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Highway stormwater runoff from large, multi-lane highways is one of the leading 

causes of watercourse impairment worldwide. Road runoff frequently carries within it a 

substantial physicochemical pollutant burden which includes sediments, nutrients, 

petroleum hydrocarbons and heavy metals. In seasonally-cold climates, winter 

maintenance activities entail the use of road salts, which constitute an additional source of 

pollutant loading to the road surface.  

A multi-pronged approach was used to improve the state of practice surrounding 

highway design, management and the methodological application of treatment approaches. 

First, a simple road salt application optimization tool was developed in order to help 

highway maintenance managers utilize a sound, scientifically defensible methodology 

when making determinations related to the frequency, timing and rate of road salt 

application. Data from three sites was used to modify the temperature index (TI) model to 

include sinusoidal variance in the daily melt coefficient, in addition to considerations 

related to the surficial rerouting of snow as well as the melt point depression caused by 

salt’s interaction with snow and ice. 

The second avenue of investigation led to the development of artificial neural 

networks (ANNs) capable of predicting the runoff concentration statistical distribution 



parameters for common heavy metals (Cu, Zn, Cr, Pb) and total suspended solid (TSS) 

event mean concentrations (EMCs) within highway stormwater runoff.  

 The third avenue of investigation focused on the assessment and testing of novel  

treatment media for the purpose of enhancing existing roadside ditches in environmentally 

sensitive areas (ESAs). Blast furnace (BF) slag, basic oxygenated furnace (BOF) slag, iron-

enriched overburden (IRON) and wood chips (WC) were tested. The long-term removal of 

Cr, Co, Cu, Pb, Ni and Zn within repacked soil columns ranged from 46-98%.  

 The fourth research effort focused on the development of a methodological 

framework for designing enhanced roadside ditch systems for application in ESAs. The 

feasibility of this framework is demonstrated through a field-scale pilot study, 

complemented by three years of real-time monitoring data. Three different types of 

impermeable liner – compacted clay (CC), high density polyethylene (HDPE) and linear 

low-density polyethylene (LLDPE) – were tested for their ability to prevent stormwater 

egress from the facility.  
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Chapter 1. Introduction 
1.1 Overview 

The effective management of urban stormwater is crucial to protecting surface water 

resources, sensitive receiving environs, groundwater aquifers, and society’s quality of life. 

Increasing urbanization, changing climatic conditions and growing public concern over the 

health of the environment have underscored the need explore innovative new ways to 

improve the management of stormwater runoff. However, financial pressures and the push 

to do more with less have necessitated that innovation and the health of the environment 

be balanced against financial prudence.  Compounding challenges further, engineers tasked 

with the management of highway stormwater runoff are tasked with the unique challenge 

of reconciling public safety and the maintenance of society’s modern economic lifelines 

against the needs of the environment, in addition to both the people and species living 

therein.  

When not managed properly, stormwater runoff from high-volume, multi-lane 

highways can have a number of adverse impacts on the environment, and it has been 

identified as one of the leading causes of watercourse impairment throughout North 

America (USEPA, 2010). Road networks are estimated to cover approximately 1% of the 

contiguous United States, and in addition to the myriad terrestrial biological implications 

associated with habitat fragmentation and disruption and the facilitated movement of 

invasive species, roadways also contribute substantial amounts of sediments, nutrients and 

heavy metals to receiving waters (Forman et al., 1997). Impaired water ways result in 

increased water treatment costs for human consumption and irrigation, as well as a loss of 
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recreational opportunities. These issues are the result of a combination of increased runoff 

volumes and pollutant loadings (Butler and Vascencelos, 2015; Moghadas et al., 2015).  

The concentrations of many pollutants commonly associated with highway stormwater 

runoff – including heavy metals, sediments and petroleum hydrocarbons, amongst others 

– are broadly understood to be influenced by a combination of rainfall pattern, seasonality, 

drainage area, regional land uses and the number, type and quality of vehicles which 

frequent the road surface. Road surface composition has also been identified having some 

influence on overall pollutant load (Van Bohemen and Van De Laak, 2003; Bäckstrom et 

al., 2004; MacKay et al., 2011; Gill et al., 2014). While research has shown that 

automobiles are the largest net contributor of hydrocarbons, metals and particulate matter, 

the deposition of atmospheric dust has been identified as an important vector governing 

the accumulation of sediments and nutrients (Brown et al., 2011; Gunawardena et al., 

2015). Pulverization of the road surface by traffic movement can lead to the release of 

additional pollutants, including hydrocarbons and sediments (Bäckstrom et al., 2004, Ball 

et al., 1998). In seasonally cold climates these challenges are compounded further by the 

use of road salts as an anti-icing or de-icing agent (Betts et al., 2014; Betts et al., 2015; 

Perera et al., 2010, 2013; Trenouth et al., 2015).  

Road salts – typically sodium chloride (NaCl) – are applied to road surfaces as either 

rock salt or brine in order to maintain safe, drivable highway conditions. However, high 

concentrations of road salts have the potential to mobilize and disperse heavy metals and 

other pollutants bound to soil particles (Norrström and Bergstedt, 2001; Bäckström et al., 

2004). In 2001 Environment Canada classified inorganic road salts as a toxic substance 



18 

 

under the 1999 Canadian Environmental Protection Act (CEPA). Given its conservative 

nature, the chloride anion has been shown to contaminate groundwater aquifers and other 

drinking water sources.  Despite this, Canadian maintenance agencies – both public as well 

as private - apply 5 to 7 Mt of salt to roads and parking lots annually, with the United States 

accounting for an additional 10 Mt/yr. (Marynowski et al., 1985; Environment Canada, 

2006). 

Transparent, simple methods are needed to promote the judicious and prudent 

application of road salt, and novel, integrated approaches to protecting sensitive aquifers 

and aquatic habitats are required. However, the lack of a transparent design methodology 

for the design of enhanced roadside ditch treatment systems (RDTSs) capable of protecting 

sensitive groundwater recharge areas and mitigating many of the adverse impacts 

associated with highway stormwater runoff continues to pose a challenge to design 

engineers and maintenance operator alike. Such challenges are to the detriment of both 

society and the receiving environment. To begin to address this complex, pressing issue, 

affordable, effective solutions are needed that address the myriad concerns identified. 

1.2 Research Motivation 

1.2.1 Background 

The Ministry of Transportation – Ontario (MTO) manages some of the biggest and 

busiest highway in North America, with some reaches of Highway 401 seeing upwards of 

400,000 vehicles per day (VPD), and MTO-maintained highways are crucial to the 

economic well-being of both Ontario and Canada as a whole (Figure 1.1; MTO, 2010). 

While the need to maintain a high level of service year-round for so many users poses a 

major operational challenge, the complexities of this task are compounded further by the 
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fact that Ontario is both Canada’s most populous and most rapidly-growing Province. 

Growth projections anticipate that Ontario will add an additional 4.4 million residents by 

2036, largely within the Province’s southerly reaches (OMF, 2012). 

  

Figure 1.1 MTO-managed Highway 401, with enhanced RDTS. 

The large volumes of traffic, required levels of service, seasonal operational challenges 

and economic importance of large, multi-vehicle roadways necessitates that the use of 

novel tools, materials and approaches to balancing human and environmental health be 

explored. Despite the existence of such an exigent need, there remains a dearth of empirical 

evidence related to field performance of impervious liners and demonstrated pollutant 

removal performance of novel, locally-abundant treatment media for application in salt-

vulnerable and ESAs. The following section provides an overview of current research 

needs through an assessment of some of the most pressing gaps in the field of highway 

stormwater management. 

1.2.2 Methodological and Design Gaps 

The extent and distribution of roadways, coupled with the broad and variable nature 

of pollutants which run off of their surfaces makes highway stormwater management a 

complex, challenging issue. At the same time, urban growth in many regions throughout 
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Northern America necessitates the use of increasing amounts of road salt to maintain 

transportation networks and public safety during the winter months.  The adverse effects 

of such salt application are numerous.  In addition to the damage caused to motor vehicles 

and transportation infrastructure, applied road salts often contain ferricyanide 

(Na4Fe(CN)6), which is added as an anti-caking agent, and this chemical has been detected 

in significant quantities in the soils and surface waters adjacent to roadways and salt storage 

yards (Ohno et al., 1990; Paschka et al., 1999).  

As a result of seasonal road salt application, instream chloride concentrations have 

been increasing in many regions (Shaw et al., 2012). While the impacts of salt-laden runoff 

shock loads can lead to severe declines in the richness and abundance of aquatic species, 

the mobility of the chloride anion means that its impacts to groundwater quality in recharge 

areas can be severe (Gedlinske, 2013). In Ontario, groundwater-fed streams have been 

shown to have annual baseflow chloride loads roughly equivalent to annual loadings 

derived from direct surface runoff from developed areas, resulting in aquatic dead zones 

along the Lake Ontario nearshore (Seilheimer et al., 2007; Meriano et al., 2009). 

In addition to road salts, nutrients, sediments, heavy metals and petroleum 

hydrocarbons are also associated with highway stormwater runoff at concentrations which 

are frequently chronically or acutely toxic (Strenstrom et al., 1984; Bäckstrom et al., 2003; 

Davidson et al., 2004; Li et al., 2005; El Tabach et al., 2007). The mobility of the chloride 

anion, coupled with the complex makeup of the remaining pollutant mix has made highway 

stormwater management a daunting task. Management efforts have also been hampered by 

the costs associated with stormwater management, and this includes the costs of treatment 

and well as monitoring and measurement, especially during winter months (Chebud et al., 
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2012). What is needed are tools which can help predict the runoff concentrations of key 

pollutants, as well as cost-effective, demonstrable ways of treating them (Schmueli, 2010; 

Najah et al., 2014). However, there does not appear to be any standardized design 

methodology which satisfactorily addresses this need. 

1.3 Research Objectives 

The main goals of this research were to gain a better understanding of the approaches 

and challenges surrounding the management of stormwater runoff from large, multi-lane 

arterial highways, and to investigate new approaches which could be used to mitigate its 

impact.  Vegetated swales and stormwater retention ponds are already being used to 

provide water quality treat and peak flow control along many large highways across the 

Province. However, given their large, linear nature, high degree of imperviousness, unique 

water quality characteristics and restricted spatial envelope, the treatment of stormwater 

runoff along pre-existing paths of conveyance was of greatest interest. This research will 

add to the existing body of knowledge surrounding highway stormwater management 

through the development of a methodological framework intended to assist design 

engineers seeking to implement appropriately-sized capture and controlled release systems. 

It will also provide a simple, practical approach to optimizing the application of road salt 

as part of winter maintenance approaches, and will provide guidance on the identification, 

performance and selection of novel soil amendment filter media, based on anticipated long-

term pollutant loadings and targeted pollutant removal. In essence, this research seeks to 

improve treatment approaches, minimize pollutant loadings, and provide design tools to 

improve the overall state of highway stormwater management. To meet these overarching 

objectives, the following specific tasks were identified: 
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1) Assess and optimize an existing melt equation in order to provide an improved 

approach for the estimation of snowmelt, based on the additional consideration of 

road salt application and periodic ploughing. To maximize the utility of such a tool, 

it should be developed with the end user – highway maintenance managers – in 

mind. Such a tool therefore needs to balance efficacy with ease of use. 

2)  Develop predictive highway runoff quality models using ANNs which take into 

account site-specific highway traffic and seasonal storm event meteorological 

factors to derive a predictive estimate of the statistical distribution parameters 

describing runoff pollutant concentrations. By developing pollutant-specific ANN 

models to more accurately predict event mean concentration statistics and mean 

daily unit area loads of common highway pollutants, the design of enhanced RDTSs 

to protect sensitive receiving environs can be optimized. 

3) Quantify the pollutant removal performance of inexpensive, locally-abundant 

aggregate and overburden materials for their ability to remove heavy metals under 

simultaneous exposure to high concentrations of road salts. Since high-

concentrations of non-organic salts have been shown to promote organic colloid 

dispersion and displace pollutants bound to cation exchange sites, assessing their 

performance in situations typical of what would be encountered along seasonally-

maintained highways is critical. 

4) Monitor and test the performance of an enhanced roadside ditch treatment system 

for its ability to capture, detain and slowly release winter runoff, and to prevent the 

infiltration of chloride-enriched water to subsoils through the use of an 

impermeable liner system. The design of the enhanced roadside stormwater 
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management system should be complimented by a conceptual model which 

provides a generalized design methodology.  

1.4 Organization 

This thesis is organized in a manuscript format according to the University of Guelph 

2013-2014 Graduate Calendar “Thesis Format” section. Chapters 2 through 5 are separate 

papers. The various chapter outlines may be summarized as follows: 

1.4.1 Chapter 1 – Introduction 

This chapter serves as an introduction to – and overview of - the body of work 

contained herein. It provides the context within which the subsequent chapters – which 

have been submitted and/or published as separate papers – are couched. It also serves to 

connect the different avenues of investigation that were explored over the course of this 

doctoral research program. 

1.4.2 Chapter 2 – Road Salt Application Planning Tool for Winter De-icing 

Operations 

 This chapter summarizes the uses of field-collected data from three separate 

locations in Southern Ontario that are either (1) in the immediate vicinity of a major 

roadway and may or may not be subject to winter maintenance operations or, (2) consist 

of parking areas which undergo the same types of ploughing and salting operations as 

highways during the winter months.  A total of three sites were used to develop, calibrate 

and validate a modified version of the temperature index (TI) method, respectively. 

Furthermore, its predictive performance is compared to independently-measured data from 

the US, collected by third-party researchers. This work has been published in the peer-

reviewed Journal of Hydrology and is cited as follows: 
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 Trenouth, W.R., Gharabaghi, B., Perera, N. (2015). Road Salt Application Planning 

Tool for Winter De-Icing Operations. Journal of Hydrology. 524, 401-410. 

1.4.3 Chapter 3 – Highway Runoff Quality Models for the Protection of 

Environmentally Sensitive Areas 

This chapter presents the work surrounding the development of integrated ANNs, 

trained and tested on a global dataset consisting of 940 monitored runoff events mined 

from a combination of peer-reviewed literature and official government reports. The 

trained ANNs take into account site-specific highway traffic and seasonal storm event 

meteorological factors to predict the event mean concentration (EMC) statistics and mean 

daily unit area load (MDUAL) statistics of common highway pollutants for the design of 

roadside ditch treatment systems (RDTSs) to protect environmentally sensitive receiving 

environs. Predictive runoff water quality models are needed in those instances where the 

direct measurement and characterization of runoff water quality is not feasible, but 

enhanced treatments systems are still needed to protect sensitive species, receiving 

environs or some combination therein. This work has been published in the peer-reviewed 

Journal of Hydrology and is cited as follows: 

 Trenouth, W.R., Gharabaghi, B. (2016). Highway Runoff Quality Models for the 

Protection of Environmentally Sensitive Areas. Journal of Hydrology. 542, 143-155. 

1.4.4 Chapter 4 – Soil Amendments for Heavy Metal Removal from Stormwater 

Runoff Discharging to Environmentally Sensitive Areas 

Building on the predictive integrated neural network modelling work summarized in 

chapter three, this chapter presents the results of a detailed laboratory investigation into the 

efficacy of different treatment media in terms of their ability to remove heavy metals from 

a synthetic highway runoff cocktail under simultaneous exposure to high concentrations of 
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sodium chloride. The identification and assessment of treatment media capable of 

removing heavy metals from stormwater constitutes a critical next step after the 

distribution of runoff pollutants concentrations is reasonably known. Four potential soil 

amendment materials derived from affordable, abundant sources were tested as filter media 

using shaker tests and were found to remove dissolved metals in stormwater runoff. Blast 

furnace (BF) slag and basic oxygenated furnace (BOF) slag from a steel mill, a drinking 

water treatment residual (DWTR) from a surface water treatment plant, goethite-rich 

overburden (IRON) from a coal mine, and woodchips (WC) were tested. Freundlich 

adsorption isotherm constants for six metals across five materials were calculated. 

Breakthrough curves for dissolved metals and total metals accumulation within the filter 

media were measured in column tests using high-strength synthetic runoff. A reduction in 

system performance over time occurred due to progressive saturation of the treatment 

media. Despite this, the top 7 cm of each filter media was found to remove up to 72% of 

the total metal load, depending on metal and treatment media type.  

A calibrated HYDRUS-1D model was used to simulate long-term metal accumulation 

in the filter media, and model results suggest that for these metals a BOF filter media 

thickness of as little as 15 cm can be used to improve stormwater quality to meet regionally-

applicable environmental standards for up to twenty years. The treatment media evaluated 

in this research can be used to improve urban stormwater runoff discharging to 

environmentally sensitive areas (ESAs). This work is published in the peer-reviewed 

Journal of Hydrology and is cited as follows: 
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 Trenouth, W.R., Gharabaghi, B. (2015). Soil Amendments for Heavy Metal Removal 

from Stormwater Runoff Discharging to Environmentally Sensitive Areas. Journal of 

Hydrology. 529(3), 1478-1487. 

1.4.5 Chapter 5 - Highway Stormwater Management System for Environmentally 

Sensitive Areas 

This chapter applies hydrologic engineering design principles to the development and 

implementation of an enhanced RDTS. Building on the work outlined in chapters two, 

three and four, the enhanced treatment system combines principles of low impact 

development (LID) with the insights gained from the three previous chapters in order to 

demonstrate the utility of a new design methodology, for application in ESAs. This chapter 

also assesses the appropriateness of existing water quality guidelines in light of the dual 

considerations of typical effluent water quality and the relative sensitivities of aquatic 

organisms found within receiving environs. This work has been submitted for review to 

the Journal of Hydrology under the following title: 

 Trenouth, W.R., Gharabaghi, B., Farghaly, H. (2016). Highway Stormwater 

Management System for Environmentally Sensitive Areas. Journal of Hydrology (in 

review). 

1.4.6 Chapter 6 – Conclusion 

 This final chapter emphasizes the overall contributions made by this research and 

provides recommendations for future work.  

Author’s note: Appendix A contains permission forms for all previously published 

manuscripts in this thesis.  
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1.5 Transition to Chapter 2 

 A road salt application optimization tool based on a modified version of the 

temperature index (TI) method was developed, and the salt-induced depression of the 

melting point of ice was also considered within the modified approach. The existing TI 

method was compared to the energy balance approach in terms of its ability to estimate 

snow melt. While not a comprehensive, physically-based approach, the TI method was 

found to yield predictive melt estimates that were comparable to those provided by the 

energy balance method, but with a fraction of the input data requirements. Calibrated using 

snowpack accumulation and loss data collected by means of an ultrasonic snow depth 

sensor, the TI method was found to perform best when the melt coefficient was varied 

sinusoidally on an annual basis.   

 The effect of ploughing was considered within the model by assuming that 

ploughing occurred after the start of a snowfall event when more than 1 cm of snow had 

fallen. In such cases, ploughed snow was routed to the banks where it was assumed that no 

appreciable amount of salt was added. Hence, in the bank locations melt was assumed to 

be due to thermal (temperature and rain-on-snow) effects only. This simple modelling 

approach – coupled with the modified TI method – was calibrated using high-resolution 

data collected from a parking lot study carried out at the University of Guelph. With a 

known drainage area, monitored runoff flow rates, carefully tracked salt application data 

(in terms of both timing and mass), and site-specific meteorological data, the parking lot 

study data enabled robust model development through the provision of several events. 

Finally, the calibrated model was applied to a section of Highway 401, where it was found 

that the coefficient of residual mass (CRM) and root mean squared error (RMSE) between 
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the observed and predicted cumulative melt over the study period were 0.006 and 282.4 

m3, respectively. This work has been published in the peer-reviewed Journal of Hydrology, 

and can be cited as follows:  

 Trenouth, W.R., Gharabaghi, B., Perera, N. (2015). Road Salt Application Planning 

Tool for Winter De-Icing Operations. Journal of Hydrology, Volume 524, May 2015, 

Pages 401-410. 
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Chapter 2. Road Salt Application 

Planning Tool for Winter De-Icing 

Operations 

2.1 Introduction 

Cold climates experience distinct challenges in terms of the prediction and management 

of both water quantity and quality, particularly how they relate to snow accumulation, 

redistribution and subsequent melt (Male and Granger, 1981; Rango et al., 2001; 

Semadeni-Davies et al., 2001; Dingman, 2002; Garen and Marks, 2005; Dewalle and 

Rango, 2008). This problem is particularly acute in urban areas, where winter road 

maintenance affects melt processes which in turn have direct safety and environmental 

implications (Male and Granger, 1981; Bengtsson and Westerstrom, 1992; Howard and 

Haynes, 1993; Canadian Council of Ministers of the Environment (CCME), 2011; Kilgour 

et al., 2013; Betts et al., 2014). In the context of this work, ‘winter road maintenance’ refers 

to either snow ploughing or the use of de-icing agents, or a combination thereof. Roads 

salts – chiefly NaCl but also including MgCl2 and CaCl2 – are the most widely used de-

icing agents. They work by lowering the melting point of snow and ice and, as a result of 

salt applications, snow melts and washes off of impervious surfaces as a concentrated brine. 

Approximately 5 million tonnes of road salts are applied annually across Canada, and given 

both its ubiquity and relatively low cost coupled with the pressing need to maintain 

driveable winter conditions, salt use is not likely to decrease in the foreseeable future 

(Environment Canada, 2013). At the same time, numerous studies have documented that 

both aquatic and terrestrial ecosystems can be adversely affected by exposure to high 

chloride concentrations associated with the typical use of road salts, and that drinking water 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0125
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0170
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0190
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0055
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0065
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0050
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0050
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0125
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0015
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0095
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0095
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0035
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b9000
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b9000
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0020
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0060
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supplies may also be put at risk (Novotny et al., 1999; Health Canada and Environment 

Canada, 2001; CCME, 2011; Environment Canada, 2013). This underscores the need to 

apply road salts judiciously, particularly within the bounds of ESAs, but the complex 

interplay between temperature, salt, melt rate and commuter safety makes determination 

of the right amount an uncertain venture at best. In most cases, application rates are left to 

the judgement and experience of the practitioner (Guthrie, 2014 pers. comm.). 

The recognition of these environmental concerns have prompted road maintenance 

authorities to employ various best management practices in order to minimize the 

deleterious effects of road salts (Salt Institute, 2007). However, the current understanding 

of the effects of salt applications on both melt rates and water quality is inadequate in large 

part due to a lack of winter monitoring data, which in turn owes itself to the challenges 

surrounding cold-season field activities. This hampers researchers who undertake any 

modelling of urban snow hydrology and water quality changes resulting from road salt 

applications. While the processes governing urban and rural snow hydrology share many 

commonalities, human impacts in urban environments alter snow characteristics 

(compaction and albedo), distribution (ploughed and bank areas) and change overall melt 

conditions (timing, rate and location), and hence produce conditions unique to urban areas 

(Ho and Valeo, 2002). 

Given the difficulties in winter water quantity modelling, the simulation of urban winter 

water quality has received even less attention, and therefore the water quantity and quality 

aspects of winter de-icing operations warrant further study (Singh and Singh, 2001, 

Dingman, 2002, Valeo and Ho, 2004, Tartakovsky and Winter, 2008 and Kumar et al., 

2013). Elucidating both melt and wash off-related processes and developing a conceptually 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0135
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0075
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0075
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0035
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0060
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0070
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0175
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0080
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0195
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0055
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0230
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0205
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0105
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0105
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simple way to represent them in a salt management tool will assist maintenance 

practitioners with their task of applying the ‘right’ amount of salt. Loosely defined, the 

‘right amount’ strikes a balance between the salt application density which results in a Bare 

Pavement Regeneration Time (BPRT) that is within the regulatory guidelines for the 

jurisdiction in which the road is situated, but which also exerts the minimum adverse 

environmental impact which is practically achievable (Novotny et al., 1999). The use of a 

simple model adds a systematic, methodological approach to the development of best 

management practices, and its use will also help to evaluate the efficacy of various salt 

application scenarios. 

With the above considerations in mind, it is therefore the objective of the research 

presented in this chapter to provide a new and improved methodology based on the TI 

method that incorporates considerations of road salting and ploughing. The efficacy of this 

novel tool is to be assessed through its application to a study site for which monitoring data 

has been collected. Such a tool would be indispensable for maintenance practitioners 

working to select both the optimized rates and timing of salt applications within a given 

storm event. The TI method has been selected to achieve this due to its relative simplicity 

and the ubiquity of its input meteorological parameters; both characteristics which lend 

themselves to rapid application by maintenance practitioners (Hock, 2003). 

2.2 Background 

Hydrologists have studied both thermally-induced and rain-on snow melt, and these 

two modes of energy addition to the snowpack are considered to be the primary processes 

governing snowmelt in rural areas (Garen and Marks, 2005, Walter et al., 2005 and Kumar 

et al., 2013). However, the amount of research conducted on salt-induced urban snowmelt 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0135
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0085
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0065
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0235
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0105
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0105
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processes is somewhat more limited, and knowledge of this mode of melt generation is 

scant compared to melt under rural or forested conditions (US Department of Agriculture 

(USDA), 2004; Oberts, 2003). The addition of road salts lowers the melting point of snow, 

thereby contributing to the generation of melt, even at sub-zero temperatures. The wash off 

of road salt from trafficked areas has not received the same degree of attention from 

hydrologists owing in large part to its complexity, the challenges associated with winter 

monitoring and a subsequent lack of data (Oberts, 2003). 

The energy balance (EB) and temperature index (TI) methods are the two main 

approaches used to model snowmelt under natural conditions. The EB method considers 

the energy exchange and heat transfer between the ground surface, atmosphere and 

snowpack in order to provide an estimate of snow melt (Walter et al., 2005). However, one 

of the basic problems in applied snow hydrology is that many of the meteorological 

parameters required to satisfy the energy budget calculations may not be conveniently 

available for use (Hock, 2003 and Walter et al., 2005). Furthermore, complete EB 

calculations can be rather cumbersome for the uninitiated, and a simpler approach that can 

be rapidly applied by highway maintenance managers would be more useful. As an 

alternative, the TI method requires only a single meteorological input parameter – air 

temperature – in order to estimate snowmelt in a hybrid statistical/quasi-physical sense 

(Ohmura, 2001; Anderson, 2006). A precursor to the temperature index method, the 

degree-day method, uses either the daily mean or maximum air temperature in conjunction 

with a daily time step in order to carry out snowmelt calculations (Singh and Singh, 2001). 

