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ABSTRACT

Road networks are the most prevalent and reliable element of the transportation
systems. Roads provide freedom of movement, are continually available, and form the
backbone of the economy. Road maintenance, including snow and ice control, is an
essential part of ensuring a safe and efficient road network. Winter road maintenance
operation is a series of activities performed at various times to keep roads safe and
passable during severe winter conditions. Winter road maintenance components must be
coordinated to allow operation's managers to make the right decisions at the right time.
Decisions made for winter road maintenance operations are dependent on factors such as
weather conditions, road temperature, de-icing material, and equipment. Many decisions
are made for the timely mobilization of resources for winter maintenance activities such
as salting or snow removal. Given the uncertainty associated with the variability of
winter, it is inevitable that maintenance decisions will be made with a proportion of
inaccuracy. However, untimely or ill-informed decisions result in unnecessary over usage
of resources, or deficient maintenance efforts. This thesis is focused on reducing the
margin of decision error by establishing a framework or a methodology for measuring

and assessing decision effectiveness.
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CHAPTER 1
INTRODUCTION

1.1. Background

Road networks plays major role in the movement of people and goods while
considered the most commonly used element of the national transportation systems. Even
with all the advancements in air and sea travel, roads are the backbone of any economy.
Roads take this level of importance for their ubiquity, permanency, and high capacity.
They provide freedom of movement, mobility, and are continually available for road
users. Road networks accommodate several modes of transportation, commercial and
private including trucks, buses, passenger vehicles, bicycles, walking and even horse and

carriage.

The economies of scale for transportation are quite significant, according to
Transport Canada [Transport Canada, 2008] in fiscal year 2008-2009, all levels of
government combined spent $35.4 billion on transportation of which 71% ($25.1 billion)
were spent on roads. The remaining 29% ($10.3 billion) were spent collectively on other
modes of transportation such as public transit, marine, air and multimodal. The 2008
report by Transport Canada indicated that the different modes of transportation activities
(e.g. road, air, rail) would attain an annual total cost of as much as $233 billion with road
transportation alone accounting for 86% ($201 billion) of the total cost including the

perceived social cost of transportation [Transport Canada, 2008]. According to same



2
report, the social costs associated with the impacts of transportation activities in the year
2000, were estimated to be up to $39.5 billion, measured in five areas, listed in the order
of importance: 1) accidents, 2) air pollution, 3) congestion, 4) greenhouse gas emissions

and 5) noise [Transport Canada, 2008].

Regular maintenance of roads is necessary to ensure continual operation of the
road network, and for the safe and timely movement of people and goods. Road
maintenance includes penetrative and restorative activities such as crack sealing, pothole
repair, minor and major resurfacing. On the other hand, routine maintenance includes
activities such as sweeping, debris removal, litter pick up, catch basin and ditch cleaning,
grass cutting and roadside vegetation control, and snow and ice control during the months

of winter.

The cost for snow and ice removal exceeds $2 billion annually in the United
States alone [Minsk, 1998]. It is also estimated that the various agencies in Canada spent,
in 1998, nearly $1.3 billion annually on their winter maintenance operations [Jones,
2003]. The delay, failure, or the inability to provide winter road maintenance will have
significant effects economically, socially, and environmentally. The American Highway
Users Alliance (AHUA) [American Highway, 2010] commissioned a study to measure
the economic costs of disruptions caused by snowstorms. The study shows that there is
“significant expense, both directly and indirectly, a major storm has on businesses and

government because of impassable roads, as much as $300-700 million in some states for
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just a one day shutdown” [American Highway, 2010]. The direct cost was attributed to
loss of income and sales, while the indirect component is the cost associated with the
rippling effect through the economy that would have been stimulated by the wages and

sales that were lost [American Highway, 2010].

The effects of winter weather on Canadian roads are also significant for municipal
road authorities. For example, according to information obtained from the City of
Toronto [Toronto, 2009], the City allocates an annual budget of nearly $80 million for
roadway winter operations; broken down to approximately 50% for road plowing, 30%
for road salting, and 20% for sidewalk clearing. In general, winter road maintenance
activities will form the largest single item in a road maintenance budget for Canadian

municipalities.

