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Abstract 
 

In recent years, numerous studies have highlighted that the climate across the world is changing 

rapidly due to increased Green House Gas (GHG) emissions. The Intergovernmental Panel on 

Climate Change (IPCC) has reported that ambient temperatures across Canada are rising twice 

than the rest of the world. In light of climate change, it is vital to adapt our best practices in 

pavement material selection and road weight restrictions to avoid potential disruption. 

Traditionally, asphalt binder selection based on the Superior Performing Asphalt Pavements 

(Superpave) Performance Grade Asphalt Concrete (PGAC) system relies on historic climatic 

conditions in relation to the expected in-service temperature range of the flexible pavement. 

Moreover, in Canada, the Spring Load Restriction (SLR) periods are imposed on the basis of 

subsurface temperature data obtained from Road Weather Information System (RWIS) and Spring 

Load Adjustment (SLA) stations in conjunction with visual observations. In view of climate 

change, it is crucial to investigate the extent to which pavement surface and subsurface 

temperatures will be affected by ambient conditions in the future. This is to assess the relative 

impact on appropriate PGAC selection and appropriate SLR recommendations for more durable 

and resilient pavement structures. In this study, regression models were developed to determine 

the relationships between asphalt pavement surface temperature and ambient weather data from 

various weather stations within the Ontario Ministry of Transportationôs RWIS. Moreover, this 

study also involves the investigation of climate change effect on SLR periods using future climate 

projections. Regression models were developed to determine the relationships between 

freeze/thaw depths and climate indices using data from existing SLA and RWIS stations within 

Ontario. Firstly, the relative impact of climate change on pavement surface and subsurface 

temperature extremes were estimated for different Representative Concentration Pathways (RCPs) 
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using the regression models. After that, appropriate PGAC selection and SLR recommendations 

to meet projected pavement temperatures were assessed. It was anticipated that in the future, 

climate change could potentially cause changes to asphalt binder grades and changes in SLR 

periods across the Province of Ontario depending on the severity of the projected warming due to 

climate change. 
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1. Introduction  

It is now globally accepted that the climate is changing, and both surface air and sea surface 

temperatures are increasing (IPCC, 2013). The globe has witnessed a dramatic change in climate 

and Canada is a prime example of a country where global warming has changed the climate from 

past norms, which has an influence on the built infrastructure. Climate change is increasing 

infrastructure damage and service interruptions across Canada, which is already facing significant 

repair and maintenance expenditures (Ness et al., 2021). Air temperature is increasing with climate 

change and results in changes in pavement surface temperatures. The increase in pavement surface 

temperatures in many instances can be greater than the design temperature of the asphalt used in 

pavement construction. The operation of roads is impacted because climate change makes the 

typical air temperature different than the design temperature of the asphalt. In instances where the 

pavement surface temperature is different than the design temperature, the asphalt does not behave 

as intended, resulting in increased damage. Furthermore, changes in air temperatures changes the 

thawing period of ice in the pavement layers, leading to changes in Spring Load Restriction (SLR) 

periods. These restriction periods, if not determined accurately, result in damage of low volume 

pavements i.e., pavements which experience less than 1000 vehicles per day and thus are built 

with minimal sub-base.  Many climate change impacts are irreversible and will affect 

transportation infrastructure. This makes it necessary for the road pavements to be replaced with 

more resilient materials and incorporation of accurate SLR periods. The road network in Canada 

is among one of the largest in the world with the province of Ontario alone, having about 116,000 

kms of local roads (Statistics Canada, 2018) and 40,000 kms of highways. This has a net book 

asset value of $26.7 billion (FAO, 2019). Therefore, Ontario, Canada, is one of the most suitable 

places to investigate the impacts of climate change on pavements. 
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1.1. Background 

In 1987, the Strategic Highway Research Program (SHRP) began creating the Superior Performing 

Asphalt Pavements method (Superpave), a novel approach for specifying asphalt materials 

(McGennis et al., 1995). The performance-based specification for selecting Performance Graded 

Asphalt Cements (PGACs) defines binders based on historical climatic conditions in relation to 

the adaptive pavements' predicted in-service temperature scale (McGennis et al., 1995). To 

develop this approach, data from over 6000 meteorological stations across Canada and the United 

States were used to build pavement temperature models (Fletcher et al., 2016), which are referred 

to as Long Term Pavement Performance (LTPP) models. These models are commonly used to 

calculate pavement temperatures and select appropriate PGACs for pavement surface layer. By 

2001, the province of Ontario had fully embraced this binder standard (Goodman et al., 2002).  

A web-based tool has been created to assist pavement professionals in determining PGAC for any 

given site in the United States and Canada. The most recent version of this programme is 

LTPPBind V3.1.  This was created in 2005, by Pavement Systems LLC, for the Federal Highway 

Administration (FHWA) in the Unites States (Mohseni et al., 2005). This tool allows the user to 

use National Aeronautics and Space Administrationôs (NASA) Modern-Era Retrospective 

Analysis for Research and Application (MERRA) climate data, LTPP climate data. The user also 

has an option to input their own climate data. This application aids in the selection of PGAC based 

on user-defined traffic statistics and operating speed by employing the most recent LTPP models. 

To minimise early degradation of flexible pavements and extend their service life, it is vital to 

select a suitable asphalt binder grade for each road construction or road repair project. 

The environment has a significant impact on the materials used in pavement construction. Surface 

temperatures rise as air temperatures rises and this influences the strength and stiffness of the 
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asphalt. The PGAC selection is based on a design temperature which is selected based on the 

historical climate. With rising temperatures due to climate change, it is crucial that the effect of 

climate change be considered in asphalt binder selection techniques. Consideration of climate 

change will ensure the sustainability of pavement during its design life and avoid additional 

maintenance costs.   

 

1.1.1 Ontarioôs Road Network and Monitoring 

The transportation system of Canada is one of the worldôs largest systems with all the four primary 

modes of transportation (i.e., roadways, railways, airways, and sea/marine ways) playing vital 

roles in the movement of people and products. The road network system of Canada includes more 

than one million kms length of two-lane equivalent public roads (Statistics Canada, 2018). For 

Ontario, in addition to the local roads and highways mentioned previously, there are around 2,756 

bridges (Ontario Ministry of Northern Development and Mines, 2012). Figure 1.1 represents the 

road network in Ontario, which is characteristically very dense in Southern Ontario and 

progressively less dense further north. As it can be seen in Figure 1.1, mostly the province is 

located on no permafrost zone however, in the up north, many locations lie on the discontinuous 

and continuous permafrost zones. Permafrost zones or areas are the ones where the ground 

temperatures remain below 0 °C for two or more years. Whereas, in no permafrost areas, the 

ground temperatures rise above 0 °C as well. In this study, the models for determining surface 

temperatures and SLR periods were developed and tested using climatic, surface and sub surface 

data from no permafrost locations and are therefore limited to no permafrost locations of the 

province. 
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Figure 1.1 Road Infrastructure in Ontario. (Source: Woudsma et al., 2017) 

 

It has been reported that more than 11 million road vehicle registrations were recorded in Ontario 

in 2013 with 237,000 heavy vehicles (Statistics Canada, 2015a). The province of Ontario, on 

average, accounts for 39 percent of the overall national Gross Domestic Product (GDP) and its 

economy is heavily reliant on road surface transportation (Statistics Canada, 2016). Furthermore, 

it has been reported that trucking contributed the most in Ontarioôs trade with United States in 
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2015 (Transport Canada, adapted from Statistics Canada, International Trade database). There are 

more than 3,000 kms of winter roads which connect remote locations with the provincial highways 

in Northern and Central Ontario. These roads are constructed and maintained by local 

municipalities and provide only seasonal access.  

1.1.2 Low Volume Pavement Structure 

The roads which experience less than 1000 vehicles per day can be categorized as low volume 

roads (Ningyuan et al., 2006). These roads are built to access remote locations and are mostly used 

by the transportation industry, thus subjected to infrequent but intensive loadings. These roads 

comprised around 20% or 3,715 center-line km of the whole roadway network in Ontario. Due to 

low traffic, these roads are built with minimal sub-base. Typical structural details of low volume 

roads in Ontario are provided below and are illustrated in Figure 1.2 (Ningyuan et al., 2006). 

¶ Typical Structure 1: 40mm hot mix HL4 Surface + 40mm hot mix HL4 Binder +150mm 

Granular A Base + 650mm Granular B Sub-base; 

¶ Typical Structure 2: 50mm hot mix HL4 Surface + 150mm Granular A Base + 700mm 

Granular B Sub-base; 

¶ Typical Structure 3: Surface Treatment + 100mm Granular A Base + 700mm Granular B 

Sub-base. 
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Figure 1.2 Typical Low Volume Pavement Structures used in Ontario. HL 4 is a type of Hot Mix 

Asphalt Mixtures which is used as a Surface and Binder Course in Ontario. (Source: Ningyuan et 

al., 2006) 

In these roads, Hot Mix Asphalt (HMA) or surface treatment is used in the surface layers, 

granular material is used in the base and sub-base layers and sometimes hot mix binder is used 

between surface and base layers. The subgrade layer differs by region and is made up of local 

materials ranging from organic waste to bedrock (Baiz et al., 2007). In these locations where the 

traffic volume is low, the roads are usually constructed on natural foundations with minimal sub-

base. Most of the Ontario's low-volume roadways are constructed with thin bituminous pavement 

surface layers, classifying them as flexible pavement structures. In flexible pavements, the traffic 

loads are transmitted from the surface to the subsequent pavement layers in such a way that the 

whole pavement shows deflections without cracking (TAC, 1997). Most of these roads are built to 

accommodate year-round traffic, but they are not designed to withstand frost effects and are thus 

prone to early degradation (Baiz et al., 2007). 
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 The Ministry of Transportation Ontario (MTO) owns and operates many Spring Load 

Adjustment (SLA) and Road Weather Information System (RWIS) stations to monitor the road 

network. The SLA stations measure and collect soil temperature data at depths ranging from 5 cm 

to 255 cm, whereas the RWIS stations collect this information for 40 cm and 150 cm depths. 

However, both types of stations record other information as well, such as air and surface 

temperatures, relative humidity, wind speed, and precipitation data. The data obtained from these 

stations is utilized in many ways such as the design and repair of roads, winter maintenance of 

pavement structures, determination of SLR periods, and for research, and development.  

 It is also anticipated that climate change may impact SLR periods. The second part of this 

research investigates the implications of climate change on SLRs in Ontario, Canada. Roads with 

less than 1000 cars per day are classified as low volume roads within the framework of pavement 

design (Ningyuan et al., 2006). These roads are constructed to provide access to isolated and 

remote places and are mostly utilised by the transportation sector. Therefore, these roads see 

intermittent traffic, but that traffic consists of mostly high weight vehicles. These low-volume 

roads account for around 20% of Ontario's total highway network (Ningyuan et al., 2006), and are 

often constructed with a minimum sub-base and surface treatment on a natural foundation. When 

the air temperature drops below the freezing point, it causes frost penetration in the pavement 

system thus creating a water-rich frost zone in the pavement layers. During the spring thaw periods, 

when the air temperature starts to increase, the water-rich frost zone starts to thaw (Salour et al., 

2013). The thawing in the pavement layers initiates from top down, due to increased air 

temperatures, and from the bottom up, due to the geothermal flux caused by the geothermal 

gradient (Chapin et al., 2012). In these thawing periods, the surface temperatures greater than 0 °C 

in conjunction with the warming of bottom of pavement structure due to geothermal flux generates 
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two 0 °C temperature interface boundaries, with one at the bottom and one at the top of frozen 

layer (Chapin et al., 2010). These conditions result in the energy transfer into the frozen layer 

thereby thawing the frozen layer and reducing its thickness (Chapin et al., 2010). This results in 

the moisture being trapped between the frozen layer below and relatively impermeable pavement 

surface course above (Chapin et al., 2010), thus temporarily increases the water content in the 

unbound pavement layers (Salour et al., 2013). In these conditions, there is little or no drainage of 

the accumulated moisture/water. Excess pore pressure and water saturation conditions under heavy 

traffic loads can lead to loss of shear strength and internal friction in the unbound layers, 

degradation of pavement materials and loss of underlying support (Janoo, 2002). Once the 

moisture content inside the pavement system returns to pre thawing level, the pavement structure 

regains its true strength. During these times of weakness, authorities apply a SLR to the truck 

traffic. On the one hand, the SLR extends the life of the pavement structure, but on the other, they 

reduce the load capacity of the trucks and result in economic loss. Truck payload restrictions result 

in a higher number of journeys and, as a result, increased fuel consumption. As a result, properly 

determining the SLR application and removal dates is critical. The MTO utilizes the actively 

adjusting SLR dates approach whereas, most of the regional municipalities make use of pre-

scheduled dates for SLR. Since, in most of the cases, these pre-scheduled dates are not revised for 

years, therefore there is fair chance that SLR in those regions remain in effect even when these 

restrictions are no longer required. When the SLR is correctly implemented and removed, it results 

in little pavement damage from truck traffic and minimizes economic hardship for the trucking 

business during these times (Chapin et al., 2012). 
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1.1.3 Asphalt Binder Selection 

Asphalt cement is a viscoelastic material having temperature-dependent physical characteristics, 

and properties. A binder's performance is primarily concerned with two areas of poor performance: 

rutting and low temperature cracking. The PG asphalt binders are chosen based on the year's high 

and low pavement temperature extremes, as well as a predetermined level of reliability. At high 

and low temperatures, this offers maximal resistance to rutting or pavement deformation, as well 

as thermal cracking. Rutting happens when the pavement temperature is high, which is defined as 

the average 7-day maximum pavement temperature, whereas low temperature cracking happens 

when the pavement temperature is low, which is defined as the average 1-day lowest pavement 

temperature. As a result, the asphalt binder PG is divided into two parts: high and low pavement 

service temperatures, as shown Figure 1.3 

 

Figure 1.3 Asphalt Binder Selection (modified from Corun, R., 2006) 

 

1.1.4 Spring Load Restrictions 

 Pavements in cold climates are those that get exposed and impacted by frost, ice, and snow over 

extended periods. Many of these roads are low volume roads and are built with minimal sub-base 

as described earlier. During the winter, these pavements are subjected to negative temperatures for 

long enough to cause frost penetration in the layers of pavement and sub-grade soil. Water gathers 

in the pavement structure throughout the winter, forming ice lenses. During the thawing phase, 
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moisture rises in the unbound pavement layers, resulting in structural stiffness loss and a reduction 

in load bearing capability. During the spring-thaw season, several road agencies and municipalities 

across Canada and the United States impose SLRs to mitigate the damage to low-volume 

roadways. The SLRs should ideally begin when the thawing reaches a depth that causes 

considerable pavement structural deterioration or when the pavement structure loses most of its 

strength. Whereas the removal of SLR should take place after complete thawing of the pavement 

structure. This gives proper time to pavement structure for restoration of natural drainage 

conditions and regain the designed bearing capacity. 

1.2. Problem Statement 

The asphalt binder is a viscoelastic temperature dependent material and its selection for pavement 

construction is heavily influenced by the environmental factors. If atmospheric temperatures rise, 

so do the pavement surface temperatures, necessitating research into improved asphalt binder 

selection procedures that consider expected climate changes. A recent study has shown that 

warmer temperatures cause pavement structures to degrade quicker, necessitating earlier or more 

rehabilitation (Chen et al., 2021). Therefore, it is critical to choose an appropriate asphalt binder 

grade for any given project to avoid early degradation of flexible pavements. To assess the relative 

effect of climate change on suitable PG for more robust pavement design, it is vital to examine 

how projected atmospheric conditions may impact pavement surface temperatures.  

The Ministry of Transportation Ontario (MTO) owns a number of SLA and RWIS stations spread 

all over the province. As mentioned before, these stations have several sensors embedded in the 

road which measure and collect climatic, surface, and subsurface data. The subsurface 

temperatures at different depths, obtained from these stations, are utilized to impose SLR periods 

across the province. All the analytical models developed so far were either developed for specific 
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climates and/or require site specific calibration. Most of them were developed using very limited 

climate data and have not been updated with more recent information and data. Therefore, it is 

very crucial to develop a network level model which can predict SLR periods using air 

temperatures. Moreover, the outlook of SLR periods across Ontario, Canada may also be predicted 

for changing climate using climate change projections. 

1.3. Research Objectives 

The objectives of this study were to develop a network level model which can predict SLR periods 

using air temperatures, and to quantify the effects of climate change on asphalt PG and SLR across 

Ontario, Canada. To achieve these objectives, the following steps were considered: 

Å To collect the historical and projected climate data for determining asphalt PG and SLR across 

Ontario. 

Å To review and analyse the historical and projected climate data, within the context of rising 

temperatures. 

Å To collect and analyse the data from different RWIS and SLA stations to develop and validate 

regression models. 

Figure 1.4 presents the summary of the strategy adopted in this research. In this study, the data set 

used for modelsô development, and the details of modelsô validation processes are also presented. 

Furthermore, the effects of long-term climate change on asphalt PG and SLR are quantified and 

discussed for four different future time periods i.e., short term (2021-2040), mid century (2041-

2060), third quarter (2061-2080) and end century (2081-2100). The long-term climate change 

refers to change in mean temperatures over a number of years say decades whereas the year-to-

year climate variability refers to deviation of mean annual temperature from average of 

temperatures over a number of years. The models developed in this study majorly depend on air 
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temperatures. The change in air temperatures will change the results. In this study, the results were 

generated to capture long-term climate change effects. The results of this study suggested that the 

developed models can capture the long-term changes, based on which it is believed that these 

models should be capable of capturing year to year variations of similar magnitude. As more 

measurements become available, the capability of models, in terms of capturing the year-to-year 

variation, can be improved. The findings of this study are expected to provide invaluable 

information for pavement designers and policy makers within the context of climate change. 

1.4. Organization Of Thesis 

This thesis is divided into six chapters. 

¶ Chapter 1 presents the introduction of this research followed by a detailed background in 

which the road network of Ontario and its monitoring is discussed. This chapter also 

provides a brief introduction to the asphalt binder selection and spring load restrictions. 

This chapter concludes with the problem statement and objectives of this research. 

¶ Chapter 2 highlights the potential impacts on the Ontarioôs road network within the context 

of climate change. This chapter provides information about the mechanical behaviour and 

changes in the material properties of asphalt under varying climatic influences. The effect 

of climatic parameters on deterioration of the asphalt pavements are also briefly discussed. 

This chapter also provides a brief overview of several models, developed to date for 

predicting the asphalt pavementôs temperatures and SLR periods. 

