard solution to the sample extract as received from 

the extraction laboratory, mix thoroughly, and the sample is ready for analysis.

QA/QC:

1. The standards must be stored in a refrigerator at 4°C±5°C.

2. Daily check standards, normally 5(ig/ml, should be analysed after every 20 

samples. If this result falls outside the acceptable limits, i.e. between 2 and 3 

standard deviations o f the expected value, the system should be re-calibrated 

and the samples before the check should be re-analysed.

Limit of Detection:

PAH 0.01 ug/1

Reference:

This procedure is based on the following method

1. After Standard Methods for the Examination o f Water and Wastewater 20* 

Edition, APHA 1998. Gas Chromatographic/Mass Spectrometric Method (GC- 

MS) 6440C

304



Appendix B: MONITORING EQUIPMENT

Introduction

This project used a series o f instruments supplied by ISCO International as detailed below. 

The instruments worked well in collecting the water samples and recording the rainfall and 

runoff flow at each site.

B.l ISCO 6712 (part of the 6700 series) automatic portable sampler

The automatic sampler used for this investigation was the ISCO 6712 with a capacity o f 24 

bottles. All the other equipment deployed such as the flow meter and rain gauge are 

connected to this central device which stores data. This data may then be later downloaded on 

to a mobile laptop. The sampler itself is triggered to take samples by an electronic pulse either 

from the flow meter or rain gauge as previously discussed. When the sampler takes a sample, 

it firstly draws liquid through the strainer and suction line to the pump tube. The liquid flows 

through the pump tube, past the liquid detector, which senses the liquid. From the detector, 

the liquid follows the pump tube through the pump to the bulkhead fitting and then through the 

discharge tube to the sample bottle. Each bottle is numbered and the sampling arm rotates in a 

clockwise direction to fill the bottles.

Figure B l: ISCO 6712 automatic portable sampler
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6700 Controller

Figure B2: Automatic controller and rotating sampler arm

Figure 83: Automatic sampler out in site



6700 S ta n d a r d  Po r t a b l k  S a m i»i j ;h : P iiy sk  a i. S p e c if ic  a t io n s

D im ensions: Htiigiit: 27 inches (6S.6 cni) Diainoter: 19.96 inclips (50.7 cm)

Sanip lor T ub  t'on fig iiin tio n s : • 24 WGclfiC' pohpujijylyne botllas. l.(X)0 ml
• 24 round glass bottles, 350 ml
• 12 round polypropylone bottles, 1,000 ml
• 12 round glass bottks. 950 ml
• 8 nmuid pol.TCtliylenp bottles. 2.0 liters
• 8 round glasK bottles, 1.8 liters
• 4 round pol.TCthylent' bottles, 3.7 liters (1 gal)
• 4 round glass bottles, 3.7 liters (1 gal)
• 1 round polyetliylenf bottle, 9 4 liters (2.5 gab
• 1 round glass bottle, 9.4 liters (2.5 gal.'

Dry Woiglit; 32 lbs 115 kg)

This includes th e  top covta; center section, tub. ccmtrDller, pum p tube, d istribu tor arm. d istribu tor arm  nut. luid 
d isd iarge  tube for the  24 bottle configuration.

I)|-y W eight W th : 24 plastic bottles, hold doxvn, no caps 36 lbs (17 kg)
24 glass bottles, aq jander ring, no caps 55 lbs (25 kg)
12 plastic bottles, insert, expander ring, no ca])6 37 lbs (17kg  >
12 glass bottles, insert, expander ring, no caps 45 lbs (21 kg)
8 p lastic  bottles, insei-t, hold down, no caps 36 lbs (17 kg)
8 glass bottles, insert, hold down, no caps 46 lbs (21kg)
4 p lastic  bottles, insert, hold down, no caps 36 lbs (17 kg)
4 glass bottles, iasert, hold down, no caps 45 lbs (21 kg)
1 p lastic  bottle and comiiosite tulio guide, no cap. :irm or nu t34  lbs (16 kg)
1 glass bottlf' and  composite tube guide, no cap. a n n  or nu t 38 lbs (18 kg >

24 iilastic bottles 
24 glass bottles 
12 |ila.>!tic bottles 
12 glass bottlos 
8 p lastic  bottles 
8 glass bottk“s 
4 p lastic  bottlf*
4 glass bottles 
1 p lastic  bottle 
I glass bottle

101 lbB(46kfi) 
104 lbs(48 kg)
89 lbs (41 kg) 
95 lbs (43 kg) 
84 lbs (38 kg) 
.TO lbs (41 kg) 
98 lbs (45 kg) 
104 lbs(48 kg)
90 lbs (41 kg) 
94 lb? (43 kg)

Tlus mcludes ever>lhm g in the  Dry Weigtit. Diy Weight Witli, mid loe Capacity specificationas and t l»  bottkw art’ 
filled to th e  cupacitits ILsted in Stunpler Tub Configurations. This weight does not include a  power souiice.

Icp ('R paeity: 24 jJastic  bottles 12 lbs (5.4 kg)
24 glass bottles 30 lbs (13.6 kg)
12 iilastic bottles 16 lbs (7.3 kg)
12 glass bottles 16 lbs (7,3 kg)
8 p lastic  bottles 12 lbs (5.4 kg)
8 glass bottles 12 lbs (5.4 kg)
4 p lastic  bottle.s 28 lbs (12.7 kg)
4 glass bottles 25 lbs (11.3 kg)
1 p lastic  bottle 35 lbs (15.9 kg)
1 glass bottle 35 lbs (15.9 kg)

® / 4 ”  X ® / 4 "  X V 4 "  appro.\im ate ice cube size. Ice capacity will vary witli tlie size of th e  cubfs.

Figure B4: Physical specifications o f the 6712 Sampler
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6700 ST/\NDAKD POUTAIILE S.\ftlPU:R: PlIVSK'Al. SPKCiriCATIONS

Dim)>n»iuns: Hfight: 27 iiichas (68.6 a u )  Diameter: 19.96 iiidios (50.7 cm)

Snm|)U>r T u b  ( 'o n f ic in 'n lio n s : • 24 wodge poh7)ropylene bolUas, l.(X)0 ml
• 24 round glass bottles, 350 ml
• 12 round polypropjrlenc bottles, 1,000 ml
• 12 round glass bottles, 950 ml
• 8 round polyethylene bottles. 2.0 litiirs
• 8 round glass bottles, 1.8 liters
• 4 roimd polyetlaylene bottles, 3.7 liters (1 gall
• 4 round glass bottlea, 3.7 liters (1 gal)
• 1 round polyethylene bottle, 9.4 liters (2.5 gal)
• 1 round g la ^  bottle. 9.4 liters (2.B gal)

D ry W oight; 32 lbs ( IB kg)

Tliis includes th e  top covei- centtir section, tub, oontrollei', pum p tube, distributoi- arm , dLstributor arm  nut. and 
discharge tube for tlie 24 bottle configuration.

Dry W pighJ W"i(h: 24 plastic bottles, hold down, no caps 
24 glass bottles, exiiander ring, no caps 
12 plastic bottles, insert, expander ring, no caps 
12 glass bnttlas, insort, expander ring, no cap."!
8 plastic bottles, insert, hold down, no caps 
8 glass bottles, insf'rt. lioU down, no caps 
4 plastic bottles, insert, hold down, no caps 
4 glass bottles, insert, hoki down, no caps 
1 p lastic bottle and composite tube guide, no cap. ;im i or nu 
1 glass bottle and  composite tube guidt>, no cap, a n n  or nu t

36 lbs (17 kg)
55 lbs (25 kg)
37 lbs (17 kg)
45 lbs (21 kg)
36 lbs (17 kg)
46 lbs (21 kg)
36 lbs (17 kg)
45 lbs (21 kg)
34 lbs (16 kg)
38 lbs (18 kg)

FiltMi B o ttle  W oieht: 24 plastic bottles 
24 glass bottles 
12 plastic bottles 
12 glass bottles 
8 p lastic botlltB 
8 gULSs bottles 
4 plastic bottles 
4 glass bottles 
1 p lastic bottle 
1 glass bottle

101 lbs(46 kg) 
104 lbs(48 kg)
89 lbs (41 kg) 
95 lbs (43 kg) 
84 lbs (38 kg) 
.90 lbs (41 kg) 
98 lbs (4,'j kg) 
104 lbs (48 kg)
90 lbs (41 kg) 
94 lbs (43 kg)

TliLs includes everything in the  Dry Weight. Diy Weight With, mul Ice Capacity specifications, iuul tlie bottl«s aixj 
filled tu the  cap a c iti^  ILsted in Sam pler Tub Configurations. This w'cight does not include a  power soionxj.

Ice C « p ac ity : 24 ijlastic bottles 12 lbs (5.4 kg)
24 glass bottles 30 lbs (13.6 kg)
12 plastic bottles 16 lbs (7.3 kg)
12 glass bottles 16 lbs (7.3 kg)
8 p lastic  bottles 12 lbs (5.4 kg)
8 glass bottles 12 lbs (5.4 kg)
4 p lastic  bottk'S 28 lbs (12.7 kg)
4 glass bottkis 25 lbs (11.3 kg)
1 plastic bottfc' 35 lbs (15.9 kg)
1 glass bottle 35 lbs (15.9 kg)

^ / 4 "  X ^ / 4 "  X V 4 "  approxim ate ice cube size. Ice capacity will vary witli tlie size of the  cubes.

Figure B5: Physical specifications o f  the 6712 Sampler (continued.)
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6700  S ta n d a r d  P o r ta h lk  S a m p l e r : P iiy s ic a i. S p e c if ic a t io n s  (Co n t in it c i))

Coolinj; C apacity :
( 'o n n ifu m iio n : SamplQ Sizf Cofilmc Watf>r Last Samplf I,ast Sample Tr mp
21 plitstic bo ttles 500 ml Sample e r F (16'C) Sample 24 e s 'F ( ir C )
2-1 glas.s l>oUle» 175 ml Sample ag 'F (4"C) Siuiiple 24 4T F (5"C)
12 p las tic  bottle.s 500 ml Sample 36"P (2’C) Siimple 12 54'F (12’C)
12 g lass boUle.s 475 mi Sample 36"F (2"C) Siwiple 12 54'F (12"C)
8 |>la.slic bo ttles 1,000 ml Sample BO-F (lO'C) Sample 8 o7'F (H 'C )
8 g lass bo ttles 900 ml Sample 37”? (3'C) Siunple 8 54’F (12"C)
4 p la s tie  lMittl«>s 1,850 ml Samjjk' 34'F (rC ) Sample 4 34”F (I’C)
4 g lass bottle.s 1.850 ml Sample 37"P (3"C) Smnple 4 37’F (3”C)
1 p la s tic  Ixittle 12 -400 ml Samples 3 r P (3-C) Compoeitt’ Sample 37'F (3'C)
1 g lass bo ttle 12-400 ml Samples 36"F I2''C) Composite Smuple 36"F (2-C)

Tlie c»olinf! capacit>' is tlic tempE'i-atun;' of the sainplG and Ihp cooling' water 24 hours aflfr the last sample is 
taken. Thy amount of ice Bpt!cin£<.l for thG ice capacity was used Tlie tenipei ature of the siunple liquid is 65’F 
(18'’C). Tlio ambient tm nperatuiv is 75 'F (24’'C).

A vpragp T lu 'n iia l R-10
H<‘sis(«ncp  Factor:

l l ie  average R-value for a complete sani|jler. Tliis includes a tul), center section, top cover, controller, pump tu b a  
(iiBtributor arm, and diadiarB© tube.

6700  S ta n d a r d  S a m p u :r w ith  O p t io n a l  5 G a lix>n  B o ttlk  B asi-:: P h y sic a l  S pec if ic a t io n s

D iinensinns
iMonp: Hnipht; 15.4 inches (39.1 cm) Diameter. 19.9 inches (50.6 cm)

A.MSomblpcI S a n ip lo r: Hdght: 31.6 inches (SO.O cm) Diameter: 19.9 inches (50.6 cm)

S am pler T ub  r .o n fig tira tio n : I round glass bottle, 5 gallons (18.9 liters)

l)i->- WoichI; 52 lbs (24 kg'

Tliis includes the top cover, oenter !«'Ction, bottle base, 5 gallon glass bottla contixiller. pump tulip, ajid discharge 
tube.

Icp C apacity : 21 lbs (9.5 kg)

/̂4" X /̂4" X Vn" aijproximatf' ioo cube size. Ice capacity will vary with the si» ' of tlie cube«.

n iloc i Kottio WViK'ht: 115 Ibe (52 kg)

TliLs includes ever>lliing in tlie !>>' Weiglit and the Ice Capacity specifications, and the botUe is fill«l to the 
capacities listed in Si\m])lor Tub Confiffurations. Tliis weight does not include a pow'er source.

C ooling C apacity : Sam pb Size Cooling Water Composite Sample Temperature
12-800 ml Sample* 36’F (2”C) 36 'F  (2”C)

Tlie cooling capacity is the temix-niture of Uie smnple and the cooling water 24 hours after the last ,sample is 
taken. The amount of ice used is specified in “ice capacity" The sampler is sot up to lake one samiile every hour 
for twelve hours filling the bottle half lull. The tem perature of the incoming sample liquid is 65’F (18'C). The 
ambient temperature is 75”F (24’’C).

A verage T horinal R-10
It<‘s is tan co  Factor:

Thw is tlie average R-value for Uie complete sampler. This includes a bottle bast^ center sectiou, top co\'ei; 
controlbr, jnimp tube, discharge tube, and comixisite tulx? guide.

Figure B6: Physical specifications o f the 6712 Sampler (continued.)
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Table 4 C'oimector Specifications

C o n n e c t o r  Ic o n P in -Loc ATioN D l\ g r a m  P in  F unc t io n

Pf)WKH SOITRCE 2-PlN  M a I.K, SKALKI)o A Onumd 
H 412 volls I)(’

Ra in  CjAI'cjk 9-PlN  FKMALK, SKALK!) A +12 volts rx’
B Ground
C Progmminable l/() l pin 
1) H;iin gaugp input 

Switched +12 volls IX’ 
Receive 

G Transmit
H Programmable 1/02 pm 
I I’rogrammabie 1A)3 pin

lN1KRR<)(;AT()ie 6-PlN  Ff;MAKE, SEAI.KI) A +12 volts IX’ 
B Ground 
C F’rinter Sense  
I) Tnuisinit 
K Receive 
F NCI

FlX)W M kteh

□
6-PiN  M a i .k . S ea l e d A +12 volts rx ’

B Ground 
C Flow Pulses In 
I) Bottle Nunil)er Out 

M aster/Slave Out 
K FIvent Mark < )ut 
F Inhibit In

M o d u l e

'IN MODULE BAY)

8-PiN  M a l e , S ea l e d 1 NC
2 +12 volts IX’
3 Ground
4 Module Sense
5 Receiv'e
6 Transmit
7 Clock
8 Gontnjl

Figure B7: Connector Specifications o f the 6712 Sampler
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D
D

(©1
LJJ
■

H H R
Key N am e  Fun c tio n

m On-Otf Turns sampler on or off.

i @ )
Stop Stops the pump, distributor, or a running sampling program. 

In programming saeens, returns to a previous screen.

0 Enter Accepts a menu choice or number entry and goes to next screen.

m Help In programmirig screens, displays a brief help message.

EB Down-Right
Arrow Selects the menu option right or below the current choice.

ES Up-Left Arrow Selects the menu option left or above the current choice.

Numbers Types a number.

