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ABSTRACT 

Assessment of Heavy Metals and Road Salt in Road Runoff and 

Strategies for Mitigation 

 

Runoff from highways contain an array of pollutants that may impair local freshwater 

resources. Among the most ubiquitous classes of freshwater pollutants stemming from roads in 

northern climates are heavy metals and de-icing salts. Part one of this research tests the heavy 

metal removal performance of tubular compost biofilters. A treatment train of nine compost 

biofilters was found to be effective at attenuating heavy metals over multiple years of exposure 

to real-world conditions.  

The environmental management of road salt must focus on reduced usage. This 

necessitates an understanding of current salt usage as it relates to storm conditions, of which 

there may be a wide variety of approaches between winter maintenance agencies. Part two of this 

research characterizes the relationship between key meteorological variables and salt application 

quantities, ultimately yielding an improved salt application guidance protocol tailored 

specifically to a single winter maintenance agency and class of roadway. 
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Chapter 1: Introduction 

1.1 Background  

The popularity of the automobile, along with urbanization and an increasingly globalized 

economy have produced a vast network of roads, driveways and parking lots around the word. It 

is estimated that roads account for approximately 1% of total land cover in the contiguous United 

States, and while this number represents a relatively small fraction, paved surfaces are a major 

contributor to environmental degradation around the world (Forman & Alexander, 1998). Paved 

surfaces such as roads, highways, and parking lots alter local hydrology and hydraulics, 

contribute to the urban heat island effect, are a vector for the transport of invasive and alien 

species, and are a nonpoint source of numerous freshwater pollutants (Hulme, 2009). Road 

runoff is widely recognized to be a source of heavy metals, hydrocarbons, sediment, nutrients, 

salts, and thermally-enriched water (Gallagher et al., 2011). Due to the pollutant loads carried by 

runoff from paved surfaces, mitigative measures are warranted to ensure the long-term protection 

of valuable surface and groundwater resources and the flora and fauna they support.  

Heavy metals contamination in road runoff is exacerbated by road salt, making this duo 

of pollutants a top priority in cold regions. Salt enhances the rate of rust formation on vehicles 

and infrastructure, and the deteriorated metal is then more susceptible to becoming incorporated 

into storm and melt water (Petkuviene & Paliulis, 2009). Where metals have become adsorbed to 

particulate matter, Na+ from salt application drives ion exchange with heavy metals, releasing 

them into the dissolved phase, where they are able to be transported to receptors like amphibians 

and fish (Kaushal et al., 2018). At high enough concentrations road salt is also capable of 

inducing chemical stratification of stormwater ponds and small lakes that is strong enough to 
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generate anoxic conditions in the benthic region (Novotny & Stefan, 2012). Under anoxic 

conditions, metals in benthic sediments can be cycled back to the water column, again presenting 

a hazard to sensitive fauna. Recognizing the interactive effect of salt and metals in the 

degradation of road runoff quality, the research presented here focuses on these two common 

pollutants.   

A variety of management strategies have been developed and widely implemented to 

mitigate the impacts of runoff in areas with a high density of paved and impermeable surfaces, 

such as urban residential and commercial areas. These include stormwater ponds, oil-grit 

separators, and a class of strategies known as Low Impact Development. Highways and other 

low-density, high-volume roads present a more challenging management scenario.  Highways 

have a low spatial density and therefore cannot be managed in any reasonably economic way 

with the same strategies used in areas with high densities of paved surfaces. Instead, highways 

require proven, cost-effective, solutions with sufficient longevity, of which there is a need for 

greater research and development (Trenouth, Gharabaghi, & Farghaly, 2018).  

Treatment strategies for heavy metals utilize the sorptive properties of this class of 

elements to reduce their concentrations in road runoff. Simple infiltration of stormwater into the 

subsurface can remove sediment-bound metals by inducing the settling of particulates on the 

ground surface, and can retain dissolved metals in the soil matrix (Kratky et al., 2017). Removal 

of the dissolved metal load in road runoff is more challenging to remove than the particulate-

bound fraction. Engineered soils and reactive substances have been proposed to enhance the 

attenuation of dissolved metals in highway runoff (Finney, Gharabaghi, Mcbean, Rudra, & 

Macmillan, 2010; Trenouth et al., 2018). Tubular check-dam filters made from municipal 
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compost have been previously utilized for removal of sediment, and have also been shown to 

provide some degree of metal removal. With further validation, compost check-dam filters could 

become an effective, low-cost treatment strategy for metal removal in highway runoff.  

Salt, which is spread on roads in northern climates to melt snow and ice, is highly mobile 

in the environment and the same principals of filtration and sorption utilized for metals 

management cannot be applied to this contaminant. Once applied to the road surface salt is 

rapidly washed off – carried by the precipitation that necessitates its use. Sodium and chloride – 

the two primary components of road salt – are temporarily retained in the snowpack adjacent to 

the roadway before being transported to ground and surface water during winter and spring 

thawing. Due to the elemental mobility of the chloride ion, the environmental management of 

road salt must stem from a reduction at the source. As awareness surrounding the negative 

impacts of chloride have grown, there has been a gradual shift away from the “unchecked” 

application of road salt on roads and highways. New salt application strategies, accompanied by 

staff training, is one aspect that has yielded reductions in salt use without sacrificing road safety 

or driving conditions. Technological improvements to salt trucks have also allowed for greater 

control over the type, quantity, and location of material application during a storm. With the 

complexity of salt application practices being increased as a result of environmental pressures, it 

is important to study and disseminate the real-world tactics and nuances of winter road 

maintenance authorities.   
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1.2 Organization 

This thesis follows a manuscript format, and broadly focuses on the characterization and 

management of highway runoff water quality. Under the overarching theme of highway water 

quality, two separate research projects are presented herein. Chapter 2: is devoted to the use of 

compost biofilters for the treatment of heavy metals in highway runoff. Chapter 3: investigates 

the topic of road salt application and includes a characterization of road salt application practices 

and the meteorological factors affecting it. For chapters 2 and 3, a separate methods, results, and 

discussion and conclusions are contained within. 3.5.3 contains the conclusion and 

recommendations for the manuscript as a whole.  
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Chapter 2: Assessment of TSS and Heavy Metal Removal by 

Compost Biofilters for Protection of Environmentally Sensitive 

Areas  

2.1 Overview 

Chapter 2: summarizes the results from a field-scale test of compost biofilters for the 

protection of environmentally-sensitive areas receiving highway runoff. Addressing the need for 

validation of this concept under field conditions, commercially available tubular biofilters with 

three different polymeric amendments were studied to assess their efficiency in removing heavy 

metals and total suspended solids. The filters each contained a mixture of municipal compost and 

were installed in series as a treatment train adjacent to a busy section of highway 401 in southern 

Ontario, Canada. Chapter 2 has been published in the journal Earth Science Research as:  

• McTaggart, D., Trenouth, W. R., Stajowski, S., Gharabaghi, B., & Farghaly, H. (2018). 

Compost Biofilters for Protection of Environmentally Sensitive Areas Receiving 

Roadway Runoff. Earth Science Research, 7(2), 88. https://doi.org/10.5539/esr.v7n2p88 

2.2 Introduction  

Runoff from roads is well recognized as containing a host of heavy metals that may 

degrade water quality. This awareness has driven a focus toward management strategies intended 

to attenuate the transport of heavy metals to nearby water bodies. Composted biomass has been 

shown to have the ability to retain common roadway runoff pollutants, leading to interest in its 

use as a filter material for the protection of environmentally sensitive areas. Compost biofilters 

can be constructed in a tubular geometry to intercept surface flow and can be amended with 

polymers for the targeted removal of specific pollutants. Untreated inflow concentrations of 

https://doi.org/10.5539/esr.v7n2p88
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chromium, cadmium, copper and lead exceeded Ontario Provincial Water Quality Objectives 

(PWQO). The biofilter treatment train reduced chromium to below its PWQO, while copper 

remained above. Results demonstrate removal efficiencies for the treatment train ranging from 

15.5% (nickel) to 93.6% (chromium). The low removal efficiency of nickel is attributed in part 

to its low inflow concentration. Each consecutive filter also reduced TSS concentrations, with an 

event mean removal efficiency of 50% for the treatment train as a whole.  

2.3 Literature Review 

Runoff from roads has been implicated as a significant cause of freshwater impairment 

(Bartlett, Rochfort, Brown, & Marsalek, 2012; Gazendam, Gharabaghi, McBean, Whiteley, & 

Kostaschuk, 2009; Trenouth & Gharabaghi, 2016). Hydrocarbons, chlorides, and heavy metals 

such as nickel, zinc, chromium, lead, and copper are characteristic of highway runoff (Hallberg, 

Renman, & Lundbom, 2007; Mayer et al., 2011; Trenouth, Gharabaghi, & Perera, 2015). Diffuse 

sources of pollutants on roadways include automobile deterioration, tailpipe exhaust, and slow 

leaks of vehicle fluids (Thomson, McBean, Mostrenko, & Snodgrass, 1994). Road salt, which is 

heavily applied to roads in northern climates as a deicing agent, also contains trace quantities of 

heavy metals (Betts, Gharabaghi, & McBean, 2014; Brown & Peake, 2006; Kilgour, Gharabaghi, 

& Perera, 2014; Perera, Gharabaghi, & Noehammer, 2009). These pollutants accumulate on the 

road surface and are rapidly washed off during rain and snowmelt events, ending up in nearby 

soil, sediment, surface water, or groundwater.  

Heavy metals are a concern due to their persistence in the environment and demonstrated 

toxicity at low concentrations (Dehghani, Moore, Vasiluk, & Hale, 2017; Mayer et al., 2011; 

Trenouth & Gharabaghi, 2015b). Metals found in highway runoff can elicit a range of lethal and 
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sub-lethal effects on freshwater organisms, including organ damage, reduced energy, and growth 

impairment (Flemming & Trevors, 1989; Sherwood, Rasmussen, Rowan, Brodeur, & Hontela, 

2000; Vinodhini & Narayanan, 2008). Highway runoff concentrations of Cu, Zn, and Pb 

observed in the literature were synthesized by Trenouth and Gharabaghi (2015b), with all three 

metals noted to exceed 200 µg/L. While these observations represent a worst-case scenario 

where direct highway runoff enters a watercourse with minimal dilution, there is nonetheless 

concern over chronic exposure for sensitive species. Sublethal effects have been shown to occur 

in third generation brook trout (Salvelinus fontinalis) exposed to total Pb concentrations below 

119 µg/L (Holcombe, Benoit, Leonard, & McKim, 1976), and dissolved Cu at 5 µg/L produced 

sublethal effects in salmonids (Flemming & Trevors, 1989). In Canada, the Province of Ontario 

has created a set of Provincial Water Quality Objectives (PWQOs) for ambient surface water 

concentrations of an extensive list of substances. Ontario’s PWQOs are set at concentrations 

designed to be protective of all aquatic life over an indefinite exposure duration (Ministry of the 

Environment and Climate Change, 2018). Table 2-1 summarizes the PWQOs for metals relevant 

to highway runoff. 
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Table 2-1: Ontario Provincial Water Quality Objectives for selected contaminants 

(MOECC, 2018) 

Metal PWQO (μg/L)  Notes 

Cobalt 0.9  

Cadmium 0.1 for water hardness as CaCO3 from 0-100 mg/L 

Chromium (VI) 1  

Chromium (III) 8.9  

Copper 5 for water hardness as CaCO3 >20 mg/L 

Lead 3 for water hardness as CaCO3 from 30-80 mg/L 

Nickel 25  

Zinc 200  

 

The large and distributed spatial coverage of roads makes runoff quality management 

from these features challenging. Instead, runoff management efforts have focused largely on 

peak flow control and conveyance. For roads in rural areas, this is traditionally achieved using 

open ditches and grass swales. While some degree of pollutant removal is achieved using swales 

(e.g. through uptake by vegetation and sedimentation), greater protection of aquatic systems may 

be required in environmentally sensitive areas. To be feasible, roadway runoff treatment 

techniques must be effective across a range of pollutant types, easy to install and maintain, and 

be affordable. To this end, compost material has seen increased research and development over 

the last ten years as a material for the attenuation of pollutants in stormwater. Organic material is 

now frequently collected as a separate waste stream in many municipalities, leading to an 

abundant supply (Mustapha, 2013). Compost has been tested and used as a surface layer in 

bioretention facilities and in tubular biofilters to intercept surface flow in swales or depressions 

as a form of check dam (Paus, Morgan, Gulliver, & Hozalski, 2014; Taleban et al., 2009). 
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Compost biofilters, known colloquially as filter socks, are constructed from partially 

decomposed organic matter housed within a tubular mesh made from plastic resin or 

environmentally degradable material. This creates a modular filter device that can be readily 

installed in customizable arrangements within pre-existing roadway drainage swales. Prior 

research on compost biofilters has focused mainly on the filtration of suspended sediments, while 

considerably less attention has been directed towards heavy metal removal. Nonetheless, 

research has indicated that such devices are capable of removing both particulate-bound and 

dissolved metals (Faucette et al., 2009; Finney et al., 2010). Removal of the particulate fraction 

is achieved by: A) sedimentation caused by reduced flow velocities upstream from the check 

dam; and B) filtration of suspended sediment within the compost pore matrix (DeLay & 

Gharabaghi, 2018; Liu, Yang, Yu, Lung, & Gharabaghi, 2015). The removal of dissolved metal 

cations is achieved by adsorption and complexation with negatively charged polar functional 

groups present in organic compost material (Seelsaen, McLaughlan, Moore, & Stuetz, 2007).  

The heavy metal removal efficiency of compost biofilters has been tested in the 

laboratory and field, with results displaying varying degrees of performance. The removal 

efficiency of Cu and Zn was studied under laboratory conditions by Faucette et al. (2009) and 

was calculated to be 67 and 54% respectively. In contrast, Finney et al. (2010) conducted a field-

scale study adjacent to a busy highway in Southern Ontario, Canada, and found that over 21 

sample events, the mean Cu and Zn removal efficiency was 29 and 32% respectively. This 

discrepancy is likely due to the inflow metal concentrations used by Faucette et al. (2009), which 

were more than two orders-of-magnitude larger than those of Finney et al. (2010). To provide 

added attenuation of pollutants, compost biofilters may be amended with other materials. For 

example, Filtrexx Canada Inc. offers compost biofilters that may be amended with additives for 
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enhanced removal of specific pollutant classes such as metals, hydrocarbons, and nutrients. 

These additives are typically anionic polymers such as polyacrylamide, similar to what is used in 

water and wastewater treatment facilities to enhance flocculation and adsorb cationic pollutants 

(Faucette et al., 2009). However, there has been little investigation into their efficacy as an 

additive to compost biofilters, particularly under field conditions. A primary objective of this 

study is to provide insight into the heavy metal removal efficiency of commercial compost 

biofilters containing an additive for targeted removal of heavy metals. A comparison is made to 

biofilters containing additives for targeted removal of other pollutant categories. Compost filters 

were installed in an open grassed swale serving a busy highway in southern Ontario, Canada, to 

provide realistic field conditions. 

2.4 Materials and Methods 

Field monitoring was conducted to test the metal removal efficiency of compost biofilters 

installed as a treatment train under field conditions. The treatment train consisted of a total of 

Figure 2-1: Compost biofilter 

in drainage swale 
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nine individual compost biofilters, partitioned into three equally-sized batteries comprised of 

three biofilters each. Approximately 30 - 35 m separated each battery of filters, and each biofilter 

within a battery was separated by 1.5 m, for a total battery length of 3.9 m. Filters were 30 cm in 

diameter and lined the bottom of the swale, with wood stakes used to fix them in position  

(Figure 2-1).  

 

Each battery of biofilters was assigned one of three different additives for additional 

removal of targeted pollutants. In order of position from upstream to downstream, these additives 

target the following pollutant classes: 1) hydrocarbons; 2) heavy metals; and 3) nitrogen 

compounds. The layout of the treatment train is illustrated below in Figure 2-2. The compost 

filters were supplied with the additive pre-mixed into the compost material. The general purpose 

of each amendment type is to provide flocculation and sorption for the targeted contaminant 

class as appropriate. The focus of this study is on the removal performance of an amendment for 

the removal of heavy metals.   
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Figure 2-2: Schematic illustrating the general layout of the treatment train adjacent to 

highwHighway 401. Not to scale. 