¶ Chapter 3 presents a detailed overview of all the data sources that are considered and used 

in this research effort. Moreover, this chapter also provides pertinent details on data 

analysis and the development of regression models. 
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¶ Chapter 4 demonstrates the effects of climate change on asphalt binder selection across the 

province of Ontario. This chapter provides the details regarding the development of Ontario 

specific models for the determination of asphalt PG binders. Furthermore, a quantitative 

analysis of change in asphalt PG grade, using the developed models and existing LTPP 

models, by the end-century is also presented in this chapter. 

¶ Chapter 5 presents the impacts of climate change on SLR periods across Ontario. The 

details of the development of Ontario-specific models, for determining the SLR periods, 

are also provided in this chapter. Moreover, this chapter also includes a quantitative 

analysis of change in SLR periods by the end of the century. The quantitative analysis is 

carried out using existing and models developed as part of this research.  

¶ Chapter 6 demonstrates the conclusions, recommendations, and limitations of this study. 
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Figure 1.4 Summary of Research Strategy
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2. Climate Change and the Impact on Ontarioôs Road Network ï A 

Literature Review 

2.1. Climate Change 

The increase in air temperatures due to climate change, causes the surface temperatures to rise and 

thus will affect the behaviour of pavement. Hartmann et al (2013), highlighted that the global mean 

surface temperatures have increased by 0.85 degree Celsius during the 1880 to 2012 period and 

termed the 1980 to 2010 decades as the warmest since 1850. Moreover, 2020 has been found to be 

one of the three warmest years in the recent past, with around 1.2-degree Celsius increase in the 

global mean temperatures, as compared to the 1850-1900 baseline (WMO, 2020). During the last 

century, almost each part of the world has experienced climate change. The change was not 

uniform globally due to different heat absorption rates and climatic variability in different regions 

(Hartman et al., 2013). The magnitude of rising temperatures has been greater in the high northern 

latitudes (Bush et al., 2019) and because Canada is partly located in high northern latitudes, it has 

witnessed relatively higher warming rates than the rest of the world (Bush et al., 2019). 

 The ambient temperatures in Canada are said to be increasing twice as quickly as the rest 

of the world (Bush et al., 2019). Between 1948 and 2016, the annual mean air temperature across 

Canada increased by an average of 1.7 degrees Celsius (Bush et al., 2019), whereas it increased by 

around 1.5 degrees Celsius in Ontario between 1948 and 2008 (Gough et al., 2016). According to 

reports, Green House Gasses (GHG) emissions in Ontario, Canada, increased by 10 mega tonnes 

in 2018 compared to 2017 (National Inventory Report Canada, 2018). With such emission rates, 

mean annual air temperatures in Ontario are likely to rise by 3 to 8 degrees Celsius over the next 

century, thus leading to increased surface temperature of pavement on roads across the province. 
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 The design and service life of pavements are heavily influenced by the climate. Figure 2.1 

shows different factors affecting the road performance (Haas, 2004). This figure highlights the 

interaction of weather and climate factors with different variables involved in pavement 

construction and rehabilitation. The most important issue in evaluating the performance of 

pavements is their resistance to deformation and cracking under varying climates (Sun et al., 2019). 

It is anticipated that a hotter and more variable climate will put more strain on Canada's roads, 

reducing their reliability and level of service (Ness et al., 2021). With the rapidly changing climate, 

the probability of thermal distress may increase which is the most noticeable distress in asphalt 

concrete pavements (Dong et al., 2018). Moreover, changing climate and warmer temperatures 

may cause early failure of pavements, thus necessitating more rehabilitation procedures (Y. Qiao 

et al., 2015, Wang et al., 2021). The increasing temperatures can possibly surpass the maximum 

temperature threshold that asphalt binders are intended for, thus leading to their inefficiency which 

will cause rutting and early deterioration of pavement (Ness et al., 2021).  

The water balance of permafrost zones will also be influenced by climate change, resulting in more 

rainfall, and decreasing snowfall quantities (Ming-ko Woo, 1990), leading to permafrost 

degradation (Batenipour et al., 2009). Climate change will increase the number of freeze and thaw 

cycles (Haas et al., 2004), hastening road damage (Haas et al., 1997, Mills et al., 2009, Erik et al., 

1997, Shafiee et al., 2021). The increasing air temperatures effects the time require by the thawing 

front to reach the sub-base of pavement structure which impacts the SLR period. It is therefore 

critical to examine the effects of climate a change in PG selection and SLR periods to build safer 

and long-lasting roadways.  
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Figure 2.1 Factors affecting road performance (Haas, 2004) 

 

2.2. Mechanical Behaviour of Asphalt under Varying Climatic Influences 

2.2.1. Damage to Asphalt During Seasonal Changes 

During seasonal changes, the thermal stresses on pavement structures vary and impact its 

performance and can lead to deterioration. Among different stresses, thermal cracking can result 

and will impact the pavementôs structural performance. Thermal cracking may be divided into two 
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categories. The first is low-temperature transverse cracking, which occurs when cracks run roughly 

parallel to the pavement centerline and are spaced evenly throughout the length of the road 

(Shenoy, 2002). Thermal fatigue cracking is the second kind, which is caused by the aging of 

pavement material as well as accumulated residual stresses from a significant number of thermal 

loading cycles. Different factors such as material homogeneity, ductility of asphalt concrete, 

frictional constraint between the layers, and cooling rate all play a role in thermal cracking (Shen 

and Kirkner, 2001). As the temperature drops and the pavement compresses, frictional constraint, 

and tensile stress increase until the tension surpasses the pavement's tensile strength, causing 

cracking (Raad et al., 1998; Sebaaly et al., 2002). Epps (2000) found that low temperature cracking 

occurs more frequently at temperatures below -7 °C whereas, temperature fatigue cracking is most 

typically caused by an accumulation of daily thermal cycles between -7 °C and 21 °C. Extreme 

maximum pavement temperature can also increase age-hardening (Mills et al., 2007). The age-

hardening occurs primarily due to the oxidation of asphalt, which enhances the asphalt viscosity 

and thus increases the stiffness of the mixture (Airey, 2003). Higher temperatures may cause 

premature age-hardening and brittleness in the pavement, making it more susceptible to low-

temperature cracking. 

The most important climate-related mechanisms that can affect pavement degradation in Canada 

are frost heave and thaw weakening (Mills et al., 2007). Frost heave occurs when pore water 

freezes and/or ice lenses form in the underlying layers, causing a raise in the pavement surface 

(TAC, 1997). Heaving is particularly common in poorly constructed roads with fine-grained sub-

grades that are in areas with frequent freeze-thaw cycles and significant precipitation (Haas et al., 

2004;). Low-volume roads in frost-prone locations are especially vulnerable (Tighe et al., 2001; 

Kestler, 2003). According to Dore' (1995), cracking under frost conditions is a two-phase process. 
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The first step is initiation, during which the pavement resists the strains caused by frost heave. 

Crack propagation is the second phase, which occurs as soon as the first crack develops. Surface 

roughness, which may be determined from the longitudinal profiles of pavement sections, reflects 

heaving-related damage (Fradette et al., 2005). Most frost-related damage occurs during the 

thawing phase (Mills et al., 2007, Chapin et al., 2010). The phase in which the pavement has 

increased strength, on the other hand, occurs when the pavement structure is entirely frozen and 

somewhat free of moisture. 

Rutting is a type of pavement distress in which permanent deformations accumulate to form a 

surface depression in the wheel path of pavements caused by the passing of vehicles. This 

deformation occurs at high temperatures when the asphalt binder becomes softer or less stiff. It is 

mainly caused by using unsuitable asphalt grades and/or asphalt mix, inadequate pavement 

thickness and insufficient compaction. This type of distress decreases the ride quality and safety 

of pavements. Due to rutting, water gets trapped in the depressions which causes cracking in the 

pavements thus leading to pavement deterioration. Long-term degradation patterns may be 

determined in part by the timing and sequence of environmental variables. According to Mishalani 

and Kumar (2005), warmer and cooler weather over the first few years following initial 

construction has been observed to have a favourable influence on long-term rutting due to the less 

hardened pavement in the early stages of its life. Furthermore, after construction, the rutting to 

design sensitivity increases as the early warm temperature rises and the early cold temperature 

falls. It means that assuming a stable long-term average temperature, the bigger the year-to-year 

temperature variability, the more likely it is that a design with higher safety factor or reliability 

will be more favourable. 
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2.3. Performance Graded Asphalt Cements 

Asphalt is a black, sticky, viscoelastic liquid form of petroleum which is used as a binder material 

in pavements. It is also utilized in sealing and waterproofing. Since it exhibits both, viscous and 

elastic behaviour, it can dissipate the energy added in the form of deformation and heat, or it can 

store the added energy. It follows the principle of time-temperature superposition. Therefore, its 

stiffness increases at a faster loading rate or at low temperatures, whereas its stiffness decreases at 

a slower loading rate or at high temperatures.  

The Performance Grade (PG) is a classification system for asphalt binders used in 

pavement construction. This system classifies the binders based on their performance at various 

temperatures. This system was developed in the 1987 under the Strategic Highway Research 

Program (SHRP) and was termed as Superpave. This performance-based grading system uses on 

site conditions under which the asphalt binder is expected to perform. These conditions include 

historical air and pavement temperatures, design Equivalent Single Axle Load (ESAL), and type 

of road. The PG asphalt binders are specified based on the best performance which is 15 to 20 

years of service under traffic with minimal maintenance. 

 The asphalt cement is a temperature dependent viscoelastic material, and its physical 

properties change with the change in temperature. The performance of a binder mainly addresses 

two areas of poor performance i.e., rutting at high temperature, and low temperature cracking. The 

PG asphalt binders are selected based on high and low pavement temperature extremes in a year 

with a specified reliability level. This ensures maximum resistance to rutting or pavement 

deformation and thermal cracking at high and low temperatures, respectively. The rutting occurs 

at high pavement temperatures which are defined as average 7-day maximum pavement 

temperature whereas, low temperature cracking occurs at low pavement temperatures which are 
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defined as average 1-day minimum pavement temperature. Thus, the asphalt binder PG consists 

of two portions i.e., high, and low pavement service temperature. For example, PG 52-28, as shown 

in Figure 2.2, the PG represents performance graded binder, 52 shows the desirable high 

temperature physical properties up to 52 °C and -28 indicates the desirable low temperature 

physical properties up to -28 °C. The Superpave system defines binder grades at 6 °C intervals. 

For example, for any location, if the average 7-day maximum pavement temperature is 48.5 °C 

and 1-day minimum pavement temperature is -24 °C, then the binder grade for that location will 

be 52-28 before traffic and road type adjustments. Figure 2.2 also shows typical range of asphalt 

PG values. In Canada, suppliers also provide these binder grades at 3 °C intervals. 

 

 

Figure 2.2 Typical Superpave binder grades used in pavement construction 

 

The American Association of State Highway and Transportation Officials (AASHTO) has 

defined standards and specifications for selecting asphalt binder PGs. The AASHTO M 320 and 

AASHTO M 332 are the latest and most widely used specifications for selecting asphalt PGs 
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(Gundla et al., 2020). The AASHTO M 320 PG binder grades cover a wide range of climatic 

conditions, from PG 46 to PG 82 for hot temperatures and -10 to -40 for cold temperatures. The 

high pavement design temperatures are determined using the number of degree days over 10°C, 

whereas the minimum pavement design temperatures are based on minimum air temperatures. The 

limiting factors of this specification are based on the asphalt binder's rheological characteristics, 

which were evaluated at various temperatures and ageing circumstances. At the prescribed test 

temperatures, the stress strain relationships in the binder are determined at extremely low stress 

and strains using Bending Beam Rheometer (BBR) and Dynamic Shear Rheometer (DSR) tests. 

In this specification, grade bumping is used to address traffic speed and loading factors as shown 

in Table 2.1. 

 

Table 2.1 AASHTO M 320 High-Temperature Grade Bumping Criteria 

Design ESALs 

(Million)  

Adjustment to the High-Temperature Binder Grade 

Rate of Traffic Loading 

Standard Slow Standing 

< 0.3 - - - 

0.3 to < 3 - 1 2 

3 to < 10 - 1 2 

10 to < 30 - 1 2 

>= 30 1 1 2 
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The Multiple Stress Creep Recovery (MSCR) tests are used to grade asphalt binders in accordance 

with the AASHTO M 332 specification. The asphalt grades are defined based on degree days 

above 10 °C for maximum pavement design temperature, minimum pavement design temperature 

and traffic loading. In this specification, the stress strain relationship in the binder is determined 

at high stress and strains levels as well to better simulate what happens in a real pavement. The 

grade bumping specification defined in the AASHTO M 332 is different than that of AASHTO M 

320 and is based on the Non-Recoverable Creep Compliance (ὐ ) value as shown in the Table 

2.2. 

 

Table 2.2 AASHTO M 332 High-Temperature Grade Bumping Criteria 

New PG Grade Designation MSCR ╙▪► Design Traffic Level 

PG 64S-XX Less than or equal to 4.5 Standard < 3 million ESALs 

PG 64H-XX Less than or equal to 2.0 Heavy > 3 million ESALs 

PG 64V-XX Less than or equal to 1.0 

Very Heavy > 10 million 

ESALs 

PG 64E-XX Less than or equal to 0.5 Extreme > 30 million ESALs 

 

The material reaction in the MSCR test differs considerably than that of DSR testing when loading 

is applied. As mentioned before, the high temperature parameter is determined under extremely 

low strain in the AASHTO M 320 specification. It can be one of the reasons why the high 

temperature parameter of this specification does not adequately reflect the resistance to rutting in 

the case of polymer modified binders (Cascione, 2018). The polymer network does not adequately 
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engaged at the low levels of stress and strain found in dynamic shear modulus testing. Currently, 

the polymer is solely measured as a filler that stiffens the asphalt in the AASHTO M 320 PG 

specification. In the MSCR test, the binder is subjected to higher amounts of stress and strain, more 

closely resembling what occurs in a real pavement. In this way, the reaction of the asphalt binder 

encapsulates not only the stiffening effects of the polymer, but also the delayed elastic effects. 

Such tests are used to understand the laboratory behaviour to design the pavement, however, 

monitoring of the actual road conditions is necessary to predict the behaviour in-situ and to 

determine changes in the service life of the existing pavement structure.  

2.4. Monitoring and Predicting Asphalt Behaviour 

2.4.1. Seasonal Monitoring Program (SMP) 

The LTPP-SMP program was initiated by the SHRP in the 1990s to collect pavement response 

data at several sites in the United States and Canada. The purpose of this program is to utilize the 

data, collected from the SMP sites, to analyze critical conditions in pavement design, and to 

develop and validate different models involved in pavement design. Under this program, 7500 

stations have been installed and operated to create and maintain temperature database and 

pavement response data. A typical SMP station uses different instruments such as a temperature 

probe, rain gauge, thermistor probe, and pavement surface temperature sensors to collect pavement 

response data. A datalogger is used to collect and save the data from the instrumentation for further 

use. 

2.4.2. SHRP Studies 

The estimation of design pavement temperatures is the first stage while selecting the SHRP PG 

binder grades. In 1987, SHRP started developing models for pavement surface temperature 

predictions under the Superpave program. Solaimanian and Bolzan (1993), developed a model to 
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predict high pavement temperatures under this program. It was first identified by this program that 

low pavement temperatures and air temperatures are equal. However, this approach was 

superseded by low pavement temperature prediction model, which was proposed by Robertson 

(1995). Since the data availability for validating Superpave specifications was very limited, 

therefore the SHRP initiated the Long-Term Pavement Performance (LTPP) Seasonal Monitoring 

Program (SMP) program. Under this program, a temperature database consisting of around 7500 

stations in United states and Canada were developed. The data obtained from this database was 

then utilized for the development of LTPP pavement prediction and PG determination models. 

2.4.3. Solaimanian et al., 1993 

In 1993, Solaimanian and Kennedy proposed this simple and quick method for the determination 

of maximum pavement temperatures. It is one the earliest models developed under the SHRP 

program. This method utilized maximum air temperatures and hourly solar radiation for surface 

temperature calculation. It was developed on the principle of surface energy balance thus achieving 

the temperature equilibrium. In the model development, reasonable assumptions were also 

considered related to thermal properties of asphalt concrete. This study also proposed that the 

minimum pavement temperature can be assumed equal to minimum air temperature. This study 

concluded that solar radiation is an important parameter while determining maximum pavement 

temperatures. For this, latitude of the site was considered in this model. It was also evaluated that, 

at higher latitudes, the difference between maximum air and pavement temperatures is expected 

to decrease. Furthermore, maximum air temperatures and maximum pavement temperatures have 

a linear relationship (Solaimanian et al., 1993). 
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2.4.4. Robertson 1995 and 1997 

Deme (1995) discovered that surface temperatures are higher than air temperatures, which were 

previously considered equal. Robertson (1995) proposed a model for the determination of low 

pavement temperatures using air temperatures. This model was a modification of the algorithm 

which was developed by Deme (1995). The equation developed for the determination of surface 

temperatures is as follows: 

Ὕ πȢψυωὝ ρȢχ                  2.1 

Where Ὕ  is the 1-day minimum air temperature in °C and Ὕ  is the minimum surface 

temperature. Robertson and Christison (1995) suggested the inclusion of reliability by evaluating 

the above equation. It was done by replacing the Ὕ  term with Ὕ ὲ„. The final equation is 

as follows: 

Ὕ πȢψυωὝ ὲ„ ρȢχ                          2.2  

Where „ is the standard deviation and ὲ is the standard normal distribution value which is 2.055 

at 98% reliability. This model was further refined by Robertson in 1997 in which the standard 

deviation of actual pavement temperatures was considered. In doing so, two reliabilities, one for 

air and second for pavement temperatures, were considered for the determination of the pavement 

surface temperatures. The equation developed after this modification is provided below: 

Ὕ πȢχωτὝ ὲ„ ρȢυὲ               2.3 

In this equation, the 1.5 value was assumed for standard deviation of actual pavement 

temperatures. The inclusion of two reliabilities decreased the risk of the model underestimating 

the pavement surface temperature. 
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2.4.5. Lukanen et al., 1998 

The LTPP SMP program, initiated by SHRP, constructed a number of weather stations in the 

United States and Canada to create a temperature database. This data was utilized by Lukanen et 

al., (1998) to develop better models, as compared to previously developed models, for the 

determination of pavement temperatures. These models utilized air temperatures and latitudes to 

determine pavement temperatures at 20 mm depth. The equations developed by Lukanen et al., 

1998 are as follows: 

ὝὨ πȢυς φȢςςυ‰ πȢρυ‰ πȢππρρ‰  

πȢςψὝὥ ψȢσχὒὔὨ τπ               2.4 

ὝὨ πȢρτ ρȢχ‰ πȢπφ‰ πȢπππχ‰  

πȢφωὝὥ τȢρςὒὔὨ ρππ               2.5 

Where ὝὨ  is the high pavement design temperature in °C, Ὕὥ  is the high air 

temperature in °C, Ὠ is depth in pavement in mm (20mm), ‰ is latitude in degrees, ὝὨ  is the 

minimum pavement design temperature in °C, and Ὕὥ  is the low air temperature in °C. 