■ Decimal Point Types a decimal point

Figure B8: Control panel of 6712 Sampler



MODEL 6700 
STANDARD PORTABLE SAMPLEI

•-NOT SHOWN

ITEM INVENTORY NO. DESCRIPTION

1
G09004001 MODEL 6700 CONTROLLER
eC90041S7 6700 CONTROLLER WMMEG RAM

2 609004157 PUMP TUBE QUICK DISCONNECT
3 eceoo4247 TOP COVER ASSY STD
4 1O0O6C6O3 DRAW LATCH ASSY SMALL
e 231019S10 SCRMSST FILHS1-72X6/B
6 2J21197CD NUT HEX SST 1-72
r 609003088 BUU<HEAD FITTING
s 609034246 CENTER SECTION ASSY STD (INCLUDES ITEMS 4-7)
9 609004052 SAMPLE TUB ASSY STD (INaUDES ITEMS 10-13)
10 20900182S RTNG RING SST .B75SFT 1.20D
11 609003250 DRAIN CAP STRAP
12 603113032 GASKET CONNECTOR CAP
13 609003294 DRAIN CAP
14 609004020 DISTARM ASSY BOTTOM
IB 602923007 DISTRIBUTOR ARM NUT
16 60900322B SPRING DISTRIBUTOR ARM

17

609003260 DISCHARGE TUBE FOR STANDARD 24 BOTTLE KIT
609003262 DISCHARGE TUBE FOR STANDARD 12 BOTTLE KIT
609003264 DISCHARGE TUBE FOR STANDARD 8 BOTTLE KIT
609003266 DISCHARGE TUBE FOR STANDARD4 BOTTLE KIT

IB 609004019 DISTARM TOP ASSY
19 609004051 COMPOSITE TUBE GUIDE (FOR STANDARD AND COMPACT}
20 609003271 DISCHARGE TUBE FOR STANDARD 1 BOHLE KITS
21* 609004251 LATCH RPL KIT (TO UPGFiADE OLD STYLE LATCHES)

Figure B9: Detailed layout of the 6712 Sampler
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B.2 ISCO Model 675 Logging Rain Gauge

This study utilises a tipping-bucket rainfall gauge with a tip o f 0.1 mm. This type o f gauge 

allows the rainfall to be measured accurately while automatically disposing the rainfall 

accumulated upon each tip. The housing unit is approximately 40cms in height with a 20cm 

funnel that directs the rain catch into the tipping bucket. Each o f the tips represents 1/10‘*’ o f a 

centimetre o f rainfall, giving 10 tips to one centimetre o f rainfall depth. A read switch is 

activated upon each tip and an electronic pulse is sent to a logging unit, in this case the ISCO 

6712 sampler. The computer within this unit dates and time stamps each incremental tip. 

With the use o f a laptop this information is downloaded from the memory module on the 

logging unit.

Figure BIO; ISCO Model 675 Logging Rain Gauge and in-situ
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Table 1-1 Ifechiiical Specifications for the Isco Logging Rain Gauge
Type: Tipping bucket

Orifice: 8 inches (20 cm) diameter

Sensitivity: 0.01 inches (0,25 mm) or 0,1 mm (0.004 inches).

Accuracy: (Metric) 

(English)

±1 >6% at 5 cra'hr; + 3.5, -9% up to 13 cm/hr. 

±1% at 2 incheaitir; + 3, -4% up to 5 inches/hr.

Capacity; (Maximum) Metric: 38 cm/hr; English: 22 inches/hr.

Connector Pinout; 6 pin MS connector for connection to Flowlink pin output

Pin A: No Connection, Pin B: Ground, Pin C: Detect In

Pin D: Serial Data Out, Pin E: Serial Data In. Pin F: No Connection

Output Signal: Contact closure, 50 milliseconds minimum duration.

Switch Type: Normally open, encaps. reed; 10W 200 VDC, 0.5 A

Height and Diameter; 13 inches (33.02 cm); 9 ^  inches (24.13 cm) at the base

Weight: 10 lbs (4.5 kg).

Operating Temperature: 32' to 140'  ̂ F (O' to 60’ C).

Storage Temperature: -40' to 140" F (-40 to 60" C).

Recorder; Channel: One digital

Digital Inputs: Input Type: Uncommitted contact or active logic signals

Excitation: 10 |jA contact sensing current (5 Volt pull up)

Pulse Width: 7 mS min.

Contact Bounce: 3 mS max

Digital Samplino; Pulse Rate: 100 per second

Total Interval: 1,2, 5, 10, 15.30,60,120 minutes (sofhvare selectable)

Data Values: 80 Kb Rollo\'er memory (Approx. 800 days recording @ 15 minute inter
vals)

Power; Battery Type: 9 Volt Lithium field replaceable (* 9 volt Alkaline can be used)

Battery Life: 1.5 years at 73“ F (23' C).

Packaging; Enclosure: Zinc Aluminum: NEfvlA 4, IP66

Size: 4V4 x 6 inches x 1 inch (11.43 cm x 15.24 cm x 2.54 cm).

Weight: 2 lbs. (907 grams) with battery

Communication; Type: RS-232 (opto isolated), standard

Baud Rate: 300-9600

Connector: 9 Pin

Operating Temperature; -IS" to 140" F (-25° to 60" C).

Storage Temperature; -40' to 158" F (-40' to 70" C). Without the battery

Figure B11: Technical specifications for the ISCO 675 Rain Gauge
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MODEL 675
RiJN GAUGE i  ^  1

METRIC
VERSION

METRIC
VERSIOr

ITEM INVEr^^■ORY NO. DESCRIPTION
1 603283023 INLET SCREEN MESH
2 410091001 SB-JSORMAG PRXTY.l7&^.a0OSPST
3 603383CXM LEVEL ADJUSTING KN3B

4 233042600 NYLON WASHER .253 X .006 X .01

E 6&3283D40 DATA LOGGER 67E

6 6032B4003 MOUNTING PLATE ASSY
7 603283006 DRAIN SCREEN
8 201900000 SPRING LOADED VEE JEWEL BEARING
9 €03283012 m a g n e t  MDUNT

10 200QC0400 MAGNET .12 DIAX3-BL0NG
11 603283016 MOUNTING ROD

12
603284004 TIPPING BUCKET ASSY
603284010 TIPPING BUCKET ASSY METRIC

Figure B12: Detailed diagram of the ISCO 675 Rain Gauge
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B.3 ISCO Module 750 Low Profile Area Velocity Module Meter

The area-velocity flow conversion requires three measurements: level, velocity, and channel 

dimensions. The integrated flow meter sensor provides the level and velocity measurements. 

The third measurement, the channel geometry, is assessed at site and inputted during module 

programming. The flow conversion is best represented as two steps. First, the module 

calculates the channel cross-section (or area) using the programmed channel dimensions and 

the level measurement. Next, the module hardware multiplies the channel cross section and 

the velocity measurement to calculate the flow rate discharge. The flow meter’s internal 

differential pressure transducer measures the liquid level. The transducer is a small piezo- 

resistive disk that detects the pressures transferred by a stainless steel diaphragm. The outer 

face o f the diaphragm is exposed to the flow stream through the ports at the rear o f the sensor. 

The inner face is exposed, or referenced, to the atmosphere through the internal vent tube that 

runs the full length o f the sensor’s cable. The difference between the pressures exerted on the 

diaphragm is the hydrostatic pressure. The transducer converts the hydrostatic pressure to 

analogue signals, which are sent to the module. As the pressure is proportional to the depth o f 

the stream, the module can convert the analogue signal to a depth measurement. The depth 

measurement, in turn, is applied to the charmel cross-section. The flow meter sensor measures 

average velocity by using an ultrasonic sound signal and the Doppler effect.

Figure B13: ISCO Module 750 Low Profile Area Velocity Module Meter
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Figure B14: Low Profile Area Velocity Module Meter

Figure B 15: Diagram showing low-profile flow meter

P artic lee  or 
air b iibb lee

U ltrnsonic 
so u n d  v/avee

'  Flov/ .  I

Figure B 16: Diagram showing the Doppler Effect
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Table 1-3 Technical Specifications for the Low Profile AV Sensor
Weight 2.1 lbs (.95 kg) including cable and connector

S enso r Dim ensions Length; 6.00 inches (15.2 cm) 
Width: 1.31 inches (3.3 cm) 
Height: 0.75 inches (1.9 cm)

Nose Angle 110" from horizontal

W etted Sensor Material Epoxy, chlorinated polyvinyl chloride (CPVC), S tainless-steel

C able Material Polyvinyl chloride (PVC). chlorinated polyvinyl chloride (CPVC)

C able Length 25 ft (7.6 m)

Maximunn Distance (betw een sen so r 
and module)

75 ft (22.8 m) with optional extension cables. The distance can be extended 
up to 1000 ft (300 m) with the  optional Quick D isconnect Box.

Operating Tempenature 32" to 122’F (O' to 50 'C )

Storage Tem perature -40"'to 160"F ( - 4 0 'to 71*)

Figure B17: Technical Specification for the low profile AV sensor
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B.3 ISCO Module 730 Bubble Module Meter

When measuring flow rate, the module is used with a primary measuring device (typically a 

weir or a flume) or other open channel device where a known relationship exists between the 

level and flow rate. The level measuring device is a bubbler which measures the liquid level 

in the flow. The level reading is then converted into a properly scaled flow rate value. The 

module’s bubbler system works as follows: A small compressor pumps air into a reservoir. 

This air is then slowly released by and orifice into a bubble line. The other end o f this tube is 

submerged in the flow stream. Inside the module, the bubble line also connects to one side of 

a differential pressure transducer. As the air is slowly released into the bubble line by the 

orifice, pressure builds inside the line to force air out o f the line into the flow stream. When 

there is enough pressure to counteract the hydrostatic pressure o f the flow stream, a bubble 

will be forced from the end o f the line. The amount o f pressure required to force the bubble 

from the end o f the line is directly dependent on the hydrostatic pressure o f the flow stream 

over the end o f the bubble line. The pressure transducer inside the module senses this pressure 

and converts it into an electrical signal that the module converts into a level. The 6712 

controller then calculates the flow rate and total flow from the level measurement and 

conversion tables for the primary device used.

Figure B17; ISCO Module 730 Bubble Module Meter
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General Notes;
1. All weighLs nia.T vary ±0.2 lb (±0.1 kg).
2. All lengths m ay vary ±0.25 inch (±0.6-1 cm).

Weight: 1.5 Ills (0.7 kg)

Dinitinsiong: 4.9 X 5.7 K 2.0 hiches (12.-1 * 14.5 x 5.1 cm)

Matf<rial: Polystyrcme

O paiational T fm p a  n turf; 32° to  120“F  (0° to 49°C)

Storage T em perature 0 °lo  1 4 0 °F (-1 8 ° to 6 0 ‘’C '

Enclasure: NEMA 4X and 6, IP67

Power; JVovided by sam pler.

Memory; Nonvolatile program m able Flash.
Can be field updated  through th e  .sampler.

Readingis; Pi'ogram m able th rough  th e  .sampler a t 1 ,2 , 5 ,1 0 .1 6 , and  30 m inute 
intervsils.

Bublile Line: M nyl; inside d iam eter; Vs inch (0.32 cm) Iwigth; 2S fc'et (7.6 m)

Range: 0.010 ft (0.(K)3 m) m inim um  w ater level above bubble outlet, 
10 ft (3.(MS m) ma.ximum w ater le\'el above bubble o u tle t

Love] AccuraCT': 0.010 to 5.000 a ; 0.010 ft 
0.010 In 10.000 ft:0.035 ft
0.003 to 1.524 m; 0.003 m 
0.003 to 3.04S m: 0.011 m
IncludcB Lineal ity. Reix-atjibihty, and Hj'stteresis at 77° F  (25° ('). nous 
not include tlie  T em perature Coefficiejit. Level is th e  d istance b e tw e n  
th e  bubble outlet and th e  Ikjuid suifacc.

Tem pera tu ro  C oefTicient: 0.010 to  5.(XX) (I: ±0,0006 X level in feet x tem pera tu re  changc* from 77° F 
0.010 to 10.000 ft:±0.(X)05 x level in feet x tenipc'ratuiie chaiyje from 77° F
0,003 tu 1.524 m; ±0.00108 x le\'el ill meters x tem perature d iange ftTjm ioP C 
0.(X)3 bo3,048 m; ±0.0009 x Iwel in niet<irs x twnperature change from 25°C 
Teniix^ratuiie ('(X'fl’id e n t  is  Uie m axim um  error w ithin the  operating tem- 
peratujie range per degree of temiJeratiuie change. Add to Level Accurao'.

A utom atic Drifl Correction: ±0,002 ft (±0,0006 ni) a t  15 m inute in tervals

Level Re.^iJution: 0.001 ft (0.001 m)

Figure B18: Technical Specification for the 730 Bubble Module Meter
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Wetland construction adjacent to M7 motorway

Figure B19: Planting o f the wetland plants (four per square metre)

arrow

Toe drainage

Road embankment

Figure 820: The wetland in relation to the River Barrow and road edge



Appendix C FLOWLINK SOFTWARE

Introduction

The Flowlink software was ideal for this research study. The Flowlink software 

allowed the researcher to configure and retrieve data from the Isco 6700 Automatic 

sampler, which stored all the flow and rainfall recordings. Graphs can be quickly 

displayed immediately after retrieval for quick analysis e.g. to determine how the 

storm was sampled. Data can also be arranged and exported to Microsoft office for 

further analysis. The Flowlink software allows the researcher to display simple 

graphs, rainfall, and sample events with a single click. The data can also be archived 

or transferred to another database.

Properties

General Time Scale | Seiies |

1) Choose the starling date and lime for this plot in either relative or absolute terms,

n
Tod^

This week 

This month 

Yesterday 

Last week  

Last month

Relative

Absolute

W hen printing, repeal thiis timespan a tot^ of jl

at: |00:00:00 ^  0 |  staftingon:

I and start ongo back: |

date: [27/0B/200G ^  ar^ time: |00:00:CK}

“ T ]  at 100:00;00

2) then enter the desired tirr«span and summary interval.

Display limes at
Timespan: (24 [hours

Begiming of interval

jH o u rs  ^  (•  End of intervalSummary interval: ]1

(Summary ir^erval and display times apply to Series statistical function)

From: 27 /10 /2 0 0 6  00:00:00

To: 2 8 /1 0 /2 0 0 6  00:00:00

Duration: 1 D ^ s ,  00:00:00

___________________________________________________________________^  OK I  X Cancel |_____________________ Help |

Figure C .l : The main display allows one to select a date and investigate any storm

event on that data at a specific time
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Properties

G e rw a ll T im e S c A  Series |

1) Hi^^bght a series or data set. List of Series and Data Sets:

Series ft Label Operation Pane Y A w
Data Set tt Site :Data S ^ Stat Function Tm e Shift

1A: MANHLE 01::Rainfafl None Standard
S2: Vdocity None 2 Left

2A MANHLE 01::Veiocity None Standard
S3: Level None 3 Left

3A: MANHLE 01 :Level None Stand«d

2) ther  ̂ciick a button a  set properties.

New Series:]

Series definition 

Labei

Type: |L n e  Graph

Units: [ l ; r  

17 DefacA Resolution

Opeiation:

Put in pane rwrnber: |1

R e l^ iv e h e ij^ : [33 X

— 3Putyaxison: jle f t

None

Display summ^y r~  D isp l^  rrarv/max times 

r  D isp l^  samples

n  Sample Surranary 

{7  Visble

J
N ew D ataS et |

Delete Series

Forrrial 

Line color:

1 Green 

Line^ipe;

3
1 Thin Solid Line 

Symbot

jNone

Scaling

Automatic Manual

17 Maximum: 1.....
17 Minimum: 1
17 Major unit. (
17 Minor unit: F........

OK [ J l^  Cancel H dp I

Figure C.2: This display allows one to select the parameter (rainfall, level, velocity) 

and investigate the parameter

Properties

General] Time Scale Series j
1] H ight(^  a series or data set.

Series tt: Label
Data Set It Site DataSet

List ot Series and Data Sets: 

Opetatnr

2) then cick a txjtton or set properties.

New Series

1A: MANHLE 01::Rainfal None Starvlard
S 2 Velocity None 2 LeH

2A: MANHLE 01::Velocitv None Standard
S3: Level None 3 Left

3A: MANHLE 01::Level Notw Standard

Series definition

Label jR ainfal

TyfW'. I Line Graph

Put in pane nurr^ber. [ l

Relative h e i^ :  [33 X  

Puty axis o a  |le ftFlow Units: |gpm 

R  Delaul Resolution

Enter data set number (e g 1A) for level and veloc^y data sets. 