While the physically descriptive EB modelling approach can reasonably be expected to 

provide better estimates of snowmelt compared to the TI method for a given location with 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0225
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0225
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0140
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0140
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0235
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0010
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high-quality data, when the models are applied with operationally available data across a 

large watershed, the relative accuracy of results is unclear. Anderson (2006) concluded that 

it has yet to be shown that an EB model will significantly improve overall results for 

applications such as winter riverine flow forecasting. The movement of snow within a 

catchment has a direct bearing on the timing and rate of melt, and can be as important to 

the successful simulation of melt as the selection of the melt equation itself. The conceptual 

framework for some of these processes are also considered. 

2.2.1 Snow Depletion Curves 

Snow depletion curves are used to upscale point snowmelt estimates to larger 

scales. Estimation of the percentage of an area covered by snow is required in order to 

determine the fractional area of a catchment over which energy exchange between the 

atmosphere, ground and snowpack is taking place. Snow depletion curves are also used to 

partition the relative amount of rain falling on bare ground in the case of rain-on-snow. In 

short, application of the areal depletion curve concept is used to describe the relationship 

between the areal extent of snow cover relative to the total area under consideration (Luce 

and Tarboton, 2004; Anderson, 2006). 

In undisturbed systems like open fields and forested areas the areal coverage of 

snow decreases according to the areal depletion curve, and once melt begins to occur new 

snow can fall over areas that are partially bare (Cazorzi and Fontana, 1996). The specific 

pattern of areal depletion within a catchment is confounded by topographic heterogeneity, 

as well as irregularities in both the depth and density of wind-blown, redistributed snow. 

For example; redistributed snow tends to accumulate at greater depths in vales, ditches and 
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other depressions, while upland areas are more likely to become exposed due to 

redistribution by wind (Burkard et al., 1991). Furthermore, when considered in the context 

of ploughed, trafficked areas, areal depletion is a much more gradual process than that 

which exists as a result of the mechanical movement of snow (i.e. days-to-weeks compared 

to minutes-to-hours). Due to both the complexities and application limitations of the areal 

depletion concept, it was decided that typical simulation of this process would be foregone 

as the required added complexity induced by inclusion of areal depletion concepts was not 

justifiable based on anticipated improvements to model performance. Instead, in the 

context of salt application model development, areal depletion has been considered on a 

binary basis; when snow is moved to the banks and the snow on the road surface melts, 

then the road surface is considered to have 0% snow coverage remaining, and the banks 

have 100% snow coverage remaining until such time that the banks have also melted. 

2.2.2 Snow Ploughing 

While snow ploughing shares some similarities with areal depletion, chiefly with 

respect to the loss of areal snow cover over time, its conceptual representation is somewhat 

different and has traditionally been difficult to represent in urban snowmelt models (Valeo 

and Ho, 2004). Ploughing occurs over a known area, which is approximately equal to the 

trafficked area of the roadway or parking lot being considered. On busy roads ploughing 

occurs within minutes to hours of a snowfall event, and hence is not subject to the longer 

timescale of areal depletion. Finally, after ploughing occurs, there is typically a residual 

amount of snow left behind with the depth being equal to the plough blade’s height above 

the road surface. Blade height above the road surface is in the order of millimetres to 
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centimetres, and may vary between parking lot and road surfaces. For modelling purposes 

estimation of this value requires calibration over several events. 

2.2.3 Snowmelt Calculations – Temperature Index Method 

The TI method of snowmelt estimation is the method employed by most hydrologic 

models, due to a combination of both its relative simplicity and the typical non-availability 

of meteorological parameters necessary for other simulation approaches, such as the EB 

method (Ohmura, 2001 and Kumar et al., 2013). Despite its relative simplicity, the TI 

method has been shown to be as effective at estimating melt as the EB approach and 

explanations of its physical rationale have been put forward (Ohmura, 2001 and Debele et 

al., 2010). To facilitate ease of use by practitioners tasked with maintaining the safety and 

drivability of cold-climate highways it was decided that the TI method strikes an optimal 

balance between simplicity, data collection costs/requirements and robustness. The TI 

method is represented by the following equation: 

𝑀 = 𝑀𝐶 ∗ (𝑇𝐴𝑖𝑟 − 𝑇𝐵𝑎𝑠𝑒)        (2.1) 

Where, 

M = melt (mm day−1);  

MC = melt coefficient (mm °C−1 day−1);  

TAir = air temperature (°C); and  

TBase = base temperature (°C). 

One disadvantage of the temperature index method is that the melt coefficient and air 

temperature are required to represent the inherent variability associated with all energy 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0145
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0105
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0145
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0045
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0045
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exchanges. In most models the melt coefficient is assumed to follow a sinusoidal trend, 

taking its highest value on June 22 and lowest value on December 22 (James et al., 

2005 and Anderson, 2006), to account for changes in the seasonal trend in incoming solar 

radiation. However, in terms of determining the annual maxima and minima of the sine 

function there appears to be very little guidance. MC values varying between 2.8 and 3.8 

are common, while calculated values for Southern Ontario as high as 6 have been reported 

by Schroeter (2004). Complicating matters further is the finding that the albedo of the snow 

also tends to exhibit a general seasonal variation because fresh snow is more common in 

mid-winter and well-aged snow (lower albedo) is generally prevalent at the end of the 

winter season, which promotes higher melt rates as the season progresses. However, there 

is little guidance on the effect of frequent ploughing on the albedo of the snowpack. Under 

natural conditions, the base temperature is assumed to be 0 °C (Singh and Singh, 2001). 

2.2.4 Salt-Induced Melt 

Despite the widespread use of the TI method in many hydrologic models, it has 

been shown to be unsuitable for urban application without modification (Semadeni-Davies, 

2000). As such, the focus of this research is to develop a simple tool that considers the TI 

method in conjunction with snow ploughing and road salting, and to forecast what the 

changes in snowmelt rate and BPRT would be under varying salt application scenarios. 

This is important for not only assessing the efficacy of existing winter maintenance 

operations, but also for the development of a defensible salt application decision making 

framework that can assist managers in answering when and at what rate salt should be 

applied. 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0100
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0100
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0010
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The de-icing function of road salt is achieved by lowering the melting point of snow; 

when salt is dissolved in water it dissociates into a sodium and chloride cation–anion pair. 

In water, the extent of the depression of the melting point depends on the concentration of 

the salt solution. This phenomenon, under lower concentrations, is described in 

thermodynamics by the following equation (Bunce, 1994): 

ΔTm = Km ∗ mi         (2.2) 

Where, 

ΔTm = change in the melting point (°C);  

Km = cryoscopic – or molal freezing point depression – constant (1.853 °K kg mol−1 for 

water);  

m = molarity (mol kg−1); and  

i = van’t Hoff factor, which is the number of particles a solute splits into when dissolved 

(i = 2 for NaCl). 

Eq. (2.2) reveals that depression of the melting point is dictated by a combination 

of the cryoscopic constant and solubility of the solute. Applying this understanding, field-

observed road salting conditions can be used to modify the TI method and assist in model 

calibration. 

2.2.5 Salt Wash off Equation 

Wash off is the process of erosion or solution of pollutants that are carried off of a 

subcatchment surface during a period of runoff, which in the case of salted, trafficked areas 

may be due to rainfall, salt-induced melt or a combination thereof. The prediction of melt 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#e0010
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in salted, trafficked areas should include wash off considerations because salt loadings 

influence melt rates, and melt (by virtue of time-variable runoff volumes) dissolve and 

carry away the surface-loaded salt mass. The inextricable linkage between these two co-

dependent parameters necessitates their consideration if melt rates and BPRT are to be 

estimated. 

The bulk of modelling activities related to wash off from impervious surfaces have focused 

on improvements to the empirical formulae described below: 

𝐹𝑖𝑟𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑟𝑒𝑚𝑜𝑣𝑎𝑙:
𝑑𝑃

𝑑𝑡
= 𝑐1𝑄𝑐2𝑃       (2.3) 

𝑅𝑎𝑡𝑖𝑛𝑔 𝐶𝑢𝑟𝑣𝑒:
𝑑𝑃

𝑑𝑡
= 𝑐3𝑄𝑐4         (2.4) 

Where, 

P = pollutant mass;  

Q = flow; and 

c1–c4 = empirically-fitted coefficients. 

A third approach to estimating wash off is by computing the event mean 

concentration (EMC), based on the assumption that the surficial pollutant burden is lost 

over the course of the melt/runoff event, and that the total pollutant load can simply be 

divided into the total runoff volume. The rating curve approach is derived through 

evaluation of the regression relationship which exists between pollutant wash off and flow 

rate, and as c4 approaches a value of 1, this method becomes equivalent to the EMC 

approach. 
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The first order Eq. (2.3) assumes that pollutant removal is exponential, and to 

account for the effect of runoff rate on wash off, a flow term is included in the equation. 

This means that predicted pollutant concentrations can increase with increasing flow, and 

that runoff concentrations do not always decrease over time. For instances where 

concentrations would normally be expected to decrease with increasing flow (as in the case 

for dissolved constituents) this can be approximated by setting c2 < 1. Since road salt is 

applied on a unit area basis – typically measured in kg/lane km – the normalized predicted 

runoff rate can be used in lieu of the runoff volume (Novotny et al., 1999). 

2.2.6 Rain-On-Snow 

The TI method is not sufficiently accurate during rain-on-snow events. In this 

situation, sensible and latent heat can become substantial, if not dominant, sources of 

energy for snowmelt. Most of the models using the TI method consider modified energy 

balance methods for rain-on snow events. Assuming that incoming solar radiation is 

negligible due to cloud cover and that the snowpack is isothermal at zero degrees, Anderson 

(2006) developed a simple equation for calculating the rain-on-snow melt. However, the 

heat content of precipitation is relatively small compared to the latent heat required to melt 

snow, unless precipitation volume is very large and precipitation temperature is 

significantly greater than 0 °C. 

2.3  Methodology 

Since the overarching goal of the research presented in chapter two is to develop a 

simple tool that highway maintenance managers can use to assist them in their 

determination of optimum road salt application rates, a conscious effort has been made to 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0135
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keep the model conceptually simple with all processes being governed by only a few simple 

rules. A schematic representation of the processes and conditions being simulated is 

presented below (Figure 2.1). 
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Figure 2.1: Conceptual representation of highway melt model. 
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2.3.1 Study Areas 

Three study areas were monitored as part of the development, calibration and 

validation of the modified TI model. These sites were used in a stepwise manner to first 

calibrate the key parameters in the standard TI method (Ministry of Transportation, Ontario 

[MTO Yard]), then to modify the TI method to incorporate ploughing and salting 

considerations using detailed site data (Lot 15) and finally to validate the modified TI 

model using data from the third location (Hwy. 401). Each of these three locations are 

described below, and their relative locations in Southern Ontario are displayed in Figure 

2.2. 

 

Figure 2.2: Melt model study site locations. 
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2.3.1.1 MTO Yard 

The first monitoring location, found within a MTO maintenance Yard, is located at 

approximately 43°27′7″N 80°7′13″W and is situated adjacent to Hwy. 401, which has an 

average annual daily traffic (AADT) load of approximately 123,000 vehicles per day 

(VPD) in this location, making it a part of the busiest highway in all of Canada. This 

location receives an average annual snowfall of approximately 156 cm and has an average 

annual precipitation of 905 mm (Environment Canada, 2013). Average daily temperatures 

in this area are 6.5 °C while the mean temperature from December to February is 

approximately −5.6 °C. The long-term maximum and minimum daily temperatures over 

this period are −2.3 and −10 °C, respectively. 

Undisturbed snow depth measurements were collected at this location over the 

course of two monitoring seasons in an effort to accomplish two things: first, assess the 

applicability of the TI method at a regional scale and, second, to determine what the optimal 

values of both the TBASE and MC terms for an undisturbed field site should be. 

“Undisturbed” in this context is defined as any area which remains unploughed and 

unsalted throughout the winter, is not subject to any traffic and is not impacted by any 

appreciable snow drifting. As an open, low-grade grass meadow this site was taken to meet 

the aforementioned criteria. 

2.3.1.2 Lot 15 Site 

The second monitoring location – Parking Lot 15 – is located on the University of 

Guelph campus in Guelph, ON, Canada, and is located at approximately 43°32′4″N 

80°13′16″W. This location is situated 12.3 km northwest of the MTO yard, and because of 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0060
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their proximity the climatic normals have been assumed to be the same. Lot 15 is comprised 

of a mix of impervious and pervious bank areas and impervious ploughed areas with a total 

catchment size of 0.46 ha. 

Lot 15’s central parking area is a smooth asphalt surface with an average slope of 

2%. Runoff onsite drains to a single catch basin located at the southeast corner of the 

parking lot. The catch basin is approximately 4 m deep and connected to the stormwater 

sewer system with a 300 mm PVC pipe. The depth of the catch basin is such that subsurface 

refreezing of water was prevented even during very cold periods, due to the combined 

effects of ground heating and insulation in addition to chloride levels in the meltwater itself. 

Winter maintenance of the parking lot is conducted by personnel from the Physical 

Resources Department at the University of Guelph. Normal winter maintenance of the 

parking lot involves ploughing and the application of rock salt using salting trucks. Snow 

is ploughed to the edges of the parking lot to bank areas which comprise approximately 

10% of the total catchment area. Throughout the monitoring period, no snow was removed 

from, or brought into, the study area. After three trials of salt application, it was determined 

that approximately 60 kg of road salts (36 kg of chlorides) were applied to the parking lot 

during a single salt application event, which translates into a highway equivalent of 

approximately 48 kg/lane km. This was computed by normalizing the total application by 

the parking lot area, then multiplying this value by the area ratio between Lot 15 and a one 

km length of ‘typical’ highway having a 3.6 m lane width. The application rate for each 

event remained constant throughout the monitoring period, and application rates were 

determined by weighing the salt trucks both before and after application and by including 
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considerations of weight loss due to fuel consumption. In order to keep application rates as 

homogenous as possible throughout the experiment, Physical Resources personnel at the 

University agreed to use the same spreader and spinner settings on the salting truck and 

also to use a standard driving route within the parking lot during salt applications (Perera 

et al., 2009; Perera et al., 2010; Perera, 2010). 

2.3.1.3 Highway 401 Site 

For the purpose of collecting data to further test snowmelt algorithms developed 

during this research, a section of Highway 401 in Toronto was monitored. A stormwater 

outfall (900 mm diameter) draining the east-bound express and collector lanes of Highway 

401 into the Markham branch of Highland Creek was monitored for flow and chloride 

concentration. The catchment area is approximately 8.3 ha with a road length of 1.75 km. 

The monitored storm sewer collects runoff from 28 manholes and the subcatchment of each 

manhole has a total connected imperviousness of approximately 98% with the exception 

of two manholes, which have a total impervious area of approximately 35%. The latter two 

manholes drained grassed areas adjacent to the Highway exits (Perera et al., 2013). Water 

quantity and quality data were collected at 15 min intervals, and the monitored outfall 

discharges into the east branch of Highland Creek. Physical information on the conduits 

was obtained from Ontario Ministry of Transportation (MTO) records. Daily precipitation 

data was obtained from the Buttonville Airport weather station, which is approximately 

13.5 km from the site. 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0155
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0155
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0150
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0165
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2.3.2 Instrumentation 

The control yard site was outfitted with an ultrasonic snow depth sensor (SL3000 

model, Felix Technologies, Ltd.) connected to an Onset data logger programmed to record 

depth-dependent voltage measurements every five minutes. The piezoelectric crystal 

within the sensor emits an acoustic pulse that is returned from the snow surface and 

converted directly to a voltage reading, so there is no drift associated with the calibration 

of the instrument. The unit also includes an embedded temperature sensor which allows for 

acoustic wave velocity correction resulting from changes in sound velocity with 

temperature fluctuations. The continuous snow depth measurement information was used 

to calibrate the TBASE and MC parameters required to simulate snow pack changes as 

computed according to the TI method. Precipitation measurements were collected onsite 

using a heated tipping bucket rain gauge. 

The catch basin servicing Lot 15 was instrumented with a level logger and an 

electrical conductivity sensor (CTD Diver, Schlumberger Water Services), and 

measurements were logged every two minutes. The Hobo level logger (Onset Corporation) 

has a 10 m water depth range with an accuracy of 3 mm and a resolution of 1 mm. 

Laboratory experiments confirmed that in most cases they are accurate to within 1 mm. 

The sensors were installed in a 75 mm diameter perforated pipe in order to minimize the 

effects of water turbulence during high flow conditions. A barometric pressure logger was 

installed within the catch basin to allow level measurements to be compensated for by 

correcting for atmospheric pressure. Initially, flow from the catch basin was estimated 

using Manning’s equation considering the water depth in the pipe. Manning’s n for the 

outlet pipe was determined to be 0.014 through use of an area-velocity sensor (Hach model 
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with 0.2% accuracy) that was used during several storm events. Later, a triangular weir 

(notch angle 53.13°, discharge coefficient 0.58) was installed inside the catch basin to 

increase the accuracy of flow estimation, especially during low flow conditions. Water 

depth above the weir was estimated using the level logger readings. Meteorological 

parameters for Lot 15 – including temperature, snow depth and wind speed – were obtained 

from a nearby Environment Canada station (Station ID 6143089), which is located 

approximately 1.5 km East of Lot 15. Since this station only collects rainfall data during 

non-frozen periods, cold weather precipitation data was collected by using a heated tipping 

bucket rain gauge placed on the rooftop of the engineering building at the University of 

Guelph, which is located approximately 500 m West of Lot 15. 

During snowfall events, the heated rain gauge recorded the melted snow as snow 

water equivalent. The precipitation data were differentiated as either rainfall or snowfall 

by considering the air temperature at the time of an event’s occurrence. Based on both field 

observations and information obtained from the literature (US ACE, 1956; Martinec and 

Rango, 1986; Anderson, 2006), precipitation that occurs below 0 °C is assumed to be snow 

and above 0 °C to be rain. Snowfall values were modified using Eq. (2.5) (Tabler et al., 

1990) to account for under-catch during windy conditions: 

𝐺𝑎𝑢𝑔𝑒 𝑐𝑎𝑡𝑐ℎ

"True" 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛
= 10−0.037𝑢        (2.5) 

Where, 

 u = wind speed (m s−1) 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#e0025
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The Hwy. 401 outfall was instrumented with a CTD Diver and an area-velocity flow 

meter (Hach FL900AV), and measurements were collected and logged every fifteen 

minutes. Meteorological data was obtained from the nearest Environment Canada station 

(ID: 615MHAK), which was located 13.7 km northwest of the monitoring site. The 

meteorological data was evaluated in conjunction with the observed flow data to ensure 

adequate representation of the onsite conditions. 

2.4  Results and Discussion 

2.4.1 Melt Modelling of Undisturbed Snow 

Snowfall data collected at an undisturbed, open field over two winters at the MTO 

maintenance yard were used to calibrate the MC and TBASE terms in the TI method, as these 

terms have been shown to be both site-specific and highly sensitive to the selected values 

(Schroeter, 2004). Model parameters for the temperature index method were initially 

estimated using the continuously-measured snow depth sensor data for several snowfall 

events, and there was good agreement between both the observed and simulated snowpack 

onsite (Figure 2.3). There are some discrepancies between the simulated and observed data, 

and this is likely the result of a combination of drifting snow and limitations associated 

with the TI method itself. 
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Figure 2.3: MTO yard snowmelt modelling using calibrated TI method. 

Through calibration, the TBASE term at the MTO Yard was determined to be 0 °C, 

and the melt coefficient term was varied following a sinusoidal curve according to Eq. 

(2.6), and the decision to do this was based on work done by a number of previous 

researchers (Anderson, 1973; Kuusisto, 1980; US ACE, 1956; US ACE, 1998a; US ACE 

1998b). The MC term was found to have an average value of 3.49 mm °C−1 day−1, and had 

an annual maxima and minima of 4.39 and 2.76 mm °C−1 day−1 on June 22 and December 

22, respectively. 

𝑀𝐶𝐷𝑎𝑡𝑒 = 0.25 ∗ 𝑠𝑖𝑛 ∗ (
2𝜋

365
∗ (𝐷𝑎𝑡𝑒 − 81)) + 1.1     (2.6) 

Where, 

MCDate = Melt coefficient on the corresponding Julian date 

Date = Julian Date (1 for January 1, 365 for December 31) 
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2.4.2 Lot 15 Water Balance 

At Lot 15, a water balance calculation was undertaken in order to understand the 

snowmelt processes and ensure accuracy of the monitoring data collected onsite. For this 

study, measured precipitation was compared with the observed runoff (Figure 2.4). For 

analysis purposes, snow accumulation, snow on the ground and snowmelt are presented in 

snow water equivalent (SWE) chiefly because snowfall was measured as the melted water 

in the heated rain gauge and also because it did not require consideration of highly variable 

estimates of compaction rates and changes in snow density. 

 

Figure 2.4: Water balance for Lot 1 monitoring location. 

As indicated in Figure 2.4, January 2009 saw a large accumulation of snow, and 

since the air temperature was mostly sub-zero there was no significant rainfall. Due to the 
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period accompanied by high rainfall during the second week of February. That event 

melted virtually all of the snowpack within a two day period. According to the water 

balance for the 2008/09 winter season, the cumulative flow at the end of the monitoring 

period is approximately 6.1% less than the total precipitation measured at the site. The 

difference between these two values is attributable to the water losses from the system due 

to sublimation from the snowpack in addition to water infiltration to the soil profile within 

the pervious areas at the periphery of the parking lot. The overall effect of windblown snow 

is assumed to be insignificant when considered over the entire winter period, as suggested 

by Anderson (2006). However, on an event basis, drifting snow could have a significant 

effect on melt-induced flow rates. There was no snow remaining in the catchment at the 

end of the study period. 

Figure 2.4 shows a clear difference between rain-on-snow and other snowmelt 

events. The majority of flows occur during rainfall (rain-on-snow) events. The data 

signifies that rain on-snow events are of a smaller duration but result in higher flow rates 

than other snowmelt events which last longer but have a less rapid melt rate. However, it 

is difficult to quantify thermal and salt-induced snow melts simply by observing runoff 

flow rates because salt-induced snowmelt does not occur independently, but instead 

enhances thermal snowmelt with the result being that higher water output rates are 

generated. Similarly, thermal snowmelt occurs at the same time as rain-on-snow melt, as 

rainfall events are associated with both above-zero temperatures and heat transfer to the 

snowpack and snowbanks from the rainfall. 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0010


52 

 

2.4.3 Snowmelt Modelling Under the Effects of Road Salt 

After being successfully applied at the MTO Yard, the TI model was then modified 

to simulate melt under de-icing conditions by considering the effect of road salts in the 

lowering of the melting point of snow. In the TI method, the base temperature term (TBASE) 

was revised downward according to Eq. (2) using the computed chloride concentration. 

Another aspect of winter de-icing – snow ploughing – was incorporated into the model by 

considering both ploughed (impervious) and bank areas on site. The results indicate that 

the modified TI method is capable of predicting winter hydrologic events that are the direct 

result of both thermal and salt-induced melt, as well as rainfall (Figure 2.5). The R2, RMSE 

and coefficient of residual mass (CRM) values for the Lot 15 model were calculated to be 

0.98, 19.9 m3 and −0.003, respectively (Licciardello et al., 2007). 

 

Figure 2.5: Lot 15 melt modelling using modified TI approach. 
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The monitoring data collected at Lot 15 indicates that chloride concentrations in 

runoff usually stay below 30,000 mg/L, but that short-term spikes as high as 60,000 mg/L 

can be observed. For the observed range of chloride concentrations, Eq. (2) was applied in 

conjunction with the measured catch basin chloride concentrations. The base temperature 

(TBASE) term in the modified TI approach was then revised downward by the corresponding 

temperature depression value for each time step, and surficial melt after ploughing was 

calculated. It was assumed that there was no salt applied to the bank areas, and salt 

concentrations in these areas were set to zero. There may be instances when salt spreaders 

eject salt to the bank area, but since no quantifiable measurements with respect to this 

process were available it was assumed to be negligible. 

2.4.4 Model Validation using Hwy. 401 Monitoring Data 

The performance of the modified TI method was assessed along a stretch of Hwy. 

401. Since the monitored stretch of highway is approximately 18 times larger than Lot 15, 

a simple routing function was applied to the calculated flow data to account for the 

combined attenuation effects resulting from surface sheet and subsurface conduit flow. The 

results of the model validation are presented graphically below (Figure 2.6), and both the 

cumulative observed and model-simulated routed flows are plotted. The R2, RMSE and 

CRM values computed for the Hwy. 401 site were calculated to be 0.99, 282.4 m3 and 

0.006, respectively. 
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Figure 2.6: Cumulative observed and Modified TI method runoff for Hwy. 401 

catchment. 

There is some variation between the cumulative observed and simulated runoff 

from the Hwy. 401 catchment, and this difference remains even after application of the 

routing function. The error is likely due to a combination of factors, including evaporation 

and sublimation from the bank and surface areas within the catchment, loss of mass due to 

salt spray as vehicles traverse the highway and, perhaps most importantly, due to the fact 

that the Buttonville meteorological station is located 13.5 km from the monitored outfall. 

This final observation means that there is a potential to have measured rainfall events at 
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over the entire winter period for which data was available, and it is cumulative performance 

evaluation which yields importance insight into systematic simulation bias. 

Even though both study locations contained a combination of ploughed and bank 

areas, and the modified TI method was built in a stepwise fashion for these sites, several 

key differences exist. Compared to a parking lot, fast moving vehicles input additional 

energy to the road surface due to the heat from the vehicles and also the friction between 

the tires and pavement. In the modified TI method, this fact may require increasing the 

melt coefficient value, especially during rush hours. However, in an effort to streamline 

the model and keep its application as parsimonious as possible, the melt coefficient was 

only varied on a daily time step in the manner described in Eq. (2.6). 

The deviations between simulated and measured flows are more prominent during 

rain-on-snow events as rainfall rates can be much higher during sub-hourly time intervals, 

thereby contributing to the generation of higher flows. However, considering that chloride 

concentrations are typically upward of 30,000 mg L−1 when snow is melting, using a 

constant base temperature of 0 °C prior to salt-induced melt consideration provided 

relatively satisfactory snowmelt results for the Hwy. 401 case study. 