Winter road maintenance operation is a series of activities and tasks performed at
various stages of a snowfall or ice event to produce safe and passable roadways. Winter
maintenance consists of several operations which must be coordinated to allow
operations managers to make the right decisions at the right time [AASHTO, 1999].
Decisions made for winter road maintenance operations are dependent on factors such as
weather conditions, precipitation type, time of the day, road temperature, de-icing
material, equipment, and labour resources. Many decisions need to be made for the
timely mobilization of resources for winter maintenance activities such as salting or snow

plowing. Given the inherent complexity of the decision making process and the
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uncertainty associated with the variability of winter conditions, it is expected that
inaccurate decisions for winter road maintenance will be made resulting in increasing
costs and economic losses. Therefore, there is a need to establish a systematic framework
for decision making for winter road maintenance operations. Furthermore, as decisions
are made and executed in the field, they are rarely evaluated for effectiveness against a
standard or a benchmark. This generates questions such as: Was the effort exerted upon
executing a decision properly apportioned to the road condition? Was the equipment
mobilized at the right time? Was the salt application suited for the amount of snow
accumulation and road temperature? Such questions point to the need to have
benchmarks for measuring the effectiveness of winter road maintenance decisions.
Consequently there is a need to further investigate the decision-making process for winter
road maintenance operations in order to develop a framework for systematic decision
making, and to identify better evaluation methods in an attempt to quantify the decisions

made for winter road maintenance.

1.2. Objectives

Based on the preceding discussions, the objectives of this thesis are as follows:

e To carry out literature review to identify key elements contributing to the
decision-making process of winter road maintenance operations and to
determine any deficiencies that might exist.

e To propose a framework for a systematic decision-making process for winter

road maintenance operation.



e To demonstrate the benefits of the developed framework by analyzing the
relationship between winter maintenance operational mobilizations, weather
conditions, and winter related collisions, using actual post-event operational
data.

e To identify a better methodology to quantify efforts resulting from winter

maintenance operational decisions.

1.3. Research Plan

To achieve the objectives of this thesis, the research plan started with a literature
review of winter road maintenance operations to identify key elements contributing to its
decision-making process. Elements were explored for their influence over the operation;
such elements included road weather monitoring and forecasting, pavement temperature,
materials’ types and application techniques. Based on the understandings obtained
through the identification of the winter maintenance operation's key elements, a
framework for a systematic decision-making process was proposed and shown in a
flowchart format. The process includes process flow for pre-storm and in-storm decision-

making.

Weather information, for six winter seasons from 2004 to 2010, were obtained
from Environment Canada, including daily temperature and snowfall readings. In
addition, actual post-event winter maintenance operations data from the City of Toronto

were collected, cross-referenced with weather information, and reduced into a working
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data set. The data set is focused on the deployment of maintenance vehicles as
representation of mobilizations’ decisions. Analysis of the data set was performed to
examine the implication of decision actions, and to determine relationships between
winter maintenance operational mobilizations, weather conditions, and winter related
collisions. The analysis shows benefits of the proposed framework on salting and anti-
icing activities. Finally, based on data analysis, identify a methodology to quantify efforts
resulting from winter maintenance operational decisions. This provides road maintenance
practitioners with improved decision making for winter operations. A simplified flow

chart is shown in Figure 1.1.

Objectives

)

Conduct Literature Review J

[ Identify Key Operational ] Identify Process Deficiencies }

Elements
\ /

[ Propose a Framework for ]

P
Problem Definitions and ]

Decision-Making

[ Develop Working Data Set J Obtaln and Process Post-Event
l and Weather Data
. Identify Methodology to
[ Perform Analysis ] I Quantify Decisions

Figure 1.1: Research Plan




1.4. Scope of The Research

The scope of the presented research is limited to road winter maintenance
operations directly related to snow and ice control. More specifically the type of
maintenance activities adopted in this thesis is the one related to the utilization of
material application (salting) and direct liquid application (anti-icing) to road surfaces in
Ontario. The analysis will be conducted on data collected from one of the four districts
for the Road Operations unit within the Transportation Services Division of the City of

Toronto. The study period is limited to six winter seasons from 2004-2005 to 2009-2010.

1.5. Thesis Organization

The thesis is comprised of six chapters; Chapter 1 provides an introduction into the
importance of road transportation networks and the impact winter road maintenance has
on the economy, and outlines the research needs and objectives. Chapter 2 provides a
literature review of winter maintenance including road weather forecasting and
monitoring. The chapter also explains the role of snow and ice control materials and
techniques for road application. In addition, the chapter discusses factors in the operation
such as equipment, level of service, and maintenance policies. Chapter 3 discusses
decision support for winter operations and associated systems such as planned
operational routes, equipment utilization, operational data collection and centralized
management systems. Chapter 4 presents the main steps of the proposed framework for

decision making process for winter operations and showing typical sequential steps for
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winter maintenance operation decisions. Chapter 5 describes the case study subject, data
collections, and analysis showing possible links between winter maintenance operational
mobilizations, weather conditions, and winter related collisions, while Chapter 6 provides

important conclusions and recommendations.