Opwation;   Conversion:

13 Conversion> Ch

Level data set: |1A Velocity data set ilB ft/s

It iv»5id MMPi ronvertion 

[7  Display sunvnary T Displaiy minAnaM times

fgai 3  r  Display samples

I  SampteSummary 

[7  Visisle

Format 

Line colof.

I G reen ””  

Lhe^ype:

Symbot

Scaing 

Automatic 

R? Maximum 

f? Minimum: 

^  Major unit: 

|v  Miner unit:

■3

■3

■3

Manual

J j(  Caned Help

Figure C.3: This display allows one to select a flow conversion factor to calculate the 

flow rate from the velocity and level data
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Properties

General! TimeSc^le Series j

1) HighligN a series or data set.

Series tt. LaM 
Data Set tt: Site Data Set

SI: Rartdl

List of Series and Data Sets:

Operabon Pane
Sfat Furiction

YAxis 
Time Shift

2) then dick a bUton or set properties

New Series |

Row Conversion

S2 Velocity None
2A: MANHLE 01::Velocity

S^ Level None
3A MANHLE 01 level

1____

2
None
3
None

Left New Data Set J
Left
Standard
Left
Staridard

Delete Data Set |

Statistical function 

None 

^  Avg 

f  Min 

Max 

Sum
(Applied over Time Scale 

surnmary interval)

Source of data

Data set: |mANHLE 01;:RaHall

Data type: ^  Edited C  Original

Time definition

Standard time scale

Sh#t tffT>e

Absolute

- ]

dais: 127/10/2006 3  andtime |23:23:00 3

^  O K { X  I Help I

Figure C.4: This display allows one to select a min, max, avg, sum factor to calculate 

accumulations of rainfall, level etc

S ite : M A N H L E  01 M o d e l:  E 7 1 2  Not Connected

Basic Info I Measutements | Site Setup | Data Sto(age | Flow Cofwetsion | Samptet Control | Units | Dialout Alaims |

General information about the hstrument.

Sensor tjipe: A ie a V e b a ty  

Row conversion: AieaVelocitii, Round 

Software revision: 2.01 

InstiumentlD: 3293314G01

E nter the usual you connect to this instrument:

Ivp e : E S  ^  Modem ( '  V ie te s s

 3COM port: |4  

Modem:

Baud rate: |9600  

□
Phone number: i

Connect (F7) X  ‘ - ' ■ 7  Help

Figure C.5: This display allows one to select basic info, measurement, site setup, data 

storage, flow conversion, sampler controller etc.
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Site: MANHLE 01 Model; 6712

Basic Info I Measurements I Site Setup Data Storage | Flow C onvert | Sampb Control | Un̂ s | Dialout Alarms |

Ncrt Connected

T otal mefnofy: 457216 t^es 

Free memory: 5632 bytes 

HighiigN desired partition..

Rainfall
Velod^
Level
Temperatu
Spec Cond
03Da(aO
D.0.0
O ^at^
pHO

emulated Flow...

1 % remaining, 2 partitions free 

to see its setup information. 

Partition name: f 

Reading type: f 

Number of sarrples;

Recording flwde: |

T ime partition created 

Time of last reading 

Time of last interrogation

06A)1/2002 07:25:00 

21/08/2005 14:44:00 

23/08/2005 16:20:17

and click an opetation-

Pf

E -

Conned (FT) V Help

Figure C.6: This display allows one to select the measurement required

:  MANHl E 01

Site: MANHLE 01 Model: 6712

Basiclnfo| Measurements) Site Setup] Datastorage j How £onwsiof>]| Sampler Control | Units | D ialout Alarms | 

Select the flow conversion . then set its attrfcutes.

Not Connected

Conversbn type

r
r
r ■ -  .OS 
r -■
G

r

r ,

Maximum level: 

Chaor»l:

I

Di»nster: P

✓  irai X  r , , , ; V  Help

Figure C.7: This display allows one to select a flow conversion factor to calculate the 

flow rate from the velocity and level data
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:|M A N H LE  01

Site: MANHLE 01 Model: 6712 Not Connected

Basic Info | Measutemenls | Site Setup | Data Stoiage | Flow Convetsion | Samplef Control [DiSs || DIalout Alaims |

TNs Instiument does not support setting its units.

I ’ -'- rrvfV ‘ .■'■■'idl.- •’ it

Irn?! J
I '-  J-rrj (if.; J

A
:*r) J

J
1“  ■' ■ ■■ :

Connect (FT) RrUv'Dst-fFfj ^  , vpij (F9) X Help

Figure C.8: This display allows one to select the units required
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m
m

New Graph(12)
15/8/2004 1 8 :0 0 .0 .0 0 0  M A N H LE 01

Flew link 4 Ibr 'Wfiiiiicws

Rainfall (12.4 mm) Velocity (0.433 Level (p.041 m)

0 .50--

E 0.6'

0 .2- -

0 . 1- -

0 .0.

21:00 Mon 16
Sun 15 Aug 2004 15rtB/2D0418:00:00 - 16/08/2004 03:00:00

Figure C.8: A typical example o f  the rainfall, velocity and level displayed



An example o f one of the programs used at Kildare Site A is displayed below:

SAMPLER ID# 3293314601 16:31 23-AUG-05 
Hardware: AO Software: 2.01

PROGRAM SETTINGS ***********

PROGRAM NAME: 
"KILDARE 2" 

SITE DESCRIPTION: 
"MANHLE 01"

UNITS SELECTED: 
LENGTH: m 

CONDUCTIVITY: mS/cm 
TEMPERATURE: C

UNITS SELECTED: 
FLOW RATE: m3s 

FLOW VOLUME: m3 
VELOCITY: mps

AREA-VEL MODULE: 
AREA*VELOCITY 

ROUND PIPE

0.000 m OFFSET

1 MINUTE 
DATA INTERVAL

24, 360m lBTLS
3.0 m SUCTION LINE 

AUTO SUCTION HEAD 
1 RINSES, 2 RETRIES

TWO-PART PROGRAM 
BOTTLE ASSIGNMENTS: 

1-6 TO 'A'
7-24 TO 'O'

'A' PACING: 
FLOW, EVERY

5.000 m3
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NO SAMPLE AT START

'A' DISTRIBUTION: 
SEQUENTIAL

'A' VOLUME: 

350 ml SAMPLES

'A' ENABLE: 

RAIN >0.207 0:30

'A' ENABLE:
ONCE ENABLED, 
STAY ENABLED 

NO SAMPLE AT ENABLE

'A' ENABLE:
I MINUTE DELAY TO 
START OF SAMPLING

'A' ENABLE:
0 PAUSE & RESUMES

'B' PACING: 
FLOW, EVERY 

10.00 m3 
NO SAMPLE AT START

'B' DISTRIBUTION: 
SEQUENTIAL

■B' VOLUME: 

350 ml SAMPLES

'B' ENABLE: 

WHEN 'A' IS DONE
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'B' ENABLE:
ONCE ENABLED, 
STAY ENABLED 

NO SAMPLE AT ENABLE

'B' ENABLE:
1 MINUTE DELAY TO 
START OF SAMPLING

'B' ENABLE:
0 PAUSE & RESUMES

NO DELAY TO START

LIQUID DETECT ON 

QUICK VIEW/CHANGE

TAKE MEASUREMENTS 
EVERY I MINUTES

DUAL SAMPLER OFF 
BTL FULL DETECT OFF 

TIMED BACKLIGHT

EVENT MARK SENT 
DURING PUMP CYCLE

PUMP COUNTS FOR 
EACH PURGE CYCLE;

200 PRE-SAMPLE 
AUTO POST-SAMPLE
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NO PERIODIC 
SERIAL OUTPUT

INTERROGATOR 
CONNECTOR 

POWER ALWAYS ON

0.01 inch TIP 
RAIN GAUGE

SDI-I2 DATA: 
TEMPO SP COO 03DATA0 

DOO 05DATA0 pHO

1/01= NONE 
1/02= NONE 
1/03= NONE

0 ANALOG OUTPUTS

SAMPLER ID# 3293314601 16:31 23-AUG-05 
Hardware: AO Software: 2.01 

hch<h<:<:!|:4<h<h<h<4<>k s a m p l in g  RESULTS ***********
SITE: MANHLE 01 

PROGRAM: KILDARE 2 
Program Started at 16:34 TH 18-AUG-05 

PART 'A' Nominal Sample Volume = 350 ml 
PART 'B' Nominal Sample Volume = 350 ml 

COUNT 
TO

SAMPLE BOTTLE TIME SOURCE ERROR LIQUID

16:34 'A'DISABLED 
16:34 'B'DISABLED
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18:19 'A'ENABLED
1.1 1 18:23 'A 'F  225
1.1 2 18:25 'A 'F  229
1.1 3 18:27 'A 'F  229
1.1 4 18:28 'A 'F  229
1.1 5 18:30 'A 'F  229
1.1 6 18:32 'A 'F  229

18:32 'A'DONE 18-AUG
18:33 'B'ENABLED

1 7 18:38 'B 'F 229
1 8 18:45 'B 'F 229
I 9 18:53 'B 'F 233

10 19:04 'B 'F 231
11 19:18 'B 'F 231
12 19:41 'B 'F 231

........SU 21-AUG-05
13 11:06 'B 'F 229
14 11:19 'B 'F 229
15 11:32 'B 'F 229
16 11:51 'B 'F 229
17 12:23 'B 'F 228
18 12:40 'B 'F 229
19 12:50 'B 'F 229
20 13:02 'B 'F 232
21 13:16 'B 'F 229
22 13:36 'B 'F 229
23 14:31 'B 'F 229
24 14:43 'B 'F 228

14:43 'B' DONE 21-AUG
14:44 PGM DONE 21-AUG

SOURCE F ==>FLOW

SAMPLER ID# 3293314601 16:31 23-AUG-05 
Hardware: AO Software: 2.01 

AREA-VEL MODULE: 1053426332 
Hardware: AO Software: 1.04

COMBINED RESULTS *********** 
SITE: MANHLE 01 

PROGRAM: KILDARE 2 
Program Started at 16:34 TH 18-AUG-05 

PART 'A' Nominal Sample Volume == 350 ml 
PART 'B' Nominal Sample Volume = 350 ml

FLOW TOTAL 
LEVEL VELOCITY RATE FLOW
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SAMPLE BOTTLE TIME m mps m3s m3

1,1 1 18:23 0.263 0.52 0.042 000030.199
1,1 2 18:25 0.298 0.50 0.047 000035.203
1,1 3 18:27 0.306 0.51 0.048 000040.229
1,1 4 18:28 0.302 0.52 0.050 000045.217
1,1 5 18:30 0.291 0.52 0.048 000050.196
1,1 6 18:32 0.287 0.51 0.045 000055.205
1,1 7 18:38 0.242 0.40 0.030 000069.341
1,1 8 18:45 0.218 0.37 0.024 000079.351
1,1 9 18:53 0.184 0.32 0.017 000089.335
1,1 10 19:04 0.165 0.34 0.015 000099.343
1,1 11 19:18 0.147 0.29 0.011 000109.339
1,1 12 19:41 0.135 0.25 0.009 000119.337

SU 21-AUG-05------
1,1 13 11:06 0.158 0.28 0.012 000129.339

1,1 14 11:19 0.170 0.25 0.012 000139.332
1,1 15 11:32 0.157 0.27 0.011 000149.330
1,1 16 11:51 0.142 0.19 0.007 000159.332
1,1 17 12:23 0.138 0.15 0.005 000169.333
1,1 18 12:40 0.187 0.29 0.016 000179.338
1,1 19 12:50 0.182 0.31 0.016 000189.339
1,1 20 13:02 0.166 0.27 0.012 000199.338
1,1 21 13:16 0.151 0.20 0.008 000209.334
1,1 22 13:36 0.137 0.29 0.010 000219.336
1,1 23 14:31 0.130 0.16 0.005 000229.331
1,1 24 14:43 0.204 0.27 0.016 000239.335

SAMPLER ID# 3293314601 16:32 23-AUG-05 
Hardware: AO Software: 2.01

Ji:* * * * * * *  COMBINED RESULTS ***********

SITE:MANHLE 01

PROGRAM: KILDARE 2

Program Started at 16:34 TH 18-AUG-05

PART 'A' Nominal Sample Volume = 350 ml 
PART 'B' Nominal Sample Volume = 350 ml

TOTAL

RAIN
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SAMPLE BOTTLE TIME in

1,1 1 18:23 0.39
1,1 2 18:25 0.43
1,1 3 18:27 0.44
1,1 4 18:28 0.45
1,1 5 18:30 0.45
1,1 6 18:32 0.45
1,1 7 18:38 0.45
1,1 8 18:45 0.45
1,1 9 18:53 0.45
1,1 10 19:04 0.45
1,1 11 19:18 0.45
1,1 12 19:41 0.45

<sT T 7 1 - A T  i n . o sI V V J \J

1,1 13 11:06 0.56
1,1 14 11:19 0.56
1,1 15 11:32 0.56
1,1 16 11:51 0.56
1,1 17 12:23 0.58
1,1 18 12:40 0.65
1,1 19 12:50 0.65
1,1 20 13:02 0.65
1,1 21 13:16 0.65
1,1 22 13:36 0.65
1,1 23 14:31 0.74
1,1 24 14:43 0.85
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Appendix D: Hydrological Data

Introduction

The following tables presented in this chapter display the hydrological findings from 

each o f the sites. The hydrological data is summarized in terms o f total rainfall, storm 

duration, rainfall intensity, total rainfall, total runoff, runoff coefficient, peak rainfall, 

time to peak, peak flow, time o f runoff and mean flow. The daily and monthly 

rainfall data for each o f the site areas is included along with a comparison chart with 

the Meteireann rainfall data for sites in close proximity.
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Storm Date Total Storm Rainfall Total Total Runoff Peak Time Peak Time Mean