2.4.6. Bosscher et al., 1998 

In the same year, Bosscher et al. also developed models for the determination of pavement 

temperatures at surface (6.4 mm depth) and at any desired depth. The researchers developed 

different equations for different temperature ranges. For minimum pavement temperatures, two 

different equations were proposed i.e., when air temperature is below 0 °C and -5 °C. Whereas, 

for high pavement temperatures, different equations for air temperature higher than 10 °C and 

below 10 °C were developed. Equations for minimum pavement temperature are provided below: 
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¶ When the air temperature is below 0 °C 

Ὕ  ͽ Ȣ  φȢψσρȢπρτὝ                2.6 

¶ When the air temperature is below -5 °C 

Ὕ  ͽ Ȣ  πȢσχφψπȢφψχὝ               2.7 

¶ Minimum pavement temperature at any desired depth 

Ὕ Ὕ  ͽ Ȣ  πȢππρςσὝ  ͽ Ȣ  Ὠ φȢτ  

πȢπρτφὨ φȢτ                 2.8 

Where Ὕ  is the minimum pavement temperature at any desired depth in °C, 

Ὕ  ͽ Ȣ   is the minimum pavement at 6.4 mm in °C and Ὠ is the depth from surface in 

mm. For the determination of maximum pavement temperature, the following equations were 

developed: 

¶ When the air temperature is above 10 °C 

Ὕ  ͽ Ȣ  πȢυρωπȢψςπ Ὕ  πȢππσσυ Ὓέὰὥὶ           2.9 

¶ When the air temperature is below 10 °C 

Ὕ  ͽ Ȣ  ςȢψρρρȢπψχ Ὕ  πȢππςτφ Ὓέὰὥὶ         2.10 

¶ Maximum pavement temperature at any desired depth 

Ὕ Ὕ ͽ Ȣ  ςȢφψzρπ Ὠ φȢτ Ὕ ͽ Ȣ   
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τȢςυzρπ Ὠ φȢτ               2.11 

Where Ὕ  ͽ Ȣ   is the maximum pavement temperature at 6.4 mm depth in °C, 

 Ὕ   is the maximum air temperature in °C and Ὓέὰὥὶ is the total daily solar radiation 

intensity in Whr/m2. The researchers concluded the solar radiation as a critical parameter while 

determining maximum pavement temperatures and recommended that while measuring air 

temperatures, solar radiation intensity should also be measured (Bosscher et al., 1998).  

2.4.7. Mohseni et al., 1998 

In this study, the database for pavement temperatures was developed by utilizing the LTPP-SMP 

data. This data was then utilized for the development of high and low pavement temperature 

models. These models were developed to improve the SHRP asphalt PG grade selection procedure 

in the Superpave program. For the modelsô development, daily air and pavement temperature data 

were used. To determine the highest pavement temperature, average 7-day high air temperature 

were considered. It was observed by Mohseni et al. (1998) that rutting happened during extended 

heat waves. Using of 1-day maximum temperature was considered non-conservative and therefore 

a 7-day average was considered. In these models, an error term was introduced to account for 

variabilities in determining the pavement temperatures (Mohseni et al., 1998). Two types of 

variabilities i.e., mean air temperature and estimated pavement temperature were considered while 

determining the design pavement temperatures. For the air temperature variability, the standard 

deviation of the mean air temperature (high and low) was used whereas, for the pavement 

temperature variability, the Root Mean Square Error (RMSE) of the model was considered. The 

error term was coupled with the reliability factor to have results at any desired reliability. In terms 

of asphalt PG selection, reliability is defined as ñthe probability (in percentage) in a single year 

that the actual low pavement temperatures will not decrease, and the actual high pavement 
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temperatures will not increase the corresponding design temperaturesò (Brown et al., 2009). The 

error term was subtracted from the low pavement temperature equation and added to the high 

pavement temperature equation to obtain higher reliability. The regression models obtained by 

corelating low and high pavement temperatures with air temperatures and latitudes are provided 

below: 

Ὕὴ ρȢυφπȢχς Ὕὥ πȢππτ ὒὥὸ 

φȢςφ ὒέὫὌ ςυ ὤ τȢτ πȢυς„             2.12 

Ὕὴ υτȢσςπȢχψ Ὕὥ πȢππςυ ὒὥὸ 

ρυȢρτ ὒέὫὌ ςυ ὤ ω πȢφρ„             2.13 

Where Ὕ  is the highest mean 7-day pavement temperature in °C, Ὕ   is the 

highest mean 7-day air temperature in °C, „   is the standard deviation of highest mean 7-

day air temperature in °C, Ὕ  is the lowest pavement temperature in °C, Ὕ   is the lowest 

air temperature in °C, „   is the standard deviation of lowest air temperature in °C, ὒὥὸ is 

the latitude in degrees, Ὄ is the depth in mm and ὤ is the standard normal distribution value i.e., 

2.055 for 98% reliability. It was concluded that both models should be updated as more SMP data 

become available. 

2.4.8. Mohseni et al., 2005 

Mohseni et al., 2005 proposed improved methodology for the determination of high temperature 

PG grade for asphalt binders. In this research, improved transfer function for average 7-day high 

pavement temperatures, and a rutting damage model was developed using the SMP data. For the 

development of improved high-temperature transfer function, an Integrated Climatic Model (ICM) 
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was comprehensively utilized. To get a more accurate and refined picture of high temperatures in 

a pavement, the hourly climatic data was utilized in the model development. A performance based, 

rut damage model was then developed utilizing the hourly climatic data and previously developed 

models for rut predictions and Hot Mix Asphalt (HMA) stiffness. The newly developed 

performance-based procedure was able to account for extended hot periods, which was not 

considered in the original procedure.  

 A new high pavement temperature model like SHRP was developed using the hourly data 

obtained from the temperature database. To achieve more accuracy, this model was developed to 

estimate pavement temperatures at a depth of 20 mm below surface. The following is the new high 

pavement temperature model based on an average 7-day high temperature.  

Ὕὴ σςȢχ πȢψσχ Ὕὥ πȢππςω ὒὥὸὤ ‏ ‏         2.14 

 Where Ὕ  is the highest mean 7-day pavement temperature in °C, Ὕ   is the 

highest mean 7-day air temperature in °C, ‏  is the standard deviation of highest mean 7-day air 

temperature in °C, ‏  is the standard error of model i.e., 2.1 in °C, ὒὥὸ is the latitude in 

degrees, Ὄ is the depth in mm and ὤ is the standard normal distribution value i.e., 2.055 for 98% 

reliability. As mentioned before, it was determined that the 7-day average temperature approach 

could not account for the extended heat waves. 

For the development of performance based, rut damage model, different parameters such 

as traffic speed, ESAL, latitude and longitude of site along with the estimated high and low 

pavement temperatures were utilized. The climatic data from around 186 sites throughout the 

United Sates was used. This method used the degree days approach instead of the traditional 

average 7-day temperatures to account for extended hot periods in a climate. The determination of 
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high temperature PG grade is a step-by-step procedure. The first step is the estimation of damage-

based PG which requires degree-days and a target rut depth with 50% reliability as input. The 

equation developed for determining damage-based PG is given below: 

ὖὋὨτψȢς ρτ ὈὈ πȢωφ ὈὈ ς ὙὈ            2.15 

 Where ὖὋὨ is the estimated damage-based PG in °C, ὈὈ is the average yearly degree-days 

of air temperature over 10 °C (x1000 °C-days) and ὙὈ is the target rut depth (5-13 mm). The 

degree-day is defined as the summation of daily high air temperatures over a span of one year 

whenever the daily air temperature is more than 10 °C. An average value of degree-days over an 

observation period is used. The damage-based PG is the high pavement temperature and the 

subsequent binder grade in 6 °C increment is the base grade. The ὖὋὨ calculated from the above 

equation demonstrates the high pavement surface temperature at 50% reliability under normal 

conditions i.e., less than 3 million ESAL of traffic load and fast traffic speed. The second step 

involves the estimation of the coefficient of variation of the base temperature. It is to adjust the 

base temperature for reliability. The equation developed for the estimation of this coefficient is 

provided below: 

ὅὠὖὋπȢππππστ ὒὥὸςπὙὈ            2.16 

The ὖὋὨ transfer function was developed using the yearly degree days with a base of 10 

°C over a 20-year period. To account for more rutting damage in the early years after construction, 

it was critical to adjust the PG transfer function for yearly variation. The coefficient of variation 

estimated from the above equation is utilized to determine asphalt PG at any desired reliability. It 

can be estimated using the following equation: 
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ὖὋὶὩὰὖὋὨὤ ὖὋὨz              2.17 

 Where ὖὋὶὩὰ is the PG at any desired reliability in °C, ὤ is the standard normal distribution 

value from the Standard probability table and ὅὠὖὋ is the yearly PG coefficient of variation in %. 

As mentioned before, the equation developed for ὖὋὨ determination could only account for 

normal conditions i.e., less than 3 million ESAL of traffic load and fast traffic speed. Therefore, 

to account for slow traffic speed and greater than 3 million ESAL of traffic load, the ὖὋὨ equation 

should be adjusted for traffic loading and speed. This study proposed grade bumping criteria to 

adjust traffic loading and speed. Since the grade bumping was proposed only for fast and slow 

speed, therefore Advanced Asphalt Technologies (AAT), 2011 proposed a more refined criteria 

for speed and traffic loading adjustment. In this, very slow speed was also incorporated. Table 2.3 

and Table 2.4 shows the LTPP and AAT criteria for traffic load and traffic speed adjustment. 

 

Table 2.3 Damage Based PG Grade Bumping for Traffic Loading and Speed. Mohseni et al., 

2005 

  Traffic Loading ESAL, Millions  

Speed Base Grade < 3 3-10 10-30 > 30 

Fast 

52 0 10.3 16.8 19.3 

58 0 8.7 14.5 16.8 

64 0 7.4 12.7 14.9 

70 0 6.1 10.8 12.9 

Slow 52 3.1 13 19.2 21.6 
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58 2.9 11.2 16.8 19 

64 2.7 9.8 14.9 17 

70 2.5 8.4 12.9 14.9 

 

Table 2.4 Damage Based PG Grade Bumping for Traffic Loading and Speed. NCHRP 673 

Design Traffic 

(ESALs) 

Grade Adjustment for Average Vehicle Speed in kph (mph) 

Very Slow Slow Fast 

< 25 (< 15) 

25 to < 70 (15 to < 

45) 

>= 70 (>= 45) 

< 0.3 - - - 

0.3 to < 3 12 6 - 

3 to < 10 18* 13 6 

10 to < 30 22* 16* 10 

>= 30 - 21* 15* 

* Consider use of polymer modified binder. If a polymer modified binder is used, high 

temperature grade may be reduced one grade (6 °C), provided rut resistance is verified using 

suitable performance testing. 

 

To select a high temperature asphalt PG at any desired depth, equation 2.14 can be used 

(Mohseni et al., 2005). Using this equation, high pavement temperature at surface and at any 

desired depth is estimated. The difference between these temperatures is then calculated which is 

termed as temperature correction factor for depth. This correction factor is then added to ὖὋὶὩὰ to 

select high temperature PG, before applying the traffic correction. 
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2.4.9. LTPPBind 

LTPPBind is an online tool which is widely being used by the designers and transportation 

engineering personnel to accurately select the most appropriate asphalt binder PG for pavement 

construction at a specific site. The latest version of this tool is LTPPBind V3.1. It was developed 

by Pavement Systems, LLC for the Federal Highway Administration (FHWA) (Mohseni et al., 

2005). This tool allows the user to use National Aeronautics and Space Administrationôs (NASA) 

Modern-Era Retrospective Analysis for Research and Application (MERRA) climatic data, LTPP 

climatic data, and user provided data for the determination of asphalt PG binder. The LTPP 

climatic data is obtained from the database of around 7500 weather stations installed and operated 

in the United States and Canada. The databases which are utilized to obtain data are Surface Land 

Daily and Canadian Daily Climatic Data. Data includes ID name, latitude, longitude, elevation of 

a weather station and climatic data such as high and low air temperatures, evaporation, 

precipitation, snowfall, snow depth, 24-hour wind movement and maximum and minimum soil 

temperatures as provided by each weather station. The LTPPBind V3.1 uses the five nearest 

weather stations to assess the environmental parameters while examining the binder grade for a 

given area. The average of the environmental characteristics for the five locations is used to 

propose a binder grade.  

 The LTPPBIND V3.1 uses meteorological data that includes maximum and minimum daily 

air temperatures (Mohseni et al., 2005). To estimate the low pavement temperature, the Mohseni 

et al., 1998 model is utilized as provided in equation 2.12. As mentioned before, this model was 

developed by the regression analysis of LTPP SMP data. This model estimates low pavement 

temperatures using low air temperatures, latitude, and depth (Mohseni et al., 1998). Whereas, for 
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high pavement temperature, this tool uses the latest LTPP performance-based rut damage model 

and the procedure as described above in section 2.3.5.6 (Mohseni et al., 2005).  

 This tool also offers the user to input their own data. While using this approach to determine 

asphalt PG binder, the user must input the values for certain parameters such as target rut depth, 

asphalt layer depth, base high temperature PG, traffic loading cumulative ESAL, traffic speed. 

Utilizing the input information, the tool suggests the asphalt PG under AASHTO M 323-13 and 

AASHTO M 332-14 standards. Figure 2.3 and Figure 2.4 shows the screenshots of LTPPBind 

online tool while selecting a location and suggested asphalt PG using the manual data input 

approach.  
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Figure 2.3 Screenshot of LTPPBind Online on Location Selection 
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Figure 2.4 Screenshot of LTPPBind Online showing Suggested Asphalt PG 

 

2.4.10. Other Studies 

Barber (1957) computed pavement temperatures using climatic data, which was one of the first 

studies to employ analytical methods to forecast pavement temperatures. Climate elements, such 

as geographical and meteorological data, are the fundamental aspects of this pavement temperature 

modelling effort. After that, many different researchers across the globe developed different 
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analytical models for the prediction of pavement temperatures. In this section, some of the 

analytical models developed in North America are summarized in Table 2.5. 

 

Table 2.5 Pavement Temperature Prediction Models  

Ref, Year Influencing Factors Summary and Findings 

Barber (1957) 

¶ Air Temperature 

¶ Pavement Temperature 

¶ Wind 

¶ Solar Radiation 

¶ Precipitation 

¶ Coefficient of Thermal 

Properties 

¶ One of the first analytical model to predict 

pavement temperatures. 

¶ The results of the model were validated on 

asphalt pavements having a thickness of 

63.5 mm.  

¶ The estimated results were compared with 

the actual pavement temperatures and was 

concluded that the model showed around 3 

to 5 °C of maximum temperature error.  

¶ The developed model could predict 

maximum as well as minimum temperature 

of pavements 

Higher and 

Wall (1984) 

¶ Asphalt pavementôs 

thermal conduction 

under various specific 

densities 

¶ A recycling process was incorporated in 

which the heat was applied to the asphalt 

pavement using an external heat source.  
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¶ The spread of heat conduction in the 

limestoneôs surface and base course was 

significantly different. 

Liang and Niu 

(1998) 

¶ Air Temperature 

¶ Pavementôs Surface 

Temperature 

¶ A three-layer system was utilized in the 

determination of analytical solution with a 

simplified boundary condition involving 

only the heat transfer between air and the 

pavement surface.  

¶ The researchers concluded that the 

distribution of temperature could be non-

linear within the depth of pavement 

structure. 

Park et al. 

(2001) 

¶ Surface Temperature 

¶ Depth  

¶ Coefficient associated 

with time 

¶ The model was verified for a range of 

surface temperatures between -28.4 °C to 

53.7 °C and depth between 14 to 27.7 cm. 

Diefenderfer 

et al. (2003) 

¶ Maximum/Minimum 

air Temperature 

¶ Day of the Year 

¶ Depth below surface 

¶ Two different models for determining 

maximum and minimum pavement 

temperatures were developed. 

¶ These models were validated using data 

from the SMP sites in the United States and 

can be used for the four seasons and for 

different climate zones. 
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2.5. Appli cation and Removal of Load Restrictions in the Spring 

The freezing and thawing in soils are overall complicated processes. With the soil temperature 

approaching the freezing point, the water present in the soil begins to freeze which leads to frost 

heave. This frost heave causes a loss of strength in the pavement structure during the thawing 

season (Andersland and Ladanyi, 2004). The required circumstances for producing alternating 

bands of soil and ice result from a combination of unstable heat transport near the ground surface 

from fluctuations in air temperatures, as well as crystal ice nucleation and growth. During the 

freezing season, the creation of ice bands and the segregation of ice leads to an increase in the 

volume of the soil/water system (Andersland and Ladanyi, 2004), which is the key process 

involved in frost heaving.  

During the winter season, when the temperature drops below freezing, the pore water in 

the pavement structures start to convert to ice lenses (Salour et al., 2013). The frozen layer grows 

deeper into the pavement structure until it reaches a point when the freezing slows down and 

formation of ice lenses halts due to reduced heat flow (Salour et al., 2013). This results in the 

formation of water-rich frost zone in the structure (Salour et al., 2013). This frozen layer borders 

by an unfrozen layer below (Chapin et al., 2010).  