 

The treatment train was installed along a 75 m length of dry swale adjacent to highway 

401 in southern Ontario, Canada (43°27'14.2"N, 80°07'21.3"W). The section of the drainage 

swale used in this study was separated from the highway with an impermeable berm to ensure 

that no highway runoff enters between filters. Although this section of highway is located in a 

rural area it is a major interprovincial transport corridor and has a mean annual traffic volume of 

106,500 vehicles per day in this area (Ontario Ministry of Transportation, 2016). The monitored 

ditch drains the three lanes of eastbound traffic plus a paved shoulder, as well as a four-lane 

overpass. The combined area of roadway contributing to the monitored swale was estimated 

from the relationship between precipitation and discharge. A V-notch weir instrumented with a 

pressure transducer was placed at the upstream and downstream end of the monitored swale 

section. Discharge was monitored during the non-frozen season for 10 events in which discharge 

through the weir was generated. Precipitation data was sourced from an Environment and 

Climate Change Canada weather station located approximately 20 km to the west of the field 
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site. The drainage area is estimated to be approximately 1776 m2 based on a highway width of 

11.1 m (3 lanes + shoulder) and a length of contributing highway of approximately 160 m. 

Water quality was measured with Teledyne ISCO autosamplers (model 6712), which 

were installed downstream of each filter battery. A fourth autosampler was installed immediately 

upstream from the first filter in the treatment train to monitor inflow water that had not passed 

through a biofilter. Monitoring was conducted over a two-year period beginning May 2013 and 

ending in August 2015 (Table 2-2). Samples were analyzed for a suite of heavy metals (total 

dissolved plus particulate) according to standard practices by a commercial laboratory, and TSS 

was analyzed at the University of Guelph School of Engineering.  Removal efficiency for all 

analytes were calculated as follows:  

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐶𝑖𝑛−𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
∗ 100%                           (1) 

Figure 2-3: Monitored rainfall and runoff volume 
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Where Cin is the analyte concentration of untreated runoff (µg/L) and Cout is the analyte 

concentration after the biofilter treatment train (µg/L). Sample collection for TSS took place 

during the first summer that the filters were installed. The antecedent dry period prior to washoff 

has been shown to correlate positively with pollutant load, and is shown for each event in Table 

2 (Finney et al., 2010). Heavy metals were monitored in 2015, after two years of exposure post-

installation. 

 

Table 2-2: Summary of TSS and metal monitoring event characteristics 

 TSS Monitoring Heavy Metal Monitoring 

Event date 4 - Ju l -13 7-Ju l -13 2-Aug-13A 0 5 - J u n - 1 5 B 12-Jun-15B 15-Jun-15 

Time since installation 

(months) 

1 1 2 25 25 25 

Event precipitation 

(mm) 

12  8.7  15.3  17.1  12.6  9.9  

Antecedent dry period 

(days) 

5.2  1.3  1.5  1.3  3  1  

Note: A samples collected at every monitoring station; B Inflow concentration monitoring only 

 

Samples of the material (compost and additive) within the biofilters were collected from 

each battery and analyzed for heavy metal content. Samples were collected from the upstream 

biofilter in each battery on 17-May-2015 and analyzed according to standard procedures by a 

commercial laboratory. This set of tests was performed to provide insight into the metal load 

captured by each battery of biofilters containing different additives. 
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2.5 Results and Discussion  

2.5.1 Total Suspended Solids 

Although dissolved phase metals pose a greater toxicological threat than their particulate-

bound counterparts, the suspended phase should not be disregarded. Particulate phase metals 

may become mobilized as a consequence of changing pH and redox conditions over time and 

space (Miller & Orbock Miller, 2007). Results show that the treatment train provided effective 

TSS reduction for untreated highway runoff. Though not shown here, the highest inflow 

concentration of TSS from six monitored events was 334 mg/L. The Canadian Water Quality 

Guideline for TSS states that the maximum short-term increase in concentration should not 

exceed 25 mg/L above the baseflow, or “clear flow” concentration (Canadian Council of 

Ministers of the Environment, 2002). This event occurred after an antecedent dry period of 32 

hours and a maximum rainfall intensity of 7 mm/h. The mean peak inflow (untreated) TSS 

concentration from the three runoff events is 122 mg/L. Since the first flush concept is 

intrinsically a short-duration event characteristic, it is difficult to capture its occurrence with the 

autosampler configuration that was employed. Therefore, peak TSS concentrations reported here 

are likely to be an underestimate of the true maximum.   

The mean TSS removal efficiency for the treatment train as a whole is 50%. Faucette, 

Sefton, Sadeghi, and Rowland (2008) assessed the TSS removal efficiency of a single 20.3 cm 

diameter compost filter receiving runoff from bare soil and reported removal efficiencies 

between 62% and 87%. Their laboratory study yielded inflow TSS concentrations that were more 

than 90 times larger than those of the present study, and are representative of construction site or 

agricultural runoff, rather than road runoff. The higher removal efficiency of Faucette et al. 

(2008) is attributable to the larger hydraulic and sediment loading rates. A field-scale study 
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conducted by Finney et al. (2010) showed that a compost biofilter (without any additives) 

reduced TSS in highway runoff by an average of 42%. Although Finney et al. (2010) used only a 

single filter, it had a volume of 7.35 m3, whereas the combined volume of the treatment train 

used here was approximately 1.9 m3.  

Each battery of filters used in this study is responsible for approximately the same 

proportion of TSS removal (Figure 2-4). Since the different additives are not expected to 

provide different levels of TSS removal this result is to be expected. Similar findings were 

reported by Taleban et al. (2009), where it was found that mean TSS removal efficiency 

improved by 26 percentage points when the number of 20 cm diameter compost filter socks 

filters was doubled from 5 to 10. These findings indicate that where high TSS concentrations are 

of concern, multiple filter socks can be used in close proximity as a treatment train to provide 
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greater removal. The advisable number of filters will naturally depend on local water quality 

objectives and site-specific details.   

 

Figure 2-4: Event mean TSS concentrations for 2-Aug-2013 event measured both at the 

upstream and the downstream of each battery of filters to calculate TSS reduction per 

battery and the removal efficiency (RE). Water travels sequentially from station 1 to 

station 4 

 

2.5.2 Heavy Metals  

Untreated inflow concentrations of all metals are congruent with those synthesized from 

the literature by Trenouth and Gharabaghi (2015b). Over the course of three events monitored, 

inflow concentrations of Cr, Cd, Cu, and Pb exceeded their respective PWQO on one or more 

occasions. The biofilter treatment train showed competence in reducing heavy metals from 

highway runoff, though there is a high degree of variability between metals. During the rainfall 
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event on 15-Jun-2015 all metals decreased in concentration after passing through the treatment 

train, with removal efficiencies ranging from 15.5% (Ni) to 93.6% (Cr) (Figure 2-5). Inflow 

concentrations of Cd and Co were below their respective detection limits of 0.09 µg/L and 0.5 

µg/L for the 15-Jun-2015 event and therefore an assessment of removal efficiency was not made. 

Variability in removal efficiency is reflective of the different sorption affinities that a metal 

species has for contact surfaces (namely the compost material, polymer additives, native soil, and 

suspended sediment), as well as their inflow concentrations. The sorption affinity of a metal 

species largely dictates its speciation between dissolved and particulate fractions, as well as its 

tendency to be sorbed by negatively charged binding sites. The sorption capacity of various 

organic and inorganic compounds for divalent metals has been shown to follow the general trend  

 

Figure 2-5: Comparison of inflow and outflow metal concentrations from the biofilter 

treatment train. Hyphenated red lines represent the respective Provincial Water Quality 

Objective for each metal species 
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of Pb > Cu > Zn > Cd > Ni (Ho, Porter, & Mckay, 2002; Reddad, Gerente, Andres, Cloirec, & 

Cloirec, 2002). Metals with a higher sorption capacity are expected to display a greater affinity 

for the compost and polymer, and will generally display greater removal efficiency. With respect 

to inflow concentration, the sorption of metals by compost can reasonably be assumed to follow 

first-order adsorption kinetics, and thus a high inflow concentration will yield a high removal 

efficiency (Trenouth & Gharabaghi, 2015b). The relatively low nickel removal efficiency is 

attributed to a combination of its sorption capacity and inflow concentration, both of which are 

lower than other metal species studied here. However, since the untreated inflow concentration 

of Ni is well below its PWQO of 25 µg/L, the low removal efficiency is not a significant concern 

(Figure 3). 

Chromium (reported as Cr3+ and Cr6+ combined) was removed with the highest 

efficiency. Cations with larger valence states generally have a higher affinity for adsorption than 

those with smaller valence states and will outcompete for available binding sites (Miller & 

Orbock Miller, 2007). As a result, the combined Cr species demonstrated the highest removal 

efficiency (93%) and were reduced to below the PWQO after passing the three batteries of 

biofilters. On the other hand, Cu remains 6.8 µg/L above its PWQO. The maximum inflow 

concentration observed for Pb is 45.2 µg/L on 12-June-2015, and when its removal efficiency 

from the 15-June-2015 event is applied it would also remain above the PWQO. This is a 

precautionary extrapolation, since it doesn’t factor in that first-order kinetics will yield a larger 

removal efficiency when the initial concentration is increased. In practice, the configuration 

(number of biofilters and size) should be chosen to meet the minimum desired water quality 
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objective. In this case, additional filtration would be required to achieve the PWQO for Cu. 

When analyzing the discharge data for the inflow and outflow weirs, it was noted that a 

considerable volume of water was lost between gauge stations. This loss is attributed to 

infiltration, which was likely enhanced by the nine tubular biofilters acting to increase the 

residence time of water flowing within the swale channel. This suggests that a grass swale with 

either a check-dam(s) or a high dynamic infiltration rate may serve as an appreciable repository 

for pollutants. Indeed, the pollutant removal performance of grass highway drainage swales has 

been previously evaluated, with marked improvements being noted for TSS and metals (Barrett, 

Walsh, Malina Jr., & Charbeneau, 1998; Stagge, Davis, Jamil, & Kim, 2012). 

Heavy metal sampling was conducted two years after installation, which indicates that 

the attenuation benefits of the biofilters had not been exhausted. Research by Finney et al. (2010) 

estimates that compost biofilters may have an effective TSS treatment lifespan of more than ten 

years. However, the exhaustion of metal removal capacity in municipal compost has not been 

evaluated under conditions representative of highway runoff. Removal performance found in this 

study is generally comparable to the limited knowledgebase for biofilters receiving real or 

synthetic road runoff. Finney et al. (2010) found that average removal efficiencies of a compost 

biofilter ranged between zero and 63% for both Cu and Zn. As this study was conducted under 

similar traffic volume and environmental conditions it provides effective validation of biofilter 

performance. Dissolved metals removal from synthetic runoff was studied in a set of column 

tests by Lim, Lim, Hu, Ziegler, and Ong, (2015). Their research found that the compost column 

treatment removed dissolved Zn, Cd, and Pb at rates greater than 98%, and Cu removal 

efficiency measured 73.6%. However, the inflow concentrations used by Lim et al. (2015) were 

higher than those found in untreated runoff in this study. As well, Lim et al. (2015) used fresh 
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treatment media, whereas metal removal efficiency was measured after two years of exposure in 

this study. Analysis of the metal content within the filter material provides insight to the different 

sorption rates between the three biofilter batteries, each of which contained a different 

amendment. Concentrations of Co, Cr, Ni, and Zn were highest in the second battery of 

biofilters, which contained the additive for targeted removal of metals (Figure 2-6). In particular, 

the second battery of filters had substantially higher concentrations of Zn and Cr. The first 

battery in the treatment train, which contained the additive for targeted hydrocarbon removal, 

had the lowest concentrations of all metals. Intermediate between these is the third battery in the 

treatment train, which contained the additive for removal of nitrogen compounds. This third filter 

battery had the highest concentrations of Cu and Pb. Although the experimental setup used 

herein does not allow for a direct side-by-side comparison, these findings indicate that the metal 

additive provides greater sorption capacity for some metals than the same biofilter configurations 

which do not contain the additive. Were there no difference between the additives it would be 

expected that filter battery in the treatment train would have the highest metal content, due to the 

greatest concentration exposure and first-order kinetics. Since Cu remained above its PWQO 

after exiting the treatment train, the observation that concentrations of Cu were approximately  
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Figure 2-6: Heavy metal content within the biofilter material 

20 μg/g higher in third biofilter battery is of note. The additive for nitrogen removal 

should be further investigated for its ability to retain Cu. Faucette et al. (2009) studied the 

performance of compost biofilters with and without the metal flocculation additive and found 

that removal efficiency for all metals in dissolved phase improved marginally when the additive 

was included. Their laboratory study showed that improvement in dissolved metal removal 

efficiency for the metal additive treatment ranged between 2 (Cu) and 12 (Cr) percentage points. 

Compared to the control, there was little to no difference in particulate metal removal when the 

metal additive was present.  

The annual heavy metal load for this region of highway 401 was estimated using an ANN 

(artificial neural networks) model developed by Trenouth and Gharabaghi (2016). ANNs loosely 
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resemble the pattern-recognition framework of the human brain and are an alternative prediction 

technique to traditional statistically-based models such as multiple regression (ASCE Task 

Committee, 2000). ANNs are able to extract complex, non-linear relationships and have 

demonstrated strong performance in their application to environmental phenomenon (Atieh, 

Mehltretter, Gharabaghi, & Rudra, 2015; Trenouth & Gharabaghi, 2015a). The model developed 

by Trenouth and Gharabaghi (2016) used a global data set consisting of more than 900 discrete 

storm events to predict the mean daily unit area load (µg/m2 * d) of pollutants on a road surface, 

and is based on the following input parameters:  

 Rainfall depth (mm) 

 Rainfall intensity (mm/h) 

 Average annual daily traffic (vehicles/day) 

 Antecedent dry period (hours) 

For all inputs, the log-transformed mean and standard deviation was used, giving a total of eight 

input variables. The modelled mean daily unit application rate of select metals for this region of 

highway 401 are shown in Table 2-3. The mean daily unit application rate was multiplied by a 

drainage area of 1776 m2 to obtain a prediction of the average annual metal load for a drainage 

area of this size (Table 3). These values represent the estimated annual metal load received by 

the treatment train, less an unknown portion to infiltration. When sizing a biofilter for treatment 

of road runoff, this methodology can be used in lieu of metal monitoring to estimate the mean 

daily unit application rate, and the average annual load. 
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Table 2-3: Predicted metal load in highway runoff for a 1776 m2 drainage area 

Metal Mean daily unit application 
rate (µg/m2

*day) 
Average Annual Load  

(g) 

Copper 4.5 2.9 

Zinc 80.2 52.0 

Chromium 4.11 2.7 

Lead 43.2 28.0 

 

Pollutant concentrations in road runoff are often highest during the winter and spring 

seasons (Hallberg et al., 2007). This has been attributed to road salt, which contains trace 

quantities of metals and accelerates corrosion of vehicles and infrastructure, as well as the 

degradation of metal snowplow blades coming in contact with the road surface. Bäckström, 

Nilsson, Håkansson, Allard, and Karlsson (2003) found that total metals in highway runoff at 

two sites in France increased in the winter by an average of 488.5% (Cd), 873.5% (Co), 393.5% 

(Cu), 80% (Zn), 147.5% (Pb). Hallberg et al. (2007) found that the dissolved fraction of Cd, Co, 

Cr and Ni was significantly higher (p < 0.01) in the winter than in the summer. The average 

seasonal increases during the winter were 127.4% (Cd), 75.9% (Cr), 174.8% (Co), and 38.3% 

(Ni). Furthermore, it has been shown that the pH of snowmelt may be less than that of summer 

precipitation (Jeffries, Cox, & Dillon, 1979), which could lead to the desorption of metals from 

compost biofilters. On top of this, NaCl from winter deicing operations has been shown to 

increase metal mobility in roadside soils (Norrström, 2005). The confluence of these phenomena 

could reasonably be expected to result in larger metal loads passing through the treatment train 

during the winter and spring than what has been presented here. However, the performance of 

compost biofilters under winter and early spring conditions has not been studied directly and this 

is an avenue in which research is required.  
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While it’s ostensible that compost biofilters provide TSS and metals removal rates that 

can enhance the performance of grass swales, the optimal deployment configuration remains less 

certain. The use of tubular compost biofilters to protect environmentally sensitive areas should 

consider the outflow water quality objective as well as the biofilter arrangement that will 

minimize the effort of installation and maintenance. The volume of biofilter material required to 

meet water quality objectives can be estimated based on the contributing drainage area and the 

pollutant removal capacity of the biofilter(s). To avoid overtopping during peak flow, a method 

to determine the minimum vertical height of a biofilter arrangement has been developed by 

Finney et al. (2011). A more rigorous determination of the minimum outflow water quality 

would consider dilution and mixing with receiving water, as well as a survey of sensitive species 

found therein.  