No Rainfall Duration Intensity Rainfall Runoff Coefficient Rainfall To Flow
of

runoff Flow
Volume Volume Intensity Peak

(mm) (mins) (mm/hr) (m^) (m^) (mm/hr) (mins) (1/s) (min) L/s
1 20.12.03 7.9 430 1.1 112.10 101.63 0.90 6.0 140 7.49 500 3.39
2 25.12.03 5.1 220 1.4 72.40 61.30 0.85 7.2 120 10.18 360 2.84
3 26.12.03 5.9 110 3.2 83.69 109.20 1.30 24 10 38.11 300 6.07
4 31.12.03 8.6 420 1.2 121.98 98.11 0.81 8.4 140 17.46 660 2.48
5 24.2.04 1.5 20 4.5 21.28 15.32 0.72 15.6 20 8.38 90 2.84
6 3.3.04 6.8 310 1.3 96.45 81.49 1.00 7.2 130 8.52 360 3.77
7 3.3.04 1.1 60 1.1 15.60 13.61 0.87 6.0 30 3.14 120 1.89
8 4.3.04 1.4 30 2.8 19.86 19.34 0.97 13.2 20 7.99 140 2.30
9 4.3.04 1.5 30 3.0 21.28 21.02 0.99 9.6 20 12.42 120 2.92
10 3.5.04 4.3 180 1.4 60.99 68.69 1.13 3.6 110 8.30 330 3.47
11 25.5.04 2.9 20 8.7 41.13 54.21 1.31 25.2 5 26.12 165 5.48
12 28.5.04 1.8 60 1.8 25.53 19.78 0.79 4.8 25 7.67 145 2.27
13 30.5.04 2.9 15 11.6 41.13 29.99 0.73 20.4 15 24.39 70 7.14
14 31.5.04 7.3 40 0.7 103.54 68.65 0.66 7.2 360 5.47 65 2.31
15 10.6.04 3.4 25 8.2 48.23 30.42 0.63 18.0 10 29.12 60 8.45
16 18.6.04 3.7 15 14.8 52.48 30.27 0.58 26.4 10 32.06 50 10.09
17 22.6.04 22.2 465 2.9 314.88 280.99 0.89 8.4 335 29.02 480 9.76
18 28.6.04 6.9 25 16.6 97.87 92.21 0.94 30.0 15 79.53 180 8.54
19 1.7.04 1.6 15 6.4 22.69 21.94 0.97 7.2 15 20.39 90 4.06
20 5.7.04 5.4 20 16.2 76.59 73.07 0.95 32.4 10 91.58 85 14.33
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Storm Date Total Storm Rainfall Total Total Runoff Peak
Time

to Peak Time Mean

No Rainfall Duration Intensity Rainfall Runoff Coefficient Rainfall Peak Flow
o f

runoff Flow

Volume Volume Intensity

(mm) (mins) (mm/hr) (m^) (m’) (mm/hr) (mins) (1/s) (min) L/s

21 6.7.04 8 65 7.4 113.47 73.40 0.65 20.4 15 30.11 120 10.19

22 15.7.04 5.3 290 1.1 75.17 70.85 0.94 2.4 240 5.20 480 2.46

23 21.7.04 1.6 55 1.8 22.69 18.63 0.82 9.6 10 5.87 190 1.63

24 3.8.04 3.9 50 4.7 55.32 53.70 0.97 10.8 30 25.73 90 9.94

25 3.8.04 13.4 155 5.1 190.07 192.27 1.01 20.4 50 68.01 205 15.63

26 8.8.04 6.2 270 1.4 87.94 64.70 0.74 6 75 9.53 320 3.37

27 10.8.04 3.6 33 6.5 51.06 59.57 1.17 21.6 11 54.02 81 12.26

28 15.8.04 12.4 210 3.6 177.30 221.96 1.25 21.6 40 56.72 300 12.33

29 16.8.04 7.5 30 15.0 106.38 55.94 0.53 39.6 10 41.81 100 9.32

30 17.8.04 8.9 130 4.1 126.24 138.44 1.10 27.6 110 58.83 190 12.14

31 19.8.04 6.3 140 2.7 89.36 96.64 1.08 15.6 65 22.90 245 6.57

32 23.8.04 5.9 20 17.7 83.69 70.59 0.84 42 12 78.80 120 9.80

33 24.8.04 4.4 20 13.2 62.41 58.04 0.93 20.4 16 45.73 100 9.67

34 14.904 5 360 0.8 70.92 63.69 0.90 6 270 10.73 490 2.17

35 16.9.04 5.5 390 0.9 78.01 82.44 1.06 7.2 82 11.48 605 2.27

36 18.9.04 7.6 280 1.6 107.80 120.90 1.12 21.6 44 73.67 300 6.72

37 29.9.04 8.3 300 1.7 117.73 110.55 0.94 7.2 15 22.91 390 4.72

38 1.10.04 3.5 180 1.2 49.64 43.05 0.87 8.4 50 27.99 230 3.12

39 2.10.04 2 20 6.0 28.37 27.72 0.98 14.4 11 23.08 110 4.20
40 2.10.04 2.2 25 5.0 31.21 35.82 1.15 12 17 26.03 105 5.69



Storm Date Total Storm Rainfall Total Total Runoff Peak Time to Peak Time Mean

No Rainfall Duration Intensity Rainfall Runoff Coefficient Rainfall Peak Flow
o f

runoff Flow
Volume Volume Intensity

(mm) (mins) (mm/hr) (m^) (m^) (mm/hr) (mins) (1/s) (min) L/s
41 3.10.04 15.7 375 2.5 222.69 208.57 0.94 13.2 110 31.26 530 6.56
42 7.10.4 2.4 60 2.8 34.04 31.32 0.92 3.6 34 10.96 180 2.90
43 19.10.04 6.2 120 3.1 87.94 84.36 0.96 6 84 21.26 300 4.69
44 20.10.04 21.2 590 2.2 300.7 198.5 0.66 9.6 100 16.79 660 5.00
45 27.10.04 1 45 1.3 14.18 11.14 0.79 2.4 40 3.69 90 2.06
46 28.10.04 1.2 60 1.2 17.02 14.73 0.87 3.6 24 4.32 140 1.75
47 28.10.04 1.1 25 2.4 15.60 14.74 0.94 3.6 16 6.79 80 3.07
48 28.10.04 4.4 43 6.1 62.41 57.70 0.93 7.2 58 25.63 180 5.34
49 29.10.04 13.6 565 1.4 192.90 173.12 0.90 4.8 158 15.58 720 4.01
50 18.11.04 9.2 660 0.8 130.50 125.57 0.96 2.4 490 9.01 650 3.22
51 20.11.04 7.9 685 0.7 112.05 90.95 0.81 3.6 340 6.05 720 2.11
52 20.11.04 4 480 0.5 56.74 51.97 0.92 3.6 60 7.14 630 1.37
53 25.11.04 1 85 0.7 14.18 12.58 0.89 2.4 60 4.92 130 1.61
54 30.11.04 1.7 660 0.2 24.11 20.75 0.86 1.2 204 1.87 720 0.48
55 8.12.04 0.7 105 0.4 9.93 7.06 0.71 1.2 110 1.60 184 0.64
56 15.12.04 2 55 2.2 28.37 22.17 0.78 6 27 6.44 160 2.31
57 17.12.04 5.6 450 0.8 79.43 75.45 0.95 3.6 390 7.61 660 1.91
58 18.12.04 11.2 640 1.1 158.86 146.92 0.92 3.6 300 9.22 780 3.14
59 21.12.04 5.5 540 0.6 78.01 86.24 1.11 2.4 180 5.95 660 2.18
60 7.1.05 6.1 260 1.4 86.52 91.36 1.06 6 77 14.66 260 5.86
61 7.1.05 10.1 310 2.0 143.26 130.65 0.91 4.8 191 13.65 420 5.18



70

Zi
71

21
74

75

JL
78

79

Date Total Storm Rainfall Total Total Runoff Peak Time to Peak

8.1.05

8.1.05

11.1.05

11.1.05

17.1.05

4.2.05

6.2.05

11.2.05

21.2.05

23.2.05

1.3.05

14.3.05

21.3.05

23.3.05

28.3.05

29.3.05

30.3.05

1.4.05

Rainfall

(m m )

1.6

0.8
1.2

1.5

2.7
0.9

4.9

0.9

0.9

5.3 

3.8

6.5

6.7

1.7

8.6

9.3

Duration

(m ins)

20
60

15

85

20
130

55

340

50

60

75

320

75

70

73

82

433

581

Intensity

(m m /hr)

3.3

1.6

3.2 

0.9

4.5

1.3 

1.0 

0.7 

5.9 

0.9 

0.7 

1.0

3.0

5.6 

5.5 

1.2 

1.2

1.0

Rainfall

V olum e

(m^)

15.60

22.69

11.35

17.02 

21.28 

38.30

12.77 

56.74 

69.50

12.77

12.77 

75.18 

53.90 

92.20

95.03 

24.11 

121.98 

131.91

R u noff

V olum e

(m )̂
18.62

22.13
10.08

13.44

23.27

40.54

12.59 

60.19 

61.41 

8.98 

8.65 

61.05

56.77 

60.96

65.59 

16.66

98.77 

92.90

C oeffic ien t

1.19

0.98

0.89

0.79

1.09

1.06
0.99

1.06

0.88
0.70

0.68

0.81

1.05

0.66
0.69

0.69

0.81

0.70

Rainfall

Intensity

(m m /hr)

10.8

4.8
7.2

2.4

8.4

4.8
4.8

4.8

9.6

3.6

1.2

3.6

12

19.2

3.6

4.8

4.8

Peak

(m ins)

12

23
20
50

15

22
10

168

180

34

31

280

40

50

13

44

140

410

F low

(I /s )

13.09

12.68

6.28

4.01

15.73

14.01 

3.95 

12.81 

14.53 

3.70

2.73 

10.34 

17.66 

25.29 

26.75 

5.26

12.02 

7.83
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Storm Date Total Storm Rainfall Total Total Runoff Peak Time to Peak Time Mean
No Rainfall Duration Intensity Rainfall Runoff Coefficient Rainfall Peak Flow o f runoff Flow

Volume Volume Intensity
(mm) (mins) (mm/hr) (m^) (m^) (mm/hr) (mins) (1/s) (min) L/s

83 27.4.05 6.3 660 0.6 89.36 68.21 0.76 3.6 90 4.85 692 1.64
84 2.5.05 2.5 45 3.3 35.46 23.56 0.66 6 20 10.61 120 3.27
85 3.5.05 4.7 60 4.7 66.66 52.87 0.79 14.4 50 26.36 205 4.30
86 18.5.05 11.9 645 1.1 168.79 118.89 0.70 8.4 124 23.43 712 2.78
87 21.5.05 7.4 20 22.2 104.96 124.30 1.18 37.2 13 121.80 180 11.51
88 23.5.05 1.8 63 1.7 25.53 23.48 0.92 8.4 17 17.73 110 3.56
89 23.5.05 4.9 435 0.7 69.50 78.49 1.13 7.2 300 18.62 480 2.73
90 25.5.05 3.8 294 0.8 53.90 60.84 1.13 3.6 51 8.13 430 2.36
91 25.5.05 2.7 434 0.4 38.30 39.70 1.04 2.4 385 5.60 630 1.05
92 27.5.05 1.3 52 1.5 18.44 16.38 0.89 3.6 40 6.50 140 1.95
93 5.6.05 2.7 198 0.8 38.30 28.35 0.74 3.6 22 5.02 204 2.32
94 24.6.05 3.5 60 3.5 49.64 40.67 0.82 16.8 115 30.19 90 7.53
95 29.6.05 3.5 80 2.6 49.64 48.62 0.98 9.6 55 18.78 150 5.40
96 30.6.05 2.4 25 5.8 34.04 34.83 1.02 9.6 21 20.60 85 6.83
97 30.6.05 3.3 20 9.9 46.81 48.56 1.03 30 11 45.89 100 8.09
98 2.7.05 2.6 15 10.4 36.88 27.69 0.75 15.6 8 21.08 80 5.77
99 5.7.05 3.2 60 3.2 45.39 43.53 0.96 6 41 16.95 125 5.80
100 6.7.05 0.9 13 4.2 12.77 10.30 0.81 3.6 15 8.60 60 2.86
101 8.7.05 0.8 45 1.1 11.35 10.67 0.94 2.4 22 6.24 65 2.74
102 18.7.05 1.3 30 2.6 18.44 17.79 0.96 7.2 21 10.85 70 4.24
103 23.7.05 4 195 1.2 56.74 65.65 1.16 6 85 14.92 184 5.95
104 23.7.05 4.8 85 3.4 68.08 66.49 0.98 24 7 53.84 130 8.52
105 24.7.05 2 120 1.0 28.37 30.49 1.07 3.6 30 11.00 65 7.82
106 28.7.05 7.1 448 0.9 100.70 100.08 0.99 3.6 257 13.50 420 3.97

107 29.7.05 11.5 625 1.1 163.12 168.69 1.03 7.2 49 17.53 660 4.26

C l: Hydrological Data from Kildare Site



Storm Date Total Storm Runoff Rainfall Total Total Runoff Peak Time Peak Mean

Number Rainfall Duration Duration Intensity Rainfall Runoff Coefficient Rainfall to Flow Flow

Volume Volume Intensity Peak

(mm) (mins) (mins) (mm/hr) (m^) (m^) (mm/hr) (mins) (1/s) (I/s)

1 18.8.05 4.7 140 170 2.0 53.42 39.5 0.740 4.8 64 10.74 3.87
2 23.8.05 1.3 50 130 1.6 14.77 10.62 0.720 6.0 43 6.69 1.36

3 8.9.05 2 240 159 0.5 22.7 14.69 0.650 2.4 34 3.02 1.54
4 9.9.05 1.1 210 240 0.3 12.51 8.19 0.650 1.2 110 1.55 0.57

5 9.9.05 3.7 220 260 1.0 43.06 31.86 0.740 6.0 204 4.41 2.04

6 9.9.05 3.3 80 166 2.5 37.51 34 0.910 3.6 33 12.02 3.41

7 15.9.05 3.9 180 280 1.3 44.34 34.1 0.770 3.6 28 9.27 2.03

8 23.9.05 1.4 55 150 1.5 15.92 12.51 0.790 6.0 44 4.78 1.39
9 24.9.05 6.2 295 370 1.3 70.5 45.92 0.650 3.6 135 4.86 2.07
10 26.9.05 5.9 165 200 2.2 67.1 56.6 0.840 12.0 5 16.43 4.72

11 28.9.05 3.8 45 110 5.1 43.2 33.6 0.780 7.2 29 20.07 5.09
12 7.10.05 3.2 205 280 0.9 36.38 30.99 0.850 9.6 98 15.62 1.84

13 10.10.05 9.7 425 510 1.4 110.27 98.99 0.900 9.6 6 21.37 3.23
14 11.10.05 1.7 125 160 0.8 16.32 13.44 0.820 2.4 63 3.45 1.40

15 11.10.05 4.5 430 600 0.6 43.2 40.2 0.930 1.2 140 4.3 1.12

C2: Hydrological Data from Monastervin Site B
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Storm Date Total Storm Rainfall Total Total Runoff Peak Time to Peak Mean
No. Rainfall Duration Intensity Rainfall Runoff Coefficient Rainfall Peak Flow Flow

Volume Volume Intensity
(mm) (minutes) (mm/hr) (m^) (m") (mm/hr) (minutes) (I/s) (1/s)

1 21.3.05 26 1280 1.2 249 46.6 0.180 4.8 1140 5.123 0.517
2 23.3.05 2 50 2.4 19.2 2.041 0.110 4.8 25 0.77 0.378
3 30.3.05 7.5 250 1.8 72 8.93 0.120 4.8 49 1.295 0.532
4 1.4.05 4.8 390 0.7 46.08 2.73 0.060 2.4 133 0.306 0.112
5 5.4.05 6.9 330 1.3 66.24 6.59 0.100 12 180 0.497 0.262
6 6.4.05 1.8 35 3.1 17.28 0.85 0.050 4.8 9 0.551 0.202
7 14.4.05 2.3 40 3.5 22.08 1.048 0.050 9.6 11 0.617 0.277
8 17.4.05 16.1 845 1.1 154.56 27.94 0.180 7.2 447 2.118 0.595
9 18.4.05 1.2 30 2.4 11.52 1.28 0.110 6 20 0.524 0.254
10 27.4.05 1.4 120 0.7 13.44 1.76 0.130 2.4 20 0.587 0.267
11 30.4.05 1.2 95 0.8 11.52 1.05 0.090 1.2 30 0.327 0.206
12 2.5.05 1.9 65 1.8 18.24 0.798 0.040 3.6 15 0.306 0.190
13 2.5.05 1.1 20 3.3 10.56 1.75 0.170 3.6 17 0.78 0.356
14 3.5.05 4.4 85 3.1 42.24 6.17 0.150 9.6 12 2.12 1.039
15 3.5.05 11.3 148 4.6 108.2 62.8 0.580 20.4 61 5.913 1.945
16 18.5.05 5 70 4.3 48 5 0.100 8.4 15 2.78 1.042
17 23.5.05 1.5 140 0.6 14.4 1.19 0.080 3.6 10 0.419 0.123
18 24.5.05 1.6 40 2.4 15.36 1.47 0.100 7.2 26 0.552 0.272
19 25.5.05 3.6 205 1.1 34.56 3.47 0.100 3.6 85 0.647 0.340
20 26.5.05 0.6 30 1.2 5.76 0.807 0.14 1.2 14 0.175 0.269
21 30.5.05 2.9 25 7.0 27.84 1.37 0.050 15.6 8 1.08 0.381
22 16.6.05 2.6 70 2.2 24.96 2.3 0.090 4.8 15 0.92 0.479
23 24.6.05 3.5 105 2.0 33.6 2.3 0.070 4.8 11 1.08 0.491
24 30.6.05 2.8 70 2.4 26.88 1.54 0.06 12 20 0.647 0.362
25 30.6.05 2.7 25 6.5 25.92 1.1 0.04 18 7 0.847 0.374
26 23.7.05 2.9 65 2.7 27.84 0.47 0.020 4.8 8 0.524 0.121
27 23.7.05 8 120 4.0 76.8 13.51 0.18 32.4 8 6.39 2.252
28 4.8.05 8.7 380 1.4 83.52 7.67 0.09 8.4 55 1.79 0.344