During the spring thaw periods, when the air temperature starts to increase, the water-rich 

frost zone starts to thaw and the water present in the form of ice lenses transforms back into the 

liquid state (Salour et al., 2013). The thawing in the pavement layers initiates from top down, due 

to increased air temperatures, and from the bottom up, due to the geothermal flux caused by the 

geothermal gradient (Chapin et al., 2012). In these thawing periods, the surface temperatures 

greater than 0 °C in conjunction with the warming of bottom of pavement structure due to 
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geothermal flux generates two 0 °C temperature interface boundaries, with one at the bottom and 

one at the top of frozen layer (Chapin et al., 2010). These conditions result in the energy transfer 

into the frozen layer thereby thawing the frozen layer and reducing its thickness (Chapin et al., 

2010). This results in the moisture being trapped between the frozen layer below and relatively 

impermeable pavement surface course above (Chapin et al., 2010), thus temporarily increases the 

water content in the unbound pavement layers (Salour et al., 2013). In these conditions, there is 

little or no drainage of the accumulated moisture/water. The change in moisture content not only 

effects the stress states through pore-water pressures but also the soil structure due to damage of 

the particlesô cementation bonds (Lekarp, Isacsson, & Dawson, 2000). Excess pore pressure and 

water saturation conditions under heavy traffic loads can lead to loss of shear strength and internal 

friction in the unbound layers, degradation of pavement materials and loss of underlying support 

(Janoo, 2002). The entrapped water reduces the strength of subgrade and sub-base thus reduces 

the materialôs bearing capacity to support overlying pavement structure (Van Deusen, 1998). Once 

the moisture content inside the pavement system returns to pre thawing level, the pavement 

structure regains its true strength (Chapin et al., 2010).  

 It has been observed that the average annual surface temperatures do not vary consistently 

with the corresponding average annual air temperatures (Andersland and Ladanyi, 2004). The 

difference between air and surface temperatures is caused by several factors, including net solar 

radiation, snow cover, vegetation, subsurface drainage, and ground thermal properties. The surface 

temperatures can be estimated from the air temperatures using the n-factor approach (Chapin, 

2010). The n-factor is a multiplier which is used to correct the air freezing and thawing indices 

(Dore et al., 2008). It is an empirically developed approach and defines the n-factor as follows 

(Dore et al., 2008): 
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ὲ                 2.18 

ὲ                  2.19 

 

Where ὲ, ὲ are the freezing and thawing n-factors, ὊὍ, ὊὍ are the surface and air freezing 

indices, and ὝὍ, ὝὍ are the surface and air thawing indices, respectively. Different n-factors, for 

both freezing and thawing seasons, have been proposed and can be utilized for the determination 

of surface temperatures. A freezing index is the running summation of negative mean daily 

temperatures, whereas a thawing index is the running summation of positive mean daily 

temperatures over a specified period. The freezing and thawing air and surface indices are 

defined as follows: 

 

ὊὍ В ὓὈὃὝ               2.20 

ὝὍ ВὓὈὃὝ               2.21 

ὊὍ В ὓὈὛὝ               2.22 

ὝὍ ВὓὈὛὝ               2.23 

 

Where Ὕ and Ὕ are temperatures above and below 0 °C, respectively, ὓὈὃὝ and ὓὈὛὝ are 

mean daily air and surface temperatures, respectively, and ὸ is the time period considered. The 

degree-day notion is used by the temperature indices to characterise the intensity of air and 
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surface temperature fluctuations. Different n-factors, for both freezing and thawing seasons, have 

been proposed and can be utilized for the determination of surface temperatures.  

During the spring-thaw weakening season, several road agencies and municipalities across 

Canada and the United States impose SLRs to mitigate the damage to low-volume roadways. SLRs 

should ideally begin when thawing front migration reaches a depth that causes considerable 

pavement structural deterioration. Different studies such as Kestler et al., 1999, and Hein and Cole, 

2002, suggest that as soon as thawing starts in the pavement, the SLR should be implemented. 

However, other researchers recommend that the thawing front should reach a specific depth in 

order to decrease the pavement stiffness significantly. Using this approach, Van Deusen, 1998 

investigated the influence of air temperature on frost and thaw depths and concluded that, when 

the thawing front reaches the base layer of the pavement, it causes significant decrease in the 

stiffness of aggregate base layer. In another study, Ovik et al., 2000, performed a number of Falling 

Weight Deflectometer (FWD) tests at the Minnesota road test site. The results showed significant 

increase in the pavement deflections when the thawing front reached a depth between 300 mm to 

600 mm. The thickness of the asphalt concrete layer, according to Rutherford, 1989, has a 

substantial impact on pavement strength. In the same research, it was concluded that the thin 

pavements drastically loose their stiffness during the base thawing, but thicker pavements did not 

demonstrate the same behaviour until substantial sub-grade thawing has occurred. Moreover, the 

effect of thawing followed by refreezing, which is frequent throughout most thawing seasons, is 

also a key concern in the implementation of SLRs.  

 The removal of these restrictions is also a complicated process and should be done with 

great care. The removal of SLR should take place after complete thawing of the pavement structure 

(Andersland and Ladanyi, 2004). This gives proper time to pavement structure for the restoration 
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of natural drainage conditions. A study was carried out in which, after analyzing the results of 

several pavement deflections tests, suggested that the time necessary to accomplish complete 

thawing of the pavement structure can be less than or even half of the time the pavement is 

structurally weak (Cole, 2002). Furthermore, in another study, the results estimated from Falling 

Weigh Deflectometer (FWD) tests suggested that the strength of pavement is not entirely 

recovered until around 7 days following full thawing of the pavement structure (Berg, 2010). This 

does not mean that a standard addition or multiplication of the thawing time is needed to capture 

the weakened time of the pavement structure. In this study, the approach used for determining the 

application and removal of SLR is the same as utilized by the MTO i.e., the most significant loss 

of pavement strength occurs when the thaw starts in the base, and the least significant loss occurs 

when the thaw reached a depth of around 1 meter. The MTO uses a thawing depth of 1.5 to 1.65 

meters which ensures the required drainage of water from the pavement layers.  

2.6. Methods of Determining Spring Load Restrictions 

In the North America, particularly in Canada and the United States, DOTs and municipalities have 

been using different approaches to implement and remove SLRs. These include the use of 

prescheduled calendar dates, engineering judgement, pavement deflection testing, measuring of 

temperature at different depths and empirical models.  

 Methods such as engineering judgement and pavement deflection testing need a lag time 

of around 3 to 4 days between the detection of pavement deflections and the implementation of 

SLR. The transportation sector requires this lag time to give enough notice to companies so that 

they can make suitable arrangements. During this lag time, since SLR is not implemented, the 

pavement structure is prone to severe damage under normal or full loads. The approach of using 

prescheduled dates, for SLR implementation and removal, efficiently removes the lag period's 
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difficulties. However, because limits may be in place while the pavement structure is totally 

thawed or its strength is fully recovered, this strategy can drastically extend the duration that SLRs 

are imposed on a highway. This can cause the transportation industry to face higher expenses over 

a longer period of time. In the event of an abnormally warm spell in late winter, they may be placed 

too late, causing harm to the highway. As the climate continues to change, establishing acceptable 

prescheduled times on a year-to-year basis becomes more challenging.  

 The method of measuring actual temperatures at different depths of a pavement structure 

ensures greater accuracy but requires high costs in installation and maintenance of temperature 

sensors. Moreover, during the time of pavement repairs, sensors can get damaged and no longer 

operate until they are fixed. During this time, no temperature data is being recorded thus could 

potentially lead to inaccurate SLR periods. Several empirical models have been developed for 

implementation and removal of SLR. These methods utilize variations in the air temperatures to 

predict freezing/thawing indices and depths within the pavement structures. Most of these 

empirical models require pavement deflection data to predict results.  

2.6.1. Empirical Approaches 

Mahoney et al., 1987 

Mahoney et al., 1987 suggested an empirical method for the determination of the SLR periods by 

calculating Cumulative Thawing Index (CTI) and Cumulative Freezing Index (CFI) using a fixed 

reference temperature and daily average air temperatures. The proposed relationship can be 

expressed as follows: 
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CTI = ВὝ  Ὕ                2.24 

 Where, Tavg is the average daily temperature and Tr is the reference temperature which is 

basically an average air temperature when the pavement surface temperature fluctuates around 

0oC. Usually, the Tr value decreases gradually as the season changes, from early winter to late 

winter or early spring, which accounts for the increased solar radiation experienced by the 

pavement in that season. This decreased value of Tr suggests that the pavement thawing occurs at 

lower air temperatures during this season. However, this method uses a fixed value of -1.67oC for 

Tr for the determination of CTI. This method recommends that the SLRs should be applied when 

the CTI value reaches 15oC and must be applied when the CTI reaches 28oC for thick pavements. 

While calculating the CTI, its value should be reset to zero in case it obtains a negative value 

(Mahoney et al., 1987). This method suggests that the SLR should be removed when the value of 

CTI becomes equal to the 30% of the value of CFI (Mahoney et al., 1987). Where CFI can be 

determined by taking sum of temperatures below 0 oC. 

Corté et al., 1995 

This empirical method was developed by CortὩǲ et al. in 1995 which calculates the freezing index 

transmitted through the pavement structure for the determination of SLR periods. The transmitted 

freezing index can be calculated as follows: 

ὊὍ
 

               2.25 

 Where, ὊὍ is the freezing index transmitted at the surface of the sub-grade soil, ὊὍ is the 

freezing index at the surface of the pavement, Ὤ is the total pavement thickness in cm and ὥ, ὦ 

are the coefficients based on the nature of pavement materials (Guy DorὩǲ, 2009). If the pavement 
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structure is made up of a single material, then ὦ is equal to b and if the pavement structure is made 

up of several layers of material, then ὦ can be calculated as follows: 

ὦ  
В

В
                 2.26 

Where, ὦ is the coefficient for materials in layer i and Ὤ is the thickness of layer i in cm. 

A typical value used for ὥ is 0.008 and for b is, 0.06 for asphalt concrete or 0.10 for granular 

material (Guy DorὩǲ, 2009). In this method, the frost penetration into the sub-grade can be 

calculated by using the modified Stefan equation which can be expressed as follows: 

ὢ
ᶻ

ὊzὍ               2.27 

 Where ὢ  is the frost depth in m, Ὧ is the thermal conductivity of frozen soil in W/m.oC, 

ὒ is the latent heat of fusion of water in MJ/m3, ὒ is the latent heat of fusion of freezing soil and 

Ὓὖ is the segregation potential of freezing soil in m2/s.oC. This method requires a lot of input 

parameters for the determination of the SLR periods which makes it difficult to use.  

Minnesota Department of Transportation, 2004 

This is an empirical method which was developed in 2004 by the Minnesota Department of 

Transportation (Mn/DOT) and was derived from the concepts investigated by the Washington 

Department of Transportation (Ovik et al., 2000). This method uses the reference temperatures 

and measured air temperatures to calculate daily FI and TI values. According to the Mn/DOT, FI 

is ñthe positive cumulative deviation between a reference freezing temperature and the mean daily 

air temperature for successive daysò (Ovik et al., 2000) while TI is ñthe positive cumulative 

deviation between the mean daily air temperature and a reference thawing temperature for 

successive daysò (Ovik et al., 2000). The reference temperature in this method is a floating value 
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which is used to convert the air temperatures into corresponding surface temperatures. The value 

of this reference temperature is taken as -1.5oC which begins on 1st February, and it decreases by 

0.5oC every week until it reaches to a value of -9.5 oC during 24th ï 30th May (Mn/DOT, 2004). 

The values of ὝὍ and ὊὍ are then used to determine the cumulative thawing index as shown in the 

following equations (Mn/DOT, 2004): 

ὅὝὍВ ὈὥὭὰώ ὝὬὥύὭὲὫ ὍὲὨὩὼπȢυz ὈὥὭὰώ ὊὶὩὩᾀὭὲὫ ὍὲὨὩὼ        2.28 

¶ Case A: when 
 

Ὕ  > 0°C (The pavement structure is thawing) 

Then, ὈὥὭὰώ ὝὬὥύὭὲὫ ὍὲὨὩὼ
 

Ὕ   

and ὈὥὭὰώ ὊὶὩὩᾀὭὲὫ ὍὲὨὩὼπЈὅ  

¶ Case B: when 
 

Ὕ  < 0°C 

And ὅὝὍ πȢυ Ø πЈ#
 

ȟ (Significant thawing has not yet occurred) 

Then, ὈὥὭὰώ ὝὬὥύὭὲὫ ὍὲὨὩὼπЈὅ and ὈὥὭὰώ ὊὶὩὩᾀὭὲὫ ὍὲὨὩὼπЈὅ  

¶ Case C: When 
 

Ὕ  < 0°C 

And ὅὝὍ πȢυ Ø πЈ#
 

ȟ (Pavement structure is refreezing) 

Then, ὈὥὭὰώ ὝὬὥύὭὲὫ ὍὲὨὩὼπЈὅ and ὈὥὭὰώ ὊὶὩὩᾀὭὲὫ ὍὲὨὩὼπЈ#

 
  

where ὅὝὍ is the cumulative thawing index calculated over a period from 1 to ὲ days in °C 

-days, ὅὝὍ resets to zero on January 1st, Ὕ  is the maximum daily air temperature in °C, Ὕ  is 

the minimum daily air temperatures in °C and Ὕ  is the reference air temperature in °C. As 

mentioned before, the reference temperatures are utilized to adjust for the temperature difference 

between the air and asphalt temperatures (Mn/DOT, 2004). While determining the CTI, the 0.5 



50 

 

factor is applied to the FI which accounts for the partial phase change of water and therefore known 

as the refreeze factor.  

This method suggests that the SLRs should be implemented when a 3-day forecasted 

temperature period gives a CTI greater than 14oC-days. There is no specific value of CTI, 

suggested by this method, which corresponds to the removal of SLRs however, some variables 

such as cumulative spring precipitation, accumulated fall precipitation measured during the 

preceding year and CTI are used to provide a better judgement for the SLR removal. Generally, it 

is recommended that SLRs should remain in place for a minimum of 4 weeks and a maximum of 

8 weeks. This method requires the only input of air temperature values which makes it quick and 

easy to apply. However, it is an empirical approach and doesnôt account for site specific conditions 

such as subsurface properties. 

Baiz et al., 2007 

This is a semi-empirical method which uses air temperatures and pavement surface temperatures 

to calculate freeze and thaw indices (Baiz et al., 2007). Freezing index is the degree days whenever 

the temperature falls below 0oC and remains negative while thawing index is the degree days 

whenever the temperature rises above 0oC and remain positive. In this method, the thawing indices 

are based on the determination of reference temperature which is a site-specific constant which 

shows the temperature lag between the air temperature and pavement surface temperature. 

Reference temperatures can be determined from the intercept of best fit line of air temperatures 

and corresponding pavement surface temperatures. Mathematical expressions for the calculation 

of reference temperature are provided below (Baiz et al., 2007): 
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Ὕ В Ὕ                2.29 

Ὕ В Ὕ                2.30 

Ὕ Ὕ Ὕ ᶻ
В   z  

В  
               2.31 

Where, Ὕ  is the reference temperature in oC, Ὕ  is the surface temperature value in oC 

at site on day Ὥ and Ὕ  is the air temperature value in oC at site on day Ὥ. The reference temperature 

is determined on monthly basis and ὔ is the number of days of the month. Here Ὥ is the number of 

days after the day indexed as day Ὥ = 0 and the day on which air temperature first falls below 0oC. 

The freezing and thawing indices can be calculated using the following relations (Baiz et al., 2007): 

ὊὍ  Ὕ
ὊὍ  ὊὍὝ
ὊὍ π O ὊὍḳπ

                2.32 

ὝὍ  Ὕ

ὝὍ  ὝὍ ὝὍ
ὝὍ π O ὝὍḳπ

               2.33 

Where, ὝὍ and ὊὍ is the thawing index and freezing index value on day Ὥ = 0 in oC, and 

ὝὍ and ὊὍ is the thawing and freezing index value on day Ὥ in oC. Using ὝὍ, ὊὍ and calibration 

coefficients, the frost and thaw depths can be calculated using the following equations (Baiz et al., 

2007): 
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0 < i < io  O
ὊὈ ὥ ὦ ὊὍ ὧὝὍ

ὝὈ Ὠ ὩὊὍ Ὢ ὝὍ
            2.34 

i > io  O
ὊὈ Ὣ Ὤ ὊὍ ὭὝὍ

ὝὈ Ὦ Ὧ ὊὍ ὰὝὍ
             2.35 

 Where ὝὈ and ὊὈ are the thaw and frost depths on day i which are from the surface of 

the pavement in negative cm, and a, b, c, d, e, f, g, h, i, j, k, l are the calibration coefficients which 

can be calculated with a best fit regression analysis of the ὝὍ, ὊὍ and corresponding measured site 

specific frost and thaw depths. This method suggests that the SLR should be implemented on day 

i0 and should be removed when the pavement structure thawed completely (Baiz et al., 2007). An 

algorithm is usually developed which indicates complete thawing of pavement structure. 

 Using this method, the frost and thaw depths can be predicted using measured air, 

pavement surface temperatures and measured frost & thaw depths however, it needs a database of 

reference temperatures and algorithm coefficients based on numerous sites which is a limitation to 

this method.  

Bradley et al., 2012 

The Manitoba Department of Infrastructure and Transportation (MIT) developed an empirical 

model to determine the SLR periods using air temperatures, surface temperatures, moisture data 

and FWD deflection measurements (Bradley et al., 2012). Before 2012, the MIT used to have a 

fixed date policy for the implementation and removal of SLRs. These restrictions typically stayed 

in effect for ten weeks in Manitoba. This observation motivated the MIT to improve its SLR 

implementation and removal policy, and thus CTI was monitored for several locations in 

Manitoba. It was then suggested by the MIT that the SLRs should be implemented whenever the 
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CTI value reaches 15oC-days at any of these locations after the fixed start dates (Bradley et al., 

2012). The relationship used by MIT for the determination of CTI is expressed as follows: 

ὅὝὍВὈὥὭὰώ ὝὬὥύὭὲὫ ὍὲὨὩὼ = ВὝ Ὕ  Ὕ Ⱦς         2.36 

¶ If Ὕ  Ὕ Ⱦς < 0, then the Daily Thawing Index = Ὕ Ὕ  Ὕ Ⱦτ 

¶ If ὅὝὍπ, ὅὝὍ is reset to 0 

Where Ὕ  and Ὕ  are the maximum and minimum daily air temperatures, and Ὕ  is 

the reference temperature. The value of Ὕ  is taken as 1.7 oC starting from March 1 and it keep 

on increasing on daily basis by a value of 0.06oC until May 31 and it resets to zero afterwards 

(Bradley et al., 2012).  

For the development of this model, the MIT installed several thermistor stations, from 2007 

to 2008 in both southern and northern regions of Manitoba, to measure pavement surface 

temperatures and moisture content. The historical and current climate data was taken from nearby 

Environment Canada weather stations for the calculation of CTI and CFI values (Bradley et al., 

2012).  