2.6 Conclusion  

Given the wide spatial distribution of roads and their associated contribution to pollutant 

loading, robust runoff water quality management for environmentally sensitive areas requires the 

use of affordable treatment systems with demonstrated performance. Summer runoff from a 

heavily trafficked highway in southern Ontario, Canada was found to contain elevated 

concentrations of heavy metals and suspended solids during the period of testing. This study has 

demonstrated that TSS reductions are achieved in nearly equal proportions by each of the three 

biofilter batteries in the treatment train studied. This suggests that greater filtration of suspended 

sediment can be achieved by increasing the volume of compost that comes in contact with 

highway runoff. The nine biofilter treatment train has shown to be effective at attenuating heavy 

metals over multiple years of exposure to real-world conditions. After passing the treatment train 

Cr was reduced to below its PWQO, however Cu remained above its PWQO. This underscores 
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the need to consider a range of heavy metals when designing a biofilter treatment strategy, as 

removal efficiencies and loading will vary considerably. Recognizing the expense required to 

characterize the heavy metal load at multiple locations, the artificial neural network model of 

Trenouth and Gharabaghi (2016) can be applied to estimate the mean daily unit application rate. 

Testing of the metal content within the filter material has provided evidence to suggest that a 

flocculation agent for added metal removal improves performance. The battery of filters 

containing the additive that targets heavy metals had the highest concentrations of Co, Cr, Ni, 

and Zn. It was found that the third battery of biofilters, which contained an additive for targeted 

removal of nitrogen compounds, contained the highest concentrations of Cd, Cu, and Pb. 

The research findings discussed here have provided new insights into the performance of 

compost biofilters and added a further layer of confirmation to existing studies on the topic. 

However, the findings discussed here are qualified, since the data set of sample events is limited 

in size. Further research efforts related to the effectiveness of compost biofilters are needed.  

2.7 Recommendations for Future Work 

Recommendations for future work stemming from the research documented in Chapter 2 are:  

1. Further assess the pollutant removal benefit gained from additives targeting specific 

compounds. This should be done with a side-by-side comparison whereby all 

amendments receive an equivalent metal load. This comparison should be completed 

under controlled (laboratory) conditions, which would provide more a more balanced 

comparison between additives.  

2. Test compost biofilters over longer time scales. Ideally, the longevity of the biofilter 

performance should be tested over the expected lifetime of filters, which may be in 
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excess of 5 – 10 years. This would help to inform an appropriate replacement or servicing 

strategy which may be required to maintain performance indefinitely.   

3. Test biofilters for metal release under range of hydro-geo-chemical conditions. If the 

metals retained by biofilters are temporarily captured but then subsequently released 

under certain geochemical conditions, this would implicate the practicality of this 

technology. For example, snowmelt with high concentrations of chloride from winter 

road maintenance activities may flush some portion of the metals out of the compost and 

chemical matrix housed within the tubular sock. Kaushal et al. (2018) emphasize the 

importance of a wholistic approach to urban water quality management: one that 

considers pollutants in groups, rather than in isolation. In this study, samples were 

collected during the late spring and summer months only. However, future research 

should investigate the year-round performance, especially when salt concentrations are 

highest in the late winter and early spring.  
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Chapter 3: Characterization of Salt Application  

3.1 Introduction  

3.1.1 Abstract 

Road salt is applied to roads during the winter season to improve driving conditions and 

the safety of vehicular traffic. However, this has consequently yielded chloride concentrations in 

aquatic environments that are detrimental to flora and fauna. As well, corrosion of infrastructure 

may be exacerbated by exposure to chloride and drinking water resources can be compromised 

by elevated sodium concentrations. The environmental management of road salt is focused on a 

reduction in overall usage that balances public safety with the negative impacts mentioned 

above. However, reductions in salt use must be made on an event-by-event basis, so as not to 

unduly compromise safety for any one storm.  

The quantity of salt required to attain the desired road condition for a given storm is a 

function of the meteorological conditions for that storm. Reductions in salt usage should be made 

with a comparison to existing salt practices in mind. Due to the variability in salt application 

practises that will inherently exist between salt application contractors and geographic locations, 

a baseline must be generated for each unique salt maintenance route. At present, no simple and 

effective approach to completing such a baseline characterization of salt application practice has 

been found. Therefore, the objective of the present research was to assess the primary 

meteorological factors influencing salt application quantity and use this insight to create a 

baseline assessment of salt application rates at the evet and sub-event scale. This was completed 

using a data set of salt application for a single maintenance route on busy highway located in 

Ontario, Canada. It was found that air temperature and precipitation rate were the most 
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influential meteorological parameters. The characterization approach developed here has also 

generated a streamlined and comprehensive salt application guidance tool that is tailored to a 

specific maintenance route – an endeavour that has not previously been undertaken. This 

research can be used in the future to act as a baseline for comparison to reduced salt application.  

3.1.2 Background 

Driving conditions can be compromised in northern climates due to the accumulation of 

snow and ice on the road surface, and the associated reduction in vehicle traction. Chloride-based 

deicers (primarily NaCl, but also MgCl2 and CaCl2 to a lesser extent) have been widely used 

since the middle of the twentieth century to improve road safety, and their continued use can be 

attributed to low cost, effectiveness as a deicer, and lack of suitable alternatives (Fay & Shi, 

2012). Salt use in North America has escalated steadily over the past several decades with annual 

usage now exceeding 5 and 15 million tons in Canada and the United States respectively 

(Perchanok et al., 2014; Environment Canada, 2004; Shi et al., 2013). This increase has been 

stimulated by growing road networks and the demonstrated safety benefits provided by the 

application of salt to combat snow and ice on the road surface (Usman, Fu, & Miranda-Moreno, 

2010). However, the practice of road salting has deleterious impacts on terrestrial and aquatic 

environments, with adverse effects being particularly acute in urban and peri-urban regions, and 

along transportation corridors (Findlay & Kelly, 2011; Perera et al., 2009). Road salt has begun 

to gain attention as an important aspect of highway runoff water pollution (Kaushal et al., 2018). 

Consequently, a host of best BMPs (best management practices) have been developed to 

strategically minimize the loading of chloride to the environment without compromising safe and 

efficient road conditions. An important aspect of environmentally conscious road salt use is 

ensuring that the de-icing agent is applied to highways in an appropriate quantity and at the 
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appropriate time (Environment Canada, 2012). This chapter investigates the relationship between 

environmental (i.e. winter storm) conditions and salt application operations on an event-scale, 

using data from the same region of Highway 401 that was discussed in Chapter 2.  

3.1.3 Environmental Impacts of Road Salt 

Adverse environmental impacts of chloride associated with the typical use of road salt 

have been well documented, emphasizing the need for sensible salting. After washing off the 

road surface, chloride enters surface water, soil and groundwater, and due to the chemical 

mobility of the chloride ion, any treatment (e.g. via filtration, sorption, volatilization, etc.) is 

infeasible from a practical standpoint (Betts et al., 2014). Terrestrial vegetation adjacent to 

roadways subject to salting have been shown to have stunted growth and browning of the foliage 

(Bryson & Barker, 2002; Cekstere, Nikodemus & Osvalde, 2008). Soil processes and microbial 

communities are also impacted by road salt (Green, Machin & Cresser, 2008; Cunningham et al., 

2008; Kim & Koretsky, 2012). However, due to the mobility of chloride, ground and surface 

waters are often the ultimate repository.  

Chloride concentrations in urban and pari-urban water bodies frequently exceed chronic 

and acute freshwater thresholds set by the US EPA and CCME (Canadian Council for Ministers 

of the Environment), causing toxicological stress to amphibians, fish, invertebrates and algae 

(Cockerill, Anderson, Harris, & Straka, 2017; Gillis, 2011; Prosser, Rochfort, McInnis, Exall, & 

Gillis, 2017; Van Meter & Swan, 2014). The EPA acute and chronic guidelines are 230 and 860 

mg/L, respectively, while the CCME equivalents are 120 and 640 mg/L (US Environmental 

Protection Agency, 2019; CCME, 2011). Chloride stress is particularly severe for small water 

courses in urban and peri-urban regions where road densities are high and dilution is low (Corsi, 
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De Cicco, Lutz, & Hirsch, 2015; Perera et al., 2009; Salek, Levison, Parker, & Gharabaghi, 

2018). Grenato and Smith (1999) found chloride concentrations that ranged from 10 mg/L to more 

than 25,000 mg/L in runoff from a rural section of highway in Massachusetts, USA. Chloride 

concentrations between 350 and 3,050 mg/L were reported by Novoteny et al. (1999) for a small 

stream in Milwaukee, Wisconsin, and greater than 17,000 mg/L at a storm sewer in Syracuse, New 

York. Perera et al. (2009) noted concentrations above 2,500 mg/L in Toronto, Canada. It is apparent 

that exceedances of the acute and chronic thresholds in Canada and the United States are common.  

The aquatic toxicity thresholds for environmental contaminants that are published by 

various agencies typically use bioassays performed with constant conentrations of the stressor 

throughout their duration. However, this constant exposure of the test organism to the stressor 

may not be entirely conservative since the concentration of many pollutants vary episodically. 

Pullsed dose exposure for many aquatic pollutants have been shown to have both more severe 

(Diamond et al., 2005; Gordon et al., 2006; Woo and Salice, 2017) and negligable (Peterson et 

al., 2001) effects on test organisms as compared to the the same load of stressor distributed 

evenly over the total test period (time-weighted average). Pollutants associated with road runoff 

are one such case where pullsed doses are the norm rather than the exception. In particular, 

chloride is released in high frequency pulses whenever road conditions dictate that salt be 

applied maintain a high level of safety. Similarily, diurinal melt events may lead to pulses of 

chloride laden meltwater. At present, the limited body of research points towards the belief that 

the time-weighted average (used to generate threshold guidelines) of a stressor presents less 

threat than pullsed doses (Gordon et al., 2012; Woo and Salice, 2017; Diamond et al., 2005; 

Milne et al., 2000). While more research is needed to investigate the impact of pullsed chloride 
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exposure to aquatic organisms, it is prudent to acknowledge that the environmental impacts of 

road salt are not fully characterized.  

Furthermore, caution is warranted with respect to the release of chloride to the environment 

since there is expected to be a legacy effect of road salt as it is transported through aquifers before 

eventually discharging to surface water. A study of groundwater salinity in Toronto, Ontario, 

projects that under the current business-as-usual scenario of salt use, baseflow stream chloride 

concentrations will increase by roughly 6 mg/L per year, resulting in year-round streamflow 

concentrations exceeding the chronic thresholds within the next 50 years (Perera, Gharabaghi, & 

Howard, 2013; CCME, 2011). It is apparent that although there is a large body of evidence 

linking elevated chloride concentrations to degraded water quality, there remains a considerable 

degree of uncertainty in the extent of its impacts – both temporally and otherwise.  

3.1.4 Other Impacts of Road Salt 

Besides causing environmental degradation, salt also incurs other impacts that are worthy 

of consideration. Road salt incurs hidden costs estimated to exceed $800 (USD, 1992) per ton, 

resulting from corrosion of vehicles and infrastructure (Pieper et al., 2018; Vitaliano, 1992). 

Furthermore, sodium and chloride detract from the aesthetic quality of drinking water, and 

Health Canada recommends that these ions not exceed 200 and 250 mg/L respectively - 

concentrations which may be exceeded in the future for municipalities reliant upon groundwater 

as a primary source (Howard & Haynes, 1993). For individuals on a sodium-restricted diet, such 

as those with high blood pressure, the advisable concentration in drinking water is 20 mg/L 

(Health Canada, 1992). For this reason, local health offices in Ontario must be notified if sodium 

concentrations in drinking water exceed 20 mg/L.  Along with the environmental degradation 
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caused by road salt, these additional impacts further underscore the need for shewed 

management and application of this substance.  

3.1.5 Review of Road Salt Application and Management  

With the mounting concern over the negative impacts of chloride, the winter road 

maintenance industry has faced pressure to reduce its salt usage. Environment Canada initiated a 

state-of-the-science review under the Canadian Environmental Protection Act and published the 

“Priority Substances List Assessment for Road Salts” in 2001 (ECCC, 2001). Their final report 

concluded that road salt constitutes a threat to environmental health and should therefore be 

listed as a Track 2 substance under the Toxic Substances Management Policy (Environment 

Canada, 2010). Substances listed under Track 2 are to be managed from a life-cycle perspective 

to prevent or minimize their release into the environment (Environment Canada, 2013). This 

designation prompted the Canadian federal government to develop “Code of Practice for the 

Environmental Management of Road Salts”.  Published in 2004, this follow-up document seeks 

to ensure the environmental impacts of road salt are minimized, while maintaining roadway 

safety (Environment Canada, 2004). The strategy outlined in the Code of Practice for achieving 

this objective is twofold. First, it is recommended that all WRM agencies using more than 500 

tons of salt per year (on average) develop and publish a salt management plan. Second, 

Environment and Climate Change Canada will work with partner organizations to promote the 

use of BMPs, and to monitor the rate of their implementation (Environment Canada, 2004). This 

second aspect has received a large amount of research and development to make the use of 

BMPs mainstream.  
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In Canada, the primary strategy for reducing the environmental impact of chloride is 

through the voluntary use of BMPs by winter maintenance authorities. BMPs have been 

developed and validated for most phases of the road salt lifecycle and have shown to be capable 

of reducing the environmental impacts of winter maintenance without detracting from the level 

of service provided, nor incurring unreasonable costs (MTO, 2018; Environment Canada, 

2013b). Some of the phases of the road salt lifecycle where BMPs have been developed include: 

1) Salt storage  

2) Staff training  

3) Weather forecasting (Road Weather Information Systems) 

4) Liquid brine application 

5) Anti-icing 

6) Ground-speed spreader controls  

7) Snow disposal 

Salt storage facilities can be modified or rebuilt to prevent the egress of salt off site and 

infiltrating into groundwater. These changes have been rapidly made by WRM authorities – 

likely because modifications to salt storage have no effect on road conditions. However, the 

adoption of sensible salt spreading practices has been slower (Stone & Marsalek, 2011). The use 

of pre-wetted salt and liquid brine, anti-icing, and the installation of GPS and ground-speed 

spreader controls are some of the primary BMPs for the application of road salt (for an overview 

of salt spreading BMPs see Fay, Nazari, Jungwirth, & Muthumani, 2015).  
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3.1.6 The Ontario Context 

The province of Ontario has a vast network of provincial roadways under its jurisdiction 

requiring winter maintenance to ensure safe driving conditions through the year. As of 2000 the 

MTO outsources all WRM activities to qualified contractors through multi-year maintenance 

agreements (Auditor General of Ontario, 2015). The MTO has divided the provinces road 

network into 20 Contract Areas due its large length and spatial distribution (Auditor General of 

Ontario, 2015). Contractors can hold maintenance agreements for one or for multiple Contract 

Areas. Under the MTO contracting model, the organizations who are granted contracts are given 

a significant leeway with respect to how WRM activities are completed. Rather than take a 

highly prescriptive approach, the MTO puts the emphasises on using the right amount of salt, 

and giving the contractors the flexibility to determine how they accomplish this.  MTO 

contractors use a variety of BMPs, including liquid brine application, pre-wet salt, ground-speed 

spreader controls, Anti-icing and RWIS (Road-Weather Information Systems). This  

Maintenance routes on highway 401 are serviced as “continuous operation” routes, due to 

the high speed limit and large volume of traffic. This means that salt is applied as needed, with 

little-to-no latency between rounds of salt application (although there may be gaps between 

rounds of salt application when a storm not severe enough to warrant). This is in contrast to 

roads with lower speed limits and traffic volumes (e.g. many municipal roads), where salt is 

applied at pre-determined frequencies and quantities. Under this maintenance model, vehicles 

may not have time to traverse the route again for many hours and therefore the salt application 

rate must be selected such that it keeps the road in sufficient condition until the route can be 

serviced again. Continuous operation routes provide a very high level of service for motorists 

while avoiding the over-application of road salt that would cause undue environmental harm. 
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However, this method requires more intensive monitoring of local road-weather conditions, as 

well as a greater understanding of the quantity and frequency of salt application required each 

time the salt equipment is deployed. Therefore, it is helpful to know in advance how much salt to 

apply each time the salt trucks are sent out to service a maintenance route.  