C3: Hydrological Data from Monastervin Site



Storm Date Total Storm Rainfall Total Total Runoff Peak Time to Peak Mean

No. Rainfall Duration Intensity Rainfall Runoff Coefficient Rainfall Peak Flow Flow

Volume Volume Intensity

(mm) (mins) (mm/hr) (m^) (m^) (mm/hr) (mins) (1/s) (1/s)

1 11.6.04 2.5 55 2.7 24.4 12.83 0.530 8.400 45 2.23 0.713

2 27.6.04 2.4 50 2.9 23.42 7.77 0.330 7.200 25 1.955 0.540

3 5.7.04 2.5 95 1.6 24.4 12.353 0.510 7.2 35 1.563 0.458

4 10.7.04 1.9 30 3.8 18.54 8.377 0.450 6.000 45 1.31 0.465

5 3.8.04 5.3 395 0.8 51.73 18.31 0.360 4.800 320 1.16 0.363

6 11.8.04 2.3 20 6.9 22.45 4.8 0.210 16.800 50 0.58 0.267

7 12.8.04 7.6 115 4.0 74.18 36.59 0.490 19.200 40 9.88 2.541

8 15.8.04 8.5 95 5.4 82.96 37.71 0.450 14.400 40 8 2.465

9 17.8.04 6.1 85 4.3 59.54 24.32 0.410 16.800 30 4.71 1.801

10 18.8.04 9 525 1.0 87.84 51.02 0.580 4.800 180 4.07 1.090

11 19.8.04 7.5 185 2.4 73.2 41.27 0.560 13.200 75 5.66 1.859

12 16.9.04 4.8 230 1.3 46.85 21.37 0.470 7.200 205 2.22 0.660

13 29.9.04 16.4 300 3.3 160.1 90.13 0.560 10.800 180 6.53 2.889

14 4.10.04 20.8 350 3.6 203 114.8 0.570 19.200 90 11.58 3.679

15 4.2.05 3 180 1.0 29.28 13.58 0.460 2.4 135 2.25 0.539

16 6.2.05 4 265 0.9 39.04 17.47 0.450 12 120 1.75 0.607

17 14.3.05 6.2 320 1.2 60.51 32.314 0.530 2.400 130 2.92 0.997

18 21.3.05 20.9 1085 1.2 203.9 126.5 0.620 7.200 910 4.17 1.464

19 29.3.05 2.8 150 1.1 27.33 10.74 0.400 4.800 130 1.29 0.519

20 29.3.05 1.2 25 2.9 11.71 4.16 0.360 4.800 55 0.52 0.356
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Storm Date Total Storm Rainfall Total Total Runoff Peak Time to Peak Mean
No. Rainfall Duration Intensity Rainfall Runoff Coefficient Rainfall Peak Flow Flow

Volume Volume Intensity
(mm) (mins) (mm/hr) (m^) (m^) (mm/hr) (mins) (1/s) (1/s)

21 1.4.05 5.4 490 0.7 52.7 22.18 0.430 3.600 320 1.47 0.513
22 5.4.05 10.9 380 1.7 106.38 58.21 0.55 10.8 340 3.25 1.406
23 6.4.05 1.5 45 2.0 14.64 6.14 0.42 3.6 50 1.2 0.640
24 13.4.05 2 75 1.6 19.52 7.16 0.370 3.600 50 0.5 0.323
25 14.4.05 1.5 85 0.6 14.64 6.76 0.460 7.200 80 0.69 0.417
26 17.4.05 7.9 995 0.5 77.1 29.02 0.380 2.400 590 3.5 0.504
27 25.4.05 4.3 250 1.0 41.97 19.69 0.470 2.400 85 1.79 0.965
28 26.4.05 3.1 70 2.7 30.26 14.79 0.490 6.000 50 3.03 0.948
29 27.4.05 3 405 0.4 29.28 14.46 0.490 1.200 110 1.73 0.309
30 2.5.05 2.7 75 2.2 26.35 10.67 0.410 3.600 70 1.71 0.593
31 3.5.05 18.9 450 2.5 184.5 121.7 0.660 8.400 125 17.05 3.401
32 31.5.05 3.4 65 3.1 33.18 16.92 0.510 8.400 40 3.47 1.343
33 15.6.05 2.1 105 1.2 20.496 9.93 0.480 3.600 160 0.6 0.345
34 16.6.05 1.8 375 0.3 17.57 7.53 0.430 1.200 80 1.32 0.299
35 23.7.05 2.3 135 1.0 22.45 7.23 0.320 4.800 140 0.44 0.251
36 28.7.05 23.8 1440 1.0 232.3 153.3 0.660 4.800 180 4.82 1.637
37 4.8.05 4.2 460 0.6 40.99 19.66 0.480 2.400 275 0.68 0.364
38 13.8.05 2.7 85 1.9 26.35 10.4 0.390 13.200 55 0.97 0.289
39 18.8.05 5.5 360 0.9 53.68 28.69 0.530 3.600 90 1.96 0.613
40 24.8.05 5.4 300 1.1 52.7 30.32 0.580 4.800 245 2.59 0.766

C4: Hydrological Data from Maynooth Site D
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KIL A JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 0.2 3.2 0.0 0.2 0.0 0.2 1.8 0.0 0.2 3.5 0.0 0.5
2 4.6 3.8 0.1 0.0 0.0 0.0 2.0 0.0 0.6 4.8 0.0 0.0
3 3.0 5.2 0.0 13.2 0.0 0.3 1.7 20.8 0.2 4.5 0.8 0.2
4 0.8 9.4 9.5 4.0 0.0 0.0 0.3 0.7 0.0 13.2 0.1 0.1
5 0.2 0.0 1.6 0.0 2.1 0.1 5.4 0.4 0.0 0.8 0.0 0.1
6 3.2 0.0 0.0 1.2 9.0 0.0 8.2 0.2 0.2 1.2 0.0 0.3
7 4.6 0.2 0.0 0.2 4.3 0.0 0.0 0.0 0.0 0.0 0.2 0.1
8 6.8 0.0 0.0 0.2 0.3 0.0 0.2 6.2 0.2 0.6 0.1 0.7
9 3.2 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.2 0.2 0.0
10 6.2 0.0 0.1 0.2 0.0 4.1 0.0 3.6 0.8 0.0 0.0 0.0
11 4.6 0.0 0.0 0.6 0.0 0.8 0.0 3.3 1.2 0.0 0.1 0.0
12 4.6 0.0 1.3 1.6 0.1 0.0 0.0 2.6 7.4 0.2 0.4 0.0
13 0.6 1.0 2.4 2.4 0.0 0.0 0.0 0.0 2.2 3.6 0.0 0.2
14 0.6 0.2 5.2 5.2 0.0 0.0 0.1 0.1 5.1 2.8 0.0 0.8
15 19.0 0.2 1.6 1.6 0.0 0.0 5.3 12.4 0.1 0.2 0.2 2.3
16 1.8 1.0 9.0 9.0 0.0 0.0 0.0 7.7 5.8 3.6 0.1 0.9
17 0.2 0.0 0.2 0.2 0.0 0.0 2.4 8.9 0.2 0.6 0.2 5.8
18 0.2 0.2 5.0 5.0 0.0 9.3 0.4 1.4 8.2 0.0 9.2 10.2
19 0.0 0.2 7.8 7.8 0.0 0.7 0.0 8.8 0.0 6.6 0.1 1.0
20 0.2 0.2 4.2 4.2 0.0 1.2 1.7 0.1 0.0 14.4 11.8 0.6
21 0.0 0.0 8.8 8.8 0.0 0.0 2.0 0.0 0.0 8.4 0.6 1.6
22 1.0 0.0 1.8 0.1 0.0 22.1 0.1 8.5 0.0 11.0 0.0 4.4
23 6.8 0.0 0.4 0.1 0.0 4.1 0.0 14.2 0.0 5.0 0.0 0.4
24 1.0 0.0 0.2 0.0 0.0 0.3 0.0 4.4 0.0 3.0 0.1 3.6
25 0.2 3.4 0.4 0.0 2.9 0.0 0.3 0.1 0.4 0.6 1.5 0.0
26 5.0 1.0 0.0 0.1 0.0 3.2 0.7 0.5 0.1 0.4 0.1 0.8
27 1.6 0.2 0.0 0.2 0.7 0.4 0.0 0.3 0.1 3.2 0.5 4.2
28 1.8 0.1 0.4 0.2 3.1 9.8 0.0 0.3 0.0 13.8 0.0 0.2
29 0.0 0.0 0.0 0.0 2.1 0.0 0.0 0.2 6.0 13.8 0.0 0.4
30 2.0 0.0 0.7 4.6 2.2 0.0 0.0 2.7 0.0 1.2 1.6
31 0.0 7.3 0.4 0.0 0.1 0.4

Total 84.0 29.5 60.0 67.0 36.6 58.9 33.0 105.7 41.7 120.1 27.5 41.4
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KIL A JAN FEB M AR A PR MAY JUN JU L AUG SEP O C T NOV DEC
1 3.8 0.0 1.4 8.4 1.0 0.5 1.3 0.0 - - - -

2 0.2 0.0 0.3 0.0 6.0 1.1 2.7 1.0 - - - -

3 0.4 0.0 0.2 0.0 14.2 1.3 0.8 0.5 - - - -

4 3.6 2.7 0.7 0.1 0.0 0.8 0.2 8.7 - - - -

5 1.6 0.1 0.1 0.8 0.1 2.8 4.2 0.5 - - - -

6 0.0 1.4 0.0 0.0 0.2 0.1 0.9 1.1 - - - -

7 22.8 0.1 0.0 0.2 0.2 0.0 0.3 0.0 - - - -

8 3.8 0.1 0.1 0.0 0.4 0.0 1.1 0.0 - - - -

9 0.4 1.5 0.0 0.0 0.0 0.0 0.2 0.0 - - - -

10 0.2 0.8 0.3 0.0 0.0 0.0 0.0 0.0 - - - -

11 3.1 2.4 0.8 0.0 0.0 0.0 0.0 0.0 - - - -

12 0.9 3.9 0.1 0.0 0.0 0.0 0.0 0.1 - - - -

13 0.1 0.1 0.0 0.7 0.0 0.0 0.0 0.6 - - - -

14 0.4 0.1 5.3 1.8 0.0 0.0 0.3 0.0 - - - -

15 0.4 0.0 0.1 0.2 0.0 3.7 0.2 0.0 - - - -

16 1.4 0.2 0.1 0.0 0.0 3.5 0.0 0.0 - - - -

17 4.4 0.4 0.0 18.0 0.0 0.0 0.0 0.0 - - - -

18 3.1 0.8 0.0 1.3 12.1 0.5 1.5 4.6 - - - -

19 4.5 0.1 0.0 0.0 0.4 1.1 0.1 0.1 - - - -

20 0.1 0.0 2.3 0.0 1.6 0.0 0.5 0.0 - - - -

21 0.0 5.5 23.1 0.0 11.1 0.0 0.1 4.8 - - - -

22 0.0 0.8 0.9 0.0 1.6 0.0 0.0 1.2 - - - -

23 0.0 1.8 6.6 2.7 3.2 0.0 11.2 0.5 - - - -

24 0.0 0.2 1.4 0.0 4.7 8.3 2.1 0.4 - - - -

25 0.1 1.3 0.0 0.1 5.7 0.0 0.1 0.0 - - - -

26 1.2 0.1 0.2 1.7 1.2 0.0 0.0 0.2 - - - -

27 0.0 0.0 0.0 3.2 1.9 0.0 0.0 0.2 - - - -

28 0.1 0.1 7.3 3.2 0.1 0.2 7.6 3.8 - - - -

29 0.0 1.7 0.0 0.0 3.6 14.1 8.2 - - - -

30 0.3 8.6 3.7 0.4 8.3 2.1 1.2 - - - -

31 0.0 1.6 0.3 0.1 0.0 - - - -

Total 56.9 24.5 63.2 46.1 66.4 35.8 51.7 37.7 - - - -

C5: Rainfall Data from Kildare area Site A, B, C
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JA N FEB M AR APR MAY JUN JU L AUG SEP O C T NOV DEC
1 - - - - - 0.0 0.2 0.0 0.0 4.3 0.0 0.2
2 - - - - - 0.0 2.6 0.0 0.1 0.7 0.0 0.1
3 - - - - - 0.0 12.1 5.0 0.0 6.3 0.0 1.2
4 - - - - - 0.0 2.8 0.8 0.0 17.0 0.0 0.0
5 - - - - - 0.0 2.6 0.1 0.0 0.0 0.0 0.3
6 - - - - - 0.0 0.2 0.2 0.0 1.4 0.0 0.3
7 - - - - - 0.0 0.4 0.0 0.0 0.1 0.0 0.1
8 - - - - - 0.0 0.3 0.2 0.0 2.5 0.0 0.2
9 - - - - - 0.0 1.3 0.1 0.0 0.0 0.0 0.0
10 - - - - - 0.0 2.1 0.0 2.1 0.1 0.0 0.4
11 - - - - - 2.8 2.0 2.4 0.8 0.0 0.0 0.2
12 - - - - - 0.2 0.0 8.6 6.3 0.0 0.1 0.0
13 - - - - - 0.1 0.1 0.0 0.7 2.0 0.0 0.1
14 - - - - - 0.2 0.7 0.0 1.4 1.5 0.0 0.7
15 - - - - - 0.0 0.2 8.8 0.2 0.0 0.0 4.3
16 - - - - - 0.0 0.3 0.8 5.2 0.5 0.0 2.3
17 - - - - - 0.0 0.1 6.2 0.1 0.5 1.1 3.5
18 - - - - - 1.3 0.1 9.1 0.0 0.1 13.4 8.7
19 - - - - - 0.7 0.0 11.4 0.0 3.9 0.2 0.5
20 - - - - - 1.0 0.2 0.4 0.2 18.9 10.7 0.8
21 - - - - - 0.2 0.1 0.0 0.0 4.1 1.6 2.9
22 - - - - - 0.1 0.1 6.2 2.0 9.0 0.0 5.3
23 - - - - - 0.8 0.0 7.1 2.4 5.9 0.0 0.3
24 - - - - - 0.0 0.0 2.6 0.0 4.1 0.0 2.9
25 - - - - - 0.0 0.5 1.2 0.9 0.6 1.5 1.7
26 - - - - - 1.3 0.7 0.2 0.3 0.0 0.5 0.2
27 - - - - - 2.7 0.0 0.1 0.2 8.5 1.3 4.8
28 - - - - - 5.2 0.0 0.2 0.2 1.9 0.1 0.2
29 - - - - - 0.3 0.6 0.1 8.5 0.0 0.0 0.1
30 - - - - - 0.1 0.0 0.0 9.5 0.0 2.4 2.0
31 - - - - - 0.0 0.0 0.0 1.1

Total - - - - - 17.0 30.3 71.8 41.1 93.9 32.9 45.4
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C6: Rainfall Data from Maynooth area Site D

2005 JAN FEB M AR A PR MAY JUN JU L AUG SEP O C T NOV DEC
1 4.1 0.0 0.0 5.4 0.4 3.7 0.1 0.3 - - - -

2 0.1 0.2 0.0 0.1 4.8 1.6 0.1 0.0 - - - -

3 0.0 0.0 0.0 0.0 21.4 3.0 0.0 0.0 - - - -

4 2.5 3.0 0.5 0.4 0.1 0.7 0.1 4.0 - - - -

5 1.3 0.1 0.0 3.8 0.1 0.3 0.2 0.2 - - - -

6 0.0 4.1 0.1 11.0 1.8 0.3 0.0 0.3 - - - -

7 31.8 0.1 0.0 0.7 0.5 0.2 0.6 0.0 - - - -

8 6.7 1.4 0.0 0.1 1.2 0.2 2.2 0.0 - - - -

9 0.3 0.1 0.0 0.3 0.2 0.2 0.5 0.0 - - - -

10 0.0 0.8 0.3 0.0 0.0 0.0 0.0 0.0 - - - -

11 3.0 2.0 0.1 0.1 0.0 0.0 0.0 0.1 - - - -

12 0.9 3.6 0.0 0.8 0.0 0.0 0.0 0.0 - - - .