2.5 Chloride Wash off Equation 

Several forms of wash off equation were investigated and applied to the Hwy. 401 

study area in an effort to better understand the relationship between surface loading and 

wash off. It was found that a first-order removal equation provided a good fit to the dataset, 

with c1 and c2 varying between several events from 0.18 to 0.25 and 2.2 to 2.6 respectively, 
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as determined via minimization of the Root Mean Square Error (RMSE) between the 

observed and predicted values (Figure 2.7 and Figure 2.8). 
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Figure 2.7: Cumulative observed and simulated chloride wash off using first-order 

approximation (January 12, 2009 event). 
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Figure 2.8: Cumulative observed and simulated chloride wash off using first-order 

approximation (January 12, 2009 event). 
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number of scenarios that revised the observed chloride concentration by ±10%, ±20%, 

+40% and +200%. BPRT is defined as the length of time after the end of a snowfall event 

for which ploughing occurred required to melt the snow on the road surface (as predicted 

by the modified TI method). 

The changes in computed BPRT (Table 2.1) show that the calibrated model is 

sensitive to the event-mean air temperature (EMT) as calculated from the end of the 

snowfall onward, and that for even moderately cold events slight adjustments in surface 

chloride loading can result in significant deviations in BPRT - in the order of thirty minutes 

to greater than one hour. This is also expressed graphically in Figure 2.9 and Figure 2.8, 

and it is noted that the results of the salt-adjusted scenarios show a high degree of similarity 

to the observed data reported by Hossain et al. (2014). 

Table 2.1: Calculated changes in BPRT based on event-adjusted chloride applications. 

Event Date 

(dd/mm/yyyy) 

EMT 

(oC) 

Precip. 

(mm) 

Calculated 

BPRT: 1 X 

Conc. (h) 

Change in BPRT from Calibrated Model Based 

on [Cl] Multiplication Factor (min.) 

0.9 X 

Conc. 

0.95 X 

Conc. 

1 X 

Conc. 

1.05 X 

Conc. 

1.1 X 

Conc. 

14/12/2008 5.3 10 N/A 0 0 0 0 0 

23/12/2008 0.2 19 2.2 18 8 0 -7 -14 

01/01/2009 -3.0 1 4.8 76 33 0 -27 -50 

01/11/2009 -3.5 12 9.4 63 30 0 -27 -51 

 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169415001675#b0090


60 

 

 

Figure 2.9: Bare Pavement Regain Time for various salt application scenarios 

With additional validation the use of the modified TI method presented in this paper 

may help to fine-tune the amount of salt required to strike the optimal balance between salt 

applications that consider both environmental and highway safety concerns. 

2.7 Conclusions 

Winter de-icing with road salts has the potential to affect both water quantity and 

quality in urban areas. Road salts augment snowmelt, thereby affecting water quantity and 

may in turn result in drainage problems in urban areas. Based on the findings of this 

research, the following conclusions are made regarding the water quantity aspect of road 

salt application: 

1) When the base temperature (TBASE) is modified due to road salt applications to 

represent the lower snow melt temperature, the temperature index method provides a 
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simple yet effective means of snowmelt estimation, and this may be useful when 

limited meteorological data (i.e. only air temperature and precipitation) are available. 

Monitoring activities at Lot 15 suggest that the seasonal variability in the melt 

coefficient is in-line with previous studies, and this conclusion is reinforced by the 

modified TI method’s successful application to the Hwy. 401 monitoring site. The 

average melt coefficient was determined to be of 3.49 mm °C−1 day−1 for the study 

areas. 

2) Salt-induced snowmelt can expedite the melt process, even at sub-zero temperatures, 

and the reduction in the BPRT is highly sensitive to the salt application rates and the 

event mean temperature. 

3) The modified temperature index approach is a simple yet useful tool for highway 

maintenance practitioners seeking to optimize road salt application rates tailored to 

individual storm events. Using the most widely available meteorological forecast 

parameters – temperature and precipitation – projected application rates can be 

modified in order to strike an optimal balance between desired BPRT for a given class 

of highway and environmental protection (particularly in ESAs). 
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2.9 Transition to Chapter 3 

After the development of a simple yet easy-to-use road salt application tool, the next 

avenue of research to be addressed was centred on a different aspect of highway stormwater 

runoff quality, namely suspended solids and select types of heavy metals. New highway 

runoff quality models were developed in the next chapter using ANNs, which took into 

account site-specific highway traffic and seasonal storm event meteorological factors to 

predict the event mean concentration (EMC) statistics and mean daily unit area load 

(MDUAL) statistics of common highway pollutants. The prediction of these important 

statistical parameters is useful for the design of enhanced RDTSs intended to protect 

sensitive receiving environs.  

To achieve this task, a dataset of 940 monitored highway runoff events from fourteen 

sites located in five countries (Canada, USA, Australia, New Zealand, and China) was 

compiled and used to develop ANN models for the prediction of highway runoff suspended 

solids (TSS) seasonal EMC statistical distribution parameters, as well as the MDUAL 

statistics for four different heavy metal species (Cu, Zn, Cr and Pb). TSS EMCs are useful 

for the estimation of the minimum required removal efficiency of the RDTS required in 

order to improve highway runoff quality to meet applicable standards and MDUALs are 

needed to calculate the minimum required capacity of the RDTS to ensure long-term 

performance efficacy. This paper has been published in the peer-reviewed Journal of 

Hydrology and can be cited as follows: 

 Trenouth, W.R., Gharabaghi, B. (2016). Highway Runoff Quality Models for the 

Protection of Environmentally Sensitive Areas. Journal of Hydrology. 542, 143-155. 
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Chapter 3. Highway Runoff Quality 

Models for the Protection of 

Environmentally Sensitive Areas 

3.1 Introduction 

As noted in chapter 1, multi-lane, high-volume roadways are one of the leading causes 

of watercourse degradation and impairment in the United States and elsewhere (Crabtree 

et al., 2006; EPA, 2010; Francey et al., 2010; Istenič et al., 2012; McIntyre et al., 2015; 

Pan and Miao, 2015). Impairment by roadways includes the loss or degradation of aquatic 

habitat, increased water treatment costs for human consumption and irrigation, as well as 

the loss of recreational opportunities, resulting from a combination of increased runoff 

volumes and pollutant loading (Bäckstrom et al., 2006; Butler and Vasconcelos, 2015; 

Kayhanian et al., 2012; Moghadas et al., 2015). Stormwater runoff from highways has been 

found to be toxic to many aquatic species, particularly during critical stages of development 

(Chen et al., 2016; Gazendam et al., 2011; Mayer et al., 2011; Wu et al., 2014). Common 

pollutants include sediments, nutrients (TP, TN, TKN), polycyclic aromatic hydrocarbons 

(PAHs), and various species of metals including Co, Cr, Cu, Ni, Pb, Zn and others (Van 

Bohemen and Van De Laak, 2003; Lau et al., 2009; MacKay et al., 2011; Chow et al., 

2013; Arora and Reddy, 2014; Gill et al., 2014). 

Due to a combination of rainfall pattern, seasonality, drainage area, regional land uses 

and the number, type and quality of vehicles which travel upon them, highways are areas 

where heavy metals, sediments, nutrients, and hydrocarbons are commonly present at high 

concentrations in highway stormwater runoff. The road materials themselves have also 
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been identified as being a potential contributor to the overall pollutant load (Van Bohemen 

and Van De Laak, 2003; Bäckstrom et al., 2004; MacKay et al., 2011; Gill et al., 2014). 

Research into the sources of pollutants indicates that automobiles are the largest net 

contributor of hydrocarbons, metals and particulate matter, but the deposition of 

atmospheric dust also plays a role in the accumulation of sediments and nutrients (Brown 

et al., 2011; Gunawardena et al., 2015). Pulverization of the road surface by traffic 

movement can lead to the release of additional pollutants, including hydrocarbons and 

sediments (Bäckstrom et al., 2004; Ball et al., 1998). As discussed in chapter two, winter 

maintenance activities may also entail the direct application of sand and or salt to roadways 

(Betts et al., 2014; Betts et al., 2015; Perera et al., 2010; Perera et al., 2013; Trenouth et 

al., 2015). 

Researchers have highlighted the importance of heuristic models capable of predicting 

pollutant concentrations in highway runoff, particularly for the design of stormwater 

bioretention and other treatment approaches aimed at protecting environmentally sensitive 

areas (Oreskes et al., 1994; Maniquiz et al., 2010; Luell et al., 2010; Opher and Friedler, 

2010; LeFevre et al., 2014; Stagge et al., 2012; Li, 2015; McIntyre et al., 2015; Pan and 

Miao, 2015; Huber et al., 2016). In North America, the US Interstate System accounts for 

over 75,000 km of highways, and the Tran-Canada Highway accounts for an additional 

7,821 km of road length (CCMRTHS, 2009; USDOT, 2014; FHWA, 2014). In Ontario, 

Canada’s most populous province, the Provincial Ministry of Transportation (MTO) 

maintains an additional 1,918 km of high-volume roadway, and this includes Canada’s 

busiest highway – Highway 401 – which sees an average annual daily traffic (AADT) count 

in excess of 403,000 vehicles per day in some areas (MTO, 2016). These roadways 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169416305480#b0310
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contribute substantial runoff to receiving environs, and along with it a significant 

physicochemical burden (EPA, 2010). 

Artificial neural networks (ANNs) have been used as a predictive tool for applications 

in which the vagaries of nature confound many traditional approaches to understanding 

water quantity and quality issues (Kisi and Shiri, 2012 and Kisi et al., 2013). ANNs mimic 

the function of the human brain: a series of highly-interconnected neurons receive 

information, multiply it using either linear or nonlinear functions and pass the transformed 

information to other neurons within the network chain (Hanrahan, 2010; Kisi and Shiri, 

2012). The linkages between individual neurons have associated weighting functions 

which are optimized through the training process and validated through testing. ANNs have 

been successfully applied to the prediction of flows in ungauged watersheds, and have also 

been successfully used for the prediction of sediment loading at the watershed and basin 

scale (Chen and Zhang, 2009; He et al., 2011; Bayram et al., 2012; Mondal et al., 2012; 

Kisi and Shiri, 2012; Sabouri et al., 2013; Seckin et al., 2013; Sattar and Gharabaghi, 2015; 

Gazendam et al., 2016; Thompson et al., 2016). 

Neural networks have also been used to predict other water quality parameters, 

including nutrient loading, direct runoff volumes and overall water quality (Khuan et al., 

2002; Chebud et al., 2012; Kim et al., 2012). Recent water quality prediction work with 

ANN’s has been extended to include the prediction of groundwater contamination due to 

highway construction, as well as land use type based on location-specific runoff water 

quality observations from areas such as highways (Ha and Stenstrom, 2003; El Tabach et 

al., 2007). ANNs are typically less input data intensive compared to either empirically- or 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169416305480#b0520
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169416305480#b0285
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169416305480#b0290
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physically-based modelling approaches, and this characteristic makes them highly useful 

as a rapid assessment tool that can be used to inform design criteria (Kim et al., 2012). 

Furthermore, ANNs are useful for modelling highly complex, nonlinear environmental 

phenomena for which knowledge of input parameters and sensitive initial conditions 

remains poorly understood. 

Despite the success with which ANNs have been applied, there are some disadvantages 

surrounding their use. The most important amongst these relates to the structure of the 

models themselves, particularly their “black box” internal nature, as well as the input and 

output parameters and the way in which they are selected (Tu, 1996). Input parameters are 

typically selected using a trial and error approach, and this may entail the use of a 

sensitivity analysis (Kim et al., 2012; Kisi and Shiri, 2012; Atieh et al., 2015b). The 

challenge is to select model input parameters that can reasonably be expected to have a 

direct influence on the output parameter of interest. The selection of input parameters in 

conjunction with the training process can also impact network architecture, but through the 

development and training of numerous ANN models – each with unique initial neural 

weightings and biases – an optimized model can be developed. However, the optimization 

approach can be subject to overfitting, thereby obfuscating the true relationship between 

the input and output parameters (Tu, 1996). 

A strong understanding of the governing processes exhibiting a controlling influence 

on the parameters being modelled will help to ensure the selection of optimal input 

parameters (El Tabach et al., 2007). Understanding the importance of appropriate input 

variables minimizes the loss of data which would otherwise occur if they were eliminated 
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(censorship), or if inappropriate input variables are inserted into the training dataset (noise). 

Including a variety of parameters as part of the preliminary analysis can help to reduce the 

likelihood of encountering the aforementioned errors (Oreskes et al., 1994; Hanrahan, 

2010). The work presented in this chapter attempts to do so through assembly of a large 

dataset comprised of 940 highway runoff events, which report a total of eight separate 

physicochemical parameters (TSS, Cu, Zn, Pb, Cr, TN, TKN and TP), as well as five of 

the parameters widely understood to govern the pollutant concentrations in runoff (rainfall 

depth [RD], average rainfall intensity [RFI], average annual daily traffic [AADT], 

antecedent dry period [ADP] and seasonality [season]). Acknowledging these 

uncertainties, the predictive utility trained ANNs applied in the context of complex, 

nonlinear systems cannot be understated, and this makes their use worth investigating (Kisi 

et al., 2013 and Trenouth and Gharabaghi, 2015a). 

3.2 Research Objectives 

This study aims to develop highway runoff quality models using ANNs taking into 

account site-specific highway traffic and seasonal storm event meteorological factors. By 

developing pollutant-specific ANN models to more accurately predict event mean 

concentration statistics and MDUALs of common highway pollutants, the design of 

RDTSs to protect ESAs or other receiving environs can be optimized. Based on the 

research gaps identified above, two main hypotheses were developed which were tested 

via the work summarized in the current chapter according to the following two objectives: 

(1) For the TSS EMC Location and Scale ANN models, two types of models were 

developed in parallel: one which considered seasonal effects and one that did not. The 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169416305480#b0290
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169416305480#b0290
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169416305480#b0490
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objective was to investigate the importance of adding seasonality as an input parameter 

to improve the accuracy of the TSS EMC Location and Scale models; 

(2) For the MDUAL ANN models, a TSS to heavy metal correlation was used along with 

a single ANN model trained to predict TSS MDUALs, and this approach was compared 

to ANN models directly trained with heavy metal data sets. This objective sought to 

assess the accuracy of developing individual ANN models for each heavy metal versus 

using a generic model developed for TSS as a surrogate for all heavy metals. 

3.3 Factors Affecting Highway Runoff Quality 

3.3.1 Average Annual Daily Traffic (AADT) 

Field studies have shown that there is a positive correlation between AADT and the 

loading rate of total suspended solids (TSS) and several heavy metal and nutrient species 

(Barrett et al., 1998; Wu et al., 1998; Drapper et al., 2000; Patel and Drieu, 2005; Hallberg 

et al., 2007; Liu et al., 2015). Runoff water quality data from highways in California was 

studied using multiple linear regression (MLR) and it was found that higher AADT counts 

were associated with increasing levels of pollutants (Kayhanian et al., 2003; Kayhanian et 

al., 2012). The role of AADT has been linked to runoff water quality in a number of ways. 

Initial loads during a period of buildup are affected by the AADT count during the previous 

runoff event, and the maximal accumulation of pollutants is thought to be limited by an 

indeterminate upper-bound. This is because increasing vehicular traffic promotes 

dislodgement of particulate material from the road surface due to the contact between tires 

and the roadway (Irish et al., 1998; Li and Barrett, 2008). This results in a dampening of 

the accumulative influence of traffic jams, vehicle braking and other pollutant-contributing 

mechanisms (Davis and Birch, 2010). 
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3.3.2 Antecedent Dry Period (ADP) 

The ADP is defined as the interceding time between consecutive rainfall events. It 

is widely accepted that longer ADP’s allow for the buildup of increasing pollutants loads, 

although this relationship is also complex, non-linear and frequently site-specific (Delectic 

and Maksimovic, 1998; Kim et al., 2006; Li and Barrett, 2008). Research conducted in the 

US has found that ADP is the dominant factor controlling sediment and pollutant buildup 

in some instances, while other research has found that ADP and pollutant buildup exhibit 

an inverse relationship (Irish et al., 1998; Li and Barrett, 2008). A brief review of the 

literature related to this topic suggests that, while it certainly does impact pollutant loading, 

its relationship is complex, non-linear and highly variable. 

3.3.3 Rainfall Depth (RD) 

For a given rainfall event, the mass of pollutants on the surface of a discrete 

highway section is finite. As a result of this, increasing RD is correlated with decreasing 

pollutant EMCs but increasing total loads, albeit at a progressively diminishing rate (Han 

et al., 2006; Davis and Birch, 2010; Maniquiz et al., 2010; Hilliges et al., 2013). In some 

instances the rainfall itself can be a sources of pollutants (Irish et al., 1998; Gunawardena 

et al., 2015). RD is being considered in lieu of runoff volume because the former is often 

readily reported or available from meteorological agencies, while the latter is not always 

measured and/or reported. Furthermore, for impervious areas, RDs are closely correlated 

with runoff volumes and hence can reasonably be used interchangeably for the purposes of 

load prediction (Barrett et al., 1998). Conceptually, the mass of pollutants which 

accumulate on a road surface is finite, so increasing RDs typically translate into lower 

event mean runoff concentrations, due to dilution effects (Bedient et al., 1980). This can 
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occur despite the fact that total pollutant loads gradually increase with increasing RD 

(Hwang and Weng, 2015). The rainfall-pollutant loading relationship is complex; Delectic 

and Maksimovic (1998) found only a weak relation between runoff depth and suspended 

solids loading, while research conducted in California found that a strong relationship 

between rainfall depth and pollutant loading exists (Kayhanian et al., 2003). Cumulative 

increases in total pollutant load with increasing rainfall amount have also been observed, 

and regression relationships based on a pollutant rating curve approach have been used to 

model this on a site-specific basis (Davis and Birch, 2010). 

3.3.4 Average Rainfall Intensity (RFI) 

Rainfall intensity (RFI) plays an important role in the detachment and dislodgement 

of pollutants from highways, particularly from crenulated surfaces (Shinya et al., 2003). 

The kinetic energy imparted by rain drops to surficial particles imbues them with the ability 

to either become entrained or saltate off of the road surface (Alias et al., 2014). Along with 

RD, average event intensity has been identified as the most important physical variable 

affecting pollutant loads washing off of road surfaces (Borris et al., 2014). For impervious 

surfaces, the peak rainfall intensity is also closely related to the peak runoff rate, and hence 

entrainment capability. Coupled with the fact that rainfall intensity is readily measured by 

many gauges while peak runoff from road surfaces typically is not, the latter will not be 

considered in the development of the water quality ANNs going forward. While peak 

rainfall intensity has also been identified as an important parameter of concern in some 

studies, its consideration within this work is complicated by the fact that it is frequently 

not reported (Hwang and Weng, 2015). As such, only the average event intensity will be 

considered. 
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3.3.5 Seasonal Effects (Season) 

In temperate climates, seasonal changes in land use from agriculture, vegetative cover 

due to growth, senescence and tillage, as well as rainfall characteristics are thought to have 

a direct bearing on localized atmospheric emission and depositional processes, which can 

in turn affect sediment and nutrient deposition on road surfaces (Gunawardena et al., 

2015; Valtanen et al., 2014). In seasonally cold climates, the winter months are typically 

associated with frozen soils, snow coverage on open spaces and the use of winter tires, 

which have been implicated in the pulverization of asphalt surfaces and the release of 

hydrocarbons, metals and granular material (e.g. Hallberg et al., 2007; Safadoust et al., 

2016). During winter road maintenance activities it is common to remove snow and ice 

through a combination of ploughing, road salt and sand applications, and the latter of these 

activities can contribute a substantial amount of granular material to the road surface, 

making it available for runoff during rain or melt events (Helmreich et al., 2010; Trenouth 

et al., 2015). In tropical climates changing seasons are strongly linked with changing 

rainfall patterns, and this is reflected indirectly via the ADP, RD and RFI terms (Al-Badii 

and Shuhaimi-Othman, 2014). Given the important role that seasonal changes play in the 

sources, distribution and concentration of pollutants, a seasonally-based approach to 

grouping events will be investigated. 

The factors governing the concentration of highway pollutants in stormwater runoff are 

myriad and complex. This complexity necessitates the use of novel mathematical tools 

which have the flexibility to model the full range of pollutant loadings and complex 

antecedent conditions, particularly when these processes are non-linear and difficult to 

describe mechanistically. Artificial neural networks using multiple nonlinear regression 



73 

 

techniques lend themselves to simulating such processes, and will be evaluated for their 

ability to predict pollutant EMCs and MDUALs (Oreskes et al., 1994; Trenouth and 

Gharabaghi, 2015b). 

3.4 Materials and Methods 

3.4.1 Conceptual Framework 

While the ability to predict the runoff concentration of TSS and loading rates of 

heavy metals is useful, it is important to recognize that the goals of the work presented in 

chapter three are nested within the broader context of this dissertation, as summarized in 

the conceptual framework presented in Figure 3.1. The accurate prediction of highway 

runoff quality is particularly useful when estimating the required material thickness of 

roadside swale amendment layers selected to target the most problematic noxious species, 

as per the research summarized in chapter four (Trenouth and Gharabaghi, 2015c). This 

work is meant to assist highway designers and engineers working to curb the impact of 

runoff water quality in environmentally sensitive areas (ESAs). Based on the multiple 

considerations of anticipated pollutant loadings, amendment performance (as influenced 

by hydraulic contact time and other related parameters), effluent water quality guidelines 

and amendment design life, the required treatment thickness can be specified. This can 

reasonably be expected to protect receiving water quality and the sensitive species 

contained therein. 
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Figure 3.1: Conceptual framework for EMC and MDUAL model development (research 

efforts of current chapter highlighted by dashed line). 

3.4.2 Data Assembly 

A thorough review of existing literature and official government publications 

related to stormwater runoff quantity and quality characteristics with an emphasis on 

highway runoff was carried out, and any papers reporting data on both the input and water 

quality parameters of interest were collated. After validating that the data collection 
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methodologies were similar enough to be considered comparable (i.e. that the water 

samples were collected via a combination of automated sampler and/or grab sample and 

that total metals could be extracted from the study information), and ensuring that all 

reported results were for direct highway runoff (DHRO), suitable data were compiled into 

a spreadsheet according to author/region and date, with all reported values for each 

parameter contained therein. A total of 1,042 unique rainfall/runoff events were collected, 

the sources of which are provided in Table 3.1 and Table 3.1. After preprocessing the 

remaining data was then fed into Tiberius Predictive Modelling Software (Tiberius Data 

Mining, 2016). 
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Table 3.1: Sources and number of rainfall/runoff events. 

Study 

(Authors, 

Date of 

Publication) 

Location 
Seasons 

Covered 
Parameters Reported 

Sample 

Type 

Sampling 

Methodology 

Study 

Duration 

Barrett, Irish 

et al., 1998 

Austin, 

Texas 
All 

TSS, VSS, BOD, COD, TC, DOC, 

Nitrate-Nitrogen, Total Phosphorus, 

Oil and Grease, Copper, Iron, Lead, 

Zinc 

Direct runoff 

from 

highways 

Automatic 

sampling 

(ISCO 3700) 

20 Months 

(Sep. 1993 - 

May 1995) 

Barrett et al., 

2006 

Austin, 

Texas 

Spring, 

Summer, 

Winter 

TSS, TKN, COD, Nitrate/Nitrite, 

Total Phosphorus, Dissolved 

Phosphorus, Total Copper, Dissolved 

Copper, Total Lead, Dissolved Lead, 

Total Zinc, Dissolved Zinc 

Direct runoff 

from 

highways 

Passive 

Stormwater 

Sampling 

(First Flush 

Samplers) 

15 Months 

(February 

2004 to 

May 2005) 

Driscoll et 

al., 1990 

Seattle, 

Washington 

and 

Milwaukee, 

Wisconsin 

All 
TSS, VS, COD, Phosphorous, 

Copper, Lead, Zinc,  

Direct runoff 

from 

highways 

Automatic 

Water 

Samplers 

4 Months 

(Sep. - Dec. 

1980) 

Davis and 

Birch., 2010 

New South 

Wales, 

Australia 

Summer, 

Winter, 

Spring 

Copper, Lead, Zinc 
Direct runoff 

from roads 

Automatic 

Sampling 

(Sigma 900, 

Hach, USA) 

9 Months 

(Aug 2007 -

Apr 2008) 

Finney, et al., 

2010 

Guelph, 

Canada 

Fall, 

Spring, 

Summer 

 

 

Zinc, Copper, TSS, particle size 

distribution, PAH concentration 

 

 

Upstream 

and 

downstream 

of biofilter 

Automatic 

Sampling 
24 months 
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Study 

(Authors, 

Date of 

Publication) 

Location 
Seasons 

Covered 
Parameters Reported 

Sample 

Type 

Sampling 

Methodology 

Study 

Duration 

Flint et al., 

2007 

Maryland, 

USA 
All 

TSS, Nitrate, Nitrite, TKN, TP, 

Lead, Copper, Cadmium, Zinc 

Direct runoff 

from 

roadway 

Automatic 

Sampling 
16 months 

Francey et 

al., 2010 

Melbourne, 

Australia 
All 

TSS (via sediment mass), TP (total 

phosphorus), TN (total nitrogen) 

Direct runoff 

from 

roadway 

Autosampler 

(Sigma 900) 
13 months 

Gan et al., 

2008 

Guangzhou, 

South China 
All 

Temperature, pH, Electrical 

conductivity, TSS, BOD5, CODCr, 

Oil and Grease, Nitrate-Nitrogen, 

Total Nitrogen, Ortho-Phosphorus, 

Total Phosphorus, Copper, Zinc, 

Lead, Cadmium, Nickel, Chromium 

Direct runoff 

from 

roadway 

Automatic 

sampling 
10 months 

Moores et al., 

2010 

Auckland, 

New 

Zealand 

Summer, 

Fall, 

Winter 

Total suspended solids, particulate 

and dissolved copper and zinc 

Direct Road 

Runoff 

Automatic 

Sampling 
10 months 

Moores et al., 

2012 

Auckland, 

New 

Zealand 

Summer, 

Fall, 

Winter 

Suspended particles, total and 

dissolved copper and zinc 

Direct Road 

Runoff 

Automatic 

Sampling 
18 months 

Li, et al., 

2008 

Austin and 

College 

Station, 

Texas, USA 

All 

 

Total Suspended Solids, Total 

Kjeldahl Nitrogen, Nitrate-Nitrite, 

Phosphorus, Copper, Lead, Zinc 

 

 

Direct 

Highway 

Runoff 

Passive 

Stormwater 

Sampling 

16 months 
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Study 

(Authors, 

Date of 

Publication) 

Location 
Seasons 

Covered 
Parameters Reported 

Sample 

Type 

Sampling 

Methodology 

Study 

Duration 

Stovin and 

Guymer, 

2013 

Gold Coast, 

Queensland 

State, 

Australia 

Spring, 

Fall 

Total Suspended Solids, Total 

Organic Carbon, Total Phosphorus, 

Total Nitrogen 

Runoff from 

road surfaces 

and 

catchments 

Manual 

Sampling 
2 years 

Thomson et 

al., 1996 

Minnesota, 

USA 
All 

Total Suspended Solids, Total 

Dissolved Solids, Total Organic 

Carbon, Zinc 

Direct 

Highway 

Runoff 

Combination 

of manual and 

automatic 

sampling 

7 years 

Wu et al., 

1998 

North 

Carolina, 

USA 

All 

TDS, TSS, COD, NO3-N, NH3-N, 

TKN, OP, TP, Oil and Grease, 

Copper, Cadmium, Chromium, Lead, 

Nickel 

Impervious 

bridge deck 

Automatic 

Sampling 
11 months 
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3.4.3 Input Variable Selection 

After assembly of the initial dataset of highway pollutant event mean 

concentrations, a series of simple regressions were carried out to visually assess whether 

there was any discernable relationship between the input variables of interest and at least 

one of the contaminants, typically TSS given its relationship to other highway 

contaminants (Desta et al., 2007; Hallberg et al., 2007). Ultimately, the ability to select 

input parameters for ANN model development was limited by whether or not they were 

available within the collated studies or could be obtained from official sources for inclusion 

within the global dataset. 