 Roads that are maintained by MTO contractors are monitored by patrollers. Patrollers act 

as the “eyes on the road” to make decisions about when and what type of maintenance equipment 

to deploy, and what type product to use. Patrollers travel the MTO road network within the 

Contract Area a minimum of once every 24 hours, with frequency increasing for busier roads and 

for inclement winter weather conditions (Auditor General of Ontario, 2015). These patrollers 

compliment the RWIS station’s capabilities and can be used to assess sections of road that might 

not be typical of the larger road network, such as bridges, hills, or windswept areas. These 

sections of road may require different treatment than most of the road network, and patrollers can 

help identify their condition. 

3.1.7 Research Gaps  

A standardized salt spreading routine cannot be implemented on highway 401 because it 

is maintained as a continuous operation route, with the flow of traffic demanding a very high 

level of service. This adds a layer of complexity to any efforts to streamline and simplify the 

process of arriving at an appropriate salt application scheme, such as through the use of 

flowcharts, lookup tables, or model equations. Nonetheless, it is important for WRM agencies 

(i.e. contractors, or transportation departments where WRM is handled in-house) to have a clear 

and thorough understanding of their salting practices at the event scale. Such a characterization is 

different from the scope of information included in the Salt Management Plans sought by 



37 

 

Environment Canada, and created by numerous WRM agencies. These salt management plans 

generally provide a high-level overview of salt related operations, including purchasing, snow 

removal and storage, seasonal material usage audits, and areas for improvement, among others.  

As well, there exists the potentially for discrepancies between WRM contractors, due to the 

flexibility provided by the MTO to its contractors to carry out the job of maintaining safe winter 

driving conditions. Efforts to continually and reliably carry out sensible salt application storm-

after-storm and year-after-year are challenged by several factors including:  

• staff turnover resulting in loss of expertise,  

• expense associated with training new staff and re-training existing staff,  

• consequences associated with under-treating roads, which could lead to accidents  

• the complex (i.e. non-linear, non-binary) relationship between weather conditions 

and salt use. 

Salt practices should be repeatable and communicable. However, salt application has not been 

rigorously characterized for any continuous operation WRM routes in Ontario, nor made 

publicly available for other regions.  

3.1.8 Research Objectives 

Based on the current state of literature relating to salt application at the event scale, the 

following research objectives have been formulated: 

1. Assess the primary meteorological factors influencing the total quantity of road salt 

used per storm, and similarly the individual application rates selected within a storm 
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2. Use the available data and insights from Objective 1 to generate a simple yet effective 

resource to act as a guide for maintenance contractors who are responsible for making 

decisions regarding salting and plowing operations.  

3.1.9 Literature Review 

Research pertaining to the interaction between salt use and climatic variables has 

generally focused on salt inventory management and overall winter expenditures, with little work 

addressing real time allocation of salt. A winter severity index characterizes the difficulty that a 

winter season presents to maintenance workers by normalizing for variables such as total 

precipitation, mean daily temperature and mean daily windspeed. In this fashion the efficiency of 

resources (financial or otherwise) can be fairly compared between seasons (Gustavsson, 1996; 

Cornford & Thornes, 1996). However, such models lack the temporal resolution necessary to 

address salt application for a specific winter storm. The macro-scale (i.e. seasonally, or monthly) 

assessment of salt application has been given due attention. However, considerably less research 

has gone into the meso-scale (event based) and micro-scale (individual truck run) assessment of 

salt application.  

At the meso-scale, Nixon and Qui (2005) created an ESI (Event Severity Index) using a 

multiple regression model with six factors (numerical and categorical) and tweaked to reflect the 

opinions of WRM staff. However, only the meteorological component of the storm-maintenance 

interaction was investigated, disregarding the interplay between salt usage and storm severity. 

Hossain et al (2015) conducted field tests to quantify the de-icing performance of road salt on 

sidewalks and parking lots. Various salt applications rates were applied to a range of snow and 

weather conditions and the relationship between weather factors and snow melt performance 
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indicators (BPRT, friction, sky-view) were modelled with a multiple linear regression. This 

model was used to determine the minimum salt application rate required to achieve a specified 

level of service during different winter conditions. Similar conclusions were reached by 

Trenouth et al (2015c), who modelled the relationship between temperature and salt-induced 

snowmelt. These empirical models do not consider the actual salt application schemes adopted 

by WRM authorities.  Theoretical and physically based models struggle to incorporate the human 

aspect of winter maintenance operations, which may not always be fully rational, and are 

dictated by practical considerations such as vehicle salt load capacity and maintenance route 

length.  

From a road runoff water quality standpoint, the meso- and macro-scale application of 

road salt is important. The continued over-application of salt per run or per event will lead to 

gross overapplication on a seasonal basis. Winter severity indices allow for the possibility of 

over-applications and under-applications averaging out over a season, which disregards the 

balance between safe driving conditions and chloride loading to water resources.  

The characterization and dissemination of salting strategies at the meso and micro scale 

has not been undertaken elsewhere, and this is the driving motivation for the present work 

documented in Chapter 3.  
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3.2 Materials and Methods 

3.2.1 Study Area 

Highway 401 is Canada’s busiest highway and a major North American transportation 

corridor. A winter maintenance route on highway 401 in Southern Ontario was selected for this 

study.  

Figure 3-1: Study area, showing the locations of precipitation gauges and the approximate 

configuration of the salt route.  

The spreading distance (i.e. excluding “deadhead”) is approximately 52 km. The study area, 

including regional highways and the salt route is shown in Figure 3-1. The salt maintenance 

route is located approximately 70 km to the west of Toronto, near the town of Morriston Ontario, 

and includes the field site used to test the performance of compost biofilters detailed in Chapter 
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2:. The average annual daily traffic volume for the section of highway being studied is 106,500 

vehicles per day (Ontario Ministry of Transportation, 2016). This highway is maintained to the 

highest service level in the province, which is associated with a bare pavement regain time of 8 

hours (MTO, 2017). Salt application data spans the seasons 2011-12 to 2015-16. From these five 

winter seasons a data set of 149 discrete winter storm events was generated.  

3.2.2 Data Sources 

Meteorological data was sourced from nearby Environment and Climate Change Canada 

(ECCC) weather stations in North York, Toronto, Kitchener, Elora and Hamilton, as shown in 

Figure 3-1. Weather stations were selected based on their proximity to the salt route and 

availability of hourly precipitation data. The Kitchener station was the primary source of data 

because it is located closest to the salt route. However, some cases of erroneous or missing data, 

as well as suspicious values that were incongruent with other nearby gauges necessitated the use 

of the less proximate stations. Data from two other sources were used to supplement the 

precipitation gauge data discussed above, especially in order to estimate the beginning and end 

of each event: 1) present weather sensors at the North York and Hamilton ECCC weather 

stations provided categorical hourly weather descriptions; and 2) archived doppler radar imagery 

from the King City facility. Data from these sources were also used to aid in the determination of 

precipitation type, since rain must be excluded from consideration of precipitation depth. Both 

additional data sources are from ECCC. 

Salt and brine usage data was tabulated from maintenance vehicle log sheets, which are 

kept by all MTO WRM contractors. These log sheets include details of the timing, type, and 
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amount of material used for every maintenance vehicle in the fleet, as well as the distance and 

route travelled.  

 

3.2.3 Analysis Procedures 

As an initial step in characterizing the intricacies of the salting practices used on 

Highway 401, a data set of approximately 150 discrete winter storm events were grouped by 

their “severity”. The aim of this characterization is to asses how the maintenance contractor 

responds to storms of differing severity. First, the severity of a storm must be approximated. Air 

temperature and precipitation are two factors which are well recognized to influence salt 

application. However, the option exists for other prediction variables to be used. Variables given 

consideration for inclusion in the salt characterization include:  

• Duration 

• Precipitation 

• Mean pavement temperature 

• Mean air temperature 

To assess which of the variables above are most relevant to salt application (total salt per storm), 

a multiple regression analysis was performed, and the standardized regression coefficients were 

compared to assess their relative contribution to the model fit. Data for all prediction variables 

were first standardized using the equation:  

𝑆 =
𝑖 − 𝜇

𝜎
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where S is the standardized value of the ith data point, μ is the mean of the variable, and σ is the 

standard deviation of the variable. Results of the regression analysis are shown in Table 3-1. As 

can be seen from the p-values, all variables are considered to be statistically significant at the 

95% confidence interval (p < 0.05) with the exception of event mean pavement temperature.  

Table 3-1: Results of multiple regression for prediction of total salt application per storm 

Term Coefficient P-value 

Duration 0.73 0.000 

Precipitation 0.29 0.002 

Mean Air Temperature -0.27 0.003 

Mean Pavement Temperature 0.08 0.36 

 

Based on the magnitude of the standardized regression coefficients, event duration and event 

total precipitation are the most influential variables. Therefore, both these variables were 

combined by dividing total precipitation by event duration, to create a new variable 

“precipitation rate”. The regression analysis was re-run using precipitation rate, mean air 

temperature and mean pavement temperature. Again, it was found that precipitation rate and 

mean air temperature were the most influential variables, and that only mean pavement 

temperature was not statistically significant. For this reason, precipitation rate and mean air 

temperature were selected for further use in the analysis. While the other meteorological 

parameters may be of minor-to-moderate relevance to model output, the characterization 

procedure discussed below can only utilize a maximum of two independent variables. For this 

reason, only the precipitation rate and air temperature parameters were used.  

From a theoretical standpoint, temperature impacts the effectiveness by which salt melts 

snow and ice, while the precipitation depth influences the total quantity of precipitation that must 
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be melted. Data for these two variables is readily available, simple to understand, and are almost 

universally taken into consideration by maintenance contractors. Indeed, air temperature and 

precipitation form the basis of nearly all salt application guideline tables that are frequently 

created by municipalities and other WRM agencies as a resource for their staff to select the 

appropriate salt application rate. Therefore, the average precipitation rate (mm/h) and event mean 

temperature of each unique storm were used to approximate the storm severity.  

 

Using air temperature and precipitation rate, a set of Storm Severity Categories (SSC) 

were generated. This SSC classification system is a new concept and terminology that has been 

developed for the first time as part of this research. The SSC system has nine categories, where 

category one is the lowest severity, and category nine is the highest severity, based on mean air 

temperature and total precipitation for the storm. The thresholds used to separate one category 

from another were arbitrarily determined, such that each SSC would have approximately the 

same number of total events within it. The temperature and precipitation thresholds used to allot 

events into SSC’s is shown in Figure 3-2, as well as the number of events (n) in each category. 

Such a system provides the opportunity to observe trends in salt application that may otherwise 

be unapparent. Based on this classification, the response of maintenance contractors (i.e. salt 

application) can be compared to storm severity.  
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Figure 3-2: Criteria used to group events into Storm Severity Categories, indicated in the 

top left of each cell. Categories are colour coded for visual clarity.  

 

After assigning each winter storm event to one of the nine SSCs, the following metrics related to 

salt application were calculated:  

1) Average total salt application per storm (kg/2-ln km) 

2) Average number of truck runs per storm 

3) Average salt application rate (kg/2-ln km) 

These three metrics combine to paint a picture of how salt application response varies with storm 

severity.  

3.3 Results 

3.3.1 Storm Severity Category Analysis 

After generating the Storm Severity Categories described in Section 3.2.3, total salt per 

event was averaged for all events within each category. The results are shown graphically in 
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Figure 3-3.  

  

Figure 3-3: Average salt use across storm severity categories. Green: SSC 1 – 3. Orange: 

SSC 4 – 6. Red: SSC 7 – 9.  

 

 

 

Table 3-2: Summary statistics for average salt use per storm by SSC 

 SSC (Storm Severity Category) 

(kg/2-ln km) 1 2 3 4 5 6 7 8 9 

Average 490 619 906 751 1047 926 710 1041 1338 

Standard 

Deviation  
325 505 443 701 519 774 708 731 999 
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The average coefficient of variation across the nine SSC’s is 0.73. Average salt 

application per storm is shown to be positively correlated to the storm severity categories that 

were generated (Figure 3-3). That is, as an event’s temperature decreases and rate of 

precipitation increases, the mass of salt used on the study section of highway increases. Higher 

total salt use per storm can be a result of an increased number of runs per storm (number of times 

the route is serviced), greater application rates per run, or a combination of both. The relationship 

between storm severity and the number of runs was next investigated.  

Using the same SSC system, the average number of runs per storm was computed for 

each of the nine classifications, and the results are shown below in Figure 3-4. The number of 

runs per event is expected to vary depending on the meteorological conditions of the event. First, 

the required salt cannot be applied only after the storm has ended: that would leave the highway 

in an unsafe condition. Rather, salt must be applied throughout the duration of the storm to 

ensure drivability is maintained at all times, particularly for more sever events. As well, salt 

trucks only have the capacity to carry a certain volume of salt (approximately 12 tons). 

Therefore, depending on the length of the maintenance route, the capacity of the truck may exert 

a threshold on the upper bound of salt application rate. In such a case, additional truck runs 

would be required to apply the quantity of salt needed to return the highway to acceptable 

conditions.  

 



48 

 

 

Figure 3-4: Average number of runs per storm, across Storm Severity Categories 

  

Table 3-3: Summary statistics for number of runs per event, by SSC 

 SSC (Storm Severity Category) 

Number of 

Runs/Storm 

1 2 3 4 5 6 7 8 9 

Average 3.9 4.5 6.8 4.4 6.3 6.2 3.9 6.4 8.2 

Standard 

Deviation  
2.4 3.7 4.5 4.7 2.8 7.5 3.9 4.5 5.0 

 

 It is seen from Figure 3-4 that the average number of runs generally increases as a 

function of both temperature and precipitation rate. Holding precipitation constant, the average 

number of runs increases at a gradual rate. In contrast, holding temperature constant, the average 

number of runs constant increases rapidly. This leads to the observation that the number of truck 
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runs used for an event is more heavily dependant on the rate of precipitation than the air 

temperature. This aspect is discussed further in Chapter 3.4.  

To investigate the relationship between storm severity and salt application rate per run, 

the average salt per storm was divided by the average number of runs for each SSC. The 

resulting values of average salt per run are shown graphically in Figure 3-5 below, and are 

tabulated in Table 3-4. 

 

Figure 3-5: Average salt application per run, across Storm Severity Categories 
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Table 3-4: Summary statistics for salt application per run, by SSC 

 SSC (Storm Severity Category) 

(kg/2-ln km) 1 2 3 4 5 6 7 8 9 

Average 117.4 131.1 155.0 139.0 165.0 169.3 165.0 170.9 192.0 

Standard 

Deviation  

68.44 66.24 67.79 55.08 91.89 88.69 77.97 66.18 42.22 

 

The average coefficient of variation across the nine SSC’s for average salt per run is 0.44. 

Following the same trend as total salt application per storm, the average salt application rate per 

run shows a positive correlation to SSC. On average, salt application is positively correlated with 

precipitation and negatively correlated with temperature. This follows the same trend that was 

observed for the total salt used per storm, which also increases as a function of the Storm 

Severity Categories. Salt application per run is more sensitive to precipitation than temperature, 

as is the case with total salt per storm. The average slope of the regression line along the 

precipitation axis is 48.4, while the average slope along the temperature axis is 9.2. As is to be 

expected, the maximum average application rates occur for SSC 9 storms.  

3.3.2 Salt application hyetographs 

A selection of winter storms with high total precipitation were chosen to graphically 

depict the salt application practices used during some of the most sever winter storms. In general, 

severe storms such as these account for a significant portion of total winter salt application as 

well as a being a hazard to motorists. For these reasons it is especially important that salt be 

applied in a conscientious way that considers both competing needs. Three such storms illustrate 
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timing of salt application in relation to the key variables of temperature and precipitation, and 

emphasize that application rates within a storm are not static throughout the storm.  

 

Figure 3-6: Comparison of salt application rate (primary vertical axis) to precipitation and 

air temperature (secondary vertical axis) within a winter storm. 