13 0.0 0.2 0.1 2.1 0.0 0.0 0.0 3.6 - - - -

14 0.0 0.0 6.2 2.8 0.0 0.4 0.0 0.0 - - - .

15 0.0 0.0 0.2 0.1 0.0 2.1 0.0 0.0 - - - -

16 0.0 0.0 0.0 0.0 0.3 1.8 0.0 0.0 - - - -

17 0.0 0.3 0.0 7.9 0.0 0.0 0.0 0.0 - - - -

18 0.0 0.8 0.0 0.4 1.4 0.0 0.6 6.5 - - - -

19 0.0 0.2 0.1 0.1 2.0 0.1 0.1 1.1 - - - -

20 0.3 0.0 0.1 0.2 0.8 0.3 0.0 0.0 - - . -

21 2.9 4.5 20.9 0.0 3.7 0.3 0.0 2.3 - - - -

22 8.5 0.6 0.0 0.6 2.4 0.0 0.0 0.9 - - - -

23 0.0 1.2 1.1 0.5 0.7 0.0 2.7 1.0 - - - -

24 0.1 0.2 0.6 0.0 0.3 0.9 0.0 7.1 - - - -

25 0.2 1.2 0.1 4.3 0.2 0.1 0.0 0.9 - - . -

26 0.3 0.0 0.1 3.3 0.1 0.0 0.0 0.3 - - - -

27 0.2 0.0 0.0 1.7 0.6 0.2 0.0 0.0 - - - -

28 0.0 0.1 0.9 1.7 0.0 0.9 21.3 0.1 - - - .

29 0.0 4.1 0.0 0.0 1.4 8.8 0.9 - - - -

30 0.0 0.4 1.7 0.6 0.8 3.1 0.0 - - - -

31 0.0 0.4 0.4 0.5 0.0 - . - -

Total 63.2 24.7 36.3 50.1 44.0 19.5 40.9 29.6 - - - -
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Monthly Rainfall At Six Sites

Fen □  Naas ■  Kildare □  Maynooth ■  Airport □ Casement ■  Monasterevin
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Cl: Comparison between site rainfall data and rainfall data supplied by Meteireann



Appendix E HYDROGRAPHS AND WATER QUALITY

DATA

Introduction

The hydrographs and water quality analysis for a number o f pollutant parameters 

including, TSS, TCd, TCu, TPb, TZn TP, TOC, TCI, DCd, DCu, DPb and DZn are 

presented in the following pages. The bottle numbers and flow data are also included.
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Kildare(Site A) 2 July 2005

R ain fa ll Flow •  S am ples
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Time

Bottle No.
Flow
(1/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

FCu
(mg/1)

FPb
(mg/1)

FZn
(mg/I)

1,2 19.74 763 0.009 0.11 0.141 0.597 0.59 9.07 0.012 0.027 0.041

3,4 19.07 458 0.009 0.07 0.115 0.398 0.45 9.24 0.014 ND 0.087

5,6 19.40 284 0.008 0.07 0.085 0.301 0.34 9.92 0.014 ND 0.026

7,8 10.60 178 0.006 0.04 0.076 0.261 0.24 9.33 0.012 0.022 0.057

9,10 4.55 76 0.006 0.05 0.069 0.18 0.18 8.88 0.019 ND 0.024
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Kildare (Site A) 3 August 2004

R a in fa ll R ow  •  S am p le
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Bottle
No. Time

Flow
(1/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

1 17:48 19.37 256 ND 0.08 0.06 0.45 _ 35.2 3.49

2 17:53 25.73 202 0.01 0.07 0.05 0.37 . 16.75 3.00

3 17:58 24.40 163 0.01 0.06 0.04 0.27 - 11.73 2.50

4 18:03 20.46 148 0.01 0.05 0.03 0.2 _ 8.83 2.00

5 18:08 16.38 138 0.01 0.05 0.04 0.18 - 7.82 1.50



Kildare (Site A) 3 August 2004 P2

I Rainfall -Flow •  Sample
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(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

6,7 13.55 196 ND 0.05 0.01 0.18 5.97 1.31

8,9,10 48.11 257 ND 0.05 0.02 0.19 _ 2.48 0.87

11,12 30.09 224 0.008 0.04 0.02 0.15 _ 1.87 0.44

13,14 8.68 121 ND 0.02 ND 0.09 _ 2.13 0.44

15,16,17 11.07 116 0.009 0.03 0.01 0.04 _ 3.68 1.31

18,19,20 7.93 129 0.010 0.03 ND 0.05 _ 3.71 1.31

21,22,23,24 2.98 116 0.010 0.01 ND 0.09 _ 4.6 2.18
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Kildare (Site A) 3 May 2005

I R a in fa ll Flow •  Sample

30
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6
03>40 04K)0 0420 04:40 05:00 0520 0540 06K)0

Time

Bottle No.
Flow
(1/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

1,2,3 13.885 772 0.010 0.204 0.257 1.280 1.162 2.093

4,5,6 25.434 1136 0.013 0.233 0.283 1.433 1.288 1.759

7,8,9 19.446 564 0.008 0.121 0.14 0.827 0.848 2.772

10,11,12,13,14 12.954 336 0.005 0.062 0.084 0.354 0.570 0.963

15,16,17,18,19 7.989 151 0.005 0.027 0.052 0.164 0.175 2.087 _
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Kildare (Site A) 5 July 05

Rainfall Flow •  Sample

24

0.2
20 0.4

0.6 .E 
E

0.8 !2
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1.2u.
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1.6
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1.8

09:10 09:30 09:50 10:10 10:3008:30 08:5007:50 08:10

Time

Bottle No.
Flow
(1/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

FCu
(mg/1)

FPb
(mg/1)

FZn
(mg/1)

12,13,14 10.46 191 0.006 0.061 0.087 0.303 _ _ 0.014 ND 0.052

15,16,17 13.34 153 0.007 0.056 0.086 0.290 _ _ _ 0.018 0.053 0.042

18,19 16.40 122 0.005 0.046 0.067 0.158 _ _ _ 0.013 0.054 0.035

20,21 12.69 73 0.006 0.037 0.069 0.132 _ _ _ 0.014 ND 0.034

22,23,24 4.72 50 0.008 0.032 0.071 0.102 _ _ _ 0.012 ND 0.032
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Kildare (Site A) 10 August 2004

Rainfall  Flow •  Sample

70
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T i m i m T m i i i Pi i i i l 8 
13:2012:20 12:40 13:0012:00

Time

Bottle
No. Time

Flow
(I/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

1 12:19 23.97 - 0.01 0.12 0.12 0.6 0.38 14.21 5.23

2 12:21 42.49 - 0.01 0.13 0.14 0.69 0.3 11.68 3.49

3 12:22 50.19 - 0.01 0.13 0.15 0.65 0.22 9.26 2.62

4 12:24 53.14 - 0.01 0.1 0.08 0.54 0.18 7.58 1.74

5 12:25 49.53 - 0.01 0.1 0.08 0.51 0.16 6.62 3.49

6 12:26 45.32 - 0.01 0.09 0.08 0.43 0.13 6.3 2.62

7 12:29 35.90 - 0.01 0.07 0.07 0.36 0.16 5.91 2.18

8 12:30 35.49 - 0.01 0.07 0.06 0.33 0.13 5.64 2.18

9 12:32 27.89 - 0.01 0.06 0.07 0.31 0.15 5.17 2.22

10 12:34 27.89 - 0.01 0.06 0.07 0.29 0.13 5.61 2.18

11 12:36 22.54 - 0.01 0.06 0.06 0.26 0.08 7.59 2.22

12 12:38 18.60 - 0.01 0.07 0.06 0.25 0.04 4.94 2.18

13 12:42 12.93 - 0.01 0.05 0.05 0.17 0.04 5.17 2.18

14 12:45 9.13 - 0.01 0.05 0.06 0.17 0.05 4.47 2.18

15 12:00 5.76 - 0.01 0.04 0.04 0.13 0.05 4.86 2.22

16 12:56 3.21 - 0.01 0.03 0.05 0.11 0.04 6.09 2.18
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Kildare (Site A) 18 JUNE 04

Rainfall Flow •  S am ple

40
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EZ 20
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17:30 17:5517:0516:40

Time

Bottle No. Time
Flow
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

7 16:55 28.46 1702 0.008 0.16 0.19 0.66 1.20 18.13 9.02

8 17:05 16.19 1122 0.007 0.13 0.14 0.49 0.75 16.94 10.46

9 17:15 5.46 774 ND 0.09 0.09 0.33 0.57 18.03 9.50

10 17:25 2.01 491 0.007 0.08 0.06 0.24 0.38 18.84 8.72

11 17:35 0.85 316 ND 0.05 0.03 0.17 0.24 21.3 8.90

12 17:45 0.35 254 0.009 0.05 0.02 0.12 0.19 19.79 8.72

13 17:55 0.099 249 0.010 0.04 0.02 0.06 0.17 23.26 10.46
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Kildare (Site A) 18 JUNE 04 P2 

R a in fa ll Flow •  Sample

6 T
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o
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19:3519:1018:4518:20

Time

Bottle No. Time
Flow
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

17 18.35 0.30 677 0.005 0.09 0.07 0.27 0.42 18.6 8.92

18 18.45 3.82 602 ND 0.08 0.06 0.34 0.38 19.07 9.72

19 18.55 3.48 504 0.004 0.07 0.06 0.26 0.35 22.13 10.46

20 19.05 1.87 456 0.006 0.06 0.06 0.20 0.3 21.59 10.46

21 19.15 1.03 384 ND 0.06 0.05 0.22 0.28 23.67 10.52

22 19.25 0.32 374 ND 0.05 0.05 0.21 0.27 24.64 10.46

23 19.35 0.04 340 0.01 0.05 0.04 0.15 0.2 26.11 10.2
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Kildare (Site A) 21 May 2005

■ ■ ■  Rainfall Flow •  Sanrple
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Bottle
No.

Flow
(i/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

FCu
(mg/1)

FPb
(mg/1)

FZn
(mg/1)

1,2,3 57.39 4241 0.013 0.448 0.539 2.727 3.041 4.710 0.006 0.016 0.018

4,5,6 108.46 2513 0.010 0.313 0.398 1.82 1.989 2.195 0.005 0.011 0.015

7,8,9 103.27 1750 0.007 0.257 0.314 1.569 1.573 2.236 _ 0.022 0.013 0.065

10,11,12 53.26 1086 0.007 0.235 0.355 1.406 1.33 2.368 _ 0.004 0.016 0.023

13,14,15 16.95 622 ND 0.144 0.200 0.842 0.75 1.892 _ 0.004 0.024 0.014

16,17,18 6.65 284 ND 0.057 0.102 0.268 0.337 2.472 _ 0.044 0.030 0.113

19,20,21 1.19 105 ND 0.019 0.049 0.161 0.15 3.965 - 0.003 0.014 0.012
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Kildare (Site A) 23 July 2005 

■ ■ R a in fa l l Flow •  Sample
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Bottle No.
Flow
(1/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

FCu
(mg/l)

FPb
(mg/l)

FZn
(mg/l)

1,2,3 50.64 2093 0.011 0.225 0.228 1.412 1.42 12.508 _ 0.02 0.046 0.084

4,5,6 46.65 1358 0.012 0.189 0.188 1.144 1.02 8.627 _ 0.01 0.010 0.048

7,8,9 24.37 647 0.006 0.108 0.124 0.649 0.61 7.004 . 0.029 0.022 0.077

10,11,12 8.85 213 0.005 0.049 0.099 0.250 0.41 6.141 _ 0.029 0.030 0.083

16,17,18 6.52 35 0.010 0.025 0.015 0.085 0.13 5.735 _ 0.01 0.012 0.065



Kildare (Site A) 24 June 05 

Rainfall Flow •  Sample

45

0.5

(A

2.5
o
u.

3.5

4.5

03:40 03:55 04:10 04:25 04:40 04:55 05:10

Time

Bottle
No.

Flow
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

FCu
(mg/l)

FPb
(mg/l)

FZn
(mg/l)

1,2,3 27.32 431 0.008 0.094 0.126 0.616 0.510 21.98 _ 0.018 0.066 0.08

4,5,6 27.67 275 0.006 0.087 0.083 0.349 0.352 19.43 _ 0.010 0.024 0.025

7,8,9 14.82 203 0.005 0.049 0.077 0.236 0.269 13.58 _ 0.006 ND 0.031

10,11,12 5.66 185 0.005 0.051 0.097 0.230 0.202 12.44 _ 0.007 ND 0.011

13,14,15 2.61 64 0.002 0.031 0.065 0.198 0.150 7.59 - 0.006 ND 0.019



Kildare (Site A) 25 May 2004

Rainfall Flow •  Sample
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Bottle
No. Time

Flow
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

3 18:22 26.121 3862 0.03 0.29 0.33 1.39 1.71 18.82 24.42

4 18:27 23.241 3475 0.02 0.26 0.3 1.28 1.46 _

5 18:32 24.176 2559 0.02 0.23 0.26 1.14 1.24 25.65 15.70

6 18:37 19.422 1590 0.02 0.17 0.16 0.71 0.92 _ _

7 18:42 15.263 1331 0.01 0.15 0.14 0.66 0.63 16.43 13.95

8 18:47 10.955 980 0.01 0.14 0.13 0.54 0.58 _

9 18:52 8.5709 710 0.01 0.11 0.1 0.47 0.51 _

10 18:57 6.8486 502 0.01 0.09 0.07 0.43 0.47 _ _



Kildare (Site A) 28 May 2004

■  R a in fa ll Flow •  Sample
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0
03:40 04:05 04:30 04:55 05:20 06:10
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Bottle Time
Flow
(1/s)

TSS
(mg/l)

TCd
(mg/I)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

8 04:12 2.37 383 0.008 0.05 0.03 0.16 0.33 13.95 16.43

9 04:22 6.56 370 0.007 0.04 0.03 0.14 0.26 .