3.4.4 Data Screening and Preprocessing 

Of the 1,042 unique events assembled within the aggregated dataset, 940 were 

usable. In some instances data on all input parameters of interest were not available from 

the published literature or studies, so attempts were first made to contact corresponding 

authors to acquire as much of the unreported data as possible. When RD and RFI data were 

not available through these sources, online climate data was either mined or ordered from 

government agencies (NOAA, 2016; Australian BOM, 2015). When data on AADT were 

missing and could not be provided by study authors, traffic count statistics were sought 

from regulatory traffic authorities whenever possible. Any events for which data on the 

relevant input and output parameters could not be gathered were excluded from the final 

dataset, resulting in the removal of 102 events. TSS EMCs were included in the reported 

data, and MDUALs for the metal species of interest were derived by multiplying the 

reported EMCs by the associated RD and subsequently dividing by ADP. 
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Different statistical distributions, including normal, lognormal, exponential, 

inverse Gaussian and Weibull distributions were fit to each of the input parameters for each 

site, and the distribution of best fit was chosen according to the Akaike information 

criterion - or AIC - using Palisade @Risk Software, used by over 150,000 professionals in 

more than 100 countries (Atieh et al., 2015a; Palisade Corporation, 2016). The AIC 

provides an estimate of the quality of a fitted statistical distribution relative to a suite of 

distributions, and hence is useful for selecting a descriptive statistical model (Akaike, 

1973). The computed AIC score for each fit as it was applied to each parameter was used 

to determine the best fit for each dataset, and the lognormal distribution consistently ranked 

as either the best overall or within the top three. As such, the data was normalized through 

log transformation before further analysis was carried out. A sample lognormal distribution 

fitted to one of the input parameters for the 940 usable events is provided in Figure 3.2. 
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Figure 3.2: Sample probability distribution curve of observed rainfall intensity values for 

the 876 events with fitted lognormal distribution. 

After log-transforming the input data, each study site was clustered according to 

the reported AADT and the appropriate seasonal grouping, and from this the relevant 

statistical parameters were calculated. To reconcile the inversion of seasons between the 

northern and southern hemispheres, the timing of all southern hemispheric events was 

moved forward by six months for further use within the model. Given the interest in 

exploring the seasonality of EMCs for the various pollutants of interest, the seasonal timing 

of each runoff event was also scored using the ‘one hot’ approach using no a priori 

weighting (Piotrowski and Napiorkowski, 2013). This data was then aggregated into a 
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statistical summary table consisting of unique data clusters derived from the aggregation 

of the 940 usable events. For each of the studies included in the aggregated dataset the 

Location (μ) and Scale (σ) of the transformed RD, RFI, AADT and ADP inputs were 

computed. Data transformations and computations were carried out for the reported TSS 

EMCs and select heavy metal (Cu, Zn, Pb and Cr) MDUALs as well. The statistically-

derived parameters were used to characterize the range of EMCs and MDUALs of each of 

the input and output parameters for each of the study sites according to Eq. (3.1): 

𝑋 = 𝑒𝜇+𝜎𝑍          (3.1) 

Where, 

X = lognormal variable which is the product of a large number of independent random 

variables 

μ = Location parameter for the lognormally distributed data 

σ = Scale parameter for the lognormally distributed data 

z = standard normal variable. 

3.4.5 ANN Structure and Development 

After computation of all necessary Location (μ) and Scale (σ) terms, a supervised, 

feed-forward global regression neural network (GRNN) was developed using the eight key 

input parameters: μRD, σRD, μRFI, σRFI, μADP, σADP, AADT and Season, in addition to the 

output parameters relevant to the prediction of seasonal TSS EMCs and MDUALs for each 

location (Figure 3.3). Since the approach described by Piotrowski and Napiorkowski 

(2013) was used, seasonality was represented as four separate inputs; one for each season. 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0022169416305480#e0005
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GRNNs consist of four layers: an input layer, pattern layer, summation layer, and an output 

layer (Specht, 1991). The number of nodes in the input layer corresponds to the number of 

variables being input into the model. The pattern layer is comprised of neurons representing 

specific patterns developed during the training process using the standard statistical 

technique of kernel regression. 

 

Figure 3.3: ANN model architecture for EMC and MDUAL Location and Scale 

prediction. 

The number of neurons to include within the pattern layer is difficult to enumerate 

because this value is determined by the model developer, presumably based on a variety of 

considerations. Key considerations include the number of training patterns, the number of 
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input and output units, the amount of noise contained within the dataset, and the algorithm 

used for training the network. Each neuron from the pattern layer connects to the neurons 

in the summation layer (Specht, 1991). The output layer encompasses the dependent 

variable. In this case, the outputs are the Location and Scale parameters for the TSS EMC 

and heavy metal MDUAL models. Of the 940 events remaining after post-processing and 

cleaning, the GRNN model was trained on 70% and tested on 30% of the values, 

respectively. Since the use of too many hidden neurons increases the possibility of 

overfitting, especially if the number of input variables is limited, all ANNs were set to have 

a maximum of six neurons in the hidden layer (Tu, 1996). The training process utilized 

early stoppage after 5,000 epochs in order to avoid overfitting, and the standard approach 

of developing multiple ANNs and evaluating their performance on the testing data was 

used to assess this (Tu, 1996). 

The MDUALs of the heavy metal species for which data were available were 

computed, and ANNs were trained to predict the MDUALs for these pollutants as well. 

Since the published studies did not contain information on a standard suite of metals this 

portion of the analysis was limited to an evaluation of Cu, Zn, Pb and Cr, as these were the 

metal species for which an acceptable amount of data could be obtained (n = 940, 925, 818 

and 436, respectively). The MDUALs were computed for each event prior to clustering the 

datasets by multiplying the heavy metal EMCs by RD and subsequently dividing by ADP 

to yield a value expressed in μg/m2 ∗ d. Total metal (dissolved plus particulate) 

concentrations were used in the analysis, as this aggregated partitioning is used to assess 

the efficacy of treatment media (Trenouth and Gharabaghi, 2015c). 



85 

 

3.4.6 ANN Model Performance Evaluation 

Statistical and graphical methods were used to evaluate the performance of the 

ANNs developed for the prediction of the Location and Scale terms. The coefficient of 

determination (R2), which provides an indication of the amount of observed variance within 

the model, Eq. (3.2); Nash Sutcliffe efficiency (ENS), which assesses the predictive power 

of the model and ranges from –∞ to ∞, Eq. (3.3); coefficient of residual mass (CRM), which 

assess prevalent over- or under-estimation of the observed values, Eq. (3.4); and root mean 

square error (RMSE), which describes the differences between the observed and predicted 

values in the units of the variable of study, Eq. (3.5), were used to evaluate the performance 

of all ANNs. In Eqs. (3.2 - 3.5), O and P are the observed and model predicted values, 

respectively, and n is the number of observations. A combination of statistical measures 

were used as each one provides unique insights into the model performance (Licciardello 

et al., 2007; Atieh et al., 2015b). This is discussed further in Section 3.5.2. 

𝑅2 =  [
∑ (𝑂𝑖−�̅�)(𝑃𝑖−�̅�𝑛

𝑖=1 )

√∑ (𝑂𝑖−�̅�)2𝑛
𝑖=1 ∗√∑ (𝑃𝑖−�̅�)2𝑛

𝑖=1

]

2

       (3.2) 

𝐸𝑁𝑆 = 1 −  
∑ (𝑂𝑖−𝑃𝑖)2𝑛

𝑖=1

∑ (𝑂𝑖−�̅�)2𝑛
𝑖=1

        (3.3) 

𝐶𝑅𝑀 =  
∑ 𝑂𝑖

𝑛
𝑖=1 −∑ 𝑃𝑖

𝑛
𝑖=1

∑ 𝑂𝑖
𝑛
𝑖=1

         (3.4) 

𝑅𝑀𝑆𝐸 =  √
∑ (𝑃𝑖−𝑜𝑖)2𝑛

𝑖=1

𝑛
        (3.5) 
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3.4.7 Uncertainty Analysis 

Monte Carlo simulation (MCS) was used for uncertainty analysis, and separate 

stochastic models were developed for the Location and Scale parameters using the ANN 

prediction equations developed for both the EMCs and MDUALs. MCSs were carried out 

using risk analysis software capable of fitting various distributions to the each of the input 

parameters (@Risk version 6, Palisade Corporation, 2016). For each stochastic model 

developed for the prediction of the EMC and MDUAL Location and Scale parameters, 

5,000 iterations were carried out and this allowed for the simulation of a large number of 

possible combinations of the input variables. The resultant output distribution was used to 

calculate the mean absolute deviation (MAD) around the median of the output data for each 

of the Location and Scale parameters using Eq. (3.6) (Atieh, 2015b). 

𝑀𝐴𝐷 =
1

5,000
∑ |𝑃𝑖 − 𝑀𝑒𝑑𝑖𝑎𝑛(𝑃)|5,000

𝑖=1        (3.6) 

3.4.8 Sensitivity Analysis 

In order to determine which input parameters exerted the greatest influence on the 

Location and Scale terms, a sensitivity analysis was performed. Each of the input 

parameters were perturbed separately by incrementally increasing them by 10% from their 

mean value while all other inputs were held constant. This process was then repeated, but 

this time values decreased in 10% increments from their base value. The marginal 

sensitivity (Sc) was then computed using Eq. (3.7), followed by the normalized marginal 

sensitivity coefficients (Sn), calculated using Eq. (3.8) (Sattar and Gharabaghi, 2015). Δθ 

and ΔE are the calculated change in the objective function and resultant change in 

parameter, respectively (Atieh et al., 2015b; Trenouth and Gharabaghi, 2015a). 
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𝑆𝑐 =
𝛥𝜃

𝛥𝐸
          (3.7) 

𝑆𝑛 = (
𝐸

𝜃
) ∗ 𝑆𝑐          (3.8) 

Where, 

Δθ = change in the input function  

ΔE = corresponding change in the output function 

3.5 Results and Discussion 

3.5.1 Importance of Input Variable Selection and Data Transformation 

For the seasonal term, a rational approach which took into consideration the timing 

of the equinoxes and solstices was used as a means to cluster months of the year into 

appropriate seasons. Since these astronomical events fall within the latter half of the third, 

sixth, ninth and 12th months, they were grouped within the season of which they were 

predominantly comprised. Table 3.2 summarizes this arrangement, as well as the average 

TSS EMC for each seasonal grouping, as computed using the entire modelling dataset.  
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Table 3.2: Statistical pollutant EMC and MDUAL parameters according to monthly seasonal grouping. 

Month 

S
easo

n
al 

g
ro

u
p
  

TSS EMC  

(mg/L) 

Cu MDUAL  

(μg/m2*d) 

Zn MDUAL  

(μg/ m2*d) 

Cr MDUAL  

(μg/ m2*d) 

Pb MDUAL  

(μg/ m2*d) 

M
in

 

M
ean

 

M
ax

 

M
in

 

M
ean

 

M
ax

 

M
in

 

M
ean

 

M
ax

 

M
in

 

M
ean

 

M
ax

 

M
in

 

M
ean

 

M
ax

 

Jan. 4 1.9 143 4400 5.5 46 1114 5.3 219 5192 0.3 28 361 0.5 48 560 

Feb. 4 1.1 136 1380 0.5 40 359 4.6 266 6030 0.5 10 119 1.9 128 1400 

Mar. 4 2.0 145 1300 <0.1 45 320 4.7 224 3040 0.1 17 94 0.2 303 5100 

Seasonal Average 1.6 141 2360 3.0 43 597 4.9 236 4754 0.3 18 191 0.9 159 2353 

Apr. 2 3.0 119 830 <0.1 80 3300 6.6 309 4400 0.2 15 110 0.4 203 3300 

May 2 4.0 117 810 <0.1 45 660 0.8 162 2220 <0.1 10 71 0.5 89 490 

Jun. 2 4.0 105 475 1.5 56 1300 3.1 185 1013 <0.1 7 39 1.0 90 1200 

Seasonal Average 3.7 113 705 1.5 60 1753 3.5 218 2544 <0.1 11 73 0.6 127 1663 

Jul. 3 8.0 130 1660 4.9 61 1600 4.7 236 1950 <0.1 9 53 1.0 113 900 

Aug. 3 1.0 128 760 1.8 46 450 6.6 229 2590 <0.1 5 31 0.2 143 990 

Sep. 3 0.3 128 1479 0.5 34 175 10.0 279 2550 0.5 20 510 0.5 152 2175 

Seasonal Average 3.1 128 1299 2.4 47 741 7.1 248 2363 0.5 11 198 0.6 136 1355 

Oct. 1 1.0 99 468 <0.1 31 141 <0.1 189 1610 <0.1 10 69 0.1 136 1700 

Nov. 1 3.0 106 950 <0.1 30 230 3.0 201 1200 0.5 12 83 0.5 12 2100 

Dec. 1 3.3 108 950 8.8 33 251 6.4 188 1290 2.0 21 85 1.1 59 620 

Seasonal Average 2.4 104 789 8.8 31 207 4.7 192 1366 1.3 14 79 0.6 69 1473 
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Given the large spatial and temporal nature of the dataset, extrapolations and 

inferences are necessarily generalized. In light of this, it appears that the winter months 

(season 4) have the highest average TSS EMCs, likely owing in part to road sanding 

activities in seasonally cold climates during these periods as applicable. Furthermore, the 

use of winter tires on vehicles during these time periods can further add to the concentration 

of sediments due to enhanced degradation of the road surface. The spring months (season 

2) have the second-lowest reported TSS EMCs, and this is largely explainable by the 

cessation in winter maintenance activities, coupled with relatively high levels of soil 

moisture, which act to suppress dust emissions from adjacent land areas. 

The summer months (season 3) have the second highest reported average TSS 

EMCs. For this period, it can be concluded that, while vegetation is active, agricultural 

tillage activities in rural areas are also at a maximum. This fact, coupled with the water 

needs for evapotranspiration (ET) throughout the growing vegetation, increases the 

likelihood of occurrence of relatively dry, disturbed soils, which can be mobilized from 

these areas and deposited on area roadways. Lastly, the fall months (season 1) have the 

lowest reported average TSS EMCs, and it is posited that this is due to the fact that 

vegetative ground cover during this time is high, but temperatures are declining from the 

summer months and hence ET requirements are relatively low. Rainfall frequency during 

this period also tends to increase over this period from the summer months, and the 

increased moisture may help to keep soils moist and immobile, which combine to give this 

season the lowest reported average TSS EMCs. 
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Attempts to fit simple regression relationships between the seasonal groups, the 

average reported heavy metal runoff EMCs and computed MDUALs produced results that 

were much weaker than that which exists between seasonal groupings and average TSS 

EMCs, with R2 values ranging from 0.03 to 0.18 across heavy metals species compared to 

a value of 0.91 for TSS. This discrepancy can be explained by the fact that TSS inputs to 

the road surface are influenced by seasonal changes in adjacent land cover, while the input 

of heavy metals – derived in large part from the vehicles which travel upon the road surface 

– depend almost exclusively on a combination of the traffic traversing the road surface in 

addition to atmospheric deposition from regional activities, including industry (McKenzie 

et al., 2009; Gunawardena et al., 2015). Since traffic patterns and regional emissions can 

be expected to remain largely constant across seasons, it follows that the MDUALs for 

various metal species across each season would also fluctuate very little. 

The AIC was used to assess the goodness of fit of the lognormal distribution to the 

observed data, and the results of the analyses consistently ranked the lognormal distribution 

as either the best-fitting distribution or within the top three (Figure 3.4). Many types of 

environmental data exhibit varying degrees of lognormality; consequently, the use of the 

lognormal distribution was deemed acceptable (Atieh et al., 2015b; McBean and Rovers, 

1998). In light of this, the input data were log-transformed for use within the ANN models. 

3.5.2 ANN Model Performance 

Approximately 70% of the remaining dataset of 940 unique runoff events were used 

to train GRNNs for the prediction of the Location and Scale terms for seasonal TSS EMCs 

using a self-optimization approach with no a priori weighting of neural inputs, with testing 
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being done on the remaining 30%. Using the ANN-predicted Location and Scale 

parameters, seasonal TSS EMC concentration quantiles (EMC10%, EMC50% and 

EMC90%) were computed and compared to the observed values. Figure 3.4 presents the 

results of this analysis and shows graphically the relationship between the observed and 

ANN-predicted 50% TSS EMCs, as well as the EMC10% and EMC90% plotted values. 

Given the inherent variability associated with such a broadly-assembled dataset, the degree 

of discrepancy between the observed and ANN-predicted results is considered reasonable. 

A more extensive dataset which includes data collected over a longer period of time can be 

expected to reduce the variability in the prediction of the seasonal TSS EMC Scale term, 

so long as relevant long-term changes in the input variables such as AADT are also 

captured. 

 

Figure 3.4: Observed, fitted and predicted cumulative Seasonal TSS EMC probability 

distributions (Season 2) for Thompson et al. (1996). 
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While Figure 3.5 graphically illustrates the performance results of the TSS EMC ANN, 

Table 3.3 summarizes the results of more rigorous statistical analyses for all of the EMC 

and MDUAL ANNs, as suggested by Licciardello et al. (2007).  

 

Figure 3.5: Observed versus ANN-model predicted seasonal TSS EMC quantiles 

(EMC10%, EMC50% and EMC90%). 
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Table 3.3: Statistical evaluation of ANN model. 
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Although the testing performance of the ANNs as characterized by the coefficient 

of determination for the directly trained models incorporating seasonality are quite good 

(0.75, 0.91, 0.89, 0.88, 0.85 for the TSS EMC and Cu, Zn, Pb and Cr MDUAL rates, 

respectively), judgement by this parameter alone can be misleading and insufficient. The 

coefficient of efficiency (ENS) is used to assess overall model efficiency, and exhibits 

sensitivity to extreme values. Typically, a value of ENS of 0.75 or greater is understood to 

be an indication of ‘good’ model performance, while a value of 1.0 would be interpreted 

as ‘perfect’ model performance. In light of this, the computed ENS values for the TSS 

EMC and Cu, Zn and Pb MDUAL models – 0.75, 0.89, 0.89 and 0.89 – suggest that these 

models are performing reasonably well for the entire training and testing dataset. The 
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trained ANN for Cr performs poorly according to this criterion (0.62), which suggests that 

despite its reasonably good coefficient of determination, the model is prone to consistent 

under prediction of Cr MDUALs compared to what was observed. 

The RMSE is an additional term used to characterize model performance. For a 

‘good’ model the RMSE should be reasonably small and is expressed in the units of the 

variable being measured (mg/L for TSS EMCs, and μg/m2 ∗ d for heavy metal MDUALs). 

Excluding the Cr testing dataset, the calculated RMSEs for all of the directly trained models 

which incorporate seasonality are lower than the computed RMSEs for all corresponding 

surrogate and non-seasonal models, again suggesting that both the inclusion of seasonality 

and the development of metal-specific heuristic models provides improved predictive 

capabilities. 

Finally, the CRM is used as an indication of prevalent over- or under-prediction, 

and for a well-performing model should approach a value of zero. The computed CRMs 

are all close to zero, and thus suggest that the models are neither over- or under-predicting 

the output parameters to any appreciable degree. With the exception of Cu, the CRM values 

computed using the testing datasets of the ANNs which incorporate seasonality and directly 

predict TSS are closer to zero than those calculated for the surrogate models or those which 

lack seasonality, which provides additional confidence in the validity of the selected 

models. 

While effort was made to select input parameters using a rational approach, the 

ANN model itself is focused on prediction and is not intended to explain the mechanics 

governing the observed runoff EMCs and MDUALs. As noted by Schmueli (2010), there 
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are many instances where the accurate prediction of such phenomena is a far more pressing 

and important issue than explaining their behaviour. In such cases the predictive capability 

of artificial neural networks is hard to ignore (Trenouth and Gharabaghi, 2015b). Statistical 

evaluation of the various ANN models performance metrics suggest that the TSS EMC 

model performed better when seasonal variability was considered within the model. 

The predictive models developed specifically for the prediction of heavy metals 

(Cu, Zn, Pb and Cr), performed better than the models which relied on the use of TSS as a 

surrogate, but failed to show a clear trend in metal MDUALs across species. This is likely 

due to the fact that the deposition and accumulation of heavy metals is less influenced by 

seasonal land use changes and surrounding land use characteristics, as AADT remains 

relatively constant across seasons and it is the traffic itself which is responsible for the bulk 

of heavy metals deposition (Bäckstrom et al., 2004; Hallberg et al., 2007; Gunawardena et 

al., 2015). The season term constitutes only a partial accounting of the impacts that land 

use changes and intra annual climatic variability have on TSS buildup on adjacent road 

surfaces, and seasonality is considered to be a proxy for land use changes in light of the 

fact that detailed input data are not otherwise available. As such, the use of seasonality as 

a readily-available input parameter is considered to be an acceptable if not perfect proxy. 

3.5.3 Uncertainty Analysis 

The distributions of best fit for the key variables used in the MCSs are presented in 

Table 3.4. The mean prediction errors for the TSS EMC and heavy metal MDUAL are 

presented in Table 3.5. While the majority of the computed mean prediction errors were 

positive, the Pb MDUAL mean prediction errors were negative. Positive values indicate 
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that the model is overestimating relative to the observed values, while negative values are 

indicative of underestimation. The uncertainty bands of the Location parameters are wider 

than the uncertainty bands for the Scale parameter for all respective models; this is also 

true for the calculated MAD values, computed using the results of the MCS run for each 

model (Table 3.5). The uncertainty bands described by the MCS output results are useful 

for the derivation of a corresponding factor of safety to be incorporated within any 

promulgated design. 

Table 3.4: Statistical distributions of best fit for key MCS variables. 

Input 

Parameter 

Fitted 

Distribution 
Min  Mean Max 

Season  Binomial 0 0.25 1 

μRD Lognormal 0.15 9.1 148 

σRD extreme 1 2.2 26.7 

μRFI Lognormal 0.5 1.8 101.3 

σRFI Weibull 1.3 2.3 12.8 

AADTav  Exponential 628 39,551 510,433 

μADP Lognormal 0.1 2.8 34.4 

σADP Normal 0.7 2.4 9.2 

μTSS Lognormal 0.9 55.4 3,505 
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Table 3.5: Uncertainty analysis of EMC and MDUAL Location and Scale parameters. 

Parameter TSS EMC Cu MDUAL Pb MDUAL Zn MDUAL Cr MDUAL 

Location Scale Location Scale Location Scale Location Scale Location Scale 

Mean 

prediction error 

+0.0052 +0.0015 -0.0040 +0.0048 -0.1515 +0.0023 +0.0029 +0.0093 +0.0159 -0.0071 

Width of 

uncertainty 

band 

0.95 0.34 1.43 0.48 2.01 0.56 1.55 0.52 1.53 0.53 

Median 4.0 0.81 1.01 1.31 -0.14 1.37 1.35 1.28 -1.74 1.39 

MAD 0.63 0.23 1.06 0.35 1.62 0.44 1.16 0.41 1.09 0.38 
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3.5.4 Sensitivity Analysis 

Analysis of the sensitivity of the input parameters within the TSS EMC model provides 

insight into the relative importance of each parameter for the calculation of TSS EMCs. 

Table 3.5 indicates that the runoff concentration of heavy metals is governed by many of 

the same processes as TSS, so only the results of the TSS EMC sensitivity analysis for the 

Location and Scale parameters are presented in Table 3.6. For the prediction of TSS EMC 

Location, the model was most sensitive to changes in σRD, followed by σADP and μADP, 

AADT, σRFI, and finally by the μRD and μRFI parameters. All parameters except σRFI were 

positively correlated with TSS EMC. This is expected as increasing mean seasonal rainfall 

depth and intensity are understood to not only mobilize sediments trapped within micro 

depressions on the road surface, but to provide the energy and transport capacity necessary 

for entrainment as well (Shinya et al., 2003; Alias et al., 2014). Similarly, increasing 

AADT loads are widely accepted to result in increasing sediment loading to the road 

surface, which can result in higher runoff concentrations of sediments when rainfall or melt 

events occur (Barrett et al., 1998; Liu et al., 2015). Increasing σRD implies that a larger 

range of events occur at a given location, which may be linked to the increased transport 

competency and capacity associated with these larger events. 
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Table 3.6: Sensitivity analysis for the input parameters used in the prediction of TSS 

EMC Location and Scale. 