CHAPTER 2
LITERATURE REVIEW

2.1. Winter Road Weather, Monitoring and Forecasting

Winter maintenance programs are dependent on climate and weather conditions
occurring in the area. This makes the study of weather patterns and historic data rather
important. Climate conditions refer to the average weather events that occur over a long
period of time, as well as the frequency of extreme events. Recurring site conditions such
as cold spots, or windy areas, are referred to as microclimates and require special
attention [Blackburn, 2004]. While weather conditions refer to the “measurable or
identifiable meteorological events that occur at a given site or in a given area at a
particular point in time.” [Blackburn, 2004]. They include conditions such as visibility,
precipitation, temperature, relative humidity and are the most crucial elements when
determining an effective winter maintenance strategy. Current weather conditions vary in
their effect on the road, based on local topography such as hills, curves and bridges. The
above, combined with traffic conditions, influence winter maintenance operational
decisions, such as type of materials and equipment to be used, and timing and priority of

treatments.

Road Weather is a term used to refer to the weather on or near roadways that
specifically affects the function of the road. Air temperature, pavement temperature,

relative humidity, wind speed, precipitation type and rate of intensity, and cloud cover
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have a direct effect on the chemical process being used to control snow and ice.
Therefore, monitoring road weather helps to identify the opportune window of time for

de-icing, anti-icing, or snow removal operations.

The surface of the road is the contact plane for snow and ice; it has been identified
as a key element affecting the formation of ice on the road and the overall behaviour of
materials used for snow and ice control. Pavement temperature directly influences the
formation, development and breaking of the bond between fallen or compacted

precipitation and the road surface, as well as the effectiveness of chemical treatments

[AASHTO, 1999].

Pavement temperature can be monitored with non-contact Infrared Thermometers.
They are usually used by road authorities and are of two types: handheld and vehicle-
mounted, shown in Figure 2.2. The hand held device is for manual use by an operator and
gives intermittent readings. The vehicle-mounted device is permanently installed to point
to the road surface and to display the readings on an in-dash display. Such readings may
provide enough information to make a decision such as calling out salt spreaders. For
example, within the City of Ottawa and City of Toronto nearly all of the patrol and

supervisor vehicles are equipped with vehicle-mounted infrared thermometers.
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Figure 2.2: Vehicle-mounted Infrared Thermometer
(Roadwatch Infrared Road Temperature Sensor, photo by author)

A Road Weather Information System (RWIS) is a “collection of instruments to
measure the meteorological and environmental variables that have been found to have the
greatest value for microclimatic assessment and the communication system necessary to
collect this information and transmit it to a central location” [Minsk, 1998]. RWIS
includes automated micro-weather reporting stations equipped with a collection of
sensors in and below the road surface, and on nearby roadside towers. The system
collects sensor readings and transmits them through a communication network to a
central computer server or a data processing centre. The data collected is then accessed
by users for a variety of purposes. RWIS data include air temperature, relative humidity,
road surface temperature, subsurface temperature, road moisture, chemical presence,
precipitation, wind speed and direction. RWIS stations may include additional equipment
such as video cameras and ice-sensitive photo sensors. RWIS stations are typically

located in a representative location of the coverage area, with a spacing range of
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approximately 30 to 50 kilometres [FHWA, 2005]. RWIS data can be used in real-time
applications to remotely monitor pavement conditions, as part of a process to decide on
treatment type and time. RWIS data is also used by trained forecasters to produce road-
specific weather reports and forecasts. The data may be used to determine area-specific
weather patterns and supplement atmospheric weather forecasting [FHWA, 1996]. A

typical road weather station is shown in Figure 2.3.