10 04:32 6.39 287 ND 0.04 0.02 0.12 0.23 10.46 12.25

11 04:42 4.46 247 0.008 0.04 0.02 0.09 0.18 _

12 04:52 3.91 174 ND 0.04 0.01 0.08 0.15 10.46 10.01

13 05:02 3.20 159 0.009 0.04 0.01 0.1 0.13 - _

14 05:12 3.09 202 0.004 0.04 0.03 0.09 0.14 _ _

15 05:22 2.02 140 0.004 0.03 0.02 0.08 0.16 . _

16 05:32 1.29 132 ^  ND 0.03 0.01 0.07 0.13 - -
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Kildare (Site A) 28 October 2004

R a in fa ll Flow •  Sample
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BOT
NO

FLOW
(1/s)

TSS
(mg/1)

TP
(mg/1)

TOC
(mg/l)

TCI
(mg/l)

1,2,3 9.98 378 0.60 2.02 10.9

4,5,6 11.07 334 0.45 1.40 9.59

7,8,9 11.78 313 0.36 1.23 7.41

10,11,12 16.74 506 0.47 0.72 4.80

13,14,15 23.38 635 0.61 1.00 3.92

16,17,18 22.47 568 0.66 1.32 3.49

19,20,21 8.77 360 0.50 1.32 3.49

22,23,24 1.83 31 0.18 1.07 4.80
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Kildare (Site A) 30 June 2005

■ M  R a i n f a l l  Flow •  S a m p le
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Time

Bottle No.
Flow
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

FCu
(mg/l)

FPb
(mg/l)

FZn
(mg/l)

1,2,3 18.443 562 0.010 0.085 0.135 0.557 0.482 5.80 0.031 0.038 0.027

4,5,6 19.611 443 0.010 0.074 0.118 0.442 0.432 5.33 . 0.013 0.050 0.030

7,8,9 11.868 369 0.009 0.069 0.108 0.438 0.378 4.69 . 0.021 0.037 0.025

10,11 5.699 245 0.007 0.053 0.082 0.332 0.304 4.79 0.013 0.042 0.019

12,13 2.425 137 0.006 0.042 0.061 0.216 0.211 5.69 . 0.042 0.061 0.216
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Kildare (Site A) 17 April 2005

Rainfall Flow •  Sample
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BNO Flow
(1/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

FCu
(mg/l)

FPb
(mg/l)

FZn
(mg/l)

1,2,3 13.43 3325 0.019 0.379 0.465 2.3 3.003 3.622 - 0.007 ND 0.013

4,5,6 19.55 2916 0.015 0.393 0.485 2.358 2.517 2.456 - 0.010 ND 0.006

7,8,9 22.95 2014 0.011 0.294 0.364 1.743 1.916 2.178 . 0.010 ND 0.009

10,11,12 24.18 1343 0.018 0.249 0.333 1.481 1.739 2.065 - 0.020 0.019 0.045

13,14,15 14.90 1199 0.010 0.235 0.267 1.292 1.262 2.272 - 0.012 0.012 0.003

16,17,18 8.92 369 0.006 0.105 0.084 0.549 0.549 2.542 - 0.013 0.010 0.004

19,20,21 8.46 117 ND 0.047 0.077 0.181 0.238 3.108 - 0.013 ND 0.011

22,23,24 5.51 67 ND 0.029 0.013 0.093 0.129 2.695 - 0.006 ND 0.010
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Monasterevin (Site C) 3 May 05

I Rainfall Flow •  Sample
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Bottle No.
Flow
(1/s)

TSS
(mg/l)

TZn
(mg/L)

TCu
(mg/L)

TPb
(mg/L)

TCd
(m g/L)

TOC
(m g/L)

TP
(m g/l)

1,2,3 1.093 26.0 0.006 0.003 0.053 N D 3.614 0.072

4,5,6 4.486 112.0 0.056 0.012 0.116 0.005 2.066 0.206

7,8,9 4.105 88.0 0.024 0.007 0.082 0.002 2.034 0.115

10,1,2 5.197 36.0 0.002 0.003 0.072 0.001 1.938 0.065

13,4,5 4.394 32.0 0.003 0.005 0.069 0.001 2.162 0.056

16,17,18,19 1.896 24.0 0.002 0.004 0.041 0.001 1.687 0.038
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Monasterevin (Site C) 4 Augst 05

I Rainfall -Flow •  Sample
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BNO FLOW
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TSS
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TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/I)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

1,2 0.8337 32 0.007 0.046 0.066 0.04 0.10 _ _

3,4 1.7264 44 0.005 0.008 0.058 0.029 0.11 _ _

5,6 1.346 31 0.005 0.01 0.035 0.032 0.09 . -
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Monasterevin (Site C) 4 Augst 05

R ainfall Flow •  Sample
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TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

1,2 0.8337 32 0.007 0.046 0.066 0.04 0.1 _ .

3,4 1.7264 44 0.005 0.008 0.058 0.029 0.11 _ _

5,6 1.346 31 0.005 0.01 0.035 0.032 0.09 _



Monasterevin (Site C) 21 March 05

^ H R a in fe ll  Flow •  Sample
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TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

1,2 4.6585 33 0.008 0.017 0.089 0.109 0.09456 2.317 9.593

3,4 3.2315 19 0.011 0.033 0.085 0.112 0.08533 2.334 10.465

5,6 1.4205 15 0.011 0.02 0.086 0.082 0.05997 2.224 12.021
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Monasterevin (Site C) 23 July 05

Rainfall •Flow Sample
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TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

7,8 0.0145 125 0.010 0.0205 0.0715 0.1565 . _ _

9,10 0.0130 118 0.006 0.031 0.053 0.1542 _ _

11,12 0.0080 96 0.005 0.026 0.052 0.1486 . _ _



Monasterevin (Site C) 29 July 05

I R a in fa l l  Flow •  S am p le
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(mg/1)

TP

(mg/1)

TOC

(mg/l)

1,2 1.20 12 0.032 0.024 0.154 0.206 0.076 3.93

3,4 1.93 16 0.032 0.056 0.092 0.196 0.054 3.47

5,6 1.46 12 0.009 0.015 0.059 0.062 0.046 3.24

7 0.49 29 0.002 0.005 0.045 0.038 0.031 2.68
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Maynooth (Site D) 3 May 05

I  Rain^ll ■ Flow •  Sample
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BNO FLOW
(1/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/I)

TP
(mg/1)

TOC
(mg/1)

TCI
(mg/1)

7,8,9 5.781 237 0.001 0.039 0.111 0.151 0.37 2.95 _

10,11,12 19.493 736 0.003 0.089 0.133 0.678 0.919 2.58 _

13,14,15 13.078 485 0.002 0.064 0.123 0.413 0.599 2.38 _

16,17,18 8.542 92 0.002 0.024 0.058 0.076 0.189 2.89 _

19,20,21 3.472 28 ND 0.035 0.061 0.103 0.222 5.33 _

22,23 1.2073 14 ND 0.053 0.052 0.103 0.185 4.85 _



Maynooth (Site D) 5 April 05

■ H R a i n f a l l  Flow •  S a m p le

5
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0
21:30 23:10 00:50 02:30 04:10 05:50 07:30 09:10 10:50

Time

Bottle
No.

Flow
(1/s)

TSS
(mg/l)

TZn
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TCd
(mg/l)

2,3 2.025 207 0.245 0.032 0.071 0.007

4,5 2.842 72 0.043 0.032 0.067 0.004

6,7 2.738 88 0.040 0.014 0.049 0.003

8,9 2.625 102 0.027 0.020 0.069 0.004
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Maynooth (Site D) 21 March 05

Rainfall Flow •  Sample

01:30 09:50 18:10 02:30 10:50

Time

BNO FLOW
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

TCL
(mg/l)

1,2 1.677 156 0.008 0.019 0.073 0.078 0.127 3.86 21.8
3,4 1.560 116 0.01 0.018 0.068 0.069 0.102 3.42 27.03

5,6,7 1.783 116 0.01 0.019 0.061 0.056 0.097 3.01 27.47
8,9 2.800 138 0.011 0.027 0.08 0.131 0.171 3.18 24.85

10,11 2.261 102 0.011 0.022 0.058 0.104 0.134 2.77 20.93
12,13,14 2.386 98 0.008 0.02 0.046 0.110 0.123 2.85 19.19

15,16 3.801 79 0.009 0.022 0.034 0.089 0.15 2.57 16.57
17,18 3.264 95 0.004 0.012 0.023 0.117 0.127 2.4 15.26

19,20,21 1.283 137 0.01 0.005 0.067 0.026 0.139 2.32 15.26
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Maynooth (Site D) 28 July 05

I R ainfa l l ■Flow •  S a m p l e

14:20 21K)0

T im e

BNO FLOW
(I/s)

TSS
(mg/1)

TCd
(mg/i)

TCu
(mg/l)

TPb
(mg/i)

TZn
(mg/l)

TP
(mg/i)

TOC
(mg/i)

TCL
(mg/i)

1,2,3 2.761 134 0.008 0.023 0.053 0.08 _ 5.502 _

4,5,6 2.713 66 0.01 0.023 0.029 0.06 5.636 _

7,8,9 3.911 66 0.002 0.028 0.045 0.166 _ 4.811 _

10,11,12 4.249 54 0.009 0.025 0.025 0.113 4.404 _

13,14,15 3.729 44 0.013 0.019 0.075 0.063 _ 4.144 _

16,17,18 4.635 32 0.007 0.018 0.045 0.052 _ 3.426 _

19,20,21,22 4.105 47 0.006 0.019 0.048 0.044 - 3.223 -
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Maynooth (Site D) 29 September 04

I Rainfall Flow •  Sample
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Time

BNO FLOW
(1/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

TCL
(mg/1)

1,2,3 5.243 24 ND 0.02 0.03 0.22 0.14 1.79 9.16

4,5,6 4.376 45 ND 0.02 0.03 0.05 0.13 1.81 11.34

7,8,9 6.397 56 ND 0.02 0.05 0.04 0.12 2.46 14.83

10,11,12 4.158 130 ND 0.03 0.03 0.08 0.16 2.61 17.44



Inflow vs Outflow for Wetland 9 Sept 05

Rainfall Inflow •  Inflow Sample Outflow o Outflow Sample

09:00 10:20 11:40 13:00 14:20 15:40 17:00 18:20 19:40 21:00 22:20 23:40

Time

BNO FLOW
(I/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

FCu
(mg/1)

FPb
(mg/1)

FZn
(mg/1)

1,2,3 2.603 66 0.006 0.055 0.078 0.176 0.122 47.04 0.038 0.043 0.053

4,5,6 2.196 43 0.005 0.046 0.075 0.173 0.103 43.12 0.025 0.04 0.051

7,8,9,10 4.302 67 0.006 0.035 0.048 0.125 0.096 34.94 0.019 0.033 0.039

11,12 5.895 176 0.006 0.0503 0.087 0.272 0.301 13.825 0.027 0.022 0.049

13,14,15 8.080 197 0.006 0.06 0.093 0.283 0.32 11.255 0.024 0.025 0.04

16,17,18 11.581 144 0.006 0.037 0.065 0.226 0.275 10.255 0.021 0.01 0.029

19,20,21 8.796 113 0.005 0.022 0.062 0.192 0.246 8.547 0.021 0.046 0.039

BNO FLOW
(1/s)

TSS
(mg/1)

TCd
(mg/1)

TCu
(mg/1)

TPb
(mg/1)

TZn
(mg/1)

TP
(mg/1)

TOC
(mg/1)

1,2 0.5031 13 0.002 0.021 0.028 0.042 0.109 13.4

3,4 0.3678 12 0.001 0.021 0.028 0.041 0.104 12.8

5,6 0.1683 11 ND 0.015 0.019 0.027 0.09 12.62
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Inflow vs Outflow for Wetland 10 Oct 05

Rainfall  Flow « Inflow Sample Otflow o Outflow Sample

0.5
20

S>o

16:20 18:00 02:20 04:0019:40 21:20 23:00 00:40

Time

BNO FLOW
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/I)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

FCu
(mg/l)

FPb
(mg/l)

FZn
(mg/l)

1,2,3 1.403 254 0.006 0.064 0.071 0.172 0.34 8.62 _ _ _

4,5,6,7 10.173 174 0.005 0.05 0.064 0.165 0.27 6.54 _ . .

8,9 13.741 220 0.004 0.052 0.065 0.182 0.29 4.32 0.027 0.038 0.059

10,11 7.188 162 0.003 0.035 0.046 0.12 0.20 3.72 0.017 0.027 0.048

12,13,14 4.212 145 0.004 0.037 0.029 0.086 0.18 2.23 0.012 ND 0.040

15,16,17 3.362 122 0.002 0.035 0.028 0.061 0.16 3.1 0.013 0.021 0.032

BNO FLOW
(I/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

1 0.899 22 0.002 0.018 0.034 0.025 0.11 3.06

4 2.019 24 ND 0.012 0.039 0.024 0.10 3.05

8 1.566 27 0.001 0.011 0.021 0.021 0.13 3.02

12 1.387 18 ND 0.011 0.026 0.015 0.10 3.01

16 0.061 28 0.001 0.020 0.028 0.022 0.12 2.74
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Inflow vs Outflow for Wetland 18 Aug 05

I Rainfall -Flow •  Inflow Sam ple Outflow o Outflow Sam ple
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BNO FLOW
(I/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

1,2 5.766 226 0.008 0.078 0.102 0.278 0.23 _

3,4 10.153 184 0.007 0.065 0.094 0.246 0.21 -

5,6 7.333 122 0.005 0.053 0.078 0.187 0.13 -

7,8 3.912 88 0.0035 0.027 0.063 0.115 0.097 -

BNO FLOW
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

1,2 0.538 17 0.003 0.014 0.045 0.029 0.07 .

3,4 0.368 24 0.001 0.011 0.042 0.024 0.06

5,6 0.182 22 ND 0.009 0.034 0.019 0.06 _
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Inflow vs Outflow for Wetland 23 Aug 05

R ainfall Flow •  Inflow Sample Outflow o Outflow Sample

10
9
8
7
6
5

4

3
2

1
0  ■

00:30 03:30 04:0001:00 01:30 02:00 02:30 03:00

Time

BNO FLOW
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

FCu
(mg/l)

FPb
(mg/l)

FZn
(mg/l)

1,2,3 1.641 110 0.005 0.045 0.061 0.142 0.34 6.44 0.025 0.032 0.042

4,5,6 1.366 100 0.003 0.042 0.062 0.144 0.31 6.21 0.028 0.038 0.044

7,8,9 5.295 130 0.002 0.046 0.067 0.152 0.36 4.05 0.013 ND 0.035

10,11,12,13 1.317 96 0.002 0.024 0.034 0.136 0.24 2.83 0.016 0.034 0.021

14,15,16,17 0.270 72 0.003 0.019 0.027 0.124 0.19 4.06 0.011 ND 0.017

BNO FLOW
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

1 0.228 18 0.001 0.013 0.027 0.04 0.08 4.21

2 0.218 14 ND 0.014 0.017 0.034 _ _

3 0.179 12 0.001 0.016 ND 0.035 0.09 4.05

4 0.127 12 ND 0.011 0.028 0.035 _ _

5 0.072 10 ND 0.01 0.022 0.033 0.07 3.84
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Inflow vs Outflow for Wetland 26 Sept 05

I Rainfall -Flow •  Inflow Sample Outflow o Outflow Sample

w
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15:25 16:25 17:25 18:25 19:25 20:25 21:25
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E
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Time

BNO FLOW
(I/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

FCu
(mg/l)

FPb
(mg/l)

FZn
(mg/l)

12 15.127 437 0.008 0.095 0.092 0.426 0.614 20.9 0.02 0.016 0.038

34 13.736 215 0.007 0.072 0.087 0.326 0.402 8.85 0.022 ND 0.033

56 9.397 185 0.007 0.054 0.07 0.284 0.295 8.34 0.024 0.016 0.021

789 7.086 146 0.006 0.052 0.064 0.221 0.206 14.23 0.019 0.014 0.017

10112 4.466 110 0.006 0.031 0.055 0.148 0.158 12.01 0.018 0.012 0.032

BNO FLOW
(1/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

1 1.860 14 0.002 0.008 0.025 0.012 0.157 7.84

4 3.131 20 ND 0.011 0.013 0.015 0.132 8.26

10 4.073 24 0.001 0.01 0.021 0.022 0.166 8.22

16 10.55 32 0.002 0.023 0.027 0.045 0.186 8.22

22 2.86 22 0.002 0.017 0.029 0.018 0.144 7.66
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Inflow vs Outflow for Wetland 28 Sept 05

Inflow •  Inflow Sample Outflow o Outflow SampleRainfall

30 Ti

25

15

1.5u.