 

Parameter 
TSS EMC Location (μ) TSS EMC Scale (σ) 

Sc Sn Sc Sn 

μ𝑅𝐷 0.16 0.10 -0.30 -0.81 

σ𝑅𝐷 2.71 0.58 0.43 2.40 

μ𝑅𝐹𝐼 0.29 0.07 -0.42 -0.51 

σ𝑅𝐹𝐼 -0.78 -0.17 -0.23 -0.22 

AADT 0.00 0.18 0.00 -0.63 

μ𝐴𝐷𝑃 0.74 0.22 -0.56 -0.37 

σ𝐴𝐷𝑃 1.01 0.23 2.37 5.74 

The sensitivity of the TSS EMC Location model to σADP is explained by a 

combination of atmospheric loading to the road surface as well as seasonality 

(Gunawardena et al., 2015). Despite increasing σADP, it remains impossible to have any 

ADP values less than zero, which necessitates that increasing σADP equates to increasing 

(and increasingly variable) ADP, thereby providing a growing opportunity for the 

accumulation of sediment loads on road surfaces. The positive correlation between σADP 

and TSS EMC Location also reinforces the importance of the seasonal term; the amount of 

wind-driven dusts deposited on roadways may vary with adjacent land cover and regional 

weather patterns, which in turn change substantially over the course of the year in many 

regions. The progression of the seasons results in a complex dynamic where rainfall 

frequency and loading rates vary independently of one another, yet when taken together 

they describe locations where highest runoff concentrations of sediment are possible. 

Greater values of σRD and σADP are typically associated with semi-arid and arid climates 

with fewer storm events and typically higher TSS EMCs. 
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The prediction of the TSS EMC Scale parameter is most sensitive to σADP and σRD, 

followed by μRD, AADT, μRFI, μADP and σRFI (Table 3.6). As the Scale – a measure of the 

deviation inherent within the lognormal dataset – of the various input parameters increases, 

it follows that the Scale of the TSS EMC data should also increase. This is a manifestation 

of the confounding vagaries associated with natural systems; increasing variability within 

the input dataset leads to ever-increasing variability in the predicted output. Despite such 

challenges, and given the widespread lack of detailed land use data, the ANNs developed 

for the prediction of TSS EMC Location and Scale performed better according to all 

metrics when seasonality was considered within the model (Table 3.3), indicating that this 

modelling approach can be useful when other sources of detailed data are unavailable. 

3.6 Conclusion 

Prediction of EMC and MDUAL statistics for common highway pollutants is a long-

standing challenge for the protection of ESAs (Oreskes et al., 1994; Schmueli, 

2010; Hwang and Weng, 2015). Heavy metal EMCs are needed to properly size RDTS to 

improve highway runoff quality to meet water quality standards and MDUALs are needed 

to calculate the required capacity of the RDTS needed to ensure the lifetime performance 

of the system. 

The work presented in chapter includes three new models developed using ANNs for 

the prediction of highway runoff quality to inform the design of enhanced stormwater 

controls. These ANN models take into account site-specific highway traffic, storm event 

meteorological and seasonal factors from fourteen unique locations on three separate 
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continents to predict pollutant-specific EMC statistics and MDUALs of common highway 

pollutants for the design of RDTSs to protect ESAs. 

A broadly-based dataset comprised of 940 monitored highway stormwater runoff 

quality events was assembled using data mined from the published literature and official 

government reports (Table 3.1). Meteorological as well as traffic study data were collated 

for these events as input data used to train predictive neural networks models for the 

estimation of the key parameters needed to define the statistical distribution of seasonal 

event mean TSS and heavy metals concentrations, as well as the mean annual unit area 

loads of several commonly reported heavy metal species. Accurate predictive tools are 

needed to estimate the lifetime loading of heavy metals so that appropriately selected and 

sized treatment media can be implemented for the protection of environmentally sensitive 

areas (Schmueli, 2010; McIntyre et al., 2015; Trenouth and Gharabaghi, 2015a). 

The development of robust, well-trained neural networks is predicated in part on 

data-rich information sets, thereby necessitating the assembly of a global dataset (Tu, 

1996; Hanrahan, 2010). Through analysis of the assembled data and training of the ANNs, 

the effect of seasonality was found to be an important determinant of TSS EMCs, likely 

owing to changes in land cover and moisture regime associated with different seasons. 

However, seasonality was found to have little direct relationship to the MDUALs of the 

various heavy metals assessed, likely due to the fact that the bulk of metals on road surfaces 

are derived from vehicular traffic, which is largely independent of seasonality (McKenzie 

et al., 2009; Gunawardena et al., 2015). This insight underscores the need to define the key 

pollutants of interest when assembling the requisite data inputs needed to derive a 
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predictive estimate of contaminant EMCs and MDUALs so that avoidable noise and 

censorship are not introduced to any models which are developed. 

The predictive ANNs developed as part of the work presented in this chapter are 

intended to serve as a component of a broader, practical approach to improving highway 

stormwater runoff quality, as denoted in Figure 3.1. The inclusion of a seasonal term within 

the ANNs was found to improve the prediction of both the Location and Scale parameters 

of the statistical distributions of the highway runoff TSS EMCs as well as the MDUAL 

statistics for the metals. While TSS can reasonably be used as a surrogate for estimating 

pollutant heavy metals EMCs, ANNs trained to directly predict the Location and Scale of 

heavy metal MDUALs for Cu, Zn, Cr and Pb were found to provide more accurate 

estimates compared to ANNs trained using TSS data as a surrogate for and indirect method 

of estimation of heavy metal EMCs. 
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3.8 Transition to Chapter 4 

After presenting a suite of globally-trained ANNs for the prediction of the statistical 

distribution parameters describing the runoff concentrations of common highway 

stormwater pollutants and their associated MDUAL rates, the work presented in chapter 

four focused on the treatment of runoff pollutants commonly found in highway stormwater. 

Four potential soil amendments derived from affordable, abundant source materials were 

tested for their ability to serve as novel runoff filtration media. Candidate materials were 

first screened using a series of shaker tests, and all were found to remove dissolved metals 

from high strength synthetic stormwater runoff with varying degrees of efficacy. Blast 

furnace (BF) slag and basic oxygenated furnace (BOF) slag from a steel mill, goethite-rich 

overburden (IRON) from a coal mine, and woodchips (WC) were amongst the materials 

tested. The IRON and BOF amendments were shown to remove 46% to 98% of heavy 

metals (Cr, Co, Cu, Pb, Ni, and Zn) applied to repacked soil columns.  

The Freundlich adsorption isotherm constants for six metals across five materials were 

also calculated. Breakthrough curves of dissolved metals and total metals accumulation 

within the filter media were measured in column tests using synthetic runoff. A reduction 

in system performance over time occurred due to progressive saturation of the treatment 

media. Despite this, the top 7 cm of each filter media removed up to 72% of the metals 

over the study period. A calibrated HYDRUS-1D model was used to simulate long-term 

metal accumulation in the filter media, and model results suggest that for these metals a 

BOF filter media thickness as low as 15 cm can be utilized to improve stormwater quality 

to satisfy effluent water quality requirements for up to twenty years, based on applicable 

regulatory guidelines. The treatment media evaluated in this research can be used to 
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improve urban stormwater runoff discharging to ESAs, and can form an integral part of 

appropriately designed enhanced RDTSs. This work has been published in the peer-

reviewed Journal of Hydrology and can be cited as follows: 

 Trenouth, W.R., Gharabaghi, B. (2015). Soil Amendments for Heavy Metal Removal 

from Stormwater Runoff Discharging to Environmentally Sensitive Areas. Journal of 

Hydrology. 529(3), 1478-1487. 
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Chapter 4. Soil Amendments for 

Heavy Metals Removal from 

Stormwater Runoff Discharging to 

Environmentally Sensitive Areas 

4.1 Introduction 

The management and treatment of urban stormwater – both in terms of quantity and 

quality – is a widely recognized, vexing problem faced by stormwater authorities the world 

over (Clark and Pitt, 2012). Build out, paving activities and the installation of stormwater 

infrastructure reduce infiltration and promote rapid conveyance (Barbosa et al., 

2012; Elliott and Trowsdale, 2007). Urban runoff quality is subject to deterioration as a 

result of physicochemical pollutant additions resulting from changes in catchment 

utilization. Pollutant constituents are myriad and include total suspended solids (TSS), 

heavy metals, hydrocarbons, nutrients and – in seasonally cold climates – chlorides from 

salt application (Perera et al., 2013; Winston et al., 2012; Fuerhacker et al., 

2011; Kumpiene et al., 2008).  

There are many sources of pollutants, but highway runoff in particular has been 

recognized as posing a substantial environmental risk to receiving environs due to the fact 

that it frequently contains all of the aforementioned pollutants in one complex cocktail 

(Baek et al., 2014; Kayhanian et al., 2012; Helmreich et al., 2010; Hallberg et al., 2007; 

Barrett et al., 1998; Amrhein et al., 1992; Pitt and McLean, 1986; Pitt and Bozeman, 1982). 

In some cases, runoff pollutant concentrations entering ground and surface waters can be 

orders of magnitude greater than what has been deemed safely permissible from either a 
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consumptive or aquatic exposure standpoint (CCME, 1999; CCME, 2008; Amrhein et al., 

1992). Figure 4.1 summarizes the range of concentrations for Cu, Pb and Zn as reported in 

12 different studies (Wang et al., 2013; Stagge et al., 2012b; MacKay et al., 2011; Davis 

and Birch, 2010; Finney et al., 2010; Gan et al., 2008; Li and Barrett, 2008; CCME, 1999; 

Flint and Davis, 2007; Hallberg et al., 2007; Barrett et al., 2006; Wu et al., 1998; Hoffman 

et al., 1985). 

 

Figure 4.1: Histogram of metal concentrations in stormwater runoff (μg/L); CCME 

guidelines for Cu, Pb, and Zn are 2, 2, and 30 μg/L, respectively. 

With the adoption of low impact development (LID), sustainable urban drainage 

systems (SUDS) and other distributed approaches to stormwater management, there is a 
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growing recognition that simply matching pre- and post-development hydrograph peaks is 

insufficient; total volumes and quality characteristics also warrant consideration (Elliott 

and Trowsdale, 2007; Butler and Parkinson, 1997). Given the linearity of their design, 

highways are served primarily by ditches and swales, with a focus on conveyance (Stagge 

et al., 2012a; Stagge et al., 2012b; Ingvertsen et al., 2012b; Zakaria et al., 2003). Roads are 

classified as linear nonpoint sources (NPS) of pollution, and the challenges of dealing with 

the diffuse characteristics of this feature type are well-documented (Yousef et al., 1987). 

In ESAs where drinking water and sensitive aquatic species are at risk due to the 

physicochemical burden associated with highway runoff, infiltration swales enhanced with 

pollutant-specific treatment media may be used, and work in this regard has progressed 

substantially (e.g. Guo, 2013; Davis et al., 2012a; Davis et al., 2012b; Ingvertsen et al., 

2012a; Ingvertsen et al., 2012b; Stagge et al., 2012b; Clark and Pitt, 2011; Trowsdale and 

Simcock, 2011; Achleitner et al., 2007; Yousef et al., 1987). 

As some of the stormwater flowing through a swale is infiltrated it comes in contact 

with the treatment media and some, most or all of the pollutants in the particulate-bound 

and dissolved phases are removed. Treatment media can include physical, chemical, or 

biological stock, or combinations thereof (Gotvajn and Zagorc-Končan, 2014; Winston et 

al., 2012; Kim et al., 2010; Blecken et al., 2009). Although the long-term hydraulic 

performance of such systems is well recognized, the water quality aspects of their 

performance remain rudimentary at best (Davis et al., 2012a; Ingvertsen et al., 2012b). At 

the level of the soil itself, work related to the incorporation of geotextiles, optimized 

particle size distributions (PSDs) and dual porosity approaches have also been investigated, 

with consideration given to the effects of pH, hydraulic loading, hydraulic retention time 
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(HRT) and temperature, and these elements are reflected in design standards (Singh et al., 

2013; Melbourne Water, 2005). 

In Southern Ontario, Canada – home to 1/3 of the Country’s population – concerns 

surrounding the dual issues of highway stormwater runoff and road salt management in 

ESAs are paramount (Trenouth et al., 2015; Perera et al., 2013). As noted previously, ESAs 

are defined in the context of this work as any areas which have both a noted exceedance of 

stormwater pollutant concentrations above the CCME guidelines and where sensitive or at 

risk species are present. Pollutants washing off of roads have been noted to adversely 

impact threatened species in receiving streams, and the seasonal application of road salt 

has been identified as an agent of soil dispersion and subsequent pollutant mobilization 

(Baek et al., 2014; Norrström and Bergstedt, 2001; Hillel, 1998; Granato et al., 1995). 

Compounding this problem are findings suggesting that, for certain heavy metal species, 

the bulk of their annual wash off occurs during the winter months due to seasonally-

intensive wearing of the road surface (Bäckstrom et al., 2003). In light of this, there is a 

pressing need to identify, test and quantify the performance of novel, low-cost, locally 

available treatment media derived from waste materials for their ability to remove some of 

the most common highway stormwater pollutants, chiefly sediments and heavy metals. 

However, their performance under simultaneous exposure to high concentrations of 

chlorides (primarily from NaCl) is also of interest, as this is representative of anticipated 

field conditions in seasonally cold regions. 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0410
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0410
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0295
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4.2 Background 

Increasingly, credence is being given to the use of amendments used in conjunction 

with soil – either added as a blend within the soil matrix or layered at one or more depths 

within the soil profile (Lim et al., 2015; Ingvertsen et al., 2012a; Hsieh and Davis, 

2005; Oste et al., 2002). Different soil amendments have demonstrated competence in 

various aspects of water quality improvement, but their performance while under 

simultaneous exposure to chlorides remains poorly characterized (e.g. Murakami et al., 

2008; Dimitrova and Mehandgiev, 1998). Amendments have been studied in a variety of 

contexts including agricultural, industrial and urban settings. 

Drinking water treatment residuals (DWTR’s) amended into agricultural soils have 

been shown to immobilize nutrients like phosphorous (PO4
3−) (Agyin-Birikorang et al., 

2006; Novak and Watts, 2005). However, related work has demonstrated that PO4
3− 

adsorption to alum occurs across a wide range of pH conditions, and that Cl− anions can 

also be adsorbed within the inner sphere in some instances (Yang et al., 2006). Work by 

Rahmani et al. (2010) suggests that nanostructure alumina is able to absorb Pb, Ni and Zn, 

but these findings are not easily extrapolated to filter alum. Although there are some 

concerns surrounding the heavy metal content of land-applied DWTRs, earlier work has 

shown that of three separate DWTRs tested, all had metal concentrations that are well 

below permissible limits, and that the metal species of greatest concern were not present in 

a bioavailable form (Elliott et al., 1990). 

Zero-valent iron and goethite (a naturally occurring iron hydroxide species) have also 

been considered as materials which have the potential to remove heavy metals from 
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stormwater and also capture and detain chloride ions via displacement reaction (Mariussen 

et al., 2015; Fronczyk et al., 2010). Research found that the aforementioned iron species 

have the ability to capture and detain approximately 140 mg of chloride dm−3, and that 

other water quality benefits are also accrued by using this material. In particular, zero-

valent iron has the ability to displace metal cations in solution, and it does so more 

effectively than activated carbon (Fronczyk et al., 2010). The use of goethite (α-FeOOH) 

as an agent to capture chlorides has been shown to have some efficacy (Rennert and 

Mansfeldt, 2002). However, despite these positive findings, it has also been shown that 

chlorides are loosely bound to goethite via a displacement reaction; in particular by 

displacing ferricyanide from goethite complexation surfaces. This has important 

implications with respect to ferricyanide-based anti-caking agents, as chloride ion 

substitution may result in their mobilization if they are present in salt spread mixtures 

(Rennert and Mansfeldt, 2002; Paschka et al., 1999). In light of previous findings, an iron-

rich overburden from an Ontario coalmine was selected for use in this experiment. 

Blast furnace slag has been shown the remove 99.9% of As(III) at initial 

concentrations of 1 mg/L, and up to 100% of influent bacteriophages under certain 

conditions (Park et al., 2014; Kanel et al., 2006). Agyei et al. (2002) achieved upward of 

75% PO4
3− removal from synthetic wastewater, and this was achievable regardless of the 

contact time between the material and the solution. These findings are supported by the 

work of Chang et al. (2001). However, measured removal efficiencies exhibited sensitivity 

to both operational temperature and CaO content of the material being tested. Dimitrova 

and Mehandgiev (1998) found that Pb removal by a blast furnace slag occurred at pH 

values outside of the precipitation threshold of Pb, and that removal was characterized by 
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the Freundlich adsorption isotherm, but their research did not extend to include additional 

metals or chlorides. The Freundlich isotherm has been found to better model the adsorption 

of Cu and Cd to silty clay than both the linear or Langmuir approaches, and equilibrium 

between dissolved and bound phases was achieved in less than 30 min (Chang et al., 2001). 

Lim et al. (2015) assessed the Cu, Zn, Cd and Pb removal efficiency of compost, sludge, 

coconut coir and a proprietary material via a series of column tests. Their findings 

concluded compost and the proprietary material performed best with reported removal rates 

exceeding 90%, and that metal leaching from all materials was negligible. 

Given the adverse influence of road salts on soil dispersion and pollutant 

mobilization, coupled with the exigent need make use of novel filtration media derived 

from waste materials, the main objective of the vein of research summarized in the current 

chapter is to identify and test the filtration and pollutant removal characteristics of locally 

available materials under exposure to repeated high concentration doses of synthetic 

highway runoff. Laboratory shaker and column tests were used to assess material 

performance and the various material adsorption characteristics will be investigated. 

Finally, recommendations on required treatment media thickness will be made based on a 

combination of the measured removal efficiency, pollutant build up and model simulation 

for the various metal species assessed. Ultimately, this work supports the broader 

development of RDTSs for application in ESAs. 
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4.3  Methodology 

4.3.1 Material Selection 

Materials selected for testing were chosen based on a combination of three factors: the 

materials should be cheap or free, regionally abundant, and show some ability to remove 

heavy metals, sediments or chlorides. Using these criteria, the materials that were selected 

included: blast furnace (BF) slag and basic oxygenated furnace (BOF) slag from a Southern 

Ontario steel mill, goethite-rich overburden (IRON) from a Northern Ontario coal mine, 

and woodchips (WC) from local landscaper (Naiya et al., 2009). A drinking water 

treatment residual (DWTR) from a surface water treatment plant in the Greater Toronto 

Area (GTA) was also tested during the initial screening phase. Material physical properties 

are presented in Table 4.1. 

Table 4.1: Physical properties of test materials. 

Physical Property WC DWTR BF BOF IRON 

Porosity (Φ, %) 61.2 38.4 53.1 50.6 43.2 

Bulk density (ρbulk, kg/m3) 230.1 655.1 998.1 1506.7 1859.3 

Specific Gravity (Gs, [-]) 0.3 1.1 2.1 3.1 3.3 

      

4.3.2 Performance Evaluation 

Each of the materials was evaluated for its ability to remove metals from the 

synthetic runoff solution via shaker testing on a unit basis (μg/g, based on changes in pre- 

and post-treatment concentrations), according to the following: 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (
μ𝑔

𝑔
) = (𝐶𝑖 − 𝐶𝑓) ∗

𝑉𝑟

𝑚𝑎
        (4.1) 
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Where, 

Ci = initial metal concentration in the synthetic runoff (μg/L),  

Cf = final concentration of the metal after the test (μg/L),  

Vr = volume of synthetic runoff used (L) and, 

 ma = mass of amendment (g)  

The shaker test data were then used to compute the Freundlich adsorption isotherm 

for each material and metal combination. The Freundlich adsorption isotherm has been 

widely used to characterize non-linear adsorption equilibrium processes, often with better 

results than either Langmuir or linear processes (Chang et al., 2001; Dimitrova and 

Mehandgiev, 1998). The Freundlich adsorption isotherm can be expressed as follows: 

𝑥

𝑚𝑎
= 𝐾𝐹𝐶𝑒

1/𝑛𝐹          (4.2) 

Where, 

x = mass of adsorbate (μg) 

KF = equilibrium constant (μg g-1/L mg-1)1/nF 

Ce = equilibrium concentration (mg/L) 

1/nF = Freundlich exponent  

ma = as defined previously (g) 

The computed Freundlich parameters were then used in HYDRUS-1D – an open 

source numerical simulation tool designed to model flow and solute transport in variably 
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saturated porous media – in order to provide an estimate of required soil amendment 

material thickness based on an anticipated 20 year life expectancy (PC Progress, 

2008; Dousset et al., 2007). 

The performance of the amendment columns was characterized according to (4.1) using 

aggregate samples extracted from different horizons in each column, and also by analysing 

column exfiltrate samples in order to compute overall removal efficiency: 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
∑(𝐶𝑖∗𝑉𝑟)− ∑(𝐶𝑜∗𝑉𝑒)

∑(𝐶𝑖∗𝑉𝑟)
∗ 100    (4.3) 

Where, 

Ve = volume of each exfiltrate aliquot (L) 

Co = exfiltrate aliquot metal concentration (mg/L) 

Vr, Ci = as defined previously 

4.3.3 Material Screening Using Shaker Tests to Assess Metals Removal 

During the material screening phase 10, 20 and 30 g masses of each candidate material 

were placed in 250 mL Nalgene bottles and 200 mL of high-strength synthetic highway 

runoff solution was added to the each bottle (Table 4.2). The bottles were capped and 

shaken on an orbital shaker for 24 h at a rate of approximately 50 RPM (Thermo Fisher 

Scientific, Waltham, MA). The concentrations of the synthetic runoff solution were set to 

approximately 10X the peak concentrations reported by previous studies, and this was done 

in an effort to exhaust the removal abilities of the candidate materials in order to 

characterize their ultimate performance (Reddy et al., 2014; Guo, 2013; Hallberg et al., 

2007). 
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Table 4.2: Initial concentrations of each analyte assessed during shaker testing. 

Analyte Concentration (mg/L) 

Cl 5,000 

Cr 1.76 

Co 6.3 

Cu 1.06 

Pb 6.38 

Ni 41.8 

Zn 17.9 

  
4.3.4 Column Design 

After characterization of material performance via shaker testing, the three 

materials which exhibited the greatest metal removal capability were selected for use in 

soil column testing, in addition to the WC control. The soil columns were comprised of 6″ 

(15.24 cm) internal diameter (ID) schedule 80 clear PVC pipe mounted on a rectangular 

PVC base standing 15 cm tall, with design elements being taken from Gharabaghi et al. 

(2015), Safadoust et al. (2011), Safadoust et al. (2012a), Safadoust et al. (2012b), 

Ingvertsen et al. (2012a), Kay et al. (2005), and Reemtsma and Mehrtens (1997). Column 

tests were utilized because they function as an infiltration system and hence can provide 

insight into the pollutant removal capabilities of the materials being tested (Fuerhacker et 

al., 2011). Each column was approximately 53 cm tall and was drained by a ½″ (1.27 cm) 

wing valve (brass NPT). A total of six columns were built for testing, allowing for the 

simultaneous testing of three material types, with one replicate of each material type for 

statistical and comparative purposes. A stylized cross section of the soil columns can be 

found in Figure 4.2. Each bulk material layer was separated by a coarse filter comprised of 

a fibreglass window screen with a mesh diameter of 0.173 cm underlain by a nonwoven 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0250
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geotextile fabric, and this served to discourage the downward migration of coarse and fine 

material respectively (Kay et al., 2005). 

 

Figure 4.2: Stylized column cross section (all dimensions reported in cm). 

Since one of the overarching goals of work presented in this chapter was to 

characterize the performance of different treatment media as part of a potential RDTS 

design, each material type was incorporated in a layered fashion similar to what could be 

employed as part of an infiltration swale or similar system. Each column utilized discrete 

layers with soil at the top of the column to serve as a growth medium for roadside 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0250
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vegetation, followed by treatment media, a bentonite ring (to discourage hydraulic short 

circuiting along the column sidewall), a tamped layer of silty soil designed to mitigate the 

effects of potential preferential flow paths, and washed stone to facilitate collection of the 

leachate for discharge through the drainage valve, similar to the RDTS system discussed 

in chapter five (Kamra et al., 2001). The thickness of each of the amendment layers was 

the same irrespective of relative differences in the materials’ bulk densities, with the 

rationale being that any LID practice which incorporated these amendments would be 

subject to material transportation costs. As such, the amount of each aggregate material 

was limited volumetrically and not gravimetrically. 

4.3.5 Column Testing Procedure 

All material was added to the columns in 5 cm lifts and tamped firmly with a rubber 

tipped pestle. A bentonite ring approximately 1 cm in diameter was hand-smeared on the 

inner wall of each column immediately below the compost layer in order to discourage 

hydraulic short circuiting along the column sidewalls. The final construction was 

approximately 30 cm thick, with 23 cm of dead space remaining at the top of the column, 

which was utilized during the discrete slug test portion of the experiment. All columns 

were then saturated with deionized water through the butterfly valve located at the bottom 

of each column. Bottom-up saturation was performed in an effort to minimize the 

occurrence of air bubbles entrapped within the soil matrix, which would adversely affect 

vertical hydraulic connectivity. After saturation, approximately two pore volumes of 

deionized water were added to the top of each column and allowed to freely drain through 

the soil profile until the hydrostatic and column material surfaces were again equal. The 

purpose of these pre-test procedures was to rinse dissolved materials out of the column 
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profile, and also to encourage kinematic settling of unsorted material within the repacked 

profile. All leachate from the deionized rinsing procedure was collected and discarded, and 

all slugs added to the top of each column were applied with the assistance of a constructed 

diffuser plate, which protected the soil surface from splash impact and surface sealing 

issues, and also helped ensure even distribution of solution across the column surface. 

The slug testing procedure consisted of a repeating series of 2 L slugs added to the top 

of each soil column using synthetic runoff concentration values of gradually increasing 

magnitude. Slugs were mixed using deionized water and were added in 2 L portions to each 

15.2 cm column since they are proportionally representative of a 1.0 cm runoff event from 

a three-lane highway draining into a trapezoidal ditch with 0.9 m bottom width. The 

stepped concentrations and total volumes added to each column are summarized in Table 

4.3. The hydraulic loading rate was not adjusted to reflect changes in the influent 

concentration. Using this approach, the computed equivalent runoff depth is approximately 

18 cm, or approximately 20% of the mean annual precipitation for the GTA (Environment 

Canada, 2015). Since one of the goals is to test the long term performance of such a facility, 

the relatively small volumetric amounts were compensated for by increasing the metal 

concentrations in the runoff solution to values that are approximately 10 times greater than 

the median concentrations reported in the literature at the onset of the experiment (e.g. 