From the thermistor and moisture content sensors readings, it was observed that the 

thawing started when the temperature first reached 0oC and/or when thereôs the first rise in the 

moisture content level in the granular base. Using the thermistor readings from several datasets, 

the average of CTI was determined when first thaw occurred in the granular base. This value came 

out to be equal to 15oC which corresponded well with existing MIT SLR implementation threshold 

value when freezing conditions persisted past the fixed starting dates (Bradley et al., 2012).  

 The SLR removal threshold was determined by conducting Falling Weight Deflectometer 

(FWD) surveys by the MIT. From the results of FWD surveys, three criterions were defined for 

the removal of SLRs i.e. (1) when the CTI value reaches 350oC-days, (2) no later than eight weeks 
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after the application date and (3) 31 May (Bradley et al., 2012) as under these conditions, the 

entrapped excess water drained out of the system and/or the pavement showed only minor 

deflections which didnôt affected the pavement structure (Bradley et al., 2012). 

Chapin et al., (2013) and Pernia et al., (2014) Research  

Chapin et al. (2013) and Pernia et al. (2014) proposed a model corelating frost and thaw depths 

with indices. For determining freezing and thawing indices, they proposed the utilization of 

MnDOT equations and reference temperatures. The CFI and CTI were then used to estimate frost 

and thaw depths using an empirical model which was created through regression analysis. The 

calibration coefficients for the prediction model were determined by plotting the measured frost 

or thaw depth against the day's matching CFI or CTI value. Chapin et al. (2013) and Pernia et al. 

(2014) compared the R-squared values of a linear and polynomial trend functions and found that 

the polynomial model produced higher R-squared value for their research sites. As a result, their 

prediction model is based on a second-order quadratic equation which is given below: 

ώ ὥὼ ὦὼὧ               2.37 

Where, ώ is the frost or thaw depth, ὼ is CFI or CTI and ὥȟὦȟὧ are the regression 

coefficients. 

2.6.2. Numerical Modelling Approaches 

Thermal Modelling with Temp/W 

The thermal numerical modelling using the finite element method can be employed to determine 

the SLR period at a given site. In this type of analysis, a numerical model is used to simulate 

freezing and thawing processes (TEMP/W, 2014). TEMP/W, a module of Geostudio developed 

by Geoslope Int., is a finite element software which is used to study the thermal behavior of soil 

or pavements under different environmental conditions and provide the temperature profile of the 
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soil to any specified depth of interest. Moreover, TEMP/W can be coupled with SEEP/W to study 

the effect of moisture movement on the thermal behavior of soils (TEMP/W, 2014). 

 SLR periods can be determined using a coupled TEMP/W and SEEP/W analysis which 

provides the thermal variation in the subsurface in the presence of water. This thermal profile. 

along the depth, leads to the determination of frost and thaw depths, from which SLR application 

and removal dates can be estimated. The process of developing a numerical model in TEMP/W 

starts with defining the project in which different physical constants, such as latent heat of water 

and phase change temperature, are provided and different parameters such as analysis type, 

convergence criteria, initial temperature profile and time steps are defined. TEMP/W allows the 

user to provide any suitable value for phase change temperature while incorporating the salinity 

effect. After that, a geometry is defined which can be either 1-D, 2-D or 3D based on the 

consideration of the physical domain. This geometry can be divided into any specified numbers of 

nodes and elements and great care is required while doing this as it plays an important role in the 

model convergence. In the next step, materials and their properties are assigned to the geometry 

using the functions in one of the five material models (TEMP/W, 2014) which include Simplified 

Thermal, Full Thermal and Coupled Convective Thermal processes. While determining the frost 

and thaw depths, it is better to use the Full Thermal Material model as it gives more accurate results 

than the other two (J. Chapin, 2010). Boundary conditions are also applied to the model which 

includes the upper and the lower thermal boundary conditions. TEMP/W allows the user to choose 

from any of the four different sets of boundary conditions such as Temperature, Heat Rate, Heat 

Flux, and Convective Surface, which can be constant or variable in time. In addition, TEMP/W 

also has the flexibility of applying system dependent boundary conditions such as thermosyphon, 



56 

 

n-factor and surface energy balance, which uses functions of different parameters like air 

temperature, wind speed, solar radiation etc.  

 Generally, the ground or surface temperatures can be estimated using the n-factor approach 

which uses an empirically determined coefficient called the n-factor (TEMP/W, 2014). This 

approach is preferred due to its simplicity as it requires only a few input parameters. The n-factor 

is basically a ratio of surface freezing or thawing index to the air freezing or thawing index. It is 

represented by the following equations. 

 ὲ ,  ὲ ,               2.38 

 While defining the boundary condition at the surface, a modifier along with the temperature 

function can be used which describes the variation of n-factor as a function of ground temperature. 

The ground temperature at every new time step is thus calculated using the following equation 

(TEMP/W, 2014). 

Ὕ ὲ ὪὥὧὸέὶὝ Ὕ Ὕ            2.39 

 TEMP/W assumes the value of n-factor to be equal to 1 whenever no modifier function is 

defined (TEMP/W, 2014). The numerical model simulation with appropriate geometry, material 

properties, upper and lower thermal boundary conditions provide with an estimate of temperature 

profile from surface to the bottom of the model using indicating the frost and thaw depths and 

hence SLR periods can be determined. 

 Numerical modelling has various advantages such that several scenarios can be simulated 

in a very short period, variation of temperature can be obtained for any location through out the 

cross section of the model and results can be obtained with reasonable accuracy, depending on the 

proper definition of thermal properties of various materials and appropriate boundary conditions. 



57 

 

However, it has some disadvantages such as it requires a lot of input information and modeling 

experience. Additionally, when uncoupled with a flow and stress strain models cannot take into 

account for porewater pressure and volume changes in the subsurface and their effect on 

temperature profiles. 

New Hampshire Department of Transportation, 2006 

This method was developed in 2006 and is used by the New Hampshire Department of 

Transportation (NH/DOT) for the determination of SLR periods. This method estimates the FI and 

TI values from surface temperatures, air temperatures and sinusoidal air temperature amplitude 

(Eaton et al., 2009). The process begins by assuming a trial value of air temperature amplitude in 

the Sanger (1963) equation which is expressed as follows: 

ȿὊὍȿ  ὃ  ὠ  ὠÃÏÓ             2.40 

¶ If ὠ is positive, π ÃÏÓ   

¶ If ὠ is negative, “Ⱦς < ÃÏÓ  “ and ÃÏÓ  is in radians 

 Where, ȿὊὍȿ is the absolute value of the freezing index in oC-days, ὠ is the mean annual 

air temperature in oC and ὃ is the amplitude of sinusoidal variation in oC. For the determination of 

amplitude of sinusoidal variation, the value of amplitude is kept on variation until the calculated 

FI becomes equal to the absolute FI value determined from mean monthly air temperatures (Eaton 

et al., 2009). In order to determine the pavement surface FI and TI values, the freeze and thaw n-

factors values are multiplied by the air freeze & thaw indices, and this process is repeated again 

and again until the calculated values became equal to the value of air freezing index multiplied by 

the n-factor value of the freezing season (Eaton et al., 2009). It is done by using the sangerôs (1963) 
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relationship which was developed from the properties of the annual sinusoidal temperature 

variation. It is expressed as follows: 

ὲὝὍὲὊὍ σφυὺ              2.41 

 Where, ὊὍ is the freezing index, ὝὍ is the thawing index, ὲ is the thawing n-factor and ὲ 

is the freezing n-factor. The daily air and pavement surface temperature values can be determined 

by inputting the mean annual temperature and amplitude in the annual sinusoidal temperature 

variation equation developed by Sanger in 1963. This equation is expressed as follows: 

Ὕ ὓὃὝ ὃ ÓzÉÎςz ᶻὈὥώὒὥὫ           2.42 

 Where, Ὕ is the temperature on Day in oC, ὓὃὝ is the mean annual temperature in oC, ὃ 

is amplitude in oC, Ὀὥώ is the number of days after December 31 and ὒὥὫ is the time lag in days. 

This method generally runs from February 15 to May 30 therefore, the difference between air 

temperatures and pavement surface temperatures between this period is used in the determination 

of SLR. The steps involved in calculating SLR periods for this method are similar to the ones used 

in the Mn/DOT method. The only difference is in the value of reference temperature which is taken 

as 0oC (Eaton et al., 2009). 

 By using these relationships, the Enhanced Integrated Climatic Model (EICM) was 

developed which is being used by the NH/DOT. This model is a finite element based, coupled heat 

and mass flow program which uses various parameters, such as air temperature, precipitation, wind 

speed and estimated sunshine, to define the upper boundary conditions and a fixed temperature 

which is equal to the average annual temperature at a depth of 9.1m as the bottom boundary 

condition. In order to define the pavement structure properties, material properties such as grain 

size and Atterberg limits are used. Using this model, the frost and thaw depths can be determined 
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which further leads to the SLRs application and removal dates (Berg, Personal Communication, 

2010). This method can be used for any pavement structure under any climatic conditions however, 

it requires numerous input parameters which makes it very difficult to use. 

2.6.3. Alternative Approach 

British Columbia Department of Transportation, 2008 

The research from British Columbia Department of Transportation (2008) suggests a unique 

approach in order to utilize thaw weakened pavement structures. Instead of applying SLRs, the 

stresses are brought to a lower value on the pavement by increasing the tire surface area which is 

not harmful for the weakened pavement structures. The province of British Columbia along with 

the Forest Engineers Research Institute of Canada (FERIC) have studied the effects of vehicles 

equipped with Tire Pressure Control Systems (TPCS) on weakened pavement structures in order 

to determine the feasibility of resuming full load hauling (Mabood et al., 2008). This study 

concluded that fully loaded logging trucks, which were equipped with TPCS, were able to use the 

thaw weakened roads three to five weeks prior to the SLR without causing considerable pavement 

cracking or rutting (Mabood et al., 2008). This is since the TPCS increases the surface area of the 

tire thus causing very little or no damage to the thaw weakened pavement structure. However, this 

is only for such vehicles which are equipped with appropriate tire deflation mechanisms. The 

TPCS would be an expensive investment for trucking companies, but that an incentive program 

could offset the cost. 

 

2.7. Summary 

In this chapter, the potential impacts of climate change, that might influence the road network in 

Ontario, were highlighted. In this regard, different areas such as mechanical behaviour and changes 
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in the material properties of asphalt under varying climatic influences, which lead to damage of 

the asphalt pavement, were discussed. Furthermore, a brief overview of various models, which 

have been developed so far, for predicting asphalt pavementôs temperatures and SLR periods, were 

also presented in the later part. The next chapter presents the details related to data collection and 

analysis, which were used in the models developed in this study, for determining asphalt PG and 

SLR periods across Ontario. 
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3. Data Collection and Analysis 

This chapter describes different sources of data and procedures involved in the data analysis for 

this research. Data sources such as RWIS, SLA, OCDP and Environment and Climate Change 

Canada were utilized to collect the climatic data. The climatic data obtained from RWIS and SLA 

stations were analysed and used in the development and validation of regression models for 

determining asphalt PG and SLR periods. The future climate data estimated by 19 different GCMs 

from (name of the modeling group here) was employed to assess changes in asphalt PG and SLR 

across Ontario up to the year 2100.  

3.1. Ontarioôs Road Weather Information System  

Different road agencies and authorities are employing RWIS stations to collect accurate and 

adequate weather information for design and maintenance of roadways. The Ministry of 

Transportation of Ontario (MTO) oversees and administers the province's highway system. To 

better manage and administer the highway network, MTO has divided the province into five 

administrative regions. These regions are Western, Central, Eastern, Northeastern and 

Northwestern, as shown in Figure 3.1. The ministry owns and operates more than 165 RWIS 

stations across the province. These RWIS stations are spread throughout all the five administrative 

regions, as shown in Figure 3.2. The data obtained from these stations plays a vital role in carrying 

out winter maintenance activities across the province (Buchanan, 2005). The MTO is a member in 

the AURORA initiative, which is a worldwide collaboration of public organisations that conducts 

cooperative research in the use of RWIS stations.  
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Figure 3.1 The Ministry of Transportation of Ontarioôs five highway network Administrative 

Regions.  

 

Figure 3.2 Locations and Conditions of RWIS Stations across Ontario (Source: 

https://weather.amec.com) 
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Over the last few decades, different equipment and techniques for winter maintenance activities 

have been developed. Visual examination was once the most popular method of detecting and 

predicting the quantity of snow on the surface of the road. The RWIS stations have been utilised 

in Europe since the 1980s, and they are gaining popularity in North America (Crevier and Delage, 

2001). An RWIS station is a combination of different sensors, such as pavement and 

meteorological sensors, and a monitoring and prediction system which uses historical data, real-

time data, and computer programs to anticipate unfavorable pavement conditions for winter 

maintenance (Minsk, 1998). This system can collect the real-time data every 20 minutes and 

uploads it to a web portal. The data is then utilized to make predictions and archive them (AMEC, 

2007). Figure 3.3 shows a typical RWIS station. 
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Figure 3.3 A Typical RWIS station (Source: Campbell Scientific Canada) 

The pavement sensors not only measure the pavementôs surface temperature but also evaluate and 

record road surface conditions (Bernstein et al., 2004). The road sensors make use of the multi 

spectral measurement technology to determine the road surface condition such as ice, snow, water 

thickness on the surface. The sensors then transmit the measured readings to the data logger. Apart 

from pavement design, the RWIS data may also be used to anticipate when moisture is expected 

to freeze on the pavement surface, which aids in the effective deployment of staff for winter 

maintenance (Karlsson, 2001). Typical meteorological sensors and a pavement sensor are 

presented in Figure 3.4 and Figure 3.5, respectively.   
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Figure 3.4 Typical Meteorological Sensors Installed on RWIS Stations (Source: 

www.gis.esri.com) 

 

Figure 3.5 Typical Pavement Temperature Sensor used in RWIS stations (Source: 

https://hsierra.com/products/rwis/)  

 



66 

 

3.1.1. Weather Parameters Recorded by an RWIS Station 

An RWIS station, installed in Ontario, measures, and collects data for several different weather 

parameters. These include air temperatures, relative humidity, maximum gust wind speed, average 

wind speed, average wind direction, dew point temperature, air pressure, precipitation state and 

visibility. The specific measurement parameters for each sensor are listed below; 

¶ The temperature of air is measured in degrees Celsius at a height of around 1.5 metres 

above ground. 

¶ Relative humidity can be defined as a ratio of partial pressure of water vapor to the 

saturated pressure of water vapor at a given temperature in an air-water system. It is 

expressed in percentage. A value of 100% implies that the air is saturated, and it cannot 

take up any more moisture. Whereas 0% indicates no moisture in the air. 

¶ Maximum gust wind speed represents the maximum speed of wind in km/h during an 

interval. The interval or the data frequency can be defined by the user. The data used in 

this study had intervals ranging from 15 minutes to 8 hours. The average wind speed is 

measured in km/h for each recording interval. The average wind direction is measured in 

degrees from North for each recording interval. 

¶ The dew point refers to a temperature at which air becomes saturated under a constant 

atmospheric pressure. It is measured in degrees Celsius. If the pavementôs surface 

temperature drops such that it reaches the dew point temperature, then there will be 

moisture on the surface of the pavement. 

¶ Air pressure is defined as the force per unit area. In this case, the force is exerted by the 

air column above a particular location. It is recorded in kPa. 
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¶ The precipitation state indicates either its raining or snowing and their intensities such as 

lightly, moderately, or heavily. It is sensed and determined by using rainfall gauge with 

built-in microprocessor. The microprocessor calculates the average intensity by dividing 

the measured rainfall or snow depth with the duration of storm. 

¶ Visibility r efers to the maximum distance at which an object can be seen by a naked eye. 

It is expressed in km. The visibility sensors are used to sense and determine the visibility. 

These sensors are comprised of a light emitter, a light receiver, and a microprocessor 

controller. The emitter generates light pulses, while the receiver detects light intensity 

pulses from air particle scattering. All data acquired by a measuring microcontroller is 

converted into a meteorological visibility distance by a particular mathematical model 

algorithm. 

3.1.2. Pavement Parameters Recorded by an RWIS Station 

The sensors installed on the surface and within the layers of pavement record different variables 

such as surface temperature, subsurface temperature and surface condition. 

¶ The surface temperature represents the temperature of the surface of pavement in degrees 

Celsius. 

¶ The subsurface temperature refers to the pavement temperature at 40 cm from the 

surface. RWIS stations installed after 2016 also measure subsurface temperature at 150 

cm from the surface of pavement. 

¶ The surface condition parameter describes whether the surface of the pavement is wet, 

chemically wet, dry, slushy, damp, wet above freezing, wet below freezing. This 

parameter also helps in determining whether a snow or ice watch, black ice warning or 

snow warning is advisable or not. 
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¶ The freezing point of any liquid is a temperature at which its state of matter changes from 

liquid to solid. It is recorded in degrees Celsius. This parameter helps in determining the 

quantity of the road salt and deciding whether more salt is required, to melt the ice or 

snow, or not. 

3.1.3. RWIS Data Collection and Analysis 

The data was collected from 149 RWIS stations for the period between 2012 and 2019. From these 

149 stations, 40 stations are located in Northeastern, 22 in the Northwestern, 32 in the Eastern, 23 

in the Central and 32 stations were installed in the Western administrative regions. These stations 

were then filtered and shortlisted based on the availability of the data. During the data analysis, it 

was observed that the surface temperature observations, for several stations, were missing for some 

periods. In some cases, this period was 2 to 4 months whereas in most of the cases, it was 3 to 4 

weeks. The stations with more than 2 continuous weeks of missing data were not considered. 

Furthermore, only 3 to 4 stations were considered for a particular location where several stationsô 

data showed the same trend. The missing data from these RWIS stations can be attributed to many 

different factors such as broken apparatus, cut off signal between sensors and the data logger, 

missing temperature sensors. During the rehabilitation and maintenance work of roadways, when 

the shaving and repaving of the layers is being carried out, some of the sensors, especially the 

surface temperature sensor, easily gets damaged and/or disconnected. The missing data was 

estimated for the stations having less than 2 continuous weeks of missing data. Where one day of 

temperature data was missing, the average of previous and next day temperature data was 

estimated to fill the missing dayôs data. For two days of missing data, the temperature data from 

the previous day and next day was utilized to fill the missing two days of data. For three to fourteen 

days of missing data, the average of temperature data for a particular date from other years was 
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used as an estimate. For example, if the temperature data from 5th to 10th March 2012 is missing, 

then the average of other available years was calculated to fill the data for each missing day. 

 The RWIS station data collection interval is 20 minutes. As mentioned before, the weather 

sensors, which are installed on a 10 m high tower, provide data including air temperature, relative 

humidity, wind speed and direction, dew point, pressure, wind gust and precipitation state. 