 

The storm shown in Figure 3-6 is a SSC 3 storm (high precipitation rate, warm event 

mean temperature). Salt application begins after the onset of precipitation. This may be due to 

the warm air temperature (circa zero degrees Celsius) near the beginning of the event (0:00 – 

3:00). As the air temperature drops further below zero from 5:00 to 11:00, the salt application 

rate is increased for the 3rd round of salting, despite the fact that there is a pause in the 

precipitation at this time. Although much of the snow may have been removed at this point, a 

high application rate may be warranted to prevent re-freeze of the liquid precipitation on the road 
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surface. Precipitation resumed from 14:00 to 21:00, and a low application rate was used for the 

two final rounds, likely due to the warm air temperature. As seen in the figure above, the air 

temperature rises above zero at approximately 1:00 of the second day of the storm. Pavement 

temperature is not shown, but values reported from the nearby RWIS station are in the range of 

0.4 – 1.1°C for the end of the event (1:00 – 6:00). This is in contrast to the event illustrated in 

Figure 3-7 where the pavement temperature remained below zero, necessitating a high salt 

application rate.  

 

Figure 3-7: Comparison of salt application rate (primary vertical axis) to precipitation and 

air temperature (secondary vertical axis) within a winter storm.  

This is a SSC 6 storm (high total precipitation, moderate event mean air temperature). 

Salt was applied slightly prior to the onset of precipitation. This is an example of anti-icing, 

which is a BMP whereby salt is applied before the beginning of a storm in an attempt to prevent 
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a bond from forming between the road surface and ice. This first round of salt application is at a 

rate of approximately 130 kg/2-ln km. As the storm continues, the salt application rate is 

increased to approximately 200 kg/2-ln km. The application rate remains relatively high for the 

final round of salting, which is due to the pavement temperature. Pavement temperature data 

from a nearby RWIS station reported a pavement temperature of -2.2°C at the end of this event 

(23:00). Since the pavement temperature remained below 0°C though to the end of the event, 

additional salt was likely required to prevent refreeze of melted precipitation. This leads to the 

observation that pavement temperature is a variable that could help to explain some of the 

variability in salt application rates. Indeed, many WRM contractors use this to make decisions on 

salt application for a given storm, as indicated by the Environment Canada “Five-year Review of 

Progress: Code of Practice for the Environmental Management of Road Salts” (Environment 

Canada, 2012).  
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Figure 3-8: Comparison of salt application rate (primary vertical axis) to precipitation and 

air temperature (secondary vertical axis) within a winter storm. 

 

This is a SSC 9 storm – the most sever category (high precipitation, low event mean air 

temperature). Salt application begins well before the onset of precipitation. Again, this is likely 

due to the cold air temperature that could have been reasonably forecasted to persist throughout 

the event. Salt application rates are increased to above 200 kg/2-ln km during the period of active 

precipitation. Air temperature is seen to decrease to approximately -14°C, which further 

necessitates the need for a high application rate. The final application of salt occurs after 

precipitation has ceased, and the low application rate indicates this was “spot salting”.   
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3.4 Discussion  

The results of the exploratory investigations described in Section 3.3 provides insight to 

the general salt application practices used on highway 401 in Ontario, Canada. As is to be 

expected, the total salt application for a storm is positively correlated to event mean precipitation 

rate, and inversely correlated to event mean air temperature. Closer interpretation of the graphs 

reveals that total salt used to fight a given storm is influenced more strongly by the rate of 

precipitation than by air temperature. This fact may, at least partially, be explained by the 

decreasing efficacy of salt at low temperatures. The efficacy of salt is known to decrease with air 

temperature, as shown in Figure 3-9 by the line marked “Freeze Point”. As temperature 

decreases beyond approximately -10 °C, the quantity of salt needed to melt a given volume of 

snow or ice increases more rapidly. Because of this, some WRM authorities will discontinue salt 

application when the pavement temperature is colder than approximately -10°C to -15°C (MTO, 

2003). For storms with cold temperatures, sand may be used in combination with salt, or as a 

complete substitute to salt.  As well, plowing alone may be sufficient to maintain adequate road 

conditions. These maintenance tactics for extreme cold are considered environmental BMPs, 

since the environmental loading of chloride is very high, with only marginal improvements to 
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road conditions. 

 

Figure 3-9: Phase diagram for salt (source: http://meltsnow.com/salt-vs-temperature/) 

This relationship between salt application rate and meteorological conditions is important to 

elucidate, since any lack of clarity will lead to under or over application of salt, potentially 

leading to unsafe driving conditions or environmental damage.  

 The rate of salt application per run under extreme cold air temperatures was also 

investigated. The data set contains several storm events with air temperature below -15°C. While 
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salt application rates for a selection of these events was found to be lower than their SSC 

average, no discernable trend of reduced application rates could be made. However, this is not to 

say that reduced application rates are not used by the maintenance contractor during cold 

temperatures: the small number of storm events in the data set that are below -15°C significantly 

inhibits the determination of any trends. Furthermore, only two events below -15°C are greater 

than two hours in duration and so there is generally very few total runs for these storms. An 

expanded data set containing a greater number of observations meeting the criteria of “< -15°C” 

and “> 2 h duration” would be needed to establish a management recommendation separate from 

that of SSC 9 for this rare yet potentially dangerous type of storm event.  

Exploratory investigations of salt application on highway 401 show that spreading rates 

generally align with those prescribed by other agencies in North America. A survey of published 

literature relating to salt application rates was reviewed and is summarized below in Table 3-5. 

Salt application rates were found to vary considerably between agencies. Variability in salt 

spreading rates between agencies are may be attributed to differences in climate and weather 

conditions, traffic volumes, and bare pavement regain time standards (i.e. level of service), and 

route length. The observed spreading rates from Highway 401 tend to be aligned with the higher 

end of what is found in the published guidelines from other agencies in North America.  

Average spreading rates on Highway 401 range from 100 kg/2-ln km for Type I (low 

severity) storms to over 200 kg/2-ln km for Type 9 (high severity) storms. Due to the lack of 

available documentation specific to highways, the surveyed literature shown in Table 3-5 

primarily considers municipal maintenance districts that maintain residential and arterial roads. 

A direct comparison between application rates specified for side streets and highway is not a fair 
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comparison. Highways typically have shorter bare pavement regain times than arterial city 

streets, due to their having faster speed limits and greater traffic volumes, both of which 

necessitate greater consideration to traffic safety (MTO, 2016). As well, the synthesized 

application rates in Table 3-5 are the documented guidelines only, and the observed application 

rates within each jurisdiction may fluctuate above and below the recommendations.  
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Table 3-5: Synthesis of salt spreading rate guidelines 

Jurisdiction Rate (kg/2-ln km) Notes 

City of 

Winnipeg, 

Manitoba 

160 / 240 / 320 Three spreading rates based on snow/ice 

conditions 

District of 

Muskoka, 

Ontario  

130   

City of 

Waterloo, 

Ontario 

A) 190 

B) 224 – 282 

A) “Medium” [sic] snow depth 

B) “Normal” [sic] snow depth 

City of Guelph, 

Ontario 

50 – 200 Varies based on temperature and precipitation 

type 

Conservation 

Ontario 

100 – 200 Notes that salt shouldn’t be used below -10°C 

due to decreasing effectiveness. 

North America 50 – 1000 ECCC assessment report, surveying a range of 

maintenance agencies across Canada and the 

United States. 

City of Toronto, 

Ontario 

140 / 180 / 280 / 360  

City of 

Brockville, 

Ontario 

50 – 226 Ranges based on weather 

MTO  Dry salt: 130 / 170 

Pre wet salt: 90 / 105 / 

130 

 

Maine 

Department of 

Transportation 

A) 84 - 112  

B) 140 - 170  

C) 198 - 226 

A) warm temperature; light snow 

B) normal temperature; normal snow 

C) colder temp; heavy snow (GHD report) 
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As shown in Table 3-5 above, there is a considerable range in recommended application rates 

between agencies. A selection of these sources are further investigated below in greater detail, 

with the aim of assessing their advantages and disadvantages from a practical standpoint.  

 

Figure 3-10: Salt management plan for the city of Barrie, Ontario. (Barrie, 2016). 

 

The City of Barrie, Ontario, does not have a salt application rate guidance table in their 

2016 salt management plan. Instead, the city simply lists the application rates they use, without 

correlating them to environmental conditions. This suggests that they use other means – whether 

formally documented or not – to help decide what application rate to use or not. This may be in 

the form of an internal document that is not publicly available or as wisdom shared between 

vehicle operators that is otherwise undocumented. The application rates for salt 600 kg/2-ln km 

(equivalent to 300 kg per single lane, as shown). This rate is higher than typically used on 

highway 401, and it is not clear from the salt management plan shown above in Figure 3-10.  
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Figure 3-11: Salt application rate guidelines from City of St John's salt management Plan 

(St John’s, 2005). 

 

The city of St. John’s, Newfound Land and Labrador, specifies a two-factor system in 

their salt management plan that is based on temperature and precipitation (or “storm type”).  

Application rates vary from 50 to 200 kg/2-ln km. This application table does not specify 

whether the temperature referred to is the air temperature, or the pavement temperature. 

However, unless otherwise specified, “temperature” typically seems to refer to air rather than 

pavement temperature. In this table suggested application rates do not change at all based on the 

temperature, which effectively renders this factor useless. The quantity of salt required to melt a 

given volume of ice or snow is well known to be a function of the temperature of the system. 

This was seen to be the case in the present study of salt application on highway 401. Therefore, a 

lack of specificity in terms of temperature in salt application guidance documentation is not 

recommended. The range in specified application rates for each cell in this table are somewhat 
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wide, especially for the “light snow” storm type with a range of 75 kg/2-ln km. This wide range 

is perhaps an informal way of accounting for the lack of variability along the temperature 

gradient. Furthermore, the precipitation factor is measured at the ordinal scale, and is therefore 

not quantifiable. Ideally, both factors should be quantifiable.   
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Figure 3-12: Salt application rate guidelines from the City of Brockville salt management 

plan (Brockville, ND). 

 

 In their salt management plan the city of Brockville, Ontario, specifies a salt application 

guidance table that is based on three factors (Figure 3-12). This table includes a column for 
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pavement condition, in addition to air temperature and precipitation factors that are typically 

included in all guidance tables. This table specifies salt applications rates ranging from 56 - 226 

kg/2-ln km, which aligns closely with those observed to be used on highway 401. The 

temperature variable is defined as somewhat of a vector quantity by including the forecasted 

temperature trend descriptively as either “holding” or “falling”. This information can be useful 

since salt application is typically treating both previously fallen precipitation, as well as that 

which will fall within an upcoming period of timespan of approximately 1 - 4 hours. To 

determine the required quantity of salt needed to treat future conditions it is prudent to have 

some knowledge of the upcoming temperature. This is particularly germane when the 

temperature (pavement, or air) is close to 0°C, since salt may not be required if it rises above 

freezing.  Again, like the table from the city of St John’s, this table measures precipitation at the 

ordinal scale, which is a drawback as discussed above. The precipitation factor has seven levels 

which provides greater detail than the guidance table from the city of St Johns, however there are 

some combinations of precipitations types that are not included. For example, there is not 

combination for “dry snow” with “falling” temperature. The unclarity that results from the level 

of complexity in this table could lead to suboptimal decisions being made about the selection of 

maintenance strategy.  
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Figure 3-13: Salt application guidelines from the city of Guelph's salt management plan 

(Guelph, 2017) 

 

 The city of Guelph, Ontario, has a salt application guideline table in their salt 

management plan that is similar in form to the city of Brockville’s. Salt rates range from 50 – 

200 kg/2-ln km for dry salt. For the snow type “wet snow with freezing rain” the recommended 
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salt application rate differs between Brockville and Guelph, with the latter indicating that rate of 

between 50 - 125 kg/2-ln km may be used, whereas Brockville suggests only that a rate of 56 

kg/2-ln km be used.  

 The Missouri Department of Transportation has a comprehensive website devoted to 

WRM. This website includes a set of five salt guidance tables corresponding to five different 

severities of storms (MoDOT, 2019). The table for the least severe storm type is shown below in 

Figure 3-14, and the other four can be found in Appendix C. This set of tables is based on three 

factors: 1) precipitation type and quantity; 2) pavement temperature and trend; 3) traffic 

condition. The precipitation type/quantity factor determines which of the five salt tables to 

reference.  The storm is then evaluated based on its temperature and traffic condition. The traffic 

condition factor is of little value, because the threshold that differentiates between maintenance 

actions is very low (100 vehicles per hour) and would only be effective for very low traffic 

volume roads that would not realistically be serviced as continuous operation routes.  A further 

drawback of this table is that precipitation, which is used to guide the user to one of five different 

tables, is based on a linguistic description rather than a quantity. This can be problematic due to 

variable interpretations of the precipitation wording. 
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Figure 3-14: Missouri Department of Transportation winter maintenance guide for continuous operation routes (MoDOT, 

2019). Values in red have been converted to metric units; all other values are in imperial units as listed in the original version.  
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The examples of salt application tables shown above illustrate the range in both quality of 

guidance resources and the range in recommended management activities. Recognizing that there 

is no definitive “right” way to treat a storm (only “wrong” ways – over or under application), a 

new guidance table that draws upon the statistical variability of salt application in response to 

key environmental variables has the opportunity to improve WRM activities. More seamlessly 

arriving at an appropriate maintenance response to a winter storm would be to the benefit of the 

environment and road users.  

The results of the SSC analysis have been used in this study to form a new salt guidance 

table that improves upon the examples discussed above. Winter maintenance personnel must 

decide what application rate to use on each run, rather than the total quantity of salt to use per 

storm. Thus, the average salt per run was used as the starting point for the guidance table, which 

is shown below in Table 3-6.  
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Table 3-6: Modified salt application guidance (source: Table 3-4). Values in the table are 

the mean, and the 25th and 75th percentiles are shown in brackets, respectively for each 

storm severity category (SSC). 

 Event Mean 

Precipitation Rate 

< 0.21 mm/h 

Event Mean 

Precipitation Rate 

0.21 to 0.54 mm/h 

Event Mean 

Precipitation Rate 

> 0.54 mm/h 

Event Mean Air 

Temperature  

> -3°C 

SSC 1 

117 (90, 128) 

SSC 2 

131 (105, 186) 

SSC 3 

155 (108, 195) 

Event Mean Air 

Temperature  

 -7.6°C to -3.1°C 

SSC 4 

139 (104, 190) 

SSC 5 

165 (123, 189) 

SSC 6 

169 (105, 214) 

Event Mean Air 

Temperature  

< -7.6°C 

SSC 7 

 165 (108, 221) 

SSC 8 

171 (140, 200) 

SSC 9 

192 (151, 209) 

 

This new and updated salt application guidance table contains the average salt application 

rate of the events in each SSC. These averages are the same as those shown in Figure 3-5, while 

the bracketed values are the calculated 25th and 75th percentiles, respectively. The average values 

are to be used as a starting point by maintenance contractors when selecting an application rate 

for a given storm. The percentiles are included for the purpose of indicating the approximate 

range of variability that can be expected for application rates. Caution should be applied when 

selecting an application rate outside the given percentiles, to ensure that an appropriate 

application rate is being used. This guidance table is a resource that can be gradually integrated 
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into the day-to-day operations of the maintenance contractor responsible for salt application on 

the selected study route. 

 

Unlike other guidance tables, the newly developed version presented here uses event mean 

precipitation rate instead of event total precipitation or a linguistic description of the 

precipitation type. This quantitative aspect is an improvement that will allow for more 

meaningful comparisons between storms, maintenance routes, districts, or contractors. The 

approach based on observed data, and therefore is customized and specific to a single 

maintenance route and contractor.  

Because this guidance table is built from directly observed data specific to an individual 

contractor and study route, it indirectly accounts for factors other than precipitation rate and air 

temperature, such as traffic volume, road design (geometry) and more. Such other factors were 

not included in the present study in a direct capacity, and these limitations are discussed below in 

Section 3.5.2.  