Hallberg et al., 2007). The 36 L cumulative addition of synthetic runoff constitutes 14.7, 

15.7, 16.1 and 16.7 times the bulk pore volume for the WC, BF, BOF and IRON columns, 

respectively. 
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Table 4.3: Summary of column loadings. 

Volume 

Added (L) 

Analyte Slug Concentration (mg/L) 

[Cl] [Cr] [Co] [Cu] [Pb] [Ni] [Zn] 

8.0 5,000 2.08 6.64 1.24 7.44 43.4 19.1 

8.0 10,000 2.88 13.1 1.62 9.05 82.7 34.9 

12.0 20,000 8.26 25.7 4.76 24.6 170 73.3 

8.0 30,000 18.2 63.1 10.8 60.1 416 173 

 

Sediments were added at a rate of 2,000 mg/L (4,000 mg per slug) to the metals 

solution in order to simulate the effects of TSS wash off from the road surface, which could 

potentially lead to column clogging and a reduction in system performance over the longer 

term. Sediment addition was also expected to result in the partitioning of metals between 

the dissolved and particulate-bound phases, which could in turn affect measured removal 

efficiency. The potential net effect of differential removal warrants investigation (Zuo et 

al., 2012, Hallberg et al., 2007 and Sansalone and Buchberger, 1997). Sediment was 

weighed on an analytical balance and the PSD is based on a modified version of the New 

Jersey (NJ) PSD, which is recommended for the testing of urban stormwater treatment 

technologies (NJDEP, 2015). A modified version of the NJ PSD was developed by 

mechanically sieving and reconstituting portions of an Elora silt loam soil, and a 

comparison of the two distributions is presented in Table 4.4. 

 

 

 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0485
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0485
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0200
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0405
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0310


120 

 

Table 4.4: Comparison of NJ and lab tested PSD (NJDEP, 2015). 

Particle Class (μm) 
NJ Standard 

Distribution (%) 
Reconstituted 

Laboratory Soil (%) 

1 – 2 5.0 3.2 

2 – 8 15.0 11.2 

8 – 50 25.0 50.3 

50 – 100 15.0 11.6 

100 – 250 30.0 15.5 

250 – 500 5.0 7.7 

500 – 1000 5.0 0.5 

Exfiltrate samples from each column were collected in 500 mL mason jars, and select 

samples were submitted to an independent laboratory (ALS) for quantification of the heavy 

metal concentrations using ICP-MS within 24 h of collection according to EPA method 

200.8 (ALS Global, Waterloo, ON; EPA, 1994). All samples sent to ALS were preserved 

in sterilized bottles containing a small amount of nitric acid (HNO3) in order to stabilize 

metal concentrations in solution. All exfiltrate samples were analysed for TSS, turbidity, 

pH and chloride concentration in house at the University of Guelph, School of Engineering. 

TSS was measured gravimetrically using a vacuum pump apparatus and pre-rinsed 0.45 μm 

cellulose fibre filters according to procedures outline in USEPA technical document 160.2 

(as cited by Guo, 2007), and turbidity was measured using a Micro 100 Laboratory 

Turbidimeter according to USEPA method 180.1 (USEPA, 1993; HF Scientific, Fort 

Myers, FL). Chloride concentration and pH were measured using an Orion Star A324 

pH/ISE meter with interchangeable ion specific electrode (ISE) and pH meter calibrated 

using manufacturer’s standard solutions (Thermo Fisher Scientific, Waltham, MA). Due to 

technical constraints, the ambient temperature during all column runs varied within a 

narrow range (22–23.5 °C). All columns were permitted to freely drain for 48 h after the 
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last test, at which point soil samples from four depths (one from the wood chip, two from 

the amendment and one from the compost horizons, respectively) were extracted and 

analysed for heavy metal accumulation, similar to the approach used by Starrett et al. 

(1996). Analysis was carried out using hot block acid digestion (APHA 3030E) followed 

by ICP-MS. 

4.3.6 Design Thickness Considerations for Environmental Protection 

In an effort to provide guidance on material thickness calculations, a simple 

assessment was undertaken using HYDRUS-1D, which was calibrated using a combination 

of the shaker and column test data. Since the test materials were each uniform in size and 

texture the single permeability model was used, and water transport was modelled using 

the van Genuchten–Mualem approach assuming no hysteresis effects. The water flux was 

set equal to the calculated saturated hydraulic conductivity, as determined from the column 

tests. Solute transport simulation used the Crank–Nicolson time weighting scheme, and the 

single-site chemical non-equilibrium sorption model was selected, as per the approach 

employed by Chang et al. (2001). The calibrated HYDRUS-1D model was then used to 

estimate the minimum required treatment media thickness for each material type based on 

exposure to twenty years-worth of runoff from a typical highway located in Southern 

Ontario. 

Mean annual pollutant loads were computed using values reported by Pacific EcoRisk 

(2007), Crabtree et al. (2006), Bäckstrom et al. (2003),  Pitt and McLean (1986) and Pitt 

and Bozeman (1982), all of which were reported in mg/L. Amortization was carried out by 

assuming a treatment swale bottom width of 1 m which receives direct highway runoff 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0425
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0425
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from a 3 lane highway having a total road width of 11.1 m, which is typical for divided 

highways carrying large truck traffic (Hall et al., 1995). The specified drainage area was 

multiplied by the mean annual precipitation for Toronto, Canada to compute an estimate 

of annual pollutant mass loadings (792 mm year−1; Environment Canada, 2015). The target 

concentrations in the stormwater exfiltrate egressing from the treatment media were set to 

be equal to or less than the CCME guidelines for the protection of aquatic life for each of 

the metal species (CCME, 1999; CCME, 2008). 

4.4 Results and Discussion 

4.4.1 Shaker Test Results 

The shaker test results suggested that the three primary test materials – BOF, BF and 

IRON – all showed an ability to remove up to 100% of the heavy metals in solution, even 

in the presence of high concentrations of chloride. The results of the test utilizing 30 g of 

each material in 200 mL of solution are presented in Table 4.5. Although the IRON 

performed somewhat poorly with respect to the removal of Cr, Co and Cu, it was still 

selected for inclusion in the column testing phase as it exhibited the ability to decrease 

dissolved chloride levels by an average of 18% (range: 2.1–32.8%, with a maximum unit 

removal rate of 17.1 mg Cl− per g of IRON). Given sample analysis limitations it was not 

feasible to include all materials in the column testing portion of the experiment, and it was 

decided that the DWTR would be eliminated moving forward. The decision to eliminate 

this material was based on a combination of the inherent variability of the DWTR’s 

performance (Table 4.5), as well as the undesirable tendency of the wetted material to form 

a sealed surface, which severely reduced its hydraulic conductivity. The shaker test results 
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suggest that when the hydraulic contact time (HCT) between the filtration media is both 

controlled and of a substantial duration, the performance of the WC is quite good, and in 

some instances is roughly equivalent to the other test materials (Table 4.5). 

Table 4.5: Unit removal rate (mean +/- standard deviation) of five shaker tested materials 

for six heavy metal species. 

Metal 

Species 

 Unit removal by material type (mg/g) 

WC DWTR BF BOF IRON 

Cr 
0.02 +/- 

0.009 

0.10 +/- 

0.059 

0.11 +/- 

0.075 

0.11 +/- 

0.075 

0.09 +/- 

0.046 

Co 
0.05 +/- 

0.040 

0.38 +/- 

0.232 

0.07 +/- 

0.012 

0.08 +/- 

0.030 

0.04 +/- 

0.009 

Cu 
0.01 +/- 

0.004 

0.06 +/- 

0.039 

0.06 +/- 

0.044 

0.06 +/- 

0.044 

0.05 +/- 

0.023 

Pb 
0.02 +/- 

0.010 

0.44 +/- 

0.280 

0.34 +/- 

0.185 

0.33 +/- 

0.175 

0.28 +/- 

0.140 

Ni 
0.25 +/- 

0.187 

2.51 +/- 

1.569 

0.52 +/- 

0.078 

0.53 +/- 

0.240 

0.19 +/- 

0.057 

Zn 
0.12 +/- 

0.069 

1.01 +/- 

0.648 

0.53 +/- 

0.073 

0.49 +/- 

0.053 

0.21 +/- 

0.071 

 

4.4.2 Column Test Results 

pH exhibited a general decreasing trend over the course of the testing for all columns, 

decreasing from 7.45 to 5.60 and 7.28 to 5.41 for WC 1 and 2; 8.18 to 6.59 and 8.26 to 6.7 

for BF 1 and 2; 8.41 to 6.59 and 8.27 to 6.49 for BOF 1 and 2; 8.20 to 6.66 and 8.24 to 

6.59 for IRON 1 and 2, respectively. This has important implications for the long-term 

removal of heavy metals, as decreasing pH tends to promote the mobilization of many 

metals, particularly at pH values less than 6.0 (Harter, 1983). While efforts were made to 

exhaust all columns used in this study, only WC 1 and 2 exhibited decreases in pH to levels 
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below 6.0. In the WC control columns, the measured decrease in pH is likely attributable 

to the formation and subsequent leaching of fulvic and other organic acids to the base of 

the column, while for the other columns this was not an issue as the BF, BOF and IRON 

amendments were non organic (Hillel, 1998; Bowell, 1994; Harter, 1983). Regardless of 

the material type, it may be prudent to include calcite (CaCo3) or a similar basic additive 

as an additional amendment for any soils subject to substantial long-term leaching 

(Magdoff and Bartlett, 1985). 

After running 18 slugs through each of the eight columns (for a total solution volume 

of 36 L per column), the cumulative metal removal for each column was calculated using 

the results from ICP-MS analysis. Due to the high concentration of solutes, particularly 

during later column runs, sample matrix effects affected the detection limit (DL) for some 

parameters. Consequently, when calculating the removal efficiencies of all columns a 

conservative approach was employed and any reported values below the DL were set equal 

to the matrix-modified DL. The results of the calculated cumulative removal efficiencies 

are presented in Table 4.6, and the total pollutant burden added to each column was 

600,000 mg, 328.6 mg, 918.7 mg, 218.8 mg, 1269.7 mg, 6131.8 mg and 2635.5 mg for Cl, 

Cr, Co, Cu, Pb, Ni and Zn respectively. The results of the suspended solids testing are also 

presented, and they suggest that the WC had the worst overall performance in comparison 

to the BF, BOF and IRON test materials, though performance for all materials was quite 

good (Table 4.6). 

 

 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#t0030
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Table 4.6: Removal efficiency (mean +/- standard deviation) of chloride, metals and 

sediment for each column type. 

Metal Species 
Percent Removal by Amendment (Cumulative Total) 

WC BF BOF IRON 

Cl 
18.3 +/- 

12.28 
18.4 +/- 0.60  19.5 +/- 0.14 

18.2 +/- 

3.72 

Cr 
95.6 +/- 

5.61 
96.7 +/- 1.70 98.2 +/- 0.04 

98.5 +/- 

0.09 

Co 
66.5 +/- 

26.56 
50.7 +/- 4.00 44.7 +/- 1.34 

44.8 +/- 

1.46 

Cu 
93.4 +/- 

3.38 
90.7 +/- 4.58 95.1 +/- 0.23 

95.5 +/- 

1.55 

Pb 
95.6 +/- 

7.71 
99.2 +/- 1.98 91.8 +/- 2.56 

99.6 +/- 

0.05 

Ni 
72.1 +/- 

22.01 
63.5 +/- 9.58 50.9 +/- 1.32 

55.7 +/- 

0.41 

Zn 
77.3 +/-

25.05 
84.5 +/- 18.67 61.1 +/- 0.65 

79.2 +/- 

2.07 

Sediments 
94.3 +/- 

0.89 
97.2 +/- 0.65 97.7 +/- 1.87 

96.9 +/- 

0.48 

Table 4.7 summarizes the results of multiple ANOVA tests computed across all 

columns for each of the heavy metal species of interest using Fisher’s least significant 

difference (LSD) test (α = 0.05). Fisher’s LSD functions in a manner that is akin to a set of 

individual t-tests, although t-tests compute the standard deviation only from the two groups 

being compared. Unlike the Bonferroni or other similar methods, Fisher’s LSD does not 

correct for multiple comparisons, so this must be considered when interpreting the data. 

Since the removal efficiency of the columns is computed relative to the inflow 

concentrations of each heavy metal species, using a paired approach is acceptable in this 

instance (Fisher, 1929). The results show that heavy metal pollutant removal was 

significant for all species across all columns except Cobalt for the IRON replicates and 

copper for the WC. 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#t0035
http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S002216941500606X#b0145
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Table 4.7: Test for significance using Fishers LSD at a 95% confidence level. 

Contrast Cr Co Cu Pb Ni Zn 

INFLOW vs BF < 0.0001 0.020 < 0.0001 < 0.0001 0.004 < 0.0001 

INFLOW vs BOF < 0.0001 0.029 < 0.0001 < 0.0001 0.010 0.000 

INFLOW vs 

IRON < 0.0001 0.051 < 0.0001 < 0.0001 0.010 < 0.0001 

INFLOW vs WC  < 0.0001 0.003 0.992 < 0.0001 0.000 < 0.0001 

WC vs IRON 0.839 
0.366 0.983 0.743 0.426 0.944 

WC vs BOF 0.846 
0.907 0.968 0.671 0.39 0.348 

WC vs BF 0.853 
0.535 0.991 0.884 0.575 0.829 

BF vs IRON 0.993 
0.77 0.992 0.854 0.807 0.777 

BF vs BOF 0.984 
0.907 0.959 0.569 0.764 0.469 

BOF vs IRON 0.991 
0.858 0.951 0.456 0.958 0.319 

 The aggregate samples extracted from the columns after testing included at least 

one sample from each major layer, and the results indicate that not only did the amendments 

do a good job at removing the pollutants, but that the bulk of pollutant removal occurred 

in the first 7 cm of the amendment layer in each column (Table 4.8; Figure 4.3). This stands 

in contrast with the material samples extracted from the woodchip column, which suggest 

that the RE of each layer – including the upper column portion – remains relatively constant 

with depth. When viewed in light of the continued pollutant removal efficiency at the end 

of the experiment, the depth-discrete metal concentrations suggest that the treatment media 

are not yet saturated, despite attempts to stress the system via exposure to high 

concentrations of several contaminants simultaneously. 
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Table 4.8: Unit removal rate RR (mean +/- standard deviation) and removal efficiency 

RE (%) for top 3.5 cm of each column type. 

Metal 

Species 

WC BF BOF IRON 

RR 

(mg/g) 

RE  

(%) 

RR 

(mg/g) 

RE  

(%) 

RR 

(mg/g) 

RE  

(%) 

RR 

(mg/g) 

RE  

(%) 

Cr 
0.4848 

+/- 0.25 
20.1% 

  1.34 

+/- 

0.33 

71.6% 
  1.42 

+/- 0.24 
39.8% 

  1.36 +/- 

0.07 
69.2% 

Co 
0.2142 

+/- 0.07 
16.2% 

0.349 

+/- 

0.11 

40.6% 
0.649 

+/- 0.17 
53.4% 

0.479 +/- 

0.03 
67.3% 

Cu 
0.3224 

+/- 0.15 
19.7% 

0.7385 

+/- 

0.15 

69.3% 
0.826 

+/- 0.25 
69.3% 

0.764 +/- 

0.02 
72.8% 

Pb 
1.1348 

+/- 0.57 
19.1% 

2.57 

+/- 

0.28 

62.3% 
3.105 

+/- 0.19 
80.2% 

2.605 +/- 

0.02 
74.0% 

Ni 
1.924 

+/- 0.58 
17.3% 

3.845 

+/- 

0.91 

47.4% 
6.595 

+/- 1.77 
63.8% 

4.475 +/- 

0.25 
71.4% 

Zn 
1.564 

+/- 0.68 
15.9% 

3.785 

+/- 

1.11 

48.4% 
5.07 +/- 

0.78 
68.2% 

4.565 +/- 

0.70 
72.3% 
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Figure 4.3: Depth-discrete metal accumulation profiles within IRON filter media. 

The Elora silt soil used in this study appears to have a low metal absorption capacity 

compared to the IRON, BF and BOF amendments (Figure 4.3). For soils to serve as 

reservoirs for heavy metals there must be adequate cation exchange sites, which in turn are 

dependent on parameters such as clay and organic matter content, and the effects of 

changes in pH (Hillel, 1998). The results of the column tests lead to the observation that 

for soils which lack desirable heavy metal removal characteristics BF, BOF, IRON and 

WC can be added to enhance metal removal and retention in ESAs. 

4.4.3 Design Thickness Considerations 

The calibrated HYDRUS-1D model did a good job simulating the cumulative 

system losses for heavy metals in the column leachate (R2, RMSE and CRM of 0.9, 

4.2 mg/L and −0.01, respectively; Figure 4.4). As such, a suite of simulations was 
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undertaken in order to elucidate what the potential required material thicknesses could be 

should amendments be used to treat highway stormwater runoff and the heavy metal 

constituents present therein. 

 

Figure 4.4: HYDRUS-1D simulated and observed Ni effluent concentration for BF 

media. 

Using a combination of anticipated annual loadings and water quality targets based 

on the CCME guidelines for the various metal species, an estimate of minimum required 

material thicknesses were computed by analysing the concentrations for each pollutant 

within the sub-horizons of the soil profile at the end of the last time step (Figure 4.5). The 

depth-discrete plots show that HYDRUS-1D predicts progressive heavy metal removal 

with depth, but gradual pollutant saturation and system degradation over time. Based on a 
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combination of both the laboratory measured and simulated results we posit that media 

thickness can be increased in order to meet CCME guidelines over the anticipated lifetime 

of an enhanced RDTS in an ESA. At the end of the projected lifecycle the treatment media 

can be replaced as part of normal roadway reconstruction operations. 

 

Figure 4.5: HYDRUS-1D simulated dissolved cobalt concentrations within BOF filter 

media over a 20-year design life of the system; the CCME guideline for cobalt is 0.0025 

mg/L. 

This information is presented in Table 4.9, and it illustrates that the dual effects of 

media performance and relatively low influent concentrations in some instances yield an 

estimate of required media thickness that is quite low; on the order of 13.7 cm in most 

instances. This suggests that, in ESAs, treatment media can be selected based on a target 

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0 2 4 6 8 1
0

1
2

1
4

1
6

1
8

2
0

C
o
n

ce
n

tr
a
ti

o
n

 (
m

g
/L

)

Time  (years)

2 cm

4 cm

6 cm

8 cm

10 cm

12 cm



131 

 

metal species of concern and installed as part of an enhanced swale design within practical 

economic, material procurement and transportation constraints. 

Table 4.9: HYDRUS-1D calculated minimum filter media thickness needed to meet 

CCME water quality guidelines over 20-year lifespan of the system. 

Metal 

Species 

Average Metal 

Concentration in 

Stormwater Runoff 

(mg/L) 

CCME 

Guideline 

(mg/L) 

WC 

(cm) 

BF  

(cm) 

BOF  

(cm) 

IRON 

(cm) 

Cr 0.0700a 0.0089 9.6 0.8 0.5 0.4 

Co 0.0099b 0.0025 2.6 0.4 0.1 0.1 

Cu 0.1200a 0.0020 28.0 2.8 1.7 1.5 

Pb 2.0000a 0.0020 134.7 13.7 7.5 7.3 

Ni 0.0129c 0.0250 0.0 0.0 0.0 0.0 

Zn 0.4600a 0.0300 21.0 2.0 1.0 0.9 

Notes: aAs cited in Pitt et al., 2004; bBäckstrom et al., 2003; cCrabtree et al., 2004 

Based on a combination of calculated loadings in conjunction with the specified 

CCME guidelines, requisite treatment media thicknesses ranged from as low as 1 cm for 

the best performing media to as much as 135 cm for the worst performing material. Given 

the limitations surrounding the transportation costs of aggregate material, the information 

summarized in Table 4.9 is useful to designers requiring guidance while working to satisfy 

environmental concerns. The approach used to estimate removal is limited by typical one 

dimensional simulation constraints. That is, HYDRUS-1D did not allow for the simulation 

of runoff, so there is an implicit assumption of adequate hydraulic contact between the 

treatment media and the influent stormwater. Any applied design would need to consider 

the infiltration capacity of the soil into which such media are blended, otherwise 

consideration must be given to the shear forces exerted on treatment media positioned at 

the surface of a swale where contact between the media and stormwater would be maximal. 
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Further research into the performance of different treatment media types is urged in order 

to validate the findings summarized in this chapter. 

4.5 Conclusion 

Urban stormwater runoff continues to pose a challenge to stormwater authorities coping 

with receiving water quality deterioration in environmentally sensitive areas. It is posited 

that an exigent need exists to identify, characterize and implement affordable, effective and 

locally available treatment media within the framework of common LID (i.e. RDTS) 

practices to protect vulnerable aquatic life. The results of the coal mine overburden, steel 

mill slag and wood chips provide evidence supporting their use as a water quality treatment 

media that can be amended directly into soils as part of an RDTS to remove dissolved 

metals from stormwater runoff. Despite concerns surrounding metal remobilization in filter 

media under exposure to high chloride concentrations, this aspect of the broader doctoral 

research programme did not find evidence of such phenomena during the column testing 

experiments, even when applying chloride concentrations as high as 30,000 mg/L in 

conjunction with elevated metal species concentrations. 

The majority of dissolved metals are captured within the first 3.5 cm of the filter media, 

as shown by the depth-discrete samples extracted from each column. This stands in contrast 

with the WC column, which showed that removal rates remained approximately constant 

with depth. The BF, BOF and IRON treatment media therefore afford a greater degree of 

flexibility when designing treatment profile thicknesses based on a combination of physical 

limitations (available depth), transportation costs and filter media design life expectancy. 
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The filter media assessed as part of the work summarized in this chapter have 

substantial treatment capabilities for dissolved metals in small doses. The design thickness 

calculations suggest that, for most metal species (e.g. Cr and Ni), the minimum thickness 

of the treatment media required to meet environmental guidelines over the 20 year life 

expectancy of the system is quite small (about 10 cm), assuming that adequate HCT can 

be achieved. 
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4.7 Transition to Chapter 5 

As noted previously, stormwater runoff from large highways is one of the leading 

causes of degradation in ESAs, and this is due to a combination runoff containing heavy 

metals and sediments as well as road salts from winter maintenance operations. 

Unfortunately, the widespread, linear nature of roadways and the need to maintain safe, 

drivable roads during the winter months poses major challenges to highway designers and 

maintenance practitioners tasked with the treatment and control of highway stormwater 

runoff. The work presented in the following section is the culmination of the research 

efforts summarized in chapters two, three and four. A conceptual model and case study 

are presented pertaining to the design of an enhanced RDTS intended to protect 

groundwater recharge zones and sensitive aquatic species alike, particularly in ESAs or 

salt-vulnerable recharge areas.  

The methods highlighted in this chapter can be used to select and size RDTSs and 

associated soil amendments based on a combination of anticipated roadway pollutants (e.g. 

road salt and heavy metals) runoff concentrations, loadings, treatment media efficacy and 

consideration of applicable regulatory guidelines related to the protection of groundwater 

recharge zones, receiving streams and priority species living therein. The performance 

results from a pilot-scale enhanced RDTS are presented which demonstrates the feasibility 

of the proposed design framework. This work has been submitted for review and 

consideration to the Journal of Hydrology under the following title: 

 Trenouth, W.R., Gharabaghi, B. 2016. Highway Stormwater Management Systems for 

Environmentally Sensitive Areas. Journal of Hydrology (in review). 
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Chapter 5. Highway Stormwater 

Management Systems for 

Environmentally Sensitive Areas 

5.1 Introduction 

Stormwater runoff from large highways has been recognized as a leading contributor 

to water quality impairment worldwide, impacting both sensitive surface water and 

groundwater resources (Crabtree et al., 2005; EPA, 2010; Francey et al., 2010; Istenič et 

al., 2012; Pan and Miao, 2015; McIntyre et al., 2015; Barkdoll et al., 2016). The problems 

associated with highway runoff are exacerbated by the ubiquity of the features themselves; 

the US Interstate System consists of more than 75,000 km of roadways, many of which are 

large, multi-lane systems which frequently lack sufficient space within the road right-of-

way (ROW) to permit the installation of stormwater works capable of treating road runoff 

(CCMRTHS, 2009; FHWA, 2012). In Ontario, the Ministry of Transportation (MTO) 

maintains approximately 1,918 km of high-volume roadways, urban sections of which have 

daily traffic loads as high as 403,000 VPD (MTO, 2016). Despite such difficulties, road 

authorities charged with the task of maintaining safe, driveable road conditions during 

severe winter storm events are coming under increasing pressure to protect salt vulnerable 

areas (SVAs; Betts et al., 2014; Betts et al., 2015). Numerous studies have documented 

that both aquatic and terrestrial ecosystems can be adversely affected by exposure to high 

chloride concentrations associated with the typical use of road salts, and that drinking water 

supplies may also be put at risk (Novotny et al., 1999; Health Canada, 1999; CCME, 2011; 

Environment Canada, 2013).  
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Perera et al. (2013) monitored a 900 mm diameter stormwater outfall draining the east-

bound express and collector lanes of Highway 401 into the Markham branch of Highland 

Creek for flow and chloride concentration for three winter seasons. Figure 5.1 summarizes 

the event mean highway runoff chloride concentrations measured during that study. The 

Canadian Council of Ministers of the Environment (CCME) guidelines for instream 

chloride concentrations for the protection of aquatic life are given to be 640 and 120 mg/L 

for short and long term exposure, respectively (CCME, 2011). The emergent 

environmental issues of concern owing to such high concentrations of chloride have led to 

the development and application of methodological approaches into the identification of 

both the most heavily impacted and sensitive urban areas (Betts et al., 2014; Betts et al., 

2015). 

 

Figure 5.1: Frequency distribution of observed runoff chloride concentrations from 

Highway 401, Markham, ON. 