Whereas, the pavement sensors record surface and subsurface temperatures, surface condition and 

freezing point information. From all these parameters, only air, surface and subsurface 

temperatures were considered. From 149 stations, after detailed analysis, data from 36 RWIS 

stations were utilized in the pavement surface temperature models. The approximate locations of 

selected RWIS stations are presented in Figure 3.6 whereas Table 3.1 shows their IDs, Longitudes 

and Latitudes. To get an idea of the trend of the data, maximum and minimum air and surface 

temperatures were plotted against latitudes as shown in Figure 3.7 and Figure 3.8, respectively. 

Since the maximum 7-day average temperature is used for the determination of high temperature 

asphalt PG, therefore this parameter was estimated from the available data to represent the 

maximum air and surface temperatures. From Figure 3.7, it was observed that the annual maximum 

7-day average surface temperatures showed a lot of variations across the considered time, as 

compared to the maximum 7-day air temperatures, for most of the locations. It was also observed 

from Figure 3.7 that both the maximum 7-day air and surface temperatures slightly decreased with 

the increase in latitudes. From Figure 3.8, it was observed that both the annual minimum air and 

surface temperatures decreased significantly with the increase in latitudes.  
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Figure 3.6 Approximate locations of selected RWIS stations across all five administrative 

regions of Ontario. 

Table 3.1 Selected RWIS stations across all five administrative regions of Ontario. 

Station ID Latitude Longitude Station ID Latitude Longitude 

SW35 42.067 82.619 ER19 45.064 77.827 

SW21 42.548 82.364 ER32 45.082 75.636 

SW22 42.597 81.655 ER30 45.143 77.265 

CR01 42.914 78.958 NR04 45.215 79.313 

CR08 43.309 79.803 ER31 45.499 78.020 

SW27 43.333 81.740 NR05 45.658 80.411 

SW08 43.566 81.422 NR13 46.008 79.356 

SW13 43.948 80.716 NR25 46.212 82.574 

CR26 44.106 78.917 NR31 46.278 83.429 
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ER34 44.154 78.494 NR27 46.672 84.335 

ER20 44.329 78.135 NR30 46.864 81.634 

ER25 44.458 77.763 NR26 48.281 84.886 

CR21 44.465 79.869 NR34 48.617 85.331 

ER26 44.624 77.148 NW19 48.917 87.767 

ER29 44.767 78.094 NR37 49.058 81.245 

ER17 44.779 76.110 NR17 49.289 81.785 

ER08 44.917 75.197 NW09 49.793 86.318 

NR45 45.046 78.719 NW26 49.800 85.712 

 

 

Figure 3.7 Maximum yearly 7-day avg air and surface temperature at various latitudes using data 

from the selected RWIS stations. 
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Figure 3.8 Minimum Yearly Air and Surface Temperature at various Latitudes using data from 

the selected RWIS stations 

 

3.2.  Network of Spring Load Adjustment (SLA) Stations in Ontario 

To date, the MTO has installed and operates nine SLA stations located in the Northern Ontario. 

These weather stations contain a thermistor string which is set in a borehole to monitor 

temperatures and allow for the interpretation of freezing and thawing front depths. Thermistors are 

set vertically at depths of 5 cm, 15 cm, 30 cm, 45 cm, 60 cm, 75 cm, 90 cm, 105 cm, 135 cm, 165 

cm, 195 cm, 225 cm, and 255 cm from the top of the pavement surface to create the thermistor 

string. The thermistors installed on these weather stations are semi conductors which measure 

temperature by monitoring the resistance (www.omega.ca). The data measured by these sensors is 

transmitted via buried cables to a datalogger stationed along the roadside. The information saved 

in the datalogger can then be downloaded to a computer. Along with the surface and subsurface 
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temperatures, these stations also record air temperatures and precipitation data. The SLA stations 

are used by the authorities to gather sufficient information to determine road surface and sub 

surface conditions for Northern Ontarioôs Road network, which helps to minimize the winter road 

maintenance costs. Utilizing the data collected by SLA stations, MTO can better plan winter 

maintenance activities, minimise salt consumption, and provide better service. Figure 3.9 shows 

the approximate location of SLA stations in Ontario. Out of nine, five SLA stations are located in 

the Northwestern administrative region, whereas four are located in the North Eastern 

administrative region, as shown in Figure 3.9. 

 

 

Figure 3.9 Approximate locations of SLA stations installed in Northern Ontario. 

The climatic and subsurface temperature data were collected from all nine SLA stations for the 

period between 2012 and 2019. The data was then filtered and analyzed for missing values. As 
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mentioned before, the missing data can be due to many different reasons such as broken sensors, 

damaged cables, broken data logger etc. Typically, when pavement repair works are being carried 

out, the temperature sensors get damaged and thus are unable to measure data anymore.  In case 

of missing data for one or two days, the average was calculated. Where one day of temperature 

data was missing, the average of previous and next day temperature data was estimated to fill the 

missing dayôs data. For two days of missing data, the temperature data from the previous day and 

next day was utilized to fill the missing two days of data. Any data missing for more than two days 

was filtered and not considered in the study. Temperature data such as air temperatures and 

subsurface temperatures at depths ranging from 5 cm to 165 cm were considered for data analysis. 

The stations with data for two or more seasons of freezing and thawing were considered for the 

development and validation of a thawing depth model. Therefore, data from five stations i.e., SLA 

527, 599, 624, 643 and 671 met the criteria and were considered in this study. The temperature 

data at specific depths was considered by keeping in view the MTOôs guidelines for implementing 

and removal of SLR. These guidelines state that the most significant loss of pavement strength 

occurred when the thaw starts in the base, and the least significant loss occurred when the thaw 

reached a depth of around 106 cm. It is believed that the absolute thawing depth of 106 cm may 

not be considered for determining SLR removal date as temperature variation may fluctuate the 

thawing depth. For example, if the thawing depth reaches a depth of 106 cm one day, there may 

be a fair chance that it may go back to say 90 cm the very next day due to temperature drop. It is 

therefore believed that a thawing depth greater than 106 cm may be considered for SLR removal 

as it accounts for any fluctuations or errors. The MTO uses a thawing depth of 150 cm to 165 cm 

to determine the SLR removal dates across the province whereas, it uses a depth of 45 cm for 

determining the SLR start date. Since the 5 cm is the lowest depth where data is being monitored 
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and recorded by these stations, therefore temperature data at this depth was considered to get an 

idea that how temperatures are changing in the near surface. 

Figure 3.10 a to d represents temperature contours at different depths from March to May 

for the years 2013, 2016, 2017 and 2019, respectively. The data used for these temperature contour 

maps was taken from SLA 527. It was observed from these Figures that an initial, discontinuous 

thawing occurred up to a depth of less than 1 m before the continuous thawing started from surface 

to 165 cm depth. Moreover, it was also noted that the thawing occurred earlier in the years 2016, 

2017 and 2019 as compared to 2013. In order to have a clearer picture of temperature variation at 

different depths, Figure 3.11 a to d were plotted. These Figures show temperatures at various 

depths from March to May for the year 2013, 2016, 2017 and 2019, respectively. The data was 

taken from SLA 527 and temperature at 5 cm, 45 cm and 165 cm depth were plotted. From Figure 

3.11 (a to d), it was observed that the air temperature values frequently fluctuate whereas these 

fluctuations decrease with the increase in depth. At a depth of 165 cm, the temperature front is 

relatively smooth as compared to temperature fronts at 5 cm and 45 cm.  
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Figure 3.10 Temperature Contours at different depths from March to May for the years (a) 2013, 

(b) 2016, (c) 2017 and (d) 2019 using data from the SLA 527 station. 
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Figure 3.11 Temperature graphs from March to May for the years (a) 2013, (b) 2016, (c) 2017 

and (d) 2019 using data from the SLA 527 station.  

 

3.3. Weather Web Portal 

The measured data obtained from the RWIS and SLA stations is automatically uploaded, in the 

raw form, to a web-based weather portal which was developed and is maintained by Wood PLC 

Canadian operations. This web portal displays the forecast and measured data on a map. The 

website is meant to be simple to use and show meteorological and subsurface data in a clear and 

concise manner. The graphical user interface of this website is the map of Ontario, with forecast 
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sites and public weather sites shown on it. The user interface is simple and intuitive. By clicking 

on a site icon and/or utilising a site list, the user can gain access to information. Data is given in 

graphs and tables, with connections to other sources of information, such as data from 

Environment Canada. The data can be downloaded directly from this web portal for any desired 

range in the xlsx format. No challenges were faced while downloading data for this study. Figure 

3.12 (a) presents the graphical user interface of this website, which shows different layers and 

legends for weather warning sites, forecast sites and public weather sites, whereas Figure 3.12 (b) 

shows some graphs and information which can be downloaded.  
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Figure 3.12 (a) Graphical User Interface of the Weather Web Portal. (b) Some Graphs and 

Information as it looks like on the web portal (Source: https://weather.amec.com) 

 

3.4. Future Climate Data 

The prediction of future climate is an effort to forecast the progression of climate changes with 

respect to time. The Global Circulation Models (GCMs) are the tools developed using past climate 

information to make future climate projections. The climate model simulations show how the 

climate system reacts to different greenhouse gas emission or concentration scenarios, as well as 

different radiative forcing scenarios (IPCC 2007, 2013). Representative Concentration Pathways 

(RCPs) are the pathways of total radiative forcing (van Vuuren et al. 2011). The fifth assessment 

report of the Intergovernmental Panel on Climate Change (IPCC) developed four alternative RCPs 

i.e., RCP2.6, RCP4.5, RCP6.0, and RCP 8.5 (IPCC 2013). Each RCP number represents a different 

cumulative radiative forcing by the year 2100. These RCPs are commonly used in climate-based 
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research to determine the impacts of climate change in the future. The details on RCPs are provided 

in the next section.  

 GCMs are the tools used to estimate the quantitative change in the climate. These are the 

models in which the atmospheric and oceanic processes are represented in a mathematical form. 

In this way, internally consistent results are ensured (IPCC, 1994). In a GCM, the most significant 

characteristic is being internally consistent. This relates the changes in the climate variables in a 

consistent manner.  

3.4.1. RCPs 

When attempting to estimate how future global warming will contribute to climate change, several 

elements must be considered. A significant variable is the quantity of future greenhouse gas 

emissions. RCPs are basically the pathways to indicate time-dependent estimates of GHG 

concentrations in the atmosphere (IPCC, 2007). The IPCCôs fifth assessment report recommends 

four alternative RCPs i.e., RCP2.6, RCP4.5, RCP6.0, and RCP 8.5 (IPCC 2013), which are 

emission scenarios. These RCPs were developed by creating scenarios of futureôs radiative forcing 

which is a measurement of the combined effect of greenhouse gases, aerosols, and other climate-

influencing elements to trap additional heat. The data used in the RCP development was taken 

from the available literature. Each RCP represents a specific trajectory of emissions and the 

resulting radiative forcing. Table 3.2 presents the emissions and concentrations, radiative forcing 

and temperature anomalies for all the four RCPs.  
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Table 3.2 emissions and concentrations, radiative forcing and temperature anomalies for the 

RCPs. Source: Moss et.al. 2010 

Name Radiative Forcing CO2 equiv. 

(p.p.m) 

Temperature 

anomaly (°C) 

Pathway 

RCP 8.5 8.5 W/m2 in 2100 1370 4.9 Rising 

RCP 6.0 6 W/m2 post 2100 850 3.0 Stabilization 

RCP 4.5 4.5 W/m2 post 

2100 

650 2.4 Stabilization 

RCP 2.6 3 W/m2 before 

2100, declining to 

2.6 W/m2 by 2100 

490 1.5 Peak and 

decline 

 

Out of these four pathways, the RCP 2.6 denotes the best-case scenario in which the radiative 

forcing fist reaches to 3.1 W/m2 by mid century and then starts decreasing to reach 2.6 W/m2 by 

the end century. To achieve such radiative forcing levels, GHG emissions must be significantly 

lowered over time (Van Vuuren et al. 2007a). The RCP 4.5 and 6.0 depicts the intermediate or the 

stabilization scenarios in which the radiative forcing stabilises at around 4.5 W/m2 or 6 W/m2, 

respectively, by the end-century. Whereas the RCP 8.5 represents the worst-case scenario in which 

radiative forcing reaches >8.5 W/m2 by the year 2100. This RCP was developed by considering 

such a representative scenario from the literature which depicts high GHG emissions over time. 

As suggested using RCP 2.6, the GHG emissions must be significantly lowered and requires that 

carbon dioxide emissions start declining by 2020. However, even as of now i.e., year 2022, no 

such conditions have been observed. The RCP 2.6 suggest a global mean temperature rise below 
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2 °C whereas the global mean temperatures have already increased by a magnitude of around 1.2 

°C as compared to the 1850-1900 baseline. This makes the RCP 2.6 least likely in order to provide 

more focused takeaway points for the reader. RCP 4.5 is an intermediate scenario which requires 

that carbon dioxide emissions start declining by around 2045 to reach half of the levels by 2100. 

This RCP suggests a global mean temperature rise between 2 °C to 3 °C by 2100. Whereas the 

RCP 8.5 depicts the worst-case scenario and suggests a continuous rise in emission throughout the 

21st century. Therefore, RCP 4.5 and 8.5 are most likely in order to provide more focused 

takeaway points for the reader. 

3.4.2. Future Data Collection and Analysis 

The future climate data for Ontario was obtained from the Ontario Climate Change Data Portal 

(OCDP) published by York Universityôs Laboratory of Mathematical Parallel System (LAMPS), 

available publicly. It is an easily accessible data portal with a user-friendly interface. This data 

portal offers high-resolution spatial projections of regional climate change for Ontario, Canada. 

The climate change data for the period 1981 to 2100 (120 years) with spatial resolution of ~10 km 

x ~10 km and temporal resolution of 1 day, UTC is available on this portal and it can be 

downloaded in .mat or .csv formats. Data for four different climate variables i.e., precipitation, 

maximum, minimum and average temperature is available for more than 20 GCMs and all 4 RCPs.  

For this study, the climate change data was downloaded from 19 GCMs, as shown in Table 

3.3, and 3 RCPs i.e., RCP 2.6, 4.5 and 8.5. Since both RCP 4.5 and 6.0 represent the intermediate 

case scenarios, only one was considered in this study. The data was downloaded for the period 

1981 to 2100. The data period was divided into six 20-year intervals and were termed as the 

historical period (1981-2000), baseline (2001-2020), short-term future (2021-2040), mid-century 

(2041-2060), third-quarter century (2061-2080) and end-century (2081-2100). The temperature 
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data obtained from the 19 GCMs were averaged and utilized in the research. The data was analyzed 

in Python 3.8, 64-bit version. Figure 3.13 represents the predicted Mean Annual Air Temperatures 

(MAAT) from 2021 to 2100 for the city of Toronto. The mean temperatures were determined using 

the average values from the selected GCMs under different RCPs. The predicted temperatures 

were then compared with the MAAT measured values and values measured and reported by 

Environment Canada. The data was collected from the Pearson International airport weather 

station having station ID 71624. Figure 3.13 gives an idea of how the temperatures may change 

by the end century under different RCPs. The RCP 8.5 represents the worst, whereas 2.5 depicts 

the best-case scenario. 

 

Table 3.3 GCMs Utilized for the collection of Future Climate Data 

Sr. No. GCM Sr. No. GCM 

1 bcc-csm1-1 11 IPSL-CM5A-LR 

2 bcc-csm1-1-m 12 IPSL-CM5A-MR 

3 BNU-ESM 13 MIROC5 

4 CanESM2 14 MIROC-ESM 

5 CCSM4 15 MIROC-ESM-CHEM 

6 CNRM-CM5 16 MPI-ESM-LR 

7 CSIRO-Mk3-6-0 17 MPI-ESM-MR 
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8 GFDL-CM3 18 MRI-CGCM3 

9 GFDL-ESM2G 19 NorESM1-M 

10 GFDL-ESM2M 
  

 

Figure 3.13 Mean Annual Air Temperatures for Toronto estimated by selected GCMs under 

different RCPs and the value recorded by Environment (Env) Canada.  

 

3.5. Historical Climate Data Normals 

The historical climate data normals for the period 1981-2010 were collected from the Environment 

and Climate Change Canada portal (Environment and Climate Change Canada 2018). These 

normals were collected for ten different cities located in all the five administrative regions of the 
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MTO. The approximate locations of these cities are provided in Figure 3.14. The purpose of 

collecting the historical climate data normals was to determine the accuracy of temperature data 

estimated by GCMs for different climate change scenarios or RCPs.  The average of the Mean 

Monthly Air Temperatures (MMAT) from 19 GCMs for the 10 cities across Ontario, were then 

determined and used for the analysis. To validate the future climate data, the climate normals 

determined from the predicted historical data by the GCMs for selected cities were compared with 

that of climate normals reported by Environment Canada for the period of 1981 to 2010. This 

comparison, for selected 4 cities with lowest to highest latitudes, is shown in Figure 3.15 (a to d). 

It can be observed that, for all the considered cities, the GCMs predicted the historical measured 

data very well. 
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Figure 3.14 Approximate Locations of the 10 cities for which the climate normals determined 

from future climate data were compared with the climate normals reported by environment 

Canada 
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Figure 3.15 Comparison of Climate Normals for (a) Toronto (b) Kingston (c) North Bay (d) 

Kenora  

3.6. Summary 

This chapter covered the various data sources and techniques involved in the data analysis for this 

research. The climatic data was collected using data sources such as RWIS, SLA, OCDP, and 

Environment and Climate Change Canada stations. The meteorological and subsurface data 

collected from RWIS and SLA stations was analysed and utilised to develop and validate 

regression models for estimating asphalt PG and SLR periods. Furthermore, future climate data 

from 19 distinct GCMs were used to analyse changes in asphalt PG and SLR across Ontario up to 

the year 2100. Details on the development and validation of models for calculating asphalt PG and 
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SLR periods, as well as their use for analysing change in asphalt PG and SLR periods across 

Ontario by the end century are presented in chapters 4 and 5 respectively. 
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4. Climate Change and Asphalt Binder Selection across Ontario: A 

Quantitative Analysis Towards the End of the Century 

4.1. Introduction  

It is internationally acknowledged that the climate is changing, and the combined surface, air and 

sea surface temperatures are increasing (Stocker et al., 2013). Many climate change impacts are 

irreversible and have been identified with the expanded release of greenhouse gasses (GHG). 