3.5 Conclusion 

3.5.1 Conclusion 

Winter maintenance – including plowing and salting – is essential along Ontario 

Highway 401 to ensure minimal disruptions on this important transportation corridor. To provide 

the required level of service for Highway 401, winter storms are managed as unique events 

requiring a “customized” salting strategy. The exact strategy selected draws upon fundamental 

“snow fighting” practices, on-the-ground observations from maintenance district patrollers, and 
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meteorological information provided by local weather stations. Combined with the flexibility 

provided by the MTO to their WRM contractors, there exists an appreciable range in strategies to 

manage winter storms. Given the environmental impacts associated with the widespread use of 

chloride-based de-icers it is prudent to investigate the salt strategies used at the event and sub-

event scale, and the factors influencing the choice of strategy.  

Chapter 2 has presented an overview of the salt application practices for a maintenance 

winter route on Highway 401. This research has confirmed that salting (total application and 

rate) is largely dependant on event mean air temperature and mean precipitation rate. Insight has 

also been given to the factors influencing the selection of salt application rates on a run-by-run 

basis. Finally, an improved salt application guidance table was generated that addresses the 

fundamental drawbacks of existing tables. This new table has the opportunity to contribute to 

meaningful comparisons between agencies, with the goal of finding areas where there is room 

for improvement to salt application load to the environment, and also creating a useful tool for 

maintenance personnel.  Areas for future research are discussed below.   

3.5.2 Limitations 

Information about “type” and volume of precipitation is a critical aspect of sensible salt 

application, yet the availability of accurate wintertime precipitation data in Canada is limited. 

During the process of assembling the required data for the characterization of salt application on 

highway 401, it became apparent that the existing infrastructure required for accurate winter 

precipitation gauging is limited in terms of quality and spatial availability. Although 

Environment and Climate Change Canada does operate network of weighing type precipitation 

gauges through the winter, the data are not checked with the same QA/QC process that summer 
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precipitation data are. As well, the number of stations with data available during the cold season 

is limited far beyond what is available during the ice-free months. This presents a challenge for 

detailed analysis of salt application in the future, especially at the event and sub-event scale. The 

limits on widely available wintertime precipitation data in Canada are likely to hamper other 

cold-climate research endeavours.  

This study was conducted using data from a single maintenance route and class of 

highway. Variability is expected to exist both within and between road classes. For instance, 

Highway 401 will be exposed to different climatic conditions in southwestern Ontario and 

Eastern Ontario and could conceivable require different salt application tactics despite being the 

same number of lanes, speed limit, and traffic volume. Between road classes there is also 

expected to be a large difference in terms of salt application practices.  As such, the conclusions 

drawn from this study cannot be generalized until further validation has been performed.  

The SSC system used to classify events based on their severity is limited to two 

meteorological variables. However, it is recognized that a larger set of variables – meteorological 

and otherwise – can influence the quantity of salt to be applied per run and total sum for a 

complete storm. Xie et al (2017) found that event duration had statistically significant influence 

on total salt use per storm. This follows from the idea that event total precipitation does not 

consider the temporal aspect of how the precipitation is distributed over time. If a depth of 

precipitation is distributed over a short period of time, a larger portion can be removed via 

mechanical plowing, compared the same depth distributed over a long period of time. This is due 

to the float height of snowplow blades above the road surface, which prevent shallow depths of 

precipitation from being removed by plowing. Instead, salt must be used when the depth of 
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precipitation is below the blade float height. The use of precipitation rate in the current study 

helps to address this novelty, which would arise from using the total precipitation depth only.  

In addition to storm duration, there are other variables that may effect salt application but 

that were not included in the present study. Anecdotal evidence has indicated that wind 

conditions are an important aspect of winter road maintenance (Nixon & Qiu, 2005), although it 

can reasonably be expected that the extent to which this is true will vary based on the 

configuration and alignment of the highway, and the surrounding topography or land use. For 

example, rural roads in flat, agriculturally-dominated landscapes will be highly susceptible to 

blowing and drifting snow. The incorporation of a wind variable is complicated by need to 

consider not only the speed, but also the prevailing direction. In addition to air temperature, 

many WRM agencies give consideration to pavement temperature when making decisions about 

salt application. Pavement temperature influences the phase that water takes when coming into 

contact with the road surface, and can lag behind air temperature. Pavement temperature sensors 

have been installed across the province of Ontario, as part of the MTO’s network of RWIS (Road 

Weather Information System) monitoring stations. These monitoring stations contain 

temperature sensors embedded within the road surface, and transmit data at sub-hourly intervals 

to a web-based portal for use by maintenance authorities. Pavement temperature was not 

considered as part of this study. The relatively large standard deviation (i.e. coefficient of 

variation) for data within each SSC may be due in part to the exclusion of other variables from 

the storm severity classification system (SSC) developed here. With the above limitations in 

mind, a set of recommendations for future research consideration are discussed below.  
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3.5.3 Recommendations 

The research documented in Chapter 3 has fulfilled the objective of characterizing salt 

application practices for a winter maintenance route on Highway 401 and generating an 

improved salt application guidance table. The results of these objectives are a precursor to 

assessing whether reductions in salt usage can be made. Future work can build upon the findings 

documented herein, and the associated dataset (Appendix C). Similar characterization of salt 

application should be conducted for different:  

a. Geographic regions, 

b. Maintenance contractors, and 

c. Classes of roadway, such as non-divided highways and lower traffic-volume 

regional roads.  

This would quantitatively document the range in salt practices across a wide spectrum of 

conditions. This in turn could be used to inform a comparison of salt application practices, with 

the goal of reducing salt usage.  

It is recommended that the data set of meteorological and salt application information for 

the current study region and salt route be expanded. This would allow for the development of a 

robust, data-driven model (such as machine learning) to forecast a recommended salt application 

rate in advance of an upcoming storm. Machine learning models require large data sets, such that 

sufficient data exists to cover the full range of possible model inputs, within separate data 

partitions for training, testing, and validating. Future research endeavours in this vein should give 

consideration to the installation of precipitation gauges that are geographically proximate to the 

maintenance route. A more advanced technology is the “present weather sensor”, which is 
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capable of detecting the type of precipitation (e.g. snow, sleet, freezing rain, etc.), and this type 

of text classifier could prove to be a useful input to a machine learning model for salt application 

forecasting.  

Chapter 4: Thesis Conclusions 

Highway runoff contains a host of pollutants, including heavy metals and road salt. The 

linear geometry and low spatial density of highways require treatment approaches that are 

decentralized, low cost, and effective. Road salt and heavy metals maintain a long legacy affect 

once released to the environment. Road salt has been shown to enter streams extensively through 

groundwater, with peak concentrations often occurring during the summer months when 

freshwater organisms are often most stressed. Similarly, heavy metals are retained in surface 

water for many years until they are removed from interaction with the water column, for example 

as a result of chemical immobilization or burial by sedimentation. For this reason, management 

of these pollutants are urgently needed to protect freshwater systems now and well into the 

future.  

The chemical properties of heavy metals allow some degree of filtration to be achieved 

through a variety of methods. One such approach is the use of compost biofilter checkdams. The 

research presented here has added further validation to the concept of tubular biofilters as 

technique for attenuating heavy metals and suspended solids in highway runoff. Using a field-

based study, a series of nine compost filters was shown to be capable of reducing concentrations 

of heavy metals and suspended solids. Compost biofilters should be given consideration for 

widespread use adjacent to highways where heavy metal and TSS concentrations present a threat 

to the health of freshwater environments, and where treatment from vegetated swales is 
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insufficient. Compost biofilters are easy to install and replace, and can sized according to 

hydraulic and water quality requirements. The appropriate filtration capacity must consider both 

the sensitivity of the receiving environment, as well as the heavy metal load resulting from 

highway runoff. The treatment train of nine biofilters was found to be effective at sequentially 

reducing TSS concentrations, although additional testing is required to assess the sequential 

removal of heavy metals in dissolved phase. Similarly, the efficacy of three proprietary additives 

for targeted removal of heavy metals would benefit from further testing (both field and 

laboratory-based) prior to widespread adoption.  

Unlike heavy metals, road salt cannot be feasibly removed from road runoff, and 

strategies for abatement must focus on reduced application rates of road salt during the cold 

season. This requires a thorough understanding of the relationship between meteorological 

factors and salt usage. This relationship is thought to vary between geographic regions and 

individual salt application agencies or contractors. A detailed characterization of salt application 

practices for a single salt contractor was completed for a section of Highway 401 in Ontario, 

Canada. While various assessments of salt use and climate conditions have been completed for 

entire seasons, or months, no such characterization has been previously completed at the event 

scale or sub-event scale.  

It was found that both precipitation rate and air temperature are highly influential 

variables in determining the quantity of salt applied per storm, as well as on a run-by-run basis. 

The assessment procedure developed in this study has not been previously used, and instead 

provides a template for future assessments and comparisons of salt application for other regions, 

which can ideally aid in reduced salt usage.  
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It must be emphasized that there is a need for scrutiny of road salt application on roads, 

with the aim of achieving an optimal balance between vehicle safety and environmental harm. 

Future reductions in salt usage, particularly in locations that are especially susceptible to the 

adverse impacts of chloride, should be made against a backdrop of current salt use practices, and 

this research has illustrated one potential approach for doing so. Going forward, reductions in 

salt use will be facilitated by the use of quantitative – rather than qualitative – assessments of 

road and weather conditions, and their influence on the quantity of salt required to meet the 

desired road condition. To that end, the methodology utilized here has strived to take a 

quantitative approach, recognizing that salt application practices may be largely data-driven in 

the future.  

 

  



78 

 

Appendix A: References  

Atieh, M., Mehltretter, S. L., Gharabaghi, B., & Rudra, R. (2015). Integrative neural networks 

model for prediction of sediment rating curve parameters for ungauged basins. Journal of 

Hydrology, 531, 1095–1107. https://doi.org/10.1016/j.jhydrol.2015.11.008 

Auditor General of Ontario. (2015). Special Report: Winter Highway Maintenance. 

Bäckström, M., Nilsson, U., Håkansson, K., Allard, B., & Karlsson, S. (2003). Speciation of 

heavy metals in road runoff and roadside total deposition. Water, Air, and Soil Pollution, 

147(1–4), 343–366. https://doi.org/10.1023/A:1024545916834 

Barrett, M., Walsh, P., Malina Jr., J., & Charbeneau, R. (1998). Performance of vegetative 

controls for treating highway runoff. Journal of Environmental Engineering, 

11(November), 1121–1128. Retrieved from https://doi.org/10.1061/(ASCE)0733-

9372(1998)124:11(1121) 

Bartlett, A. J., Rochfort, Q., Brown, L. R., & Marsalek, J. (2012). Causes of toxicity to Hyalella 

azteca in a stormwater management facility receiving highway runoff and snowmelt. Part I: 

Polycyclic aromatic hydrocarbons and metals. Science of the Total Environment, 414, 227–

237. https://doi.org/doi:10.1016/j.scitotenv.2011.11.041 

Betts, A. R., Gharabaghi, B., & McBean, E. A. (2014). Salt vulnerability assessment 

methodology for urban streams. Journal of Hydrology, 517, 877–888. 

https://doi.org/10.1016/j.jhydrol.2014.06.005 

Brown, J. N., & Peake, B. M. (2006). Sources of heavy metals and polycyclic aromatic 

hydrocarbons in urban stormwater runoff. Science of the Total Environment, 359(1–3), 145–

155. https://doi.org/10.1016/j.foreco.2006.01.031 

Bryson, G. M., & Barker, A. V. (2002). Sodium accumulation in soils and plants along 

Massachusetts roadsides. Communications in Soil Science and Plant Analysis, 33(1–2), 67–

78. https://doi.org/10.1081/CSS-120002378 

CCME. (2011). Canadian Water Quality Guidelines for the Protection of Aquatic Life - 

Chloride. In: Canadian environmental quality guidelines, 1999, Canadian Council of 



79 

 

Ministers of the Environment, Winnipeg. 

Cekstere, G., Nikodemus, O., & Osvalde, A. (2008). Toxic impact of the de-icing material to 

street greenery in Riga, Latvia. Urban For Urban Gree, 7(3), 207–217 

Cockerill, K., Anderson, W. P., Harris, F. C., & Straka, K. (2017). Hot, Salty Water: A 

Confluence of Issues in Managing Stormwater Runoff for Urban Streams. Journal of the 

American Water Resources Association, 53(3), 707–724. https://doi.org/10.1111/1752-

1688.12528 

Corsi, S. R., De Cicco, L. A., Lutz, M. A., & Hirsch, R. M. (2015). River chloride trends in 

snow-affected urban watersheds: Increasing concentrations outpace urban growth rate and 

are common among all seasons. Science of the Total Environment, 508, 488–497. 

https://doi.org/10.1016/j.scitotenv.2014.12.012 

Cornford, D. A. N., & Thornes, J. E. (1996). a Comparison Between Spatial Winter Indices and 

Expenditure on Winter Road Maintenance in Scotland. International Journal of 

Climatology, 16, 339–357.  

Cunningham, M. A., Snyder, E., Yonkin, D., Ross, M., & Elsen, T. (2008). Accumulation of 

deicing salts in soils in an urban environment. Urban Ecosystems, 11(1), 17–31. 

https://doi.org/10.1007/s11252-007-0031-x 

Dehghani, S., Moore, F., Vasiluk, L., & Hale, B. A. (2017). The influence of physicochemical 

parameters on bioaccessibility-adjusted hazard quotients for copper, lead and zinc in 

different grain size fractions of urban street dusts and soils. Environmental Geochemistry 

and Health, 1–20. https://doi.org/10.1007/s10653-017-9994-6 

DeLay, E., & Gharabaghi, B. (2018). A review of low-grade weirs as an agri-environmental best 

management practice in the Elginfield Municipal Drain watershed, Ontario, Canada. 

Journal of Soil and Water Conservation, 73(2), 42A-48A. 

https://doi.org/10.2489/jswc.73.2.42A 

Diamond, J., Bowersox, M., Latimer, H., Barbour, C., Bearr, J., & Butcher, J. (2005). Effects of 

pulsed contaminant exposures on early life stages of the fathead minnow. Archives of 



80 

 

Environmental Contamination and Toxicology, 49(4), 511–519. 

https://doi.org/10.1007/s00244-005-7023-8 

Environment Canada. (2001). Priority Substances List Assessment Report: Road Salts.  

Environment Canada. (2004). Code of Practice for the Environmental Management of Road 

Salts. Environmental Protection Services. Ottawa, ON, 18pp. Retrieved from 

https://www.canada.ca/en/environment-climate-change/services/pollutants/road-salts/code-

practice-environmental-management.html 

Environment Canada. (2010). Risk Management Strategy for Road Salts. Retrieved from 

https://www.canada.ca/en/environment-climate-change/services/pollutants/road-

salts/technical-documents.html 

Environment Canada. (2013). Toxic substances management policy. Retrieved from 

https://www.canada.ca/en/environment-climate-change/services/management-toxic-

substances/policy.html 

Environment Canada. (2013b). Success in road salts management: case studies. Retrieved from 

https://www.canada.ca/en/environment-climate-change/services/pollutants/road-

salts/success-management-case-studies.html 

Faucette, L. B., Cardoso-Gendreau, F. A., Codling, E., Sadeghi, A. M., Pachepsky, Y. A., & 

Shelton, D. R. (2009). Storm Water Pollutant Removal Performance of Compost Filter 

Socks. Journal of Environmental Quality, 38(3), 1233–1239. 

https://doi.org/10.2134/jeq2008.0306 

Faucette, L. B., Sefton, K. A., Sadeghi, A. M., & Rowland, R. A. (2008). Sediment and 

phosphorus removal from simulated storm runoff with compost filter socks and silt fence. 

Journal of Soil and Water Conservation, 63(4), 257–264. https://doi.org/10.2489/63.4.257 

Fay, L., Honarvar Nazari, M., Jungwirth, S., & Muthumani, A. (2015). Snow and Ice Control 

Environmental Best Management Practices. Environmental Sustainability in Transportation 

Infrastructure, 272–292. https://doi.org/10.1061/9780784479285.013 

Fay, L., & Shi, X. (2012). Environmental impacts of chemicals for snow and ice control: State of 



81 

 

the knowledge. Water, Air, and Soil Pollution, 223(5), 2751–2770. 

https://doi.org/10.1007/s11270-011-1064-6 

Findlay, S. E. G., & Kelly, V. R. (2011). Emerging indirect and long-term road salt effects on 

ecosystems. Annals of the New York Academy of Sciences, 1223(1), 58–68. 

https://doi.org/10.1111/j.1749-6632.2010.05942.x 

Finney, K., Gharabaghi, B., Mcbean, E., Rudra, R., & Macmillan, G. (2010). Compost Biofilters 

For Highway Stormwater Runoff Treatment. Water Quality Research Journal of Canada, 

45(4), 391–402. 