Wind speed &
direction

Precipitation
(Yes/No)

Temperature &
Relative Humidity

Remote
Processing
unit

Figure 2.3: Typical Road Weather Station
(Photos by the author)
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The information generated by RWIS is used for real-time condition monitoring

and forecasting road conditions for the purpose of snow and ice control. There are several
private companies and public agencies that provide road condition forecasting using a
number of different forecasting models, such as the Canadian heat balance model,
METRo. "The main part of such a system is a new physically based nuﬁerical Model of
the Environment and Temperature of Roads (METRo), which has close connections with
the Global Environmental Multiscale (GEM) operational regional numerical weather
prediction model run at the Canadian Meteorological Centre (CMC) in Montreal. METRo
was first implemented at the Ottawa Regional Centre in October of 1999, and is currently
in operational use at other Canadian weather centers. METRo incorporates a full road-
condition forecasting system that can predict the road surface temperature as well as the
pavement condition.” [Crevier & Delage, 2001]. Road weather service providers, with
the advent of the internet are able now to provide web-based access to their clients with
up-to-date detailed weather forecasts, road condition forecasts, and concurrent road
temperature readings relative to forecast time. This serves as an added tool to support

operational decision making,.

2.2. Winter Road Maintenance Operations

Winter road maintenance operation is a series of activities and tasks performed at
various stages of a snowfall or ice event to produce safe and passable roadways. Winter
maintenance consists of many components, including: 1) level of service, 2) policy and

standards, 3) material types, 4) road and weather conditions, 5) equipment, 6) labour, and
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7) technology and methodology. These components must be coordinated to allow
operations managers to make the right decision at the right time [AASHTO, 1999]. The
winter road maintenance operation’s objective is to remove snow and ice from road
surfaces to make it safe for driving motorists. Snow and ice control can be achieved by
mechanical means, which involve physically moving snow and ice from the travelled
lanes to elsewhere. Mechanical snow removal includes techniques such as snow plowing,
snow blowing and snow sweeping [Minsk, 1998]. Snow and ice control can also be
achieved by chemical means, whereby the composition of snow and ice is changed from
total water that freezes at zero degrees Celsius to a mixture of water and chemicals that
freeze at a temperature below zero degrees Celsius. The lower temperature is determined
by the type of chemical used, its concentration in the solution and the ambient
temperature at the time. This process is known as ‘de-icing’, “De-icing is a snow and ice
control strategy of removing compacted snow or ice already bonded to the pavement
surface by chemical or mechanical means or a combination of the two” [NCHRP 526,

2004].

2.3. Materials for Snow and Ice Control

Materials used for snow and ice control may be separated into two categories: 1)
Abrasives, and 2) Chemicals. Abrasives are designed to create or increase friction on
surfaces covered with snow and ice. Abrasives for snow and ice control include: sand,
stone dust, crushed rocks and volcanic cinders. They are typically used when pavement

temperatures are lower than the effective temperature of de-icing chemicals. Abrasives



15
are also used on gravel roads and in areas where abrasives are deemed to be a more
viable environmental choice over de-icing chemicals. However, abrasives are rarely used
by themselves without any other additives. It is common to mix other de-icing materials,
at a minimum of 2% to 5%, such as salt or calcium chloride, with abrasives in order to
prevent the stockpiles from freezing. This also makes the material mixture more
workable for transportation and delivery as well as the on-road spreading application. It is
also possible that the small percentage of salt in the sand helps the sand stick to ice
surfaces creating a rough surface, thereby increasing surface friction on the road. [Minsk,

1998]

Chemicals for snow and ice control are used to change the freezing point of snow
and ice to keep it in a fluid state to drain it away from the road surface. Chemicals that
are freeze-point depressants are known as de-icing chemicals. De-icing chemicals are
mainly in the family of chlorides and Acetates. The following are five of the most
commonly used de-icing chemicals: 1) Sodium Chloride (NaCl), 2) Calcium Chloride
(CaCl), 3) Magnesium Chloride (MgCl), 4) Potassium Acetate (KAc), 5) Calcium
Magnesium Acetate (CMA). These chemicals could be naturally available and man-
made. Sodium Chloride, in the form of road salt has been the most widely used de-icer in
both dry and liquid applications [TAC 1999]. However, road salt and other de-icing
chemicals have limitations, and understanding their chemical properties will help

establish when and where to use a certain chemical within winter operation.
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It should be noted that de-icers must be in a solution to work. When using a dry form of
the material, it is virtually inactive and must be dissolved in water (mixed with snow) to
activate it and initiate the chemical reaction to release the chemical energy that changes
freezing temperature of the solution. This process is dependant on ambient temperature,
solution concentration and atmospheric pressure. However, since the material is used on
roads in an open air environment, the control elements are reduced to only two; 1)
temperature and 2) solution concentration. Material phase changes in physical state, at
various concentrations, are represented by Phase Diagrams. A typical Phase Diagram is

shown in Figure 2.4. [FHWA 1996]
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Figure 2.4: Typical Phase Diagram
(Adapted from Federal Highway Administration [FHWA 1996])
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The phase diagram shows a typical solubility curve of a de-icer chemical. The
lowest point on the curve signifies the Eutectic Temperature, which is “the temperature at
which a chemical solution freezes completely without change in composition” [Minsk,
1998]. Figure 2.5 shows the superimposed phase diagrams of the five most common
chemicals. It is noted that the general shape of the solubility curve is similar. However,
the vertical depth of the curve varies, which varies the envelope where each chemical is

most effective for melting snow and ice [FHWA 1996].
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Figure 2.5: Phase Diagram of Common Deicing Chemicals
(Source: Federal Highway Administration, [FHWA 1996] )