Recent studies suggest a dangerous atmospheric deviation sooner rather than later in different parts 

of the world, for example, (Vincent et al., 2018) in Canada, (Meleux et al., 2007) in Europe, (Dash 

et al., 2007) in India and (Hughes et al., 2003) in Australia. Between the period of 1880 to 2012, 

the global surface temperature has increased by 0.85 degrees Celsius, and the pace of change has 

accelerated in recent decades (Vincent et al., 2012). As indicated by Canada's Changing Climate 

Report published in 2019 (Bush et al., 2019), Canadian urban areas are expected to encounter 

accelerated and more extreme climate changes than many other parts of the world. Furthermore, 

the variations in climate are not consistent across the country. The magnitude of daily low 

temperature has risen somewhat quicker than the daily maximum temperature. It is anticipated that 

these trends will worsen in the future if the GHG emission rates remain the same as they are at the 

present. These changes in climate could potentially result in increased precipitation and diminished 

snowfall sums affecting the winter season in Canada (Bush et al., 2019).  

Changing climate is one of the most important issues that demonstrates the need for 

innovative changes that will reduce the GHG emission rates in the future (Plati, 2019).  Climatic 

load is a significant factor while assessing the safe performance of a roadway.  Furthermore, 

extreme temperatures may be utilized to evaluate a road structureôs damage (Sun et al., 2019). 

Higher air temperatures lead to higher pavement temperatures (Swarna et al., 2021) which may 
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have a significant impact on both the functional and structural performance of the asphalt 

pavements (Li et al., 2018). With the rapidly changing climate, the probability of thermal distress 

may increase which is the most noticeable distress in asphalt concrete pavements (Dong et al., 

2018). Toronto, the largest metropolitan city in the province of Ontario in Canada, faced a heat 

wave in July 2012 for an extended period, resulting in rutting in sections of Canadaôs busiest 

highway, the 401 (Fletcher et al., 2016).  The change in climate and warmer temperatures may 

also cause early failure of pavements, thus necessitating more rehabilitation procedures (Qiao et 

al., 2015; Gudipudi et al., 2017; Chen et al., 2021). The asphalt binder is a temperature sensitive 

viscoelastic material. The accurate determination of asphalt binder is very critical to avoid rutting 

and cracking in pavements caused by seasonal temperature variations. To assess the relative effect 

of climate change on suitable binders for more durable pavement design, it is vital to examine how 

the potential atmospheric conditions may impact pavement surface temperatures. 

Developed by the Strategic Highway Research Program (SHRP) in 1987, Superior 

Performing Asphalt Pavements (SUPERPAVE) requires Performance Graded (PG) binders based 

on siteôs historical climatic conditions (McGennis et al., 1995). Solaimanian and Bolzan (1993) 

and Robertson (1995) developed regression models for estimating high and low pavement 

temperatures respectively and are the original SHRP models. Due to limited data availability for 

validating SUPERPAVE specifications, SHRP initiated the (Long Term Pavement Performance 

(LTPP) Seasonal Monitoring Program (SMP) to collect air and pavement temperature data from 

additional locations (Mohseni, 1998). Utilizing this data, Mohseni (1998) developed pavement 

temperature models which were termed as the first-generation LTPP models. These models were 

replaced in 2005 by the second and third LTPP generation models (Swarna et al., 2020). The 

second-generation models used the traditional parameters i.e., lowest, and average 7-day highest 
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annual air temperatures for low and high pavement temperatures, respectively. It was investigated 

that the average 7-day could not account for the extended hot periods thus a rut damage (third 

generation) model for high pavement temperatures was developed (Mohseni et al., 2005). This 

model used the average yearly degree days air temperature over 10°C and target rut depth for PG 

selection. Furthermore, a computer software, LTPPBind, was also developed under the same 

program. The latest version of this program i.e., LTPPBind V 3.1, guides the user in selecting the 

performance-based binder grade under different traffic load and speed limits by utilizing both, the 

LTPP second and third generation models.  

A recent Canadian study on the subject used the data from five different climate models. The data 

was obtained from the Pacific Climate Impacts Consortium (PCIC) climate database for three 

Representative Concentration Pathways (RCPs) i.e., 2.6, 4.5 and 8.5 to measure the effect of 

climate change on the PG for ten cities around the country using the LTPP models (Swarna et al., 

2020). In relation to the baseline climate of 1950ï2040, it was determined that four cities would 

need high temperature PG upgrades, while five cities would need low temperature PG upgrades 

by 2070 under the RCP 8.5. 

A research study conducted in the United States, analysed climate change data from 19 

Global Circulation Models (GCMs) of the Coupled Model Intercomparison Project 5 (CMIP5) 

climate projection project (Underwood et al., 2017). This study concluded that, for 799 weather 

stations used in the study, around 35% of the weather stations suggested different PG based on 

1985-2014 when compared to 1965-1996 weather data. It was also concluded that, by the year 

2099, all the locations considered would have a different PG. 

Another investigation related to PG was conducted in Italy, which included 71 different 

locations throughout the country (Viola et al., 2015). The historic climate data was collected from 
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the Italian Air Force Meteorological service between 1984 and 2013, and the predicted temperature 

variations by 2033 were calculated using spatial interpolation. Using the original SHRP formulas, 

it was predicted that a rise of one grade in high temperature PG can be expected for more than 

25% of the Italian regions by 2033 due to rising temperatures. 

A similar analysis was recently conducted in Chile to investigate the expected changes in PG by 

climate change (Delgadillo et al., 2018). The researchers examined 94 weather stations across 

Chile and collected historical climate data from 1970 to 1999. The MICRO5 climate model was 

used to estimate future climate data from 2030 to 2059 (30 years) for RCP 2.6 and RCP 8.5 

emission scenarios. According to the study, a significant number of stations may need to change 

their high temperature grade, while only a few stations may need to change their low temperature 

grade. The different studies, mentioned above, all indicate the increased cost of maintenance 

because of climate change thus highlighting the necessity for the road construction standards to be 

updated, despite the increased costs of adaptation measures (Hayhoe et al., 2010; Barros et al., 

2014). These increased maintenance costs can be associated to the premature deterioration of 

roadways because of failure to update the material standards where heat extremes are predicted to 

increase (Fletcher et al., 2016).  

Canada has one of the world's largest road networks, with over one million kilometres of 

two-lane equivalent public roads. The province of Ontario, on average, accounts for 38.55 percent 

of the overall national Gross Domestic Product (GDP) and its economy is heavily reliant on road 

surface transportation (Govt. of Canada Statistics Report, 2016). It has almost 116,000 km of 

municipal roads (Govt. of Canada Statistics Report, 2016) and 40,000 km of highways (FAO, 

2019), which have a net book asset value of $26.7 billion (FAO, 2019). Due to Canadaôs size and 

geographic dispersal of population centres, current road systems are subjected to a broad range of 
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temperature conditions (Vincent et al., 2006; Zhang et al., 2000). To date, no such study, 

specifically for the whole province of Ontario, has been carried out. Most of the above studies 

relied on existing models. One of the objectives of this study is to develop regression models, 

specifically for Ontario, Canada, for pavement temperature determination as the existing LTPP 

models are for the whole of North America and their performance can be improved by using the 

measured pavement data in Ontario, Canada.  

In terms of the PG requirements, the province of Ontario has been divided into three 

climatic zones by the Ministry of Transportation Ontario (MTO) as shown in Figure 4.1. The MTO 

recommends base PGs for these zones which can be changed depending on the traffic requirements 

for any given site. The recommended PGs are 52-34 for zone 1, 58-34 for zone 2 and 58-28 for 

zone 3 (ABC of PGAC, 1999).  
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Figure 4.1 PG Zones and recommended PGs, with Zone 1 having a PG of 52-34, Zone 2 having 

a PG of 58-34, and Zone 3 having a PG of 58-28, as per MTO Guidelines. 

 

In this study, the historical and projected climate data, within the context of rising temperatures, 

was reviewed for Ontario. In order to determine better relationship between asphalt pavement 

surface temperature and ambient weather data, regression models were developed by carrying out 

detailed review of the data obtained from the vast network of Road Weather Information System 

(RWIS) stations. The suitability of these developed models and the LTPP models were then 

assessed against the measured data collected from the RWIS stations. To assess the relative effect 

of climate change on PG across Ontario, the historical (2001 ï 2020) and future climate data for 

four time periods: short-term future (2021-2040), mid-century (2041-2060), third quarter (2061-
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2080) and end-century (2081-2100) for the province was collected from 19 different GCMs.  Using 

the developed models and the climate data for the aforementioned time periods, the PGs were 

determined to quantify the change in PG in changing climate. 

 

4.2. LTPP Models 

The SHRP developed a performance-based system to specify asphalt materials known as 

SUPERPAVE (McGennis et al., 1995). This system selects the PGs based on the expected highest 

and lowest pavement temperatures in order to minimize cracking in winters and rutting in 

summers. The low and high pavement temperature models developed under this program are 

referred to as LTPP 2.1, in which the lowest pavement temperature is estimated using the lowest 

annual air temperature, whereas highest pavement temperature is estimated using the highest 

annual mean 7-day air temperature (Mohseni, 1998). The LTPP 2.1 models for the estimation of 

high and low pavement temperatures are provided below in equations 1 and 2, respectively 

(Mohseni, 1998; Mohseni et al., 2005).  

 

Ὕ υτȢσςυτσςπȢχψὝ  πȢππςυὒὥὸ

ρυȢτρ ὰέὫὌ ςυ ὤω πȢφρ„  

Ȣ

     (4.1) 

Ὕ ρȢυφπȢχςὝ  πȢππτὒὥὸ

φȢςφ ὰέὫὌ ςυ ὤτȢτ πȢυς„  

Ȣ

     (4.2) 

 

Where Ὕ  is the highest mean 7-day pavement temperature in °C, Ὕ   is the highest mean 

7-day air temperature in °C, „   is the standard deviation of highest mean 7-day air 

temperature in °C, Ὕ  is the lowest pavement temperature in °C, Ὕ   is the lowest air 

temperature in °C, „   is the standard deviation of lowest air temperature in °C, ὒὥὸ is the 
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latitude in degrees, Ὄ is the depth in mm and ὤ is the standard normal distribution value i.e., 2.055 

for 98% reliability. 

In 2005, the LTPP 2.1, for selecting high temperature PG, was superseded by the LTPP 3.1 

model. This is the latest modification, and it uses the degree-days above 10 °C, instead of highest 

annual mean 7-day air temperature as mentioned before. The equations for determining high 

temperature PG are provided in equations 3, 4 and 5. 

 

ὖὋȟ τψȢς ρτὈὈ πȢωφὈὈ ςὙὈ      (4.3) 

ὅὠὖὋπȢππππστὒὥὸςπὙὈ       (4.4) 

ὖὋȟ ὖὋȟ ὤ ὖὋȟ        (4.5) 

 

Where ὖὋȟ is the high temperature damage-based performance grade in °C at 50% 

reliability, ὈὈ denotes the average yearly degree-days with air temperature over 10 °C, x1000 °C, 

ὙὈ is the allowable rutting depth in mm, ὅὠὖὋ represents the high temperature yearly PG 

coefficient of variation in %, ὖὋȟ  denotes the high temperature PG at desired reliability in °C 

and ὤ represents standard normal probability for the desired reliability. These models are widely 

being used by road agencies and designers to predict pavement temperatures and determine 

suitable PG for any specific site. 
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4.3. Methodology 

In this study, models to determine pavement temperatures, using the ambient temperatures and 

latitude of a location, were developed. For this, the ambient air and pavement subsurface 

temperature data was obtained from selected RWIS stations. The suitability of the developed and 

the LTPP models were then assessed using measured data. Utilizing the future climate data, the 

high and low pavement temperatures were predicted, and thus suitable PGs were selected by 

incorporating the latest LTPP and the developed models. The procedure for the models developed 

in this study is highlighted further in this section. 

4.3.1. Development of Ontario-specific Models 

The regression models were developed by using the air and soil temperature data from 36 weather 

stations within the Ontario Ministry of Transportationôs Road Weather Information System 

(RWIS) to determine the relationships between ambient weather data and asphalt pavement surface 

temperature. The Road Weather Information System stations use environmental sensors deployed 

on and around the highway to track existing road and weather conditions at specific locations. 

These RWIS stations have different sensors including meteorological sensors that measure air 

temperature, relative humidity, wind speed and direction, precipitation, and pavement sensors that 

measure pavement surface temperature, subsurface (40 cm and 150 cm) temperature, pavement 

state (wet, dry, or frozen), and the freezing point of a wet surface (Bernstein et al., 2003). In this 

study, air temperatures, pavement surface temperatures and subsurface temperatures at 40 cm 

depth were used for model development. The climatic variables used in the development of models 

are the same as used in the LTPP 2.1 models (equation 1 and 2). The utilization of extreme, instead 

of average, daily temperatures in modelsô development is linked to the fact that average 

temperatures may skew the results, therefore they cannot be regarded as the most important 
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component in determining the pavement temperature (Li et al., 2017). There are 165 RWIS 

weather stations across Ontario to date (Buchanan et al., 2005). The MTO has divided the province 

into 5 different regions namely Northern, North-western, Eastern, Central and Western regions 

and these weather stations are installed in each region. In this study, the weather stations used for 

modelsô development were taken from all these regions. 

The low pavement temperature model was developed by utilising the climate data from 2012 to 

2014. The data was analysed to identify erroneous values and outliers. The parameters, such as 

lowest yearly air temperatures, latitude of site and depth were considered in the model 

development. The multiple linear regression analysis was then carried out using forward selection 

regression approach in the Statistical Analysis System (SAS) software 9.4 (SAS, Userôs Guide, 

2013). The model was evaluated based on its goodness of fit i.e., Ὑ  and RMSE value. The 

equation developed for the low pavement temperature determination is as follows. 

 

Ὕ ςτȢψψ πȢχσὝ  πȢφρὒὥὸπȢπτχὈ ὤςȢωψ  „  
Ȣ   (4.6) 

 

The Ὑ  value of the model was found to be 91% with an RMSE value of 2.98. Figure 4.2 shows 

the statistical outlook of the developed model. The first panel of this figure (Figure 4.2 a) shows 

the quality of the developed regression model. This graph plots the predicted versus actual low 

surface and subsurface temperatures for each observation. As it can be seen from this graph that 

the points are close to the 45-degree line, thus suggesting that the developed model predicts the 

surface and subsurface temperatures quite well. The second panel of this figure (Figure 4.2 b) plots 

the residual versus percent graph which shows that the residuals are normally distributed. This is 
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confirmed by the normal quantile-quantile plot as shown in Figure 4.2 c. Since most of the data 

points lie on or close to the diagonal line, thus suggesting that the residuals for the model are 

normally distributed. It can also be seen from this plot that both left and right ends of pattern are 

above the diagonal line which suggest a short tail on both ends, which can be confirmed by looking 

at the Figure 4.2 b. The third, fourth and fifth panel of this figure i.e., Figure 4.2 c through Figure 

4.2 e, includes the residuals plotted against the value of each explanatory variable. These graphs 

show that whether the residuals contain a signal or are randomly distributed. The residual plotted 

against the low air temperatures, latitude and depth does not show a systematic pattern thus 

indicates that the model adequately captured the dependence of the response on all the explanatory 

variables. 
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Figure 4.2 Statistical Outlook for the Low Pavement Temperature Model (Colour should be used 

in print) 
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The last term in the equation 6 is the error term, which is defined in the same way as described by 

Mohseni et al., (2005). This term is related to the uncertainty in predicting the correct pavement 

temperature. To improve efficiency, the error term was subtracted from the low pavement 

temperature equation (Mohseni et al., 2005). The uncertainty is caused by two separate variables: 

mean air temperature and the model (Mohseni et al., 2005). The standard deviation of mean air 

temperature („  ) and the root mean square error of the model („  ) were used to 

define this uncertainty. The variability in the estimated pavement temperature („  ) and the 

error term (‐  ) at any desired reliability was calculated as follows: 

 

„  „  „  
Ȣ       (4.7) 

„  ςȢωψ „  
Ȣ        (4.8) 

‐ ὤςȢωψ „  
Ȣ       (4.9) 

 

For the high pavement temperature model, the data from year 2012 to 2014 was considered in 

model development. The regression model development procedure was the same as described 

above for the low pavement temperature model. The model developed for determining the average 

7-day high pavement temperature is presented in equation 4.10, and Figure 4.3 exhibits the 

statistical outlook of the developed model. The first panel of this figure (Figure 4.3 a) plots the 

predicted versus actual average 7-day high surface and subsurface temperatures for each 

observation. As it can be seen from this graph that the points are close to the 45-degree line, thus 

suggesting that the developed model predicts the surface and subsurface temperatures quite well. 
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The second panel of this figure (Figure 4.3 b) plots the residual versus percent graph which shows 

that the residuals are normally distributed. This is confirmed by the normal quantile-quantile plot 

as shown in Figure 4.3 c. Since most of the data points lie on or close to the diagonal line, thus 

suggesting that the residuals for the model are normally distributed. The third, fourth and fifth 

panel of this figure i.e., Figure 4.2 c through Figure 4.2 e, includes the residuals plotted against the 

value of each explanatory variable. The residual plotted against all the explanatory variables does 

not show a systematic pattern thus indicates that the model adequately captured the dependence of 

the response on the explanatory variables. 

 

Ὕ φτȢπυ πȢχςὝ  πȢχχὒὥὸπȢπχτὈ ὤςȢωω  „  
Ȣ  (4.10) 

 

The Ὑ  value of the model was estimated as 95% with an RMSE value of 2.99. The last term in 

equation 10 is the error term, which is related to the uncertainty in predicting the correct pavement 

temperature (Mohseni et al., 2005). To improve efficiency, the error term was added to the high 

pavement temperature equation (Mohseni et al., 2005). This term was defined in the same manner 

as for the low temperature model. The variability in the estimated pavement temperature („  ) 

and the error term (‐  ) at any desired reliability was estimated as provided in equations 

11 to 13. 