0

20

40

60

80

100

120

140
5
0
0

1
,0

0
0

1
,5

0
0

2
,0

0
0

2
,5

0
0

3
,0

0
0

3
,5

0
0

4
,0

0
0

4
,5

0
0

5
,0

0
0

5
,5

0
0

6
,0

0
0

6
,5

0
0

7
,0

0
0

7
,5

0
0

8
,0

0
0

F
re

q
u

en
cy

 o
f 

O
cc

u
re

n
ce

 (
-)

Event Mean Chloride Concentration (mg/L)



137 

 

Models developed to account for the wash off of pollutants – including road salts 

from winter de-icing operations – are available to assist maintenance managers working to 

maintain bare pavement conditions in SVAs, and a salt application optimization tool was 

presented in chapter two (Trenouth et al., 2015). However, road runoff frequently carries 

within it a substantial physicochemical pollutant burden containing road salt (NaCl), 

sediments (TSS), nutrients (TP, TKN), petroleum hydrocarbons and heavy metals, 

including Cr, Co, Cu, Ni, Zn and Pb, amongst others (Nason et al., 2012; LeFevre et al., 

2014; Andradottir and Vollertsen, 2015; Ernst et al., 2016; Wang et al., 2016). In chapter 

three, a dataset comprised of 940 monitored highway runoff events from fourteen sites 

located in five countries (Canada, USA, Australia, New Zealand, and China) was 

assembled, and comprehensive models for the prediction of highway runoff quality were 

developed. 

Roadside swales which incorporate properly designed vegetated filter strips (VFS) 

have been shown to remove greater than 90% of TSS, in addition to the metals, nutrients 

and other deleterious compounds sorbed to particle surfaces (Gharabaghi et al., 2001; 

Trowsdale and Simcock, 2011; Pack et al., 2004; Akin, 2014; Wang et al., 2016). However, 

VFS systems are of limited utility in terms of their ability to remove fine, colloidal particles 

from suspension, and have little ability to remove dissolved contaminants from solution. 

These shortcomings have resulted in a shift to more advanced stormwater practices which 

seek to optimize the balance between cost and performance in environs facing heightened 

degradation (Istenič et al., 2012; O’Neil and Davis, 2012; Page et al., 2015). 
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5.1.1 Receiving Water Quality Guidelines 

Problems associated within the issue of runoff water quality are nested within a larger 

regulatory context. The Province of Ontario, for example, uses a two-tiered approach to 

regulating discharges to waterways within its jurisdiction, and maintains a network of more 

than 400 stream monitoring locations in partnership with provincial conservation 

authorities (CAs) to assess water quality changes, some of which have been in operation 

since the 1950’s (MOECC, 2016). For streams which have water quality better than the 

Provincial Water Quality Objective (PWQO), water quality is specified to be maintained 

at or above the objective. Conversely, for those areas which fail to meet the objectives, the 

PWQO’s state that waters “…shall not be degraded further and all practical measures shall 

be taken to upgrade the water quality to the Objectives” (MOEE, 1994). Ambient water 

quality classification and analyses are commonly done using the 75th percentile of all 

measured concentrations for a given parameter within the stream (CVC, 2007).  

The suitability of the 75th percentile concentration alone may provide an insufficient – 

and somewhat arbitrary – measure of the true water quality conditions at any location for 

which the guidelines are being applied. The application of such a spurious metric may not 

only place undue hardship on polluters, but also fail to adequately consider the needs of 

the biota residing within receiving streams (Trenouth et al., 2013). The development and 

promulgation of guidelines should be based foremost on the water quality needs of 

sensitive species residing within relevant receiving environs, and should also consider what 

is achievable under normal operational and maintenance conditions. 

Nationally, the CCME – an intergovernmental forum for collective action on 

environmental issues – has promulgated a suite of guidelines intended to protect aquatic 
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life for pollutants ranging from heavy metals to chlorides and even sediments (CCME, 

2014). For sediments and chlorides the CCME guidelines explicitly consider both the 

concentration as well as the duration of exposure (CCME, 2002; 2011). The framework of 

such guidelines is an acknowledgement of both the complexities as well as the uncertainties 

surrounding the management of environmental systems (Trenouth et al., 2013). 

5.1.2 Designing Enhanced Systems 

Work presented in the preceding chapters focused on separate aspects related to 

highway stormwater runoff prediction, management and treatment. Chapter four focused 

on the ability of novel soil amendments to remove high concentrations of both dissolved 

and particulate-bound metals from DHRO and its synthetic analogue. Amendments such 

as blast furnace and basic oxygenated furnace slag from steel mills were shown to remove 

upwards of 98% of some metal species, even when simultaneously exposed to high 

concentrations of road salts (NaCl) (Trenouth and Gharabaghi, 2015). When considered in 

conjunction with chapter two, this last point warrants further consideration, as brackish 

winter runoff from areas subject to typical winter maintenance activities has been 

implicated in colloidal dispersion, preferential cationic displacement and the 

remobilization of particulate matter and other pollutants (Hillel, 1998). 

Road salt management presents an issue which is particularly vexing as road salts 

(typically in the form of NaCl, and to a lesser extent MgCl2) dissociate in solution to form 

a product which is highly mobile, toxic to aquatic life and is potentially hazardous to human 

health (CCME, 2011; Ostendorf, 2013; Corsi et al., 2015). Conversely, the utility of road 

salts as an anti-icing agent which aids in the preservation of winter commuter safety and 

the protection of human life is impossible to ignore (Trenouth et al., 2015). The search for 
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analogues to road salt, which has included calcium-magnesium acetate (CMA), molasses, 

sugar beet or other starch-based compounds, has resulted in products that - while novel - 

are currently of limited utility. Such products either fail to be cost competitive, lack the 

efficacy of road salts over the range of encountered temperatures, or have their own suite 

of problems – including the creation of elevated biological oxygen demand (BOD) 

conditions and resulting hypoxia when runoff from such treatments enters receiving waters 

(Brenner and Horner, 1992; Baltrenas and Kazlauskiene, 2009). In sensitive groundwater 

recharge areas, it may be advisable to line conveyance systems with impermeable liners 

which inhibit the infiltration and deep percolation of brackish water (Franks et al., 2012). 

Within the context of such limitations, chapter two highlighted the development of a road 

salt application optimization methodology intended to assist highway maintenance 

managers in need of a prudent, transparent approach for estimating chloride application 

density (CAD) requirements (Trenouth et al., 2015).  

In light of the advances made in the management of both the quantity and quality of 

DHRO – including those presented in previous chapters – highway designers and engineers 

whose purview includes stormwater management within the road ROW would be better 

served through the provision of a systematic design methodology for sizing stormwater 

systems which protect sensitive groundwater recharge areas from the negative impacts of 

road salts while simultaneously restoring some aspects of predevelopment hydrology and 

improving DHRO water quality. Promulgated design approaches must consider the 

quantity and quality of DHRO as well as the lifetime load expected over the design life of 

a treatment facility, the ambient receiving water quality of downstream areas, as well as 

considerations of the efficacy of any soil amendments included within the matrix of 
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proposed filtration media. Until now, no clear approach currently exists which considers a 

suite of receiving stream impacts, groundwater vulnerability, treatment media efficacy and 

anticipated pollutant loadings as part of a unified design methodology. 

5.2 Objectives 

In light of the identified research needs, the objectives of the work presented in this 

chapter are threefold:  

(1) To provide highway engineers tasked with the design of stormwater management 

infrastructure with guidance in the form of a systematic and comprehensive RDTS 

design methodology for the management of stormwater from highways located in 

ESAs. The design methodology should be built on both demonstrated groundwater 

protection efficiency and receiving water quality benefits of the RDTS in the context 

of winter road salt applications; 

(2) Demonstrate how the RDTS design methodology can be used to size filter media for 

heavy metals removal to improve runoff quality to meet applicable regulatory 

standards, and use computed MDUALs to calculate minimum required capacity of the 

RDTS to ensure performance longevity, and; 

(3) Critically review existing regulations and guidelines applicable to the design of RDTSs 

and comment on the suitability of existing water quality guidelines insofar as they 

facilitate the successful design of stormwater treatment approaches, in the context of a 

field example. 
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5.3 Materials and Methods 

5.3.1 Conceptual Model 

The work presented in this chapter unifies the various research avenues explored and 

summarized previously within a broader methodological framework, and is intended to be 

used by highway engineers to effectively manage stormwater runoff using a novel field 

infiltration and detention system (Figure 5.2; Trenouth et al., 2015; Trenouth and 

Gharabaghi, 2015; Trenouth and Gharabaghi, 2016). 



143 

 

 

Figure 5.2: Conceptual flow chart. 

A comprehensive design methodology requires knowledge of the anticipated types 

and loadings of various pollutants of concern. As such, the first step is to characterize the 

local receiving waters and to build an understanding of the ambient water quality 

conditions and an inventory of any sensitive aquatic species which may be living therein. 

This permits the development of a list of the priority pollutants of concern and any 
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associated regulations or guidelines which may be applied to their discharge. Such 

information can then be cross-compared against the known or anticipated runoff water 

quality from the roadway in question. Ideally, background data on runoff water quality 

across different seasons from different sections of the roadway should be used to develop 

a characterization of the EMCs and long-term loadings for various pollutants of concern 

(Trenouth and Gharabaghi, 2016). However, given the costs and logistical challenges 

associated with field data collection this is frequently not the case. Correspondingly, the 

use of predictive models – such as those presented in chapter three – may be used in lieu 

of empirical data, particularly when mechanistic descriptions of physical processes are of 

secondary importance to the actual management of the pollutants themselves (Schmueli, 

2010).  

Given the mobility and conservative nature of road salts, the first priority of any 

management plan must be on ensuring their prudent use through judicious application. To 

this end, chapter two presented the work surrounding the development of a simple, robust 

road salt application optimization tool (Trenouth et al., 2015). Passive treatment systems 

designed to mitigate some of the adverse impacts of roads salts are limited to the capture, 

dilution, attenuation and controlled release of these contaminants, again owing to the 

chloride anion’s high degree of mobility. Arguments abound as to whether the chronic 

effects of road salts constitute an improvement over their more acute counterparts, but for 

highway designers and engineers tasked with improving the effluent discharge quality of 

stormwater such discussions are frequently extraneous (Pratt et al., 1981; Chester and 

Schierow, 1985; Goonetilleke et al., 2005). It is typically far more practical to attenuate 

and dilute concentrated road salt runoff to a level commensurate with ambient receiving 
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water quality conditions than it is to restrict road salt application at the risk of commuter 

safety to levels which satisfy even the acute concentration limit. The feasibility of 

attenuating and diluting road salt runoff concentrations to levels commensurate with the 

chronic exposure guideline are perhaps best exemplified by Figure 5.3. The concentration 

data plotted in Figure 5.3 suggests that capture, dilution and controlled release may be used 

to attenuate and mitigate the majority of high-concentration runoff events by leveraging 

the available area beneath the appropriate concentration threshold. However, in an effort 

to find the optimal balance between environmental protection and commuter safety, the 

road salt application planning tool described previously should be considered within a 

broader framework for any areas which experience seasonally cold conditions. 

 

Figure 5.3: Observed instream chloride concentrations in the Humber River (CCME 

chronic and acute toxicity guidelines plotted). 
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As noted, enhanced road runoff treatment systems frequently incorporate one or 

more soil amendments in order to provide for the enhanced capture and immobilization of 

pollutants of concern (Dimitrova and Mehandgiev, 1998; Ingvertsen et al., 2012; Lim et 

al., 2015). Chapter four presented the results of multi-layered soil column experiments 

which evaluated the ability of blast furnace (BF) and basic oxygenated furnace (BOF) 

slags, as well as goethite-rich overburden (IRON) from coal mines to remove several heavy 

metals from a high-strength synthetic runoff solution under the presence of high 

concentrations of chloride (Trenouth and Gharabaghi, 2015). The performance of the 

different amendments was assessed relative to a woodchip (WC) control. HYDRUS-1D, 

which has the ability to simulate solute transport under unsaturated flow conditions, was 

used to compute the required material thickness under an assumed 20-year pollutant load 

for an average ditch cross section, as benchmarked according to the appropriate receiving 

water quality guideline for the pollutant of concern.  

Together, the use of upland models for the prediction of runoff water quantity and 

quality can be used in conjunction with the applicable regulatory guidelines to select and 

size treatment media thicknesses and RDTS detention volumes such that a concerted effort 

to reduce the effluent concentration of pollutants of concern to satisfy applicable guidelines 

at the end of a treatment facility’s anticipated design life is sufficiently demonstrated 

(Trenouth and Gharabaghi, 2016). The use of such a methodological approach is critical if 

highway designers are to demonstrate transparency when designing highway stormwater 

treatment systems which serve the needs of commuters while balancing environmental 

considerations (DeFries et al., 2004). 
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5.3.2 Field Site Design 

In September, 2012 construction commenced on a field scale pilot facility located at 

570972 m E, 4811554 m N (17T, NAD83). The pilot facility is situated immediately 

adjacent to the eastbound lanes of a section of Highway 401, Canada’s busiest highway. 

While some sections of Highway 401 have an AADT count of 403,000 VPD, the roadway 

adjacent to the field site has an AADT of approximately 108,000 VPD (MTO, 2016). Six 

separate control cells measuring 20 m in length each were constructed, and each cell was 

lined with one of three liner types to be tested (one replicate of each; Figure 5.5). The liner 

types that were tested included a compacted sodium-free bentonite liner, a high density 

polyethylene (HDPE) liner, and a linear low density polyethylene (LLDPE) liner. A 

geoweb fabric and leak detection system comprised of 2” (50.8 mm) diameter S/80 

perforated PVC pipe was installed within two fusion welded layers of each liner type as 

appropriate, and any leachate captured by the collection system was gravity drained to a 

subsurface monitoring chamber installed at the terminus of the facility (Figure 5.4). All 

OPSD notations refer to the Ontario Provincial Standards Drawings; the standard 

engineering details adopted by the Province and maintained by the Ontario Ministry of 

Transportation (MTO). 
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Figure 5.4: Monitoring chamber cross section (all drawings not to scale). 

The facility was designed to act as an enhancement as compared to a typical swale 

design and each of the six cells were intended to serve a corresponding unit length of 

roadway. As such, runoff from the upstream drainage area was routed around the facility 

via the construction of a diversion channel. All treatment cells were dewatered via 4” 

(101.6 mm) S/80 perforated PVC underdrains which routed runoff directly to the 

monitoring chamber (Figure 5.4). Construction, regrading and stabilization of the facility 

took approximately 12 weeks (Figure 5.5). 
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Figure 5.5: Clockwise from top left: HDPE and LLDPE liner installation; post-

construction stabilization; vegetation establishment in November, 2012; initiation of 

monitoring in May, 2013. 

Since the manifold goals of the field site installation included the protection of 

groundwater recharge areas from salt intrusion, mitigation of physicochemical impacts to 

receiving environs from metals, road salts and thermal impacts, in addition to the 

maintenance of predevelopment surface hydrology, a dual layered design approach was 

employed (Figure 5.6). The top 300 mm of topsoil within the facility consisted of an 

organically enriched compost/soil blend, and the lower 500 mm of the facility contained 

19 mm washed clear stone in order to provide both stormwater filtration and detention 

benefits, respectively. 
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Figure 5.6: Typical cross section for membrane lined control cell (LLDPE cell cross 

section shown). 

5.3.3 Field Site Instrumentation 

Precipitation records were collected using a heated tipping bucket rain gauge installed 

onsite (Campbell Scientific, Inc.). Records from two Environment Canada gauges – each 

located within 21 km of the field site - were also collected for comparative and backup 

purposes (‘Waterloo Wellington 2’ and ‘Kitchener/Waterloo’ gauge locations). The 

maintenance control yard adjacent to the pilot facility was outfitted with the ultrasonic 

snow depth sensor (SL3000 model, Felix Technologies, Ltd.) described in chapter two, 

which was in turn connected to an Onset data logger programmed to record depth-

dependent voltage measurements every five minutes. The underdrain and leak detection 

pipes within the monitoring chamber were each outfitted with a 2” (50.8 mm) PVC 

ellipsoidal gate valve located immediately downstream of a 4” (101.6 mm) PVC cross and 

stepdown adapter. CTD divers were inserted within each PVC cross and were programmed 

to collected information related to conductivity, temperature and pressure at 15 minute 

intervals. All divers were suspended within the crosses immediately below the invert of 

each pipe by means of a fibre optic data transfer cable, which facilitated communication 

between each diver and its associated atmospheric pressure compensator, as well as the 
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cellular telemetry system. This allowed for the collection of year-round measurements of 

water level, temperature and conductivity for water exiting the field facility via both the 

leak detection and facility underdrain pipes. 

5.3.4 Field Equipment Calibration 

Prior to the initiation of monitoring activities, the heated rain gauge, all level loggers, 

conductivity probes and other equipment were calibrated at the University of Guelph, 

School of Engineering. The results of the flow control valve calibration are presented in 

Figure 5.7. 

 

Figure 5.7: Head-discharge relationship for ellipsoidal gate control valve. 

The snow depth sensor uses a piezoelectric crystal within the sensor which emits an 

acoustic pulse that is reflected from the snow surface and converted directly to a voltage 
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acoustic wave velocity correction resulting from changes in sound velocity with 

temperature fluctuations. 

5.3.5 HYDRUS-1D Model Development, Long-Term Cu Runoff Prediction and 

Case Study Application 

As per the approach outlined in Figure 5.2, an important aspect of roadside treatment 

system design is the methodological approach used to facilitate the selection of material 

thickness based on a combination of amendment performance, anticipated pollutant 

loading and design lifetime considerations. Building on the work summarized in chapter 

four, the open-source HYDRUS-1D numerical simulation tool was calibrated according to 

observed field data for the purpose of demonstrating the feasibility of the proposed design 

approach. HYDRUS-1D is designed to model flow, solute transport and both reactive and 

non-reactive pollutant transport in variably saturated porous media (PC-Progress, 2008). 

All information related to column thickness, the presence of discrete and varied horizons, 

evapotranspirative fluxes and pollutant sources and sinks are also defined by the user 

(Feitosa and Wilkinson, 2016).  

Soil water retention can be simulated using the Van Genuchten (1980) relationships, 

expressed as follows: 

𝜃(ℎ) = {
𝜃𝑟 +

𝜃𝑠−𝜃𝑟

(1+|𝛼ℎ|𝑛)𝑚
       ℎ < 0

𝜃𝑠                                 ℎ ≥ 0
       (5.1) 

Where, 

θ(h) = volumetric water content at a specified head (L3/L3) 

θr = residual soil water content (L3/L3) 
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θs = saturated soil water content (L3/L3) 

Ks = saturated hydraulic conductivity, Ks [LT−1] 

α [L−1] n and m = empirical parameters in the soil water retention function 

and, 

𝐾 = 𝐾𝑠√𝑆𝑒 [1 − (1 − 𝑆𝑒

1

𝑚)

𝑚

]

2

       (5.2) 

Where, 

K = hydraulic conductivity [LT−1] 

Se = effective saturation [-] 

m and Ks = as defined previously  

To demonstrate the applicability of the conceptual model, the Freundlich 

adsorption isotherm parameters determined in chapter four were used as part of the 

HYDRUS-1D modelling exercise to estimate the required amendment layer thickness 

needed to treat a target pollutant of concern (Trenouth and Gharabaghi, 2015). For this 

example, copper (Cu) was selected.  

The Freundlich adsorption isotherm can be expressed as follows: 

𝑥

𝑚𝑎
= 𝐾𝐹𝐶𝑒

1/𝑛𝐹          (5.3) 

Where, 

x = mass of adsorbate (μg) 
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KF = equilibrium constant (μg g-1/L mg-1)1/nF 

Ce = equilibrium concentration (mg/L) 

1/nF = Freundlich exponent (-) 

ma = mass of adsorbent (g) 

To estimate pollutant loadings for the purposes of treatment media selection, the 

approach outlined in chapter three was used to predict the seasonal location (μ) and scale 

(σ) parameters for the runoff concentration of Cu (Trenouth and Gharabaghi, 2016). To 

illustrate this example, the Mississauga Road interchange – located in the Greater Toronto 

Area (GTA) - was selected and fourteen years of precipitation data comprising 1,475 

individual rainfall events were collected from a Water Survey of Canada (WSC) rain gauge 

(UTM 17T 592066.4 m E 4833590.2 m N). The gauge is located 10.1 km north of the 

Mississauga Road interchange of Highway 401. From 2000 to 2010 the measured AADT 

along this segment of highway was 123,663 VPD, and 23 years of traffic volume data 

suggests that vehicle counts are increasing by 1.2% per year (MTO, 2016).  

5.3.6 RDTS Sizing Methodology for Application in ESAs 

While the protection of groundwater recharge areas from the infiltration of brackish 

or otherwise chloride-laden recharge water may be comparatively simple, the protection of 

sensitive surface waters and the species living therein continues to pose a challenge, and 

guidance is needed in the form of a design methodology. To reconcile the need to maintain 

safe, drivable roads while making a reasonable best effort to balance the water quality 

needs of receiving environs, a systematic approach to sizing RDTSs has been developed in 

an attempt to strike such a balance. Building on the general approach highlighted in Figure 
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5.2, a conceptual flow chart which summarizes key elements to be considered as part of 

the RDTS capture volume sizing process is presented below (Figure 5.8). This flow chart 

encapsulates the key steps to be followed, including aspects of data assembly, target setting 

and evaluation. 

 

Figure 5.8: Conceptual flow diagram illustrating key aspects governing RDTS design. 
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The approach developed by Betts et al. (2015) can be used to estimate the mean 

and standard deviation in stream chloride concentrations (SCC) for the catchment upstream 

of the existing outfall (Eq. 5.4), and from this the 75th percentile design event mean chloride 

concentration for the receiving stream was be determined.  

𝑆𝐶𝐶 =
𝐴∗𝐶𝐴𝐷∗𝑈𝐴𝑅∗(1−𝐵𝐹𝐼)∗𝐵𝐹𝐶∗𝐵𝐹𝐼∗𝐴∗𝑀𝐴𝐹

𝐴∗𝑀𝐴𝐹
      (5.4) 

Where, 

SCC = mean annual stream chloride concentration (mg/L) 

A = contributing area (m2) 

CAD = chloride application density (-) 

UAR = unit chloride application rate (g/m2) 

BFI = baseflow index (-) 

BFC = baseflow chloride concentration (mg/L) 

MAF = normalized mean annual flow (m) 

Conceptually, after highway development the mean instream chloride 

concentration downstream of the proposed outfall can also be calculated using Eq. (5.4). 

By using the previously-identified 75th percentile upstream concentration, the design 

objective standard deviation of downstream chloride concentrations can be determined. 

The 75th percentile event mean chloride concentration in the receiving stream downstream 

of the RDTS outfall can be estimated using the following equation: 

𝐶𝑑 =  
𝐴𝑟𝐶𝑟+𝐴𝑠𝐶𝑠

𝐴𝑟+𝐴𝑠
          (5.5) 
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Where: 

Cd = 75th percentile design event mean chloride concentration for the receiving stream 

downstream of the RDTS outfall (mg/L) 

Cr = 75th percentile design event mean chloride concentration for the road catchment 

(mg/L) 

Cs = 75th percentile design event mean chloride concentration for the receiving stream 

upstream of the RDTS outfall (mg/L) 

Ar = catchment drainage area for the RDTS outfall (m2)  

As = basin drainage area for the receiving stream upstream of the RDTS outfall (m2). 

5.3.7 RDTS Functionality: Chloride Attenuation Effect 

The receiving stream impact of a hypothetical RDTS system implemented along a 

major highway upstream of a stormwater outfall can be considered in order to understand 

the expected changes in cumulative concentration probability distributions which could be 

accrued in downstream areas as a result of RDTS application. Attenuated concentrations 

resulting from RDTS application can be compared to upstream background chloride 

concentrations, and this can be used to iteratively size outfall detention times until such 

time that effluent concentrations are be considered satisfactory (Figure 5.8, Figure 5.10). 

Note that under typical circumstances the highway chloride loading burden will shift the 

cumulative probability distribution function to the right, and that use of a RDTS will not 

change this. Rather, RDTS’s are intended to prevent an increase in the frequency of 

incidence in high level concentration occurrences that could potentially render receiving 

water habitats unsuitable for sensitive freshwater aquatic species (CCME, 2011).  
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Figure 5.9: Hypothetical chloride concentration distribution change upstream and 

downstream of a highway catchment; 75th percentile concentration values for both 

distributions remain equal at 230 mg/L. 

5.3.8 Suitability of Existing Water Quality Guidelines 

While adhering to the CCME instream chloride guidelines is admiral, in urban areas 

it may also prove to be naïve (CCME, 2011). As Figure 5.3 illustrates, the instream chloride 

concentrations resulting from winter maintenance operations within urban catchments are 

frequently in excess of 640 mg/L, and this is true independent of highway runoff 

contributions. As such, it may be both impractical and ineffective to hold highway 

authorities to such standards. 

Figure 5.9 illustrates the fact that, in heavily urbanized environments, the 

incremental water quality burden contributed by a highway stormwater outfall may be 
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comparatively small, and it is only this component of instream water quality which can 

realistically be addressed through the implementation of a RDTS (Perera et al., 2011). 

Potential short-term increases in peak downstream concentrations are of particular interest, 

as a practical approach to mitigating the impacts on aquatic species necessitates that peak 

chloride concentrations should not be made any worse. 

While the prediction of long-term effluent pollutant loads is a critical first-step towards 

their treatment, the suitability of required treatment standards must also be evaluated with 

a critical eye. As such, elements of both Ontario’s PWQO’s as well as the Canadian 

Council of Ministers of the Environment (CCME) guidelines were used as the evaluation 

criteria for selecting appropriately sized filter media (CCME, 2008).  The specific PWQO 

for Cu is 5 μg/L, while the CMME guidelines recommend that the maximum permissible 

receiving water concentration of Cu for the protection of aquatic life is 2.0 μg/L (assuming 

a conservative hardness value of 0 mg/L as CaCO3; MOEE, 1994; CCME, 1999). The 75th 

percentile criterion is of particular interest as there does not seem to be a clear 

methodological basis underpinning its use.  

To this end, a long-term water quality monitoring station was assessed to investigate 

this premise, and select physicochemical parameters of interest (Cl and Cu) were fitted 

with a number of different statistical distributions. The Silver Creek PWQ monitoring 

station (592188 m E, 4832999m N, 17 T) was selected as it is located approximately 9.9 

km northwest of the Mississauga Road case study site and 30.0 km northeast of the pilot 

facility. Furthermore, this station possesses a long-term, uninterrupted dataset which 

includes 594 monthly Cl samples dating back to 1964 and 378 monthly Cu measurements 

beginning in 1981. Fitted distributions included the normal, lognormal, exponential, 
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inverse Gaussian and Weibull distributions as these distributions are understood to be 

descriptive of many types of environmental data, and the Akaike Information Criterion 

(AIC) was used to assess the goodness of fit of each for either parameter onsite, as 

described in chapter four (McBean and Rovers, 1998). The AIC provides an estimate of 

the quality of a fitted statistical distribution relative to a suite of distributions, and hence is 

useful for selecting a descriptive statistical model (Akaike, 1979). 