18

The Eutectic Temperature is the lowest temperature that a de-icing chemical will,
theoretically, still be able to melt ice, and it is the same point where more concentration
of the chemical will not lower the freezing point of the solution. The chemical
concentration at this point, is known as the Eutectic concentration, beyond which, higher

chemical concentration into the solution will cause chemical precipitation and change the

freezing point upward [FHWA 1996].

Nevertheless, in actual field conditions, the Eutectic Temperature is not a
practical decision point. The chemical would be too volatile for its purpose, and any
slight variation in concentration would change effectiveness of the de-icer. Therefore,
there is a need to establish a “working temperature”, also know as “effective
temperature”, for each de-icer where it can be optimally utilized. Effective temperature of
a de-icing chemical is accepted to be the lowest temperature at which the de-icing
chemical starts melting snow and ice within a 15 minute time window. Effective
temperature is also where the addition of more chemical would not increase significantly
the melting capacity of this chemical. Table 2.1 shows the Eutectic and effective
temperatures for commonly used de-icing chemicals. The listed effective temperatures
may vary with the other conditions, such as purity of material, and dilution rate

[TAC,1999].
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Table 2.1: De-icing Chemicals Temperature & Concentration
(Adapted from Transportation Association of Canada [TAC1999])

Chemical Eutectic Eutectic. Effective
Temperature | Concentration | Temperature

°C % °C
Sodium Chloride (NaCl) -21 233 -9
Calcium Chloride (CaCl) -51 29.8 -32
Magnesium Chloride (MgCl) -33 21.6 -15
Potassium Acetate (KAc) -60 49 -26
Calcium Magnesium Acetate (CMA) -27 325 -6

2.4. Material Application Techniques

De-icers can be applied in dry, pre-wetted or liquid format, depending on road
temperatures, weather conditions and material availability. Dry salt is usually applied
after snow has started to accumulate or ice has formed on the road. Pre-wetting is a
technique whereby dry winter material is coated with a liquid before being applied on the
road. Pre-wetting is used on rock salt and occasionally used on sand. Brine solutions
(such as NaCl, CaCl,, or MgCl,) are used as pre-wetting agents. Organic based solutions
are also commercially available. Pre-wetting increases the retention of material on the
road and shortens the de-icer reaction time. While direct liquid application is mostly used
for anti-icing activities, however, it can also be used to de-ice black ice and frost on road

surfaces, and in specialized configurations such as fixed automated bridge spray systems.
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Anti-icing is a proactive strategy for snow and ice control. It is the application of

a chemical de-icer on the pavement before the start of, or at the onset of a winter weather
event. Anti-icing is a preventative measure designed to inhibit snow and ice from
bonding to the pavement surface. Anti-icing has been practiced in the past and became
more viable with advancements in weather monitoring and road condition forecasting,
advanced spreading equipment with computerized electronic controls, and more research
and field experimentations [Minsk 1998]. Though less effective, anti-icing may also be
performed with dry or pre-wetted de-icers. Successful deployment of anti-icing strategies
must be accompanied by the necessary tools and components of a systematic decision
making process. The concept of anti-icing can not be properly applied without road

weather information and road condition forecasting systems. [FHWA 1996].

2.5. Equipment for Winter Operations

Equipment for snow and ice control varies from the simple handheld snow shovel
to GPS-equipped automatic de-icing operations, and from the single-function unit to the
multi-functional multi-season combination unit. Such equipment may include the
capability to spread dry, pre-wet and liquid de-icers or a combination thereof. The most
important feature of any material spreader is the rate-controller that controls the amount
of material applied on the road. Knowledge and control of material application is critical
in achieving a mandated level of service. Winter maintenance equipment also includes
snow moving equipment such as: snow plows, snow blowers, graders, loaders, snow

sweepers and snow melters. Other technologies are also employed such as Global