Flemming, C. A., & Trevors, J. T. (1989). Copper toxicity and chemistry in the environment: a 

review. Water, Air, and Soil Pollution, 44, 143–158. 

Forman, R.T., & Alexander, L.E. (1998). Roads and their major ecological effects. Annual 

Review of Ecology and Systematics, 29: 207–231. 

https://doi.org/10.1146/annurev.ecolsys.29.1.207 

Gallagher, M. T., Snodgrass, J. W., Ownby, D. R., Brand, A. B., Casey, R. E., & Lev, S. (2011). 

Watershed-scale analysis of pollutant distributions in stormwater management ponds. 

Urban Ecosystems, 14(3), 469–484. https://doi.org/10.1007/s11252-011-0162-y 

Gazendam, E., Gharabaghi, B., McBean, E., Whiteley, H., & Kostaschuk, R. (2009). Ranking of 

waterways susceptible to adverse stormwater effects. Canadian Water Resources Journal, 

34(3), 205–228. https://doi.org/10.4296/cwrj3403205 

Gillis, P. L. (2011). Assessing the toxicity of sodium chloride to the glochidia of freshwater 

mussels: Implications for salinization of surface waters. Environmental Pollution, 159(6), 

1702–1708. https://doi.org/10.1016/j.envpol.2011.02.032 

Gordon, A. K., Mantel, S. K., & Muller, N. W. J. (2012). Review of toxicological effects caused 

by episodic stressor exposure. Environmental Toxicology and Chemistry, 31(5), 1169–1174. 

https://doi.org/10.1002/etc.1781 



82 

 

Green, S. M., Machin, R., & Cresser, M. S. (2008). Effect of long-term changes in soil chemistry 

induced by road salt applications on N-transformations in roadside soils. Environmental 

Pollution, 152(1), 20–31. https://doi.org/10.1016/j.envpol.2007.06.005 

Granato, B. G. E., & Smith, K. P. (1999). Estimating Concentrations of Road-Salt Constituents 

in Highway-Runoff from Measurements of Specific Conductance. USGS, 99(November), 

22. 

Hallberg, M., Renman, G., & Lundbom, T. (2007). Seasonal variations of ten metals in highway 

runoff and their partition between dissolved and particulate matter. Water, Air, and Soil 

Pollution, 181(1–4), 183–191. https://doi.org/10.1007/s11270-006-9289-5 

Health Canada. (1992). Guidelines for Canadian Drinking Water Quality: Guideline Technical 

Document – Sodium. Retrieved from https://www.canada.ca/en/health-

canada/services/publications/healthy-living/guidelines-canadian-drinking-water-quality-

guideline-technical-document-sodium.html 

Ho, Y. S., Porter, J. F., & Mckay, G. (2002). Equilibrium isotherm studies for the sorption of 

divalent metal ions onto peat: copper, nickel and lead single component systems. Water, 

Air, & Soil Pollution, 141(1–4), 1–33. https://doi.org/10.1023/A:1021304828010 

Howard, K. W. F., & Haynes, J. (1993). Groundwater contamination due to road de-icing 

chemicals - salt balance implications. Journal of Contaminant Hydrology, 12(1), 1–8. 

https://doi.org/10.1016/0169-7722(93)90010-P 

Holcombe, G. W., Benoit, D. A., Leonard, E. N., & McKim, J. M. (1976). Long-Term Effects of 

Lead Exposure on Three Generations of Brook Trout ( Salvelinus fontinalis ). Journal of the 

Fisheries Research Board of Canada (Vol. 33). https://doi.org/10.1139/f76-220 

Hossain, S. K., Fu, L., & Lake, R. (2015). Field evaluation of the performance of alternative 

deicers for winter maintenance of transportation facilities. Canadian Journal of Civil 

Engineering, 42(7), 437-448. doi:10.1139/cjce-2014-0423 

Hulme, P. E. (2009). Trade, transport and trouble: Managing invasive species pathways in an era 

of globalization. Journal of Applied Ecology, 46(1), 10–18. https://doi.org/10.1111/j.1365-



83 

 

2664.2008.01600.x 

Jeffries, D. S., Cox, C. M., & Dillon, P. J. (1979). Depression of pH in Lakes and Streams in 

Central Ontario During Snowmelt. Journal of the Fisheries Research Board of Canada, 

36(6), 640–646. https://doi.org/10.1139/f79-093 

Kaushal, S. S., Gold, A. J., Bernal, S., Johnson, T. A. N., Addy, K., Burgin, A., … Belt, K. T. 

(2018). Watershed ‘chemical cocktails’: forming novel elemental combinations in 

Anthropocene fresh waters. Biogeochemistry, 141(3), 281–305. 

https://doi.org/10.1007/s10533-018-0502-6 

Kilgour, B. W., Gharabaghi, B., & Perera, N. (2014). Ecological benefit of the road salt code of 

practice. Water Quality Research Journal of Canada, 49(1), 43–52. 

https://doi.org/10.2166/wqrjc.2013.129 

Kim, S. Y., & Koretsky, C. (2013). Effects of road salt deicers on sediment biogeochemistry. 

Biogeochemistry, 112(1–3). https://doi.org/10.1007/s10533-012-9728-x 

Kratky, H., Li, Z., Chen, Y., Wang, C., Li, X., & Yu, T. (2017). A critical literature review of 

bioretention research for stormwater management in cold climate and future research 

recommendations. Frontiers of Environmental Science & Engineering, 11(4), 16. 

https://doi.org/10.1007/s11783-017-0982-y 

Lim, H. S., Lim, W., Hu, J. Y., Ziegler, A., & Ong, S. L. (2015). Comparison of filter media 

materials for heavy metal removal from urban stormwater runoff using biofiltration 

systems. Journal of Environmental Management, 147, 24–33. 

https://doi.org/10.1016/j.jenvman.2014.04.042 

Liu, Y., Yang, W., Yu, Z., Lung, I., & Gharabaghi, B. (2015). Estimating Sediment Yield from 

Upland and Channel Erosion at A Watershed Scale Using SWAT. Water Resources 

Management, 29(5), 1399–1412. https://doi.org/10.1007/s11269-014-0729-5 

Mayer, T., Rochfort, Q., Marsalek, J., Parrott, J., Servos, M., Baker, M., … Scott, I. (2011). 

Environmental characterization of surface runoff from three highway sites in Southern 

Ontario, Canada: 2. Toxicology. Water Quality Research Journal of Canada, 46(2), 121–

136. https://doi.org/10.2166/wqrjc.2011.036 



84 

 

Missouri Department of Transportation. (2019). Operator’s Guide for Anti-Icing. 

http://epg.modot.org/index.php/133.5_Operator%E2%80%99s_Guide_for_Anti-Icing. 

Accessed July 2019.  

Milne I, Seager J, Mallett M, Sims I. 2000. Effects of short-term pulsed ammonia exposure on 

fish. Environ Toxicol Chem 19:2929– 2936 

MTO. (2017). MTO service commitment. Retrieved from 

http://www.mto.gov.on.ca/english/service-commitment/snow-ice-control.shtml  

MTO. (2018). Adding Pre-treated Salt to the Winter Maintenance Tool-kit. RoadTalk, 24(1). 

Retrieved from http://www.mto.gov.on.ca/english/publications/road-talk/road-talk-24-

winter.shtml 

Mustapha, I. (2013). Composting by households in Canada. EnviroStats. 

Nixon, W., & Qiu, L. (2005). Developing a Storm Severity Index. Transportation Research 

Record, 1911(1), 143–148. https://doi.org/10.3141/1911-14 

Norrström, A. C. (2005). Metal mobility by de-icing salt from an infiltration trench for highway 

runoff. Applied Geochemistry, 20(10), 1907–1919. 

https://doi.org/10.1016/j.apgeochem.2005.06.002 

Novotny, E. V., & Stefan, H. G. (2012). Road Salt Impact on Lake Stratification and Water 

Quality. Journal of Hydraulic Engineering, 138(12), 1069–1080. 

https://doi.org/10.1061/(asce)hy.1943-7900.0000590 

Paus, K. H., Morgan, J., Gulliver, J. S., & Hozalski, R. M. (2014). Effects of Bioretention Media 

Compost Volume Fraction on Toxic Metals Removal, Hydraulic Conductivity, and 

Phosphorous Release. Journal of Environmental Engineering, 140(10), 04014033. 

https://doi.org/10.1061/(ASCE)EE.1943-7870.0000846 

Perera, N., Gharabaghi, B., & Howard, K. (2013). Groundwater chloride response in the 

Highland Creek watershed due to road salt application: A re-assessment after 20years. 

Journal of Hydrology, 479, 159–168. https://doi.org/10.1016/j.jhydrol.2012.11.057 

Perera, N., Gharabaghi, B., & Noehammer, P. (2009). Stream chloride monitoring program of 



85 

 

city of Toronto: Implications of road salt application. Water Quality Research Journal of 

Canada, 44(2), 132–140. 

Peterson, J. L., Jepson, P. C., & Jenkins, J. J. (2001). Effect of varying pesticide exposure 

duration and concentration on the toxicity of carbaryl to two field-collected stream 

invertebrates, Calineuria californica (Plecoptera: Perlidae) and cinygma sp. 

(Ephemeroptera: Heptageniidae). Environmental Toxicology and Chemistry, 20(10), 2215–

2223. https://doi.org/10.1002/etc.5620201013 

Petkuviene, J., & Paliulis, D. (2009). Experimental Research of Road Maintenance Salts and 

Molasses (“Safecote”) Corrosive Impact on Metals. Journal of Environmental Engineering 

and Landscape Management, 17(4), 236–243. https://doi.org/10.3846/1648-

6897.2009.17.236-243 

Pieper, K., Tang, M., Jones, C. N., Weiss, S., Greene, A., Mohsin, H., … Edwards, M. A. (2018). 

Impact of road salt on drinking water quality and infrastructure corrosion in private wells. 

Environmental Science & Technology, acs.est.8b04709. 

https://doi.org/10.1021/acs.est.8b04709 

Prosser, R. S., Rochfort, Q., McInnis, R., Exall, K., & Gillis, P. L. (2017). Assessing the toxicity 

and risk of salt-impacted winter road runoff to the early life stages of freshwater mussels in 

the Canadian province of Ontario. Environmental Pollution, 230, 589–597. 

https://doi.org/10.1016/j.envpol.2017.07.001 

Reddad, Z., Gerente, C., Andres, Y., Cloirec, P. Le, & Cloirec, P. L. E. (2002). Adsorption of 

Several Metal Ions onto a Low-Cost Biosorbent : Kinetic and Equilibrium Studies 

Adsorption of Several Metal Ions onto a Low-Cost Biosorbent : Kinetic and Equilibrium 

Studies. Environmental Science & Technology, 36(9), 2067–2073. 

https://doi.org/10.1021/es0102989 

Salek, M., Levison, J., Parker, B., & Gharabaghi, B. (2018). CAD-DRASTIC: chloride 

application density combined with DRASTIC for assessing groundwater vulnerability to 

road salt application. Hydrogeology Journal, (1987), 1–15. https://doi.org/10.1007/s10040-

018-1801-7 



86 

 

Seelsaen, N., McLaughlan, R., Moore, S., & Stuetz, R. M. (2007). Influence of compost 

characteristics on heavy metal sorption from synthetic stormwater. Water Science and 

Technology, 55(4), 219–226. https://doi.org/10.2166/wst.2007.112 

Sherwood, G. D., Rasmussen, J. B., Rowan, D. J., Brodeur, J., & Hontela, A. (2000). 

Bioenergetic costs of heavy metal exposure in yellow perch (Perca flavescens): in situ 

estimates with a radiotracer (137Cs) technique. Canadian Journal of Fisheries and Aquatic 

Sciences, 57, 441–450. https://doi.org/10.1139/cjfas-57-2-441 

Shi, X., Veneziano, D., Xie, N., & Gong, J. (2013). Use of chloride-based ice control products 

for sustainable winter maintenance : A balanced perspective. Cold Regions Science and 

Technology, 86, 104–112. https://doi.org/10.1016/j.coldregions.2012.11.001 

Stagge, J. H., Davis, A. P., Jamil, E., & Kim, H. (2012). Performance of grass swales for 

improving water quality from highway runoff. Water Research, 46(20), 6731–6742. 

https://doi.org/10.1016/j.watres.2012.02.037 

Stone, M., & Marsalek, J. (2011). Adoption of best practices for the environmental management 

of road salt in Ontario. Water Quality Research Journal of Canada, 46(2), 174–182. 

https://doi.org/10.2166/wqrjc.2011.105 

Taleban, V., Finney, K., Gharabaghi, B., McBean, E., Rudra, R., & van Seters, T. (2009). 

Effectiveness of compost biofilters in removal of sediments from construction site runoff. 

Water Quality Research Journal of Canada, 44(1), 71–80. 

Thomson, N., McBean, E., Mostrenko, I. B., & Snodgrass, W. (1994). Characterization of 

Stormwater Runoff from Highways. Journal of Water Management Modeling, 6062, 141–

158. https://doi.org/10.14796/JWMM.R176-09 

Trenouth, W. R., & Gharabaghi, B. (2015a). Event-based design tool for construction site 

erosion and sediment controls. Journal of Hydrology, 528, 790–795. 

https://doi.org/10.1016/j.jhydrol.2015.06.054 

Trenouth, W. R., & Gharabaghi, B. (2015b). Soil amendments for heavy metals removal from 

stormwater runoff discharging to environmentally sensitive areas. Journal of Hydrology, 



87 

 

529, 1478–1487. https://doi.org/10.1016/j.jhydrol.2015.08.034 

Trenouth, W. R., & Gharabaghi, B. (2016). Highway runoff quality models for the protection of 

environmentally sensitive areas. Journal of Hydrology, 542, 143–155. 

https://doi.org/10.1016/j.jhydrol.2016.08.058 

Trenouth, W. R., Gharabaghi, B., & Farghaly, H. (2018). Enhanced roadside drainage system for 

environmentally sensitive areas. Science of the Total Environment, 610–611, 613–622. 

https://doi.org/10.1016/j.scitotenv.2017.08.081 

Trenouth, W. R., Gharabaghi, B., & Perera, N. (2015c). Road salt application planning tool for 

winter de-icing operations. Journal of Hydrology, 524, 401–410. 

https://doi.org/10.1016/j.jhydrol.2015.03.004 

United States Environmental Protection Agency. (2019, May 15). National Recommended Water 

Quality Criteria - Aquatic Life Criteria Table. Retrieved from 

https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-

table 

Usman, T., Fu, L., & Miranda-Moreno, L. F. (2010). Quantifying safety benefit of winter road 

maintenance: Accident frequency modeling. Accident Analysis and Prevention, 42(6), 

1878–1887. https://doi.org/10.1016/j.aap.2010.05.008 

Van Meter, R. J., & Swan, C. M. (2014). Road salts as environmental constraints in urban pond 

food webs. PLoS ONE, 9(2). https://doi.org/10.1371/journal.pone.0090168 

Vinodhini, R., & Narayanan, M. (2008). Bioaccumulation of heavy metals in organs of fresh 

water fish Cyprinus carpio (Common carp). International Journal of Environmental Science 

and Technology, 5(2), 179–182. 

Vitaliano, D. F. (1992). An Economic Assessment of the Social Costs of Highway Salting and 

the Efficiency of Substituting a New Deicing Material. Cost-Benefit Analysis and Public 

Policy, 11(3), 381–400. https://doi.org/10.1002/9781444307177.ch30 



88 

 

Woo, T. J., & Salice, C. J. (2017). Timing is everything: pulsed versus constant exposures in 

assesing effects of road salt on aquatic organisms. Integrated Environmental Assessment 

and Management, 13(4), 790–799. https://doi.org/10.1002/ieam.1416 

 Xie, K., Engineering, U., Ozbay, K., Engineering, U., Zhu, Y., Engineering, U., & Demiroluk, 

S. (2017). Modeling the Salt Usage During Snow Storms : An Application of Hierarchical 

Linear Models with Varying Dispersion. Journal of the Transportation Research Board, 1–

20. 

 

  



89 

 

Appendix B: Additional Figures and Tables  

Missouri Department of Transportation: Operations Guide for Maintenance Field Personnel.  