If the determination of equivalent parameters is carried out for the effluent location, 

both the likelihood and magnitude of an exceedance occurring can be estimated, and 

preventative measures can be undertaken as part of the design phase, as appropriate 

(Trenouth and Gharabaghi, 2016). 

5.4 Results and Discussion 

5.4.1 Field Site Water Balance 

From October, 2013 to March, 2015 a total of 17 precipitation and melt events were 

analyzed at the field site location (Table 5.1). For data analysis purposes, event windows 

were defined using an aggregated approach wherein the flow within the field facility as a 

whole increased from approximately zero until such time that all underdrains and leak pipes 

ceased flowing. Analysis was done in this way as the hydrologic response of each control 

to a corresponding precipitation or melt event cell was unique (Figure 5.10).  

The calculated cumulative capture volume of the field facility across all events is 

approximately 80.1% of the estimated total system inflow, with a partial accounting of the 

difference between these two values being attributed to initial surface abstractions, vehicle 

spray to areas outside of the study drainage area, and infiltration along the embankment 

between the road surface and the liner system. For individual events the percentage capture 
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volume fluctuated considerably from the 80.1% average, and this is attributable to a 

combination of thermal and rain-on-snow events which yielded runoff with no measurable 

precipitation during the event window (Table 5.1).  
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Table 5.1: Monitored event runoff summary. 
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31/Oct/13 3/Nov/13 11.4 27,360 34,364 146 
5 

6/Nov/13 7/Nov/13 13.8 33,120 8,143 246 
2 

20/Dec/14 22/Dec/14 45.3 108,720 15,607 1,666 
26 

11/Jan/14 15/Jan/14 19.5 46,800 49,223 2,519 
124 

31/Jan/14 31/Jan/14 0.0 - 904 5,531 
5 

2/Feb/14 3/Feb/14 15.3 36,720 3,246 11,707 
38 

20/Feb/14 24/Feb/14 17.4 41,760 28,378 4,863 
138 

7/Mar/14 15/Mar/14 6.6 15,840 88,659 1,218 
108 

18/Mar/14 22/Mar/14 1.6 3,840 27,996 1,857 
52 

28/Mar/14 29/Mar/14 4.5 10,800 7,760 1,675 
13 

3/Oct/14 4/Oct/14 19.5 46,800 7,622 131 
1 

6/Oct/14 7/Oct/14 9.6 23,040 2,614 273 
1 

21/Oct/14 21/Oct/14 8.3 19,920 2,366  259 
1 

23/Nov/14 24/Nov/14 31.8 76,320 15,563 450 
7 

24/Dec/14 25/Dec/14 12.6 30,240 3,205 312 
1 

1/Feb/15 28/Feb/15 48.2 115,680 176,613 2,786 
492 

9/Mar/15 13/Mar/15 0.4 960 38,583 2,825 
109 

 TOTAL 265.4 637,920 510,846 2,194 1,121 
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The calculated outflows from the underdrain system are labelled D1 to D6, and 

represent the two replicates of each of the compacted clay, HDPE and LLDPE liner types, 

respectively. D7 denotes the surface inlet catch basin control, intended to provide a baseline 

characterization of DHRO water quantity and quality for the site. D8 – D12 denote the 

calculated outflows from the leak detection pipes serving the compacted clay, HDPE and 

one of the LLDPE liner types, respectively. Due to the limitations of the field telemetry 

system, a thirteenth channel could not be accommodated, and hence the sensor installed in 

the second LLDPE leak detection pipe had to be downloaded manually. Despite this 

challenge, the example event presented in Figure 5.10 highlights two critical aspects of the 

field site’s performance: first that the majority of flows from any given event left through 

the underdrain system and that the hydrologic response between control cells varied 

considerably. In general, however, the compacted clay liner types saw the greatest loss of 

water through leakage, and the LLDPE liner types saw the least. 

 

Figure 5.10: Response of underdrains and leak detection pipes (Nov. 23 – 24, 2014). 
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5.4.2 Field Site Water Quality: Capture and Controlled Release 

The analysis of the water quality data from the field facility presented a challenge as 

the sensors regularly yielded spurious readings during periods with little to no flow. Since 

brackish or salt-laden water has a greater density than fresh water, the preferential 

accumulation of salts within the sump of the 10.16 cm (4”) crosses led to progressively 

higher measured salt concentrations by the field sensors until flows occurred (due to the 

sensors being intentionally installed below the adjoining horizontal pipe invert elevation). 

This phenomenon is readily apparent in Figure 5.11, which shows a continuous, steady 

increase in in-pipe chloride concentrations. The observation of such a phenomenon 

suggests that the treatment system continuously released small amounts of chlorides, even 

during the interceding periods between flow events. Figure 5.11 also highlights the ability 

of the field facility to reduce outflow concentrations, which has important implications for 

both species in receiving streams as well as any applicable guidelines. 

 

Figure 5.11: Flow and dilution effects – CC cell 2. 

0

200

400

600

800

0

0.1

0.2

0.3

0.4

28-May-13 29-May-13 29-May-13

[C
l- ]

 (
m

g
/L

)

F
lo

w
 (

L
/s

)

Date (dd-mmm-yy)

Flow

[Cl-]



165 

 

Further consideration of Figure 5.11 in conjunction with Table 5.1 leads to the 

observation that the field facility continues to release progressively decreasing 

concentrations of chlorides long after seasonal road salt application has ceased. The 

importance of this fact must be fully considered; the observed field data suggests that the 

attenuation benefits of the field facility last for months, as opposed to days or weeks. 

Furthermore, the data presented in Table 5.1 also suggests the field facility is flushed of 

the bulk of residual chlorides in time for the onset of subsequent winter maintenance 

operations. While these results are perhaps not as beneficial as the complete removal of 

chlorides from the environment, it constitutes an improvement over the peak runoff 

concentrations reported elsewhere (e.g. Figure 5.3; Sanzo and Hecnar, 2006). 

5.4.3 HYDRUS-1D Model Calibration and Case Study Application 

The HYDRUS-1D modelling approach used in chapter four was applied to the field 

site to demonstrate the feasibility of using numerical simulation to estimate the attenuation 

benefits of using a filtration medium to attenuate chloride concentrations entering receiving 

environs (Trenouth and Gharabaghi, 2015). For this analysis, the event chloride load was 

assumed to be instantaneously applied to the top of the facility. Using the observed field 

data from the two compacted clay cells, the calibrated HYDRUS-1D model yielded the 

following results (Figure 5.12). 
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Figure 5.12: Observed and HYDRUS-1D simulated underdrain chloride concentration for 

compacted clay cells 1 (L) and 2 (R). 

The three lane road width along the chosen study section of Highway 401 was taken 

to be 11.1m as per the rationale outlined in chapter two, and analysis of digital aerial photos 

confirmed this to be an acceptable road width estimate (Trenouth and Gharabaghi, 2015). 

The highway median was excluded due to the fact that typical designs see this central, 

untraveled portion of the roadway drain directly to surface inlet catch basins. Cu was 

selected as the case study metal to be used in the HYDRUS-1D simulations due to its high 

reported wash off concentrations relative to Pb, coupled with the fact that the CCME 

guideline for Cu recommends that not more than 2 μg/L of this metal be permitted in 

surface waters for the adequate protection of aquatic life (CCME, 2008). Using the 

computed average seasonal UALR for Cu, the IRON stockpile amendment was selected 

and modelled in HYDRUS-1D for a simulation period spanning 20 years using the key 

input parameters summarized in chapter two (Trenouth and Gharabaghi, 2015).  

The average annual precipitation in this region is 790 mm/year, and 100% of this was 

assumed to run off of the road surface. While slightly conservative, this has previously 
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been described as being a reasonable approximation for graded impervious surfaces 

(Barrett et al., 1998; Statistics Canada, 2016). Using these data inputs within the calibrated 

ANN developed for the prediction of the long-term Cu UALR at this site, a value of 28 

μg/m2/d is anticipated (averaged for all seasons). The results of the 20 year HYDRUS-1D 

simulation are presented in Figure 5.13, and the effluent concentrations during the last 

simulation time step indicate that a treatment media depth of approximately 20 cm is 

capable of satisfying the CCME effluent guideline for Cu for a period of approximately 20 

years (Figure 5.13).  

 

Figure 5.13: Simulated enhanced treatment system Cu effluent concentrations using 

IRON treatment media, HYDRUS-1D simulation results. 
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As progressive saturation of the upper layers of the treatment media occurs, an ever 

thicker IRON amendment filtration layer is needed in order to satisfy the necessary 

requirements for the protection of aquatic life. Ultimately, a treatment media thickness of 

approximately 20 cm is required for satisfactory removal of Cu in a typical ditch section 

designed for a 20 year service life, as determined using a conservative interpretation of the 

appropriate CCME guideline. The treatment media thickness value – useful for highway 

designers seeking to strike a balance between cost effective design and the protection of 

aquatic life – was arrived at by applying the lifetime load of an 11.1 m wide highway 

section to an assumed trapezoidal ditch having a 1 m bottom width. A bottom width of 1 

m was selected as this value requires no alterations to existing typical ditch cross sections 

found in the OPSDs. 

5.4.4 Comment on Utility of Existing Water Quality Guidelines 

Close examination of both the measured instream Cl and Cu data for the Silver Creek 

PWQ monitoring station (Stn. 501110001) at this location suggests that the 75th percentile 

alone provides an insufficient characterization of true water quality conditions, and this 

fact is underscored by the simulation results presented in 5.13. Statistical distribution fitting 

indicated that the lognormal distribution provided the best fit to both sets of long-term 

water quality data (Figure 5.14; Akaike, 1979; McBean and Rovers, 1998; Trenouth and 

Gharabaghi, 2016). 
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Figure 5.14: Probability distribution curves for instream Cl (L) and dissolved Cu (R) 

measurements fitted with a lognormal distribution for 594 and 378 events, respectively. 

Table 5.2 summarizes the mean and 75th-percentile values of the data, as well as 

computed location and scale for each of the chemical parameters of interest. The re-

transformed location yields a mean copper concentration value that is 0.8 μg/L less than 

the mean value computed using the normalized data. 

Table 5.2: Location, scale and percentile data for chloride and copper, PWQ monitoring 

station No. 501110001. 

Parameter/Metric Chloride (mg/L) Copper (μg/L) 

75th Percentile 163.0 5 

Mean 124.5 4.5 

Location (Re-transformed) 111.1 3.7 

Scale (Re-transformed) 1.76 1.54 

 

Comparison of the monitoring station data with both the MOEE PWQO’s as well 

as the CCME guidelines lays bare the relative strengths and shortcomings of each 
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approach. The major advantage of the PWQO’s is that the narrative implicitly 

acknowledges that effluent discharge guideline promulgation should be based on the 

receiving stream’s observed water quality (MOEE, 1994). However, this may fail to 

adequately consider a fully accurate representation of receiving water quality through the 

neglect of the probable distribution of water quality events. Rainfall, runoff, flow rates and 

many other environmental parameters are not limited in nature by a discrete upper bound; 

recognizance of this fact underpins the push to embrace intrinsic variability, such as 

through the ‘environmental flows’ paradigm (Dyson et al., 2003).  

The analysis of long-term water quality data suggests that it should be given similar 

consideration.  Indeed, it has been recognized that seasonal or infrequent pulses of many 

pollutants may be beneficial or necessary to the continued functioning of healthy aquatic 

ecosystems. While this may not be true for chloride and copper specifically, it is frequently 

the case for coarse sediments and some nutrients, such as phosphorous (Kondolf and 

Wilcock, 1996).  As such, it is crucial to expect water quality events to distribute 

themselves across a range of possible values, in this case adequately characterized by the 

lognormal distribution. Relatedly, credence is not given to the combined effects of both the 

concentration and duration of an event exposure. It was reported previously that such 

impacts need to be considered, as it has been widely reported that organisms in receiving 

streams are able to withstand some degree of stress, contingent upon the type of stressor 

and the combination of the two aforementioned considerations (Kondolf and Wilcock, 

1996; Poff et al., 1997; Trenouth et. al., 2013). 

Direction can be found in the derivation of select guidelines promulgated by the CCME 

(Figure 5.15). The guideline for the Cl ion (2011) outlines both the need to consider the 
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relative sensitivity of different aquatic organisms as well as the duration of exposure to 

chloride concentrations instream. Unfortunately, a similar approach for Cu is not available 

at this time. However, analysis of 150 unique toxicological studies summarized in the 

appendices of the 1996 Draft Alberta Water Quality Guidelines for Copper suggest that a 

similar approach for this metal is warranted (AEP 1996; Figure 5.16). After correcting for 

water hardness used in a number of toxicological (L/EC50) studies it can be concluded that 

the current guidelines may lead to an overly-conservative and costly stormwater treatment 

approach, even in low-alkalinity receiving streams. 

 

Figure 5.15: Long-term low- and no-effect chloride endpoint toxicity concentrations for 

freshwater species exposed to varying chloride concentrations (CMME, 2011). 
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Figure 5.16: Standard sample distribution for short-term L/EC50 toxicity data for the 

copper ion based on 150 reported studies (source: Draft Alberta Water Quality 

Guidelines, 1996). 

5.5 Conclusion 

The work summarized in this chapter provides a viable approach to improve the 

management of stormwater pollutants washing of off roadways, which continue to pose a 

substantial challenge to practitioners striving to balance the operation of safe highways 

with the protection of ESAs (Invertsen et al., 2012; Huber et al., 2016). A design 

methodology for siting and sizing RDTSs based on a combination of receiving water 

quality needs, groundwater protection requirements and highway runoff quality 

characteristics can help to mitigate many of the adverse environmental impacts associated 

with highway stormwater runoff (Figure 5.3, Figure 5.8).  
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This chapter presented a novel methodology for the design of enhanced RDTSs 

intended to protect sensitive groundwater recharge areas, provide peak flow control and 

attenuate the release of highly mobile pollutants, particularly chloride. Through the 

installation of a pilot scale field site, three years of continuously-collected runoff quantity 

and quality data were analyzed to assess the benefits of the proposed stormwater works. 

Two replicates of three different liner types have allowed for the assessment of different 

groundwater protection measures. LLDPE liners were found to have the lowest incidence 

of leakage, followed by HDPE liners. Compacted clay liners performed the most poorly 

out of all liner types assessed. On average, the RDTS was able to capture, detain and slowly 

release approximately 80% of the total catchment runoff however, this also includes water 

that would have been lost had the leak detection system not been installed. 

The use of the integrated and robust design methodology which unifies the work of 

chapters two, three and four provides highway designers with a new tool which considers 

not only runoff volumes, but long-term pollutant loadings due to vehicular traffic, road salt 

application and highway deterioration as well. This provides a transparent, scientifically 

defensible approach to the design of enhanced highway stormwater management facilities 

in ESAs. In chapter five, comparison of enhanced RDTS performance with applicable 

guidelines has led to a critical evaluation of the guidelines themselves. In Ontario – and 

Canada more generally – the blanket application of water quality objectives and guidelines 

based on spuriously-derived water quality objectives may fail not only to be realistically 

achievable under normal operational conditions, but may also be largely unnecessary in 

order to adequately protect the majority of aquatic species in receiving environs, 

particularly in those instances in which other anthropogenic sources of pollution (e.g. 
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agriculture, industry, etc.) have not been addressed. As an alternative, it is proposed that a 

critical first step is to identify what species may be present in receiving waters, and to use 

this information to set design objectives based on the dual consideration of species which 

are to be protected, as well as what may be realistically achievable in the upland drainage 

area. 
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Chapter 6. Conclusions and 

Recommendations 

Increasing urbanization, a growing concern for the health of the natural environment 

and a pressing need to protect surface and subsurface water resources have dictated that 

approaches to stormwater management and the protection of water quality be improved. 

Accounting for a considerable proportion of the total land area in many developed regions, 

road networks in particular are in need of improved techniques in this regard (Akbari et al., 

2003). However, the linear, distributed nature of the road network poses unique challenges 

for stormwater engineers. These challenges are compounded by the nature of the pollutant 

cocktail washing off of roadways, which can be variable in both composition and 

concentration. In order to sufficiently address these complexities, the research presented in 

this thesis utilized a multi-pronged approach, the novel contributions of which are as 

follows: 

 The development of a simple predictive melt model which considers a combination of 

meteorological factors in addition to road salt application and ploughing to estimate 

both snowmelt as well as bare pavement regain time.  This was achieved by modifying 

the temperature index method to include both of the latter two considerations, as well 

as a sinusoidally-varying daily melt coefficient. This model was developed, calibrated 

and tested using field-collected data from three locations, including a busy section of 

Highway 401 – Canada’s busiest highway. 

 This is the first study to present novel ANN modelling techniques that incorporate 

precipitation, rainfall intensity, average daily traffic loading and antecedent dry period 
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characteristics to determine the statistical parameters that describe the seasonally-based 

runoff concentration distributions and long terms loadings of several common highway 

stormwater pollutants. This information is useful for the selection and sizing of 

treatment media for use in ESAs. 

 The identification of regionally-abundant, affordable soil amendments derived from 

waste products with a demonstrated ability to remove heavy metals from high-strength 

synthetic highway runoff. Using a series of shaker tests, the Freundlich adsorption 

isotherm parameters for several common heavy metals were computed for each 

amendment type. This information was then used to calibrate a HYDRUS-1D model to 

simulate the results of a suite of column tests, and to provide a predictive estimate of 

treatment media thickness for a highway application assuming an anticipated lifetime 

pollutant loading for each of the heavy metals species of interest. The performance of 

all amendment media was assessed while under simultaneous exposure to a high-

strength synthetic road salt (sodium chloride) solution.  

 The design, implementation and multi-year performance assessment of a new, 

enhanced roadside ditch treatment system intended to protect ground and surface 

waters from the negative impacts of chloride-enriched winter runoff. The enhanced 

system was also designed to capture, detain and slowly release direct highway runoff 

after filtering it through a vegetated media layer. The monitoring results demonstrate 

that the adverse impacts to groundwater can be mitigated if select liner types are 

installed properly. Furthermore, monitoring results from the pilot facility suggest that 

improvements to surface water quality may also be realized through the benefits 

afforded by the capture and controlled release of mobile pollutants washing off of 
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roadways. Lastly, field site monitoring results demonstrate that linear, distributed 

approaches to managing stormwater can be practically applied in seasonally cold 

climates.  

The various aspects outlined above provide a brief summary and overview of the key 

research findings reported over the course of this work. The following section provides 

additional details related to the novel findings associated with each research avenue, and 

provides recommendations for future research. 
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6.1 Road Salt Application Planning Tool for Winter De-icing Operations 

Road authorities and maintenance contractors face the difficult challenge of reconciling 

human health and well-being with that of the natural environment. In order to reduce risks 

while simultaneously protecting SVA’s, a simple and transparent methodology is needed 

in order to facilitate road salt application optimization. In chapter two, the TI method was 

modified to incorporate ploughing and salting considerations and was calibrated using 

winter field data from two sites in Southern Ontario and validated using data collected from 

a section of Highway 401 – Canada’s busiest highway. The TI method was selected as the 

base melt model for modification as it is conceptually simple, has demonstrable 

performance and is comparatively non-data intensive.  

The modified TI model accurately predicted salt-assisted melt at two sites located in 

southern Ontario, and showed a demonstrable ability to calculate BPRT.  The BPRT is a 

critical consideration in the context of road safety and constitutes the basis for many winter 

maintenance performance standards for different classes of highways. Road salt 

application rates can be optimized using the modified TI method using only two 

meteorological forecast inputs (temperature and precipitation) for the storm event, both of 

which are readily available on-line through MTO’s Road Weather Information System 

(RWIS).  

The modified TI approach represents a simple yet useful tool for highway maintenance 

practitioners currently struggling to optimize road salt application rates for individual storm 

events. Using the most widely available meteorological forecast parameters – temperature 

and precipitation – the application density of road salt on highways can be modified in 
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order to strike an optimal balance between desired BPRT for a given class of highway and 

the protection of the natural environment.  

6.2 Highway Runoff Quality Models for the Protection of Environmentally 

Sensitive Areas 

Highway stormwater runoff has been identified as a major contributor to water quality 

impairment in the USA and elsewhere. In sensitive environmental areas the collection and 

treatment of such runoff is of fundamental importance. However, the first step in designing 

effective treatment systems lies in the successful estimation of critical pollutant runoff 

concentrations. In chapter three, ANNs were used to predict the key statistical parameters 

governing the range of runoff concentration parameters and MDUAL rates for a range of 

water quality parameters, including TSS, Cu, Zn, Cr and Pb. Using data from five 

countries, a dataset of 940 runoff-generating events was assembled for highways 

representing a range of AADT values.  

The addition of a seasonal term and the resultant grouping of runoff events for each site 

improved the prediction of both the location and scale parameters for the water quality 

parameters modelled. While TSS can reasonably be used as a surrogate parameter for the 

estimation of heavy metal runoff concentrations for several metal types, the predictive 

abilities of specifically-trained ANNs for individual heavy metal species may be required 

when working in ESAs.  

6.3 Soil Amendments for Heavy Metals Removal from Stormwater Runoff 

Discharging to Environmentally Sensitive Areas 

While the identification and prediction of the range of runoff concentrations for various 

water quality parameters of concern constitutes a critical first step in their management, 
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access to a suite of effective, affordable treatment media is essential if the receiving 

environment is to be protected. This fact is particularly pointed in the case of highways; 

their broad spatial distribution requires that any treatment approach be affordably applied 

over a relatively broad area. In chapter four, a suite of aggregate materials – currently 

considered to be spoil or waste by-products produced as a result of mining or smelting 

activities – were investigated for their ability to remove a suite of common runoff water 

quality pollutants from a high-strength, synthetic stormwater runoff cocktail. 

The use of BF and BOF materials within 50 cm repacked soil columns was found to 

remove 46-98% of metals (Cr, Co, Cu, Pb, Ni, Zn), even when simultaneously exposed to 

chloride concentrations as high as 30,000 mg/L. Up to 72% of the metals were removed in 

the first 7cm of the column profile, suggesting that the aggregate materials undergoing 

testing have an appreciable capacity to remove heavy metals. To assess their ultimate 

removal capability, a series of shaker tests were carried out in order to compute the 

Freundlich adsorption isotherm parameters. This information was used in the calibration 

of HYDRUS-1D models for each material type. Such models are useful in aiding highway 

stormwater management professionals with the selection and design of treatment media 

based on anticipated long-term pollutant loadings and consideration of relevant effluent 

water quality guidelines. 

6.4 Highway Stormwater Management Systems for Environmentally Sensitive 

Areas 

The strategic application of enhanced RDTSs can lead to improved stormwater 

management – in terms of both peak quantity and quality – in areas host to sensitive aquatic 

environments, SVAs or some combination thereof. Therefore, an overarching conceptual 



181 

 

framework to guide the design of enhanced RDTSs in SVAs is required.  In chapter five, a 

methodological framework was presented which highlights the design of enhanced RDTS 

which take into consideration the need to detain and gradually release chloride-laden winter 

melt and stormwater runoff. Through the use of a simple case study, the selection and sizing 

of an amendment treatment layer was demonstrated based on anticipated pollutant loadings 

and receiving water quality objectives. This case study unifies and builds upon the work 

presented in chapters three and four. 

In order to more fully address the environmental challenges surrounding the impacts of 

winter melt, three different liners were tested for their ability to restrict the movement of 

highway runoff to subsoils below a RDTS through the implementation and monitoring of 

a pilot facility located immediately adjacent to a 120 m section of Highway 401. Two 

replicates of three different liner types were evaluated, and the ability of the facility to 

delay the release of highway runoff was evaluated. Three years of performance monitoring 

data suggests that, although some leaks are present, approximately 81% of the direct 

rainfall and stormwater runoff received by the facility is retained and slowly discharged by 

it, in many cases over the course of 10 hours or more. 
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6.5 Recommendations 

While many of the outcomes of this work are promising, they raise perhaps an equal 

number of important questions which, unto themselves, comprise new avenues for 

investigation. As such, it is recommended that the following avenues be explored to 

improve upon this work: 

1) The modified TI model should be validated across a wider number of sites 

undergoing typical maintenance operations, and this extends to include a critical 

evaluation of the snow ploughing subroutines included within the model 

architecture. Additional validation of the melt model can serve as a stepping stone 

to the modelling of contaminant wash off – an important consideration in the 

assessment of shock load potential to receiving environs. The development of a 

simple user interface capable of harvesting site-specific meteorological data would 

help to increase the appeal of using such a tool amongst maintenance managers 

tasked with planning winter road maintenance operations. 

2) The water quality ANN model should be validated using regionally-collected 

water quality and storm event characteristics data. Such validation would help to 

ensure that the model’s predictive performance is directly applicable in the 

context of southern Ontario’s unique climatic and physiographic characteristics. 

3) The performance of the various soil amendments (BF and BOF slag and IRON 

overburden) should be applied as part of a pilot scale trial in a field setting. The 

exposure to DHRO and a dynamic range of real-world water quality conditions 

will verify whether or not the tested amendments are capable of performing as 

well as preliminary results suggest. While Freundlich adsorption isotherm 
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parameters were computed using shaker tests, the possibility of differential 

removal efficiencies contingent on variable hydraulic contact times should also be 

explored.  

4)  The development of a formalized design handbook or similar tool which links 

site-specific IDF data with stream biological characteristics and applicable 

PWQO’s would help to guide the optimization of any design methodology 

intended for application in salt vulnerable areas. The use of benthic, habitat 

restoration or other data could also be evaluated to guide the selection of 

applicable criteria to inform RDTS design (sizing and media selection) on a site-

specific basis. 

5) To compliment recommendation number four, a modelling tool capable of 

continuously simulating and assessing the capture, storage and volumetric 

capacity generation within the liner systems is recommended to assist with the 

long-term evaluation of capture and treatment performance for a large number of 

different runoff event types preceded by a range of antecedent dry periods. Such 

modelling techniques would be useful for refining the requisite factor of safety 

surrounding RDTS designs. 
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