—  ̂ 2.5 
19:4014:40 16:40

Time

BNO FLOW
(I/s)

TSS
(mg/l)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

FCu
(mg/l)

FPb
(mg/l)

FZn
(mg/l)

1,2,3 8.28 125 0.005 0.042 0.073 0.223 0.236 16.24 0.015 0.02 0.039

4,5,6 10.77 112 0.004 0.035 0.071 0.212 0.214 14.52 0.018 0.015 0.04

7,8,9 19.27 164 0.003 0.058 0.082 0.241 0.298 11.28 0.017 0.015 0.032

10,11,12 14.65 98 0.001 0.032 0.064 0.172 0.202 14.56 0.013 0.014 0.027

13,14,15 4.14 102 0.001 0.025 0.058 0.165 0.207 12.03 0.013 0.011 0.026

BNO FLOW
(1/s)

TSS
(mg/I)

TCd
(mg/l)

TCu
(mg/l)

TPb
(mg/l)

TZn
(mg/l)

TP
(mg/l)

TOC
(mg/l)

1 1.709 17 0.001 0.011 0.021 0.024 0.094 11.21

2 1.661 18 ND 0.014 0.021 0.025 _ _

3 1.520 21 0.001 0.015 0.022 0.028 0.096 10.26

4 1.145 20 0.001 0.013 0.022 0.025 _ .

5 1.072 19 ND 0.017 0.028 0.024 _

6 0.655 17 ND 0.014 0.015 0.021 0.078 10.84
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Storm Event: 28**" October 2004

Units: ng/l

Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Benzo(a)anthracene

1032 19 14 54 50 11 94 89 44
ND ND 0 0 35 0 81 75 53
ND ND 0 0 42 0 83 78 59
1532 18 28 61 47 0 74 67 44
891 ND 36 57 50 0 69 57 38
620 ND 35 45 57 13 73 60 47
ND ND ND ND 36 ND 70 64 57
1273 25 36 49 26 ND 67 60 29

Chrysene Benzo(bXk)fluoranthene Benzo(a)pyrene lndeno( 123cd)pyrene Dibenzo(ah)anthracene Benzo(ghi)perylene Total PAH

32 22 16 11 ND 25 1529
30 23 16 11 ND 23 362
35 15 15 10 ND 21 376
29 18 11 ND ND 19 1959
20 ND ND ND ND ND 1218
18 16 13 ND ND 16 1014
23 19 ND ND ND 19 301
29 12 ND ND ND 13 1630

Storm Event: 21** March 2005

Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracen Fluoranthene Pyrene Benzo(a)anthracene

3048 150 1183 644 2813 680 796 843 168
697 205 380 553 2190 1749 2106 2034 887
ND ND ND ND ND ND 317 458 ND
ND ND ND ND ND ND 953 1322 ND
ND ND ND ND ND ND 471 802 ND
ND ND ND ND ND ND 356 607 ND
ND ND ND ND ND ND 545 844 ND
ND ND ND ND ND ND 427 623 89

Chrysene Benzo(bXk)f1uoranthene Benzo(a)pyrene lndeno( 123cd)pyrene Dibenzo(ah)anthracene Benzo(ghi)perylene Total PAH

543 202 ND ND ND ND 11071
2211 1372 1109 595 1111 787 17985
ND ND ND ND ND ND 776
ND ND ND ND ND ND 2275
ND ND ND ND ND ND 1272
ND ND ND ND ND ND 962
ND ND ND ND ND ND 1389
372 173 127 186 209 228 2435
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Storm Event: 17*'' April 05, M ay 05, 21** M ay 05, 24*'' June 05, 2"^ July 05, 23 July 05

Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Benzo(a)anthracene

ND ND ND ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND

Chrysene Benzo(bXk)fluoranthene Benzo(a)pyrene lndeno( 123cd)pyrene Dibenzo(ah)anthracene Benzo(ghi)perylene Total PAH

ND ND ND ND ND ND ND
ND ND ND ND ND ND ND
ND ND ND ND ND ND ND
ND ND ND ND ND ND ND
ND ND ND ND ND ND ND

Storm Event: 5*'' July 05

Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Benzo(a)anthracene

62 32 87 47 105 40 109 116 275
132 31 55 86 164 72 138 127 200
ND ND ND ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND

Chrysene Benzo(bXk)fluoranthene Benzo(a)pyrene Indeno{ I23cd)pyrene Dibenzo(ah)anthracene Benzo(ghi)perylene Total PAH

384 157 167 113 100 195 1990
158 56 38 ND ND ND 1257
ND ND ND ND ND ND ND
ND ND ND ND ND ND ND
ND ND ND ND ND ND ND
ND ND ND ND ND ND ND
ND ND ND ND ND ND ND
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Appendix F STORM EVENT CHARACTERISTICS

Introduction

The flowing tables present the pollutant concentrations for TSS, TP, TOC, TCd, TCu, 

TPb, and TZn. Also included are the storm event characteristics such as, antecedent 

traffic count (ATC), preceding storm duration (ASD), preceding storm volume (ASV), 

preceding storm rainfall intensities (ASPI & ASAI), the antecedent dry period(ADP), the 

storm duration (SD), the storm peak intensity and average intensity (SPI,SAI), the storm 

volume (SV) and the peak flow (PF).

387



388

DATE
TSS

(mg/1)
ATC

(vehs)
ASD

(mins)
ASV
(m')

ASPI
(mm/5m)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m^)

PEAKF
(1/s)

1 25-May-04 2342.4 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 256.5 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 1351.6 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 18-Jun-04 519.3 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 180.6 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-Aue-04 208.0 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 10-Aug-04 _ 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 368.4 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 475.8 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 403.7 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-05 1720.8 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 704.3 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 2209.5 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 302.3 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 433.5 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-05 2021.3 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 429.9 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-Jul-05 125.0 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-Jul-05 1366.4 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055
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DATE
TP

(mg/1)
ATC
(vehs)

ASD
(mins)

ASV
(m^)

ASPI
(mm/5m)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m^)

PE A K F
(1/s)

1 25-May-04 1.116 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 0.201 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 0.940 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 18-Jun-04 0.344 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 _ 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-Au2-04 _ 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 10-Aug-04 0.169 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 0.050 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 0.537 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 0.435 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-05 1.713 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 0.930 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 1.840 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 0.374 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 0.415 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-05 1.552 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 0.412 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-Jul-05 - 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-Jul-05 1.013 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055
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DATE
TOC
(mg/1)

ATC
(vehs)

ASD
(mins)

ASV
(m^)

ASPI
(mm/5m)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m^)

PE A K F
(1/s)

1 25-May-04 20.78 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 11.11 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 17.86 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 18-Jun-04 21.10 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 15.65 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-A US-04 2.93 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 10-Aug-04 7.43 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 3.08 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 1.21 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 2.08 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-05 2.50 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 1.97 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 2.65 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 18.31 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 5.31 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-05 7.87 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 9.36 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-Jul-05 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-Jul-05 9.47 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055



DATE
TCI

(mg/1)
ATC
(vehs)

ASD
(mins)

ASV
(m^)

ASPI
(mm/5m)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(nim/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m^)

PE A K F
(1/s)

1 25-May-04 18.78 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 12.34 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 9.49 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 18-Jun-04 10.16 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 2.52 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-Au2-04 0.88 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 10-Aug-04 2.64 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 1129.40 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 5.58 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 1.05 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-05 - 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 - 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 - 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 - 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 - 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-05 _ 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 - 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-Jul-05 - 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-Jul-05 - 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055



392

DATE
TCd

(mg/1)
ATC
(vehs)

ASD
(mins)

ASV
(m^)

ASPI
(mm/5m)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m’)

PEAKF
(1/s)

1 25-May-04 0.019 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 0.004 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 0.009 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 I8-Jun-04 0.000 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 0.008 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-Au2-04 0.001 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 10-Aug-04 0.010 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 0.010 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 _ 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 0.006 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-05 0.012 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 0.009 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 0.008 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 0.006 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 0.009 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-0S 0.016 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 0.008 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-JuI-05 0.006 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-JuI-05 0.010 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055



393

DATE
TCu

(mg/1)
ATC
(vehs)

ASD
(mins)

ASV
(m^)

ASPI
(mm/5m)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m^)

PE A K F
(1/s)

1 25-May-04 0.207 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 0.040 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 0.140 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 18-Jun-04 0.071 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 0.062 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-Aue-04 0.041 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 10-Aug-04 0.090 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 0.095 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 - 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 0.096 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-0 5 0.259 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 0.152 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 0.293 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 0.078 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 0.073 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-05 0.229 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 0.074 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-Jul-05 0.048 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-Jul-05 0.171 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055



394

DATE
TPb

(mg/1)
ATC
(vehs)

ASD
(mins)

ASV
(m^)

ASPI
(mm/5m)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m^)

PE A K F
(1/s)

1 25-May-04 0.222 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 0.021 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 0.156 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 18-Jun-04 0.059 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 0.044 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-AUS-04 0.015 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 lO-Aug-04 0.088 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 0.063 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 _ 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 0.116 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-05 0.319 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 0.188 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 0.373 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 0.097 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 0.115 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-05 0.274 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 0.106 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-Jul-05 0.076 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-Jul-05 0.177 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055



395

DATE
TZn

(mg/1)
ATC
(vehs)

ASD
(mins)

ASV
(m^)

ASPI
(mm/Sm)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m^)

PEAKF
(1/s)

1 25-May-04 0.969 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 0.109 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 0.550 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 IS-Jun-04 0.272 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 0.295 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-Aue-04 0.147 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 10-Aug-04 0.445 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 0.521 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 - 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 0.554 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66
11 17-Apr-05 1.518 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 0.956 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36
13 21-May-05 1.749 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 0.407 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 0.457 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-0S 1.404 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89
17 02-Jul-05 0.393 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08
18 05-Jul-05 0.205 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949
19 23-Jul-05 1.047 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055



396

DATE
DCu
(ug/1)

ATC
(vehs)

ASD
(mins)

ASV
(m^)

ASPI
(mm/5m)

ASAI
(mm/lir)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m’)

PE A K F
(1/s)

1 25-May-04 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 18-Jun-04 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-Aue-04 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 10-Aug-04 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 4.30 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-05 12.20 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 10.80 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 11.70 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 20.70 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-0S 14.80 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 13.50 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-M -05 23.30 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-M -05 18.40 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055



397

DATE
DZn
(ug/1)

ATC
(vehs)

ASD
(mins)

ASV
(m^)

ASPI
(mm/5m)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m^)

PE A K F
(1/s)

1 25-May-04 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 _ 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 _ 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 18-Jun-04 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 _ 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-AU2-04 . 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 lO-Aug-04 _ 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 _ 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 _ 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 72.90 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-05 15.40 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 _ 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 33.40 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 44.20 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 26.80 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-05 18.20 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 50.30 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-Jul-05 39.20 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-Jul-05 69.80 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055



398

DATE
DPb
(ug/I)

ATC
(vehs)

ASD
(mins)

ASV
(m ')

ASPI
(mm/Sin)

ASAI
(mm/hr)

ADP
(mins)

SD
(mins)

SPI
(mm/5m)

VDS
vehs)

SAI
(mm/hr)

SV
(m^)

PE A K F
(1/s)

1 25-May-04 . 264661 20 11 0.3 2.4 28080 20 2.1 280 8.7 51 26.12

2 28-May-04 120 180 8.6 0.1 0.5 90 60 0.4 84 1.8 19.78 7.67

3 18-Jun-04 . 107068 25 30.42 1.5 7.92 11520 15 2.2 325 14.8 30.27 32.06

4 18-Jun-04 1315 15 30.27 2.2 14.8 95 10 1 141 7.8 5.63 3.82

5 03-Aug-04 . 165005 180 20.7 0.8 3.3 18780 50 0.9 734 4.6 54 25.73

6 03-AU2-04 194.2 50 54 0.9 4.6 10 210 1.7 3349.5 3.83 40 68.01

7 10-Aug-04 . 28130 80 24 0.3 1.43 2700 30 1.8 354 7.2 56.7 53.138

8 02-0ct-04 . 9722 10 6.2 0.4 4.2 1260 20 1 512 6.3 35.82 26.04

9 28-Oct-04 13850 25 11.14 0.3 2.4 1080 50 0.9 726 5.16 57.87 25.63

10 21-Mar-05 10.30 4096 30 15 0.4 2.6 360 85 0.5 970 2.47 56.76 17.66

11 17-Apr-05 6.20 134235 35 11.02 0.3 1.5 14400 100 1.5 2651 3.48 66.59 26.51

12 03-May-05 . 2164 45 19.3 0.3 2.4 560 60 1.2 90 4.7 53 26.36

13 21-May-05 14.20 39000 25 17.58 1.5 4.56 4320 25 3.1 400 15.6 124.11 122.37

14 24-Jun-05 31.70 450 45 0.9 0.5 2 70 30 1.4 45 6.2 38.53 30.19

15 30-Jun-05 42.40 25 45 19.2 0.5 2.53 15 30 1 180 4.8 31.93 20.6

16 30-Jun-05 25.10 12424 30 32 1 4.8 850 20 2.5 250 9.9 48.59 45.89

17 02-Jul-05 11.50 12994 15 2.6 0.4 3.2 1560 15 1.3 158 10 27.77 21.08

18 05-Jul-05 28.60 35315 15 27.772 1.3 10 3540 60 0.5 1267 3.2 43.565 16.949

19 23-Jul-05 27.20 2011 10 4.925 1 6.6 100 60 2 1159 3.9 106.53 56.055



Appendix G FIRST FLUSH ANALYSIS

Introduction

The assumption that the first section o f the highway runoff is the most polluted can be 

tested by plotting curves o f normalized cumulative mass m ’(t) versus normalized 

cumulative volume v’(t) for each o f the pollutant parameters. Additionally a 45° slope is 

plotted on the following graphs and the departure o f the cumulative load above this line 

will indicate in qualitative terms if  the first flush phenomenon is evident. Best fit Unes 

can also be plotted to provide an averaged first flush response for each pollutant 

parameter. This degree o f departure above the 45° slope has a number o f precise 

definitions as outlined in the previous four criteria in which to decide whether or not a 

first flush has occurred.
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TP First Flush Response
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TCL First Flush Response
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Cd First Flush Response
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Cu First Flush Response

o
0>

_ >

m
3

E
3

o
■ o
0>

_N

"Jo
E

100

90

80

70

60

50

40

30

20

10

0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Normalized Cumulative Runoff Volume

♦ 0 2 / 0 7 / 2 0 0 5

■ 0 3 / 0 8 / 2 0 0 4

3 / 8 / 0 4  ( 2 )

0 3 / 0 5 / 2 0 0 5

X 0 5 / 0 7 / 2 0 0 5

• 1 8 / 0 6 / 2 0 0 4

+ 1 8 / 6 / 0 4 ( 2 )

• 2 1 / 0 6 / 2 0 0 5

- 2 3 / 0 7 / 2 0 0 5

2 4 / 0 6 / 2 0 0 5

2 5 / 0 5 / 2 0 0 4

2 8 / 0 5 / 2 0 0 4

1 0 / 0 8 / 2 0 0 4

3 0 / 0 6 / 2 0 0 5

t 3 0 / 6 / 0 5 ( 2 )

- 4 5

T RE ND

— Pol y .  ( T R E N D )



406

Pb First Flush Response
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Zn First Flush Response

100

c
IM
a>

_ >

3

E
3
o
■o
0 >
N

ra 
E &_
o
z

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Normalized Cumulative Runoff Volume

• 0 2 / 0 7 / 2 0 0 5
■ 0 3 / 0 8 / 2 0 0 4

3 / 8 / 0 4  ( 2)
X 0 3 / 0 5 / 2 0 0 5
X 0 5 / 0 7 / 2 0 0 5
• 1 8 / 0 6 / 2 0 0 4
+ 1 8 / 6 / 0 4 ( 2 )

• 2 1 / 0 6 / 2 0 0 5
- 2 3 / 0 7 / 2 0 0 5

2 4 / 0 6 / 2 0 0 5

2 5 / 0 5 / 2 0 0 4
2 8 / 0 5 / 2 0 0 4

1 0 / 0 8 / 2 0 0 4

3 0 / 0 6 / 2 0 0 5
• 3 0 / 6 / 0 5 ( 2 )

- 45

TREND

Pol y.  ( T RE ND)



408

Dissolved Cu First Flush Response
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Dissolved Pb First Flush Response
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Dissolved Zn First Flush Reponse
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