 

  

Table 133.5.3.6.1 Continuous Operations Routes 
 

Type 5 Winter Event:  Frost, Flurries, Freezing Fog, Blowing Snow & Refreeze 
 

PAVEMENT 
TEMPERATURE 

RANGE AND 
TREND 

TRAFFIC 
CONDITION 

INITIAL OPERATION SUBSEQUENT OPERATIONS COMMENTS 

Maintenance 
action 

Spread rates Maintenance 
action 

Spread rates 

Pre-
wetted 

solid salt 
(lb/ln-mi) 

Brine  
(gal/ln-

mi) 

Pre-
wetted 

solid salt 
(lb/ln-mi) 

Brine 
(gal/ln-

mi) 

Above 32ºF 
steady or rising 

Any level None, see 
comments 

  None, see 
comments 

  1) Monitor pavement temperature closely; begin treatment if starts 
to fall to 32ºF and below and is at or below dew point 

28 to 32ºF, 
remaining in range 
or falling to 32ºF or 
below, and equal to 
or below dew point 

Traffic rate 
less than 100 
vehicles per 
hr 

Apply brine or 
pre-wetted 
solid salt 

25-65 11-28 Reapply pre-
wetted solid 
salt as needed 

25-65  1) Monitor pavement closely; if pavement becomes wet or if thin 
ice forms, reapply salt at higher indicated rate. 
2) Do not apply brine on ice so thick that the pavement cannot be 
seen 

Traffic rate 
greater than 
100 vehicles 
per hr 

Apply brine or 
pre-wetted 
solid salt 

25-65 11-28 Reapply brine 
pre-wetted 
solid salt as 
needed 

25-65 11-28 

20 to 28ºF, 
remaining in range 
and equal to or 
below dew point 

Any level Apply brine or 
pre-wetted 
solid salt 

65-130 28-57 Reapply brine 
pre-wetted 
solid salt as 
needed 

65-130 28-57 1) Monitor pavement closely; if thin ice forms, reapply salt at 
higher indicated rate 
2) Applications will need to be more frequent at higher levels of 
condensation; if traffic volumes are not enough to disperse 
condensation, it may be necessary to increase frequency 
3) It is not advisable to apply a brine at the indicated spread rate 
when the pavement temperature drops below 20ºF 

10 to 20ºF, 
remaining in range 
and equal to or 
below dew point 

Any level Apply pre-
wetted solid 
salt 

130-200   Reapply pre-
wetted solid 
salt as needed 

130-200   1) Monitor pavement closely; if thin ice forms, reapply salt at 
higher indicated rate 
2) Applications will need to be more frequent at higher levels of 
condensation; if traffic volumes are not enough to disperse 
condensation, it may be necessary to increase frequency 

Below 10ºF, 
steady or falling 

Any level Apply 
abrasives 

  Apply 
abrasives as 
needed 

  1) Monitor pavement closely, salt will have limited melting power 
in this temperature range. 
2) Liquid calcium chloride may be used for pre-wetting 
salt/abrasive mix at colder temperatures. 

 
Notes:  TIMING.  (1) Conduct initial operation in advance of freezing.  Apply brine up to 3 hr in advance.  Use longer advance times in this range to effect drying 
when traffic volume is low.  Apply pre-wetted solid salt 1 to 2 hr in advance.  (2) In the absence of precipitation, brine at 33 gal/lane-mi has been successful in 
preventing bridge deck icing when placed up to 4 days before freezing on higher volume roads and 7 days before on lower volume roads. 
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Table 133.5.3.6.2 Continuous Operations Routes 
 

Type 4 Winter Event:  Dusting to 1 in. of snow, sleet or other frozen precipitation 

 
PAVEMENT 

TEMPERATURE 
RANGE AND 

TREND 

INITIAL OPERATION SUBSEQUENT OPERATIONS COMMENTS 

Pavement 
surface at 

time of 
initial 

operation 

Maintenance 
action 

Salt Spread Rates Maintenance 
action 

Salt Spread Rates  

Pre-
wetted 

solid salt 
(lb/ln-mi) 

Brine 
(gal/ln-

mi) 

Pre-
wetted 

solid salt 
(lb/ln-mi) 

Brine 
(gal/ln-

mi) 

Above 32ºF, 
steady or rising 

Dry, wet, 
slush or 
light snow 
cover 

None, see 
comments 

  None, see 
comments 

  1) Monitor pavement temperature closely 
for drops toward 32ºF and below 
2) Treat icy patches if needed with pre-
wetted solid salt at 100 lb/lane-mi; plow if 
needed 

Above 32ºF, 
32ºF or below is 
imminent; 
 
ALSO 
15 to 32ºF, 
remaining in range 

Dry Apply brine or 
pre-wetted 
solid salt 

100 44 Plow as 
needed; reapply 
liquid or solid 
chemical when 
needed 

100 44 1) Applications will need to be more 
frequent at lower temperatures and higher 
snowfall rates 
2) It is not advisable to apply a straight 
brine at the indicated spread rate when the 
pavement temperature drops below 20ºF 
3) Do not apply brine onto heavy snow 
accumulation or packed snow 

Wet, slush, 
or light 
snow 
cover 

Apply liquid or 
solid salt 

100 44 

0 to 15ºF, 
remaining in range 

Dry, wet, 
slush, or 
light snow 
cover 

Apply pre-
wetted solid 
chemical 

200  Plow as 
needed; reapply 
pre-wetted solid 
chemical when 
needed 

200  1) Abrasives may be added to the salt to 
enhance traction at colder temperatures 
2) Liquid calcium chloride may be used for 
pre-wetting solid salt at colder 
temperatures 

Below 0ºF, 
steady or falling 

Dry or light 
snow 
cover 

Plow as 
needed 

  Plow and apply 
salt/abr. mix as 
needed 

  1 If pavement becomes slick apply 
salt/abrasive mix to enhance traction.  Salt 
will have limited melting power in this 
temperature range. 
2) Pre-wet salt/abrasive mix with liquid 
calcium chloride. 

 
Notes:  SALT APPLICATIONS.  (1) Time initial and subsequent chemical applications to prevent deteriorating conditions or development of 
packed and bonded snow.  (2) Apply salt ahead of traffic rush periods occurring during storm. 
PLOWING.  If needed, plow before salt applications so that excess snow, slush, or ice is removed and pavement is wet, slushy, or lightly snow 
covered when treated. 
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Table 133.5.3.6.3 Continuous Operations Routes  
 

Type 3 Winter Event:  1 – 6 in. of snow/frozen precipitation in 24 hours OR a trace to 1/2 in. of ice 
 

PAVEMENT 
TEMPERATURE 

RANGE AND 
TREND 

 

INITIAL OPERATION SUBSEQUENT OPERATIONS COMMENTS 

Pavement 
surface at 

time of 
initial 

operation 

Maintenance 
action 

Salt spread rates Maintenance 
action 

Salt spread rates  

Pre-
wetted 

solid salt 
(lb/ln-mi) 

Brine 
(gal/ln-

mi) 

Pre-wetted solid 
salt  

(lb/ln-mi) 

Brine  
(gal/ln-mi) 

Light 
snow 

Heavier 
snow 

Light 
snow 

Heavier 
snow 

Above 32ºF, 
steady or rising 

Dry, wet, 
slush or 
light snow 
cover 

None, see 
comments 

  None, see 
comments 

    1) Monitor pavement temperature closely for 
drops toward 32ºF and below 
2) Treat slick patches if needed with pre-
wetted salt at 100 lb/lane-mi or brine 44 
gal/ln-mi; plow if needed 

Above 32ºF, 
32ºF or below is 
imminent; 
 
ALSO 
20 to 32ºF, 
remaining in range 

Dry Apply brine or 
pre-wetted salt 

100 44 Plow as 
needed; 
reapply brine 
or pre-wetted 
solid salt 
when needed 

100 200 44 88 1) Applications will need to be more frequent 
at lower temperatures and higher snowfall 
rates 
2) Do not apply brine onto heavy snow 
accumulation or packed snow 
3) After heavier snow periods and during light 
snow fall, reduce salt rate to 100 lb/lane-mi or 
44 gal/ln-mi brine; continue to plow and apply 
salt as needed 

Wet, slush, 
or light 
snow cover 

Apply brine or 
pre-wetted salt 

100 44 

10 to 20ºF, 
remaining in range 

Dry, wet, 
slush, or 
light snow 
cover 

Apply pre-
wetted salt 

200  Plow as 
needed; 
reapply pre-
wetted solid 
salt when 
needed 

200 250   1) Reduce salt rate to 200 lb/lane-mi after 
heavier snow periods and during light snow 
fall; continue to plow and apply salt as needed 
2) Liquid calcium chloride may be used for 
pre-wetting salt at colder temperatures. 

Below 10ºF, 
steady or falling 

Dry or light 
snow cover 

Plow as 
needed 

  Plow and 
apply 
salt/abrasive 
mix as needed 

    1) As pavement becomes slick apply 
salt/abrasive mix to enhance traction.  Salt will 
have limited melting power at this 
temperatures 

 
Notes:  SALT APPLICATIONS.  (1) Time initial and subsequent salt applications to prevent deteriorating conditions or development of packed and bonded snow.  
(2) Anticipate increases in snowfall intensity.  Apply higher rate treatments prior to or at the beginning of heavier snowfall periods to prevent 
development of packed and bonded snow.  (3) Apply salt ahead of traffic rush periods occurring during storm. 
PLOWING.  If needed, plow before salt applications so that excess snow, slush, or ice is removed and pavement is wet, slushy, or lightly snow covered when 
treated. 

 

Table 133.5.3.6.4 Continuous Operations Routes 
 

Type 2 Winter Event:  6 – 12 in. of snow in 24 hours OR ½ to ¾ in. of ice 
 

PAVEMENT 
TEMPERATURE 

RANGE AND TREND 
 

INITIAL OPERATION SUBSEQUENT OPERATIONS COMMENTS 

Pavement 
surface at 

time of 
initial 

operation 

Maintenance 
action 

Salt spread rates Maintenance 
action 

Salt spread rates  

Pre-
wetted 

solid salt 
(lb/ln-mi) 

Brine 
(gal/ln-

mi) 

Pre-wetted 
solid salt 
(lb/ln-mi) 

Brine 
(gal/ln-

mi) 

Above 32ºF 
steady or rising 

Dry, wet, 
slush or 
light snow 
cover 

None, see 
comments 

  None, see 
comments 

  1) Monitor pavement temperature closely for drops 
toward 32ºF and below 
2) Treat slick patches if needed with pre-wetted salt 
at 100 lb/lane-mi or with brine at 44 gal/ln-mi; plow if 
needed 

Above 32ºF, 32ºF or 
below is imminent; 
 
ALSO 
30 to 32ºF, remaining 
in range 

Dry Apply brine or 
pre-wetted solid 
salt 

100 44 Plow 
accumulation 
and reapply 
brine or solid salt 
as needed 

100 44 1) If the desired plowing/treatment frequency 
cannot be maintained, the spread rate can be 
increased to 200 lb/lane-mi to accommodate longer 
operational cycles 
2) Do not apply brine onto heavy snow 
accumulation or packed snow 

Wet, slush, 
or light 
snow cover 

Apply brine or 
pre-wetted solid 
salt 

100 44 

20 to 30ºF 
remaining in range 

Dry Apply brine or 
pre-wetted solid 
salt 

150-200 65-87 Plow 
accumulation 
and reapply 
brine or solid salt 
as needed 

200 87 1) If the desired plowing/treatment frequency 
cannot be maintained, the spread rate can be 
increased to 400 lb/lane-mi to accommodate longer 
operational cycles 
2) Do not apply brine onto heavy snow 
accumulation or packed snow 

Wet, slush, 
or light 
snow cover 

Apply brine or 
pre-wetted solid 
salt 

150-200 65-87 

10 to 20ºF, remaining 
in range 

Dry, wet, 
slush, or 
light snow 
cover 

Apply pre-
wetted solid salt 

200  Plow 
accumulation 
and reapply 
brine or solid salt 
as needed 

250  1) If the desired plowing/treatment frequency 
cannot be maintained, the spread rate can be 
increased to 500 lb/lane-mi to accommodate longer 
operational cycles 
2) Liquid calcium chloride may be used for pre-
wetting salt at colder temperatures 

Below 10ºF, 
steady or falling 

Dry or light 
snow cover 

Plow as needed   Plow 
accumulation as 
needed 

250  1) As pavement becomes slick apply salt/abrasive 
mix to enhance traction.  Salt will have limited 
melting power in this temperature range. 

 
Notes:  SALT APPLICATIONS.  (1) Time initial and subsequent salt applications to prevent deteriorating conditions or development of packed and bonded snow--
timing and frequency of subsequent applications will be determined primarily by plowing requirements.  (2) Apply salt ahead of traffic rush periods 
occurring during storm.  PLOWING.  Plow before chemical applications so that excess snow, slush, or ice is removed and pavement is wet, slushy, or lightly snow 
covered when treated. 
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Table 133.5.3.6.5 Continuous Operations Routes 
 

Type 1 Winter Event:  More than 12 in. of snow in 24 hours OR more than ¾ in. of ice 
 

PAVEMENT 
TEMPERATURE 

RANGE AND TREND 
 

INITIAL OPERATION SUBSEQUENT OPERATIONS COMMENTS 

Pavement 
surface at 

time of 
initial 

operation 

Maintenance 
action 

Salt spread rates Maintenance 
action 

Salt spread rates  

Pre-
wetted 

solid salt 
(lb/ln-mi) 

Brine 
(gal/ln-

mi) 

Pre-wetted 
solid salt 
(lb/ln-mi) 

Brine 
(gal/ln-

mi) 

Above 32ºF 
steady or rising 

Dry, wet, 
slush or 
light snow 
cover 

None, see 
comments 

  None, see 
comments 

  1) Monitor pavement temperature closely for drops 
toward 32ºF and below 
2) Treat slick patches if needed with pre-wetted salt 
at 100 lb/lane-mi or with brine at 44 gal/ln-mi; plow if 
needed 

Above 32ºF, 32ºF or 
below is imminent; 
 
ALSO 
30 to 32ºF, remaining 
in range 

Dry Apply brine or 
pre-wetted solid 
salt 

100 44 Plow 
accumulation 
and reapply 
brine or solid salt 
as needed 

100 44 1) If the desired plowing/treatment frequency 
cannot be maintained, the spread rate can be 
increased to 200 lb/lane-mi to accommodate longer 
operational cycles 
2) Do not apply brine onto heavy snow 
accumulation or packed snow 

Wet, slush, 
or light 
snow cover 

Apply brine or 
pre-wetted solid 
salt 

100 44 

20 to 30ºF 
remaining in range 

Dry Apply brine or 
pre-wetted solid 
salt 

150-200 65-87 Plow 
accumulation 
and reapply 
brine or solid salt 
as needed 

200 87 1) If the desired plowing/treatment frequency 
cannot be maintained, the spread rate can be 
increased to 400 lb/lane-mi to accommodate longer 
operational cycles 
2) Do not apply brine onto heavy snow 
accumulation or packed snow 

Wet, slush, 
or light 
snow cover 

Apply brine or 
pre-wetted solid 
salt 

150-200 65-87 

10 to 20ºF, remaining 
in range 

Dry, wet, 
slush, or 
light snow 
cover 

Apply pre-
wetted solid salt 

200  Plow 
accumulation 
and reapply 
brine or solid salt 
as needed 

250  1) If the desired plowing/treatment frequency 
cannot be maintained, the spread rate can be 
increased to 500 lb/lane-mi to accommodate longer 
operational cycles 
2) Liquid calcium chloride may be used for pre-
wetting salt at colder temperatures 

Below 10ºF, 
steady or falling 

Dry or light 
snow cover 

Plow as needed   Plow 
accumulation as 
needed 

250  1) As pavement becomes slick apply salt/abrasive 
mix to enhance traction.  Salt will have limited 
melting power in this temperature range. 

 
Notes:  SALT APPLICATIONS.  (1) Time initial and subsequent salt applications to prevent deteriorating conditions or development of packed and bonded snow--
timing and frequency of subsequent applications will be determined primarily by plowing requirements.  (2) Apply salt ahead of traffic rush periods 
occurring during storm.  PLOWING.  Plow before chemical applications so that excess snow, slush, or ice is removed and pavement is wet, slushy, or lightly snow 
covered when treated. 
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