 

„  „ „  
Ȣ       (4.11) 
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„  ςȢωω „  
Ȣ        (4.12) 

‐  ὤςȢωω „  
Ȣ       (4.13) 
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Figure 4.3 Statistical Outlook for High Pavement Temperature Model 
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4.3.2. Validation of Models 

The developed models were validated by comparing the predicted pavement temperatures with the 

measured temperatures as shown in Figure 4.4 and Figure 4.5. The validation was carried out at 

98% reliability. A different dataset was used for modelsô validation and the climate data from year 

2015 was utilised for this purpose. The data used for the validation of low pavement temperature 

model was collected from 55 RWIS stations, whereas for high pavement temperature model, data 

from 44 stations were used. These stations were selected based on the availability of data. Since 

more stations had complete dataset for low air and surface temperatures, therefore a greater number 

of stations were used for low pavement temperature model as compared to high pavement 

temperature model. The performance of these models was compared against the LTPP models as 

shown in Figure 4.4 and Figure 4.5. From Figure 4.4, it can be seen that the LTPP 2.1 model 

predicts higher lowest annual air temperatures compared to observed for all the considered 

locations. On the other hand, the developed model predicted the lowest annual temperatures which 

were either very close or lower than the actual temperatures thus suggesting a better temperature 

to consider for PG determination.  

The actual versus predicted highest mean 7-day annual pavement temperatures are shown in Figure 

4.5 and it was observed that the pavement temperatures predicted by the developed model for the 

considered locations were better or equivalent to the measured pavement temperatures as 

compared to the LTPP 2.1 model. It was also observed, for almost all the locations, that the 

developed model did not estimate lower pavement temperatures whereas, the LTPP 2.1 predicted 

lower pavement temperatures as compared to the actual ones for locations with latitudes between 

42 and 43 degrees.  
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Figure 4.4 Actual versus Predicted Lowest Annual Pavement Temperature 

 

Figure 4.5 Actual versus Predicted Highest Mean 7-Day Annual Pavement Temperature. 

 



107 

 

4.4. Discussion and Results 

The climate data, namely daily maximum, and minimum air temperatures, obtained from GCMs, 

was used to quantify the change in air temperatures due to climate change across Ontario. The 

average of air temperatures from all these GCMs was then computed, for which a code was written. 

This code was also utilized to plot map charts as shown in Figure 4.6 and Figure 4.7. The code 

was written in Python 3.8, 64 bit version and different packages, such as numpy, pandas, 

geopandas, shapely.geometry, scipy.io, matplotlib.pyplot were utilised to compute results and plot 

maps. 

The predicted highest 7-day mean annual air temperature for the province by the end-century for 

different RCPs under consideration are highlighted in Figure 4.6. It is expected that, for RCP 2.6, 

the magnitude of highest 7-day mean annual air temperatures may increase by 3 to 4 °C for many 

locations in Northern and Southwestern Ontario by the end-century. It can be observed that, using 

the RCP 4.5 data, most of the Northern and Southern Ontario may have their highest temperatures 

increased by a magnitude of 3 to 5 °C. The analysis also indicates that, under no climate change 

policy or RCP 8.5, many locations in the Northern Ontario may have an increase of around 8 to 

10 °C whereas, Central and Southern parts of the province may have an increase of 4 to 5 °C by 

the end-century. 

The mean annual minimum air temperatures (MAMAT) using average data from GCMs 

for the baseline and future time periods for different RCPs are shown in Figure 4.7. From this 

figure it can be observed that by the year 2100, it is expected that, for RCP 2.6, a considerable 

number of locations in northern Ontario may show an increase of around 5 °C in the magnitude of 

their lowest annual air temperatures. The same increase in magnitude may expand to some of the 

regions in Central Ontario as well for the RCP 4.5 scenario. For the RCP 8.5, most of the Southern 
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and Northern Ontario may see a 5 °C and 8 to 10 °C increase in magnitude respectively by the 

end-century. 

 

Figure 4.6 Highest 7-day mean annual air temperatures using average data from GCMs for 

baseline and future time periods for different RCPs, °C 
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Figure 4.7 MAMAT using average data from GCMs for baseline and future time periods for 

different RCPs, °C. 
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The averages of both daily high and low air temperatures, across all the considered GCMs, was 

used to determine the high and low temperature PGs respectively, for the considered time periods. 

For the selection of PG and plotting map charts, a code was written in python 3.8 using the same 

packages as mentioned earlier. The estimated mean annual highest 7-day (Figure 4.8) and the 

minimum pavement temperatures maps (Figure 4.9) for different time periods and RCPs 

considered in this research. These maps were plotted using the models developed in this study. 

The selected PGs, across Ontario, using the developed models were also compared with that of 

latest LTPP models as shown in Figure 4.10. For the LTPP 3.1 model, a target rut depth of 12.5 

mm, which is typical for primary roads, was used. The results were estimated using standard 

loading, which is less than 3 million Equivalent Single Axle Load (ESAL) with fast traffic speed 

(> 70 km/h) and the PGs were predicted at 98% reliability. The results were then round off to the 

nearest 6 °C increment to estimate the required PG.  

By the year 2040 and with the best-case scenario (RCP 2.6), the results indicate that some 

locations in the northern part of the province are expected to see up to 5 °C increase in their highest 

7-day and minimum mean annual pavement temperatures. This leads to a suggestion that those 

locations may require a completely different PG in the near future. It is also worth noting that no 

significant change in pavement temperatures is projected after the mid-century. The results 

generated using the developed models also suggest that, for RCP 4.5, more locations in north-

eastern and north-western Ontario are expected to see a change in their highest 7-day mean annual 

pavement temperatures. This increase may result in the highest pavement temperatures to reach 55 

°C and 60 °C for the most part of northern and southern Ontario, respectively, by the end-century. 

Whereas, for the mean annual minimum pavement temperatures, it can be interpreted that northern 
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Ontario may face more intense change than southern Ontario. The results suggest that the increase 

in magnitude can be as high as 5 °C by the year 2100. It can also be observed from Figure 4.8 and 

Figure 4.9 that under the worst-case scenario, RCP 8.5, almost the whole province may undergo a 

change in the highest and lowest pavement temperatures by the end-century. The 7-day mean 

annual pavement temperatures may reach up to 55 °C to 60 °C for northern Ontario, whereas they 

may reach 60 °C to 65 °C for southern Ontario. The mean annual minimum pavement temperatures 

may increase to -30 °C to -25 °C for northern and -20 °C to -10 °C for southern Ontario. The 

change in both the highest and lowest pavement temperatures suggest that the whole province may 

require a completely different set of PGs by the year 2100. 

The pavement temperatures estimated using the developed models and the LTPP models, 

were utilised to determine PG maps, as shown in Figure 4.10. This figure shows the estimated PGs 

under RCP 8.5 and compares the estimated results with that suggested by MTO. It can be observed 

from Figure 4.10 that, by the mid-century, using the developed models, a change in PG may be 

required for southern and major parts of northern Ontario, thus suggesting 52-40, 58-28, 64-28 and 

70-22 for the whole of Ontario. The LTPP models, on the other hand, suggest 52-34, 58-34, 58-28 

and 64-28 by the year 2060. The results generated using both, the developed and LTPP, models 

highlight that, by the year 2100, almost all the locations across Ontario may require 1 to 2 grades 

increase in both high and low temperature PG. It can also be noted that the most suitable PG 

suggested by both models may be 52-34, 58-28, 64-28 and 70-22 by the end-century. 
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Figure 4.8 Estimated Highest 7-day mean annual pavement temperatures using developed model, 

°C 

 



113 

 

 

Figure 4.9 Estimated MAMPT using developed model, °C. 
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It was observed that the results predicted by the developed models, for the locations under 

consideration performed better than that of LTPP 2.1 models, as shown in Figure 4.4 and 4.5. 

These Figures also show that the LTPP 2.1 model estimated lower minimum pavement 

temperatures, whereas it estimated higher values for maximum pavement temperatures for most 

of the locations investigated. From Figure 4.5, the developed model substantially predicted higher 

values, as compared to actual, for the highest 7-day mean pavement temperatures for some of the 

locations. This is an indication that there is a room for improvement in the high pavement 

temperature model. The PGs estimated using these models, as shown in Figure 4.10, suggest that 

there may be a need to change the current PG set for the whole province by end-century. It is also 

worth mentioning that the results generated using the LTPP models suggest the same PG set for 

the province as the developed models. It is also expected that incorporating the changes in PG may 

result in less rutting and cracking due to climate change, thus increasing the service life of flexible 

pavements throughout Ontario. 
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Figure 4.10 Estimated PG under RCP 8.5 using the latest LTPP and developed models, °C 
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4.5. Summary and Conclusions 

This study examines the impacts of climate change on asphalt binder selection across the province 

of Ontario. For this purpose, regression models to predict pavement temperature from air 

temperature were developed. The models were developed using measured climatic variables and 

pavement surface temperatures. The climatic data used for model development and validation was 

obtained from various RWIS stations located in Ontario. A comparison between the models 

developed as part of this research indicates a superior performance over models proposed by LTPP.  

To quantify the climate change impact on PG selection, the climatic data from 19 GCMs for 3 

different RCPs was collected. The average based on all these GCMs was calculated and the data 

was compiled for 5 time periods i.e., baseline (2001 to 2020), short-term future (2021 to 2040), 

mid-century (2041 to 2060), third quarter (2061 to 2080) and end-century (2081 to 2100). Detailed 

review and analysis of the data indicates that mean annual air temperatures will increase 

throughout the century. Under no climate change policy or RCP 8.5, the province is expected to 

see up to 7.5 °C increase in the mean annual air temperatures whereas, the highest 7-day mean, 

and lowest annual air temperatures may rise by a magnitude of 7 to 9°C by the year 2100.  

This study also leads one to conclude that, with the expected increase in air temperatures, pavement 

temperatures would increase. These temperatures may reach as high as 55 °C to 60 °C for northern 

Ontario and 60 °C to 65°C for southern Ontario for the scenario RCP 8.5 by the end-century. The 

rise in pavement temperatures may lead the province to face challenges in terms of revising their 

current PG guideline on a regular basis. The result of this study also suggests that the PG may 

change drastically by the end-century. It can be concluded that, by the end-century, under the 

worst-case scenario i.e., RCP 8.5, the current PG suggested for each MTO zone may require at 

least one and for some locations two grade increases in their high and low temperature PG by the 
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end-century. The results of this study also suggest that, under no climate change policy or RCP 

8.5, the most suitable PG set for the province should be 52-34, 58-28, 64-28 and 70-22 using both 

the developed and LTPP models. The models developed in this study are limited to Ontario, as 

these were generated and validated using the measured climate and pavement temperature data 

obtained from various weather stations located in the province. These models can be further 

improved as more data becomes available. Furthermore, these models were developed and tested 

using climatic, surface and sub surface data from no permafrost locations and are therefore limited 

to no permafrost locations of the province. The result of this study provides valuable 

recommendations that road agencies and designers can take into consideration to adjust pavement 

construction materials in response to changing climate conditions. 
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5. Evaluating the Effects of Climate Change on Spring Load Restrictions 

Across Ontario  

5.1. Introduction  

Over the last century, climate change has had a significant impact on the planet and our 

infrastructure. This refers to the exceptionally rapid rise in the average land and water surface 

temperature, which is primarily attributable to the greenhouse gases as a result of anthropogenic 

activities. The Intergovernmental Panel on Climate Change (IPCC) has reported that its 

consequences on specific locations will vary over time (IPCC, 2014). Canada is a prime example 

of a country whose climate has been severely affected. Canada's western and northern areas have 

seen more significant warming over the winter and spring than the rest of the country (Vincent et 

al., 2012). Furthermore, Canadaôs changing climate report issued in 2019 highlighted that Canada 

may experience more rapid and dramatic climate change affects than many other regions around 

the globe in the future (Bush et al., 2019).  

Pavements in cold climates are exposed, and impacted by frost, ice, and snow over 

extended periods of time. These pavements are expected to maintain good structural and functional 

performance by resisting environment-related stresses and displacements, in addition to 

transmitting loads from the traffic to the subgrade materials (Doreô et al., 2008). During the winter, 

these pavements are subjected to negative temperatures for extended periods of time, resulting in 

frost penetration into the layers of pavement and the subgrade soil. Water gathers in the pavement 

structure throughout the year, primarily due to lateral moisture transfer, precipitation penetration, 

and capillary rise from the water table, and begins forming ice lenses. During the spring thaw, the 

frozen water converts back to a liquid state, resulting in a very high saturation within the pavement 

structure. During the thawing phase the upper layers thaw first, resulting in excess moisture 



119 

 

trapped between the upper layer and the frozen or impermeable soil layers underneath it, raising 

the water content of the pavement structure (Janoo, 2002). During this phase, moisture can also 

rise in the unbound pavement layers, resulting in loss of structural stiffness and a reduction in the 

load bearing capability. Water saturation and excess pore water pressure develops owing to the 

passage of large axle loads, resulting in a loss of internal frictional forces between the aggregates, 

thus decreasing the shear strength in the unbound layers (Huang, 2003). In the thawing or 

weakened periods; authorities implement Spring Load Restrictions (SLR) for the truck traffic to 

reduce the load on the pavement structure. These SLR, on one hand, increase the life expectancy 

of the pavement structure by ensuring the truck load does not exceed the strength of the pavement 

structure, while on the other hand, impacts the trucking industry financially due to lower loads 

requirements per truck.  Restrictions on the maximum payloads of trucks lead to a greater number 

of trips resulting in increased costs and fuel use. Therefore, it is extremely important to accurately 

determine the SLR application and removal dates. The accurate implementation and removal of 

the SLR period ensures minimum pavement damage due to truck traffic loading and economic 

hardships faced by the trucking industry (Chapin et al., 2013). 

 The SLRs are enforced based on predetermined dates and/or visual inspection methods by 

various transportation authorities. The issue with utilizing predetermined or fixed dates is that, the 

subsurface freezing and thawing patterns change from year to year. Therefore, dates and durations 

that are good for one year might not be appropriate for future years (Miller et al., 2014). The 

observation and inspection technique involves, field employees noticing changes in the pavements 

in the early spring, such as deflection, cracking, and/or other signs of pavement distress. By the 

time these pavement distresses are reported, the structural strength has already been compromised, 

since the SLRs often require three to five daysô notice prior to application for legislation by the 
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authorities (Miller et al., 2014). Over the years, many road agencies and authorities have started 

using science-based methods to determine the SLR application date and duration rather than fixed 

dates or individual judgement based on field observations. Quantitative methods, such as 

measuring the pavement deflections using a falling weight deflectometer (FWD) or estimating 

different indices based on climatic data are becoming increasingly common to track spring thaw 

processes. Furthermore, several agencies monitor the subsurface temperatures during the spring 

thaw period using sensors installed underneath the highways. Despite the fact that these 

quantitative methodologies provide a reasonable foundation for making SLR decisions, the FWD 

testing and accompanying analyses are expensive and time consuming. Installing sensors to 

monitor subsurface temperatures and/or moisture profiles, collecting and storing data obtained 

from these sensors, and maintaining these instruments can also be expensive. Increasingly, many 

road agencies and authorities have started to consider the use of weather-based indices and/or frost-

thaw depth prediction models to determine the SLR thresholds. The measured weather data being 

readily available and much more cost effective to measure, as compared to FWD data and/or 

subsurface temperature data, makes these prediction models more practical. These prediction 

models can also be used with air temperature forecasts to provide advance warning for SLR 

application and duration.  

The province of Ontario has an enormous 116,000 km of municipal roads (Gov. of Canada 

Stats, 2018) and 40,000 km of highways (FAO, 2019). Furthermore, this province is the largest 

contributor to the overall national Gross Domestic Product (GDP) of Canada (Gov. of Canada 

Stats, 2016). Almost 20% of Ontarioôs entire road network are low volume roads (Chapin, 2010) 

and are in a seasonal frost zone. The Ministry of Transportation Ontario (MTO) owns Spring Load 

Adjustment (SLA) and Road Weather Information System (RWIS) stations which are used to 
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monitor the road network. The SLA stations measure and record soil temperature and moisture 

data at depths ranging from 5 cm to 255 cm, whereas the RWIS stations measure subsurface 

temperatures at the depths of 40 and 150 cm. In addition, both stations also measure and record 

weather variables, such as air and surface temperatures, relative humidity, wind speed, and 

precipitation data. The soil temperatures at different depths obtained from these stations can be 

utilized to impose SLR periods on most provincial highways. In contrast, fixed SLR start dates 

and durations are used for the municipal roads.  

Climate plays a vital role in the design and service life of the pavements. While assessing 

the performance of pavements, the climatic load is considered the most significant factor (Sun et 

al., 2019). Almost 50% of the pavement structure degradation is linked to climatic factors (Doreô 

et al., 2005, Watson and Rajapakse, 2000). The changing climate has been regarded as a threat to 

infrastructure, including pavements, by many researchers (Amy Schweikert et al., 2014, Hoyoung 

et al., 2017, Haslett et al., 2021). Recent studies have highlighted that climate change will result 

in increased stresses on pavements, thus compromising their performance and reducing their 

service lives (Dong et al., 2018, Jacobs et al., 2018, Stoner et al., 2019). Therefore, earlier, and 

frequent reconstruction and rehabilitation of pavements will be required (Mills et al., 2007). In the 

Permafrost regions, increased rainfalls and decreased snowfall due to climate change will affect 

the water balance impacting pavements (Woo, 1990).  Climate change is expected to increase the 

number of freeze and thaw cycles (Haas et al., 2004), accelerating pavement deterioration (Haas 

et al., 1997, Mills et al., 2009, Erik et al., 1997, Shafiee et al., 2021). Therefore, it is vital to assess 

the implications of climate change on Spring Load Restrictions (SLR) periods to ensure the 

sustainability of low volume roadways.  
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Most of the analytical models developed to predict SLR start, and duration are either developed 

for a specific type of climate and/or require site specific calibration. Most of them have been 

developed using very limited climate data. Therefore, it is very important to develop a network 

level model that can predict SLR periods using readily available information such as air 

temperatures. The main objective of this study is to determine better correlations between air 

temperature, thawing index, and thawing depth for the province of Ontario, Canada, and then use 

these correlations to predict the future SLR under changing climate scenarios. Thus, this study 

comprises of two phases. In the first phase, network level regression models were developed 

utilizing data from selected SLA and RWIS stations to correlate air and surface thawing indices. 

Two different regression models were developed to determine the SLR periods for Northern and 

Southern Ontario separately. The performance of the models developed in this study were 

subsequently evaluated using measured subsurface data from SLA and RWIS stations. The second 

phase of the study involved estimating the potential implications of climate change on the SLR 

periods across Ontario. The climate data was collected from 19 different General Circulation 

Models (GCMs) for 3 Representative Concentration Pathways (RCPs) for historical (2001ï2020) 

and future time intervals: short-term future (2021-2040), mid-century (2041-2060), third quarter 

(2061-2080) and end-of-century (2081-2100). The SLR periods for these time intervals were 

estimated by utilizing models developed in phase 1 to assess the change in these time intervals for 

different emission scenarios. The models developed in this study and the SLR outlook by the end-

century is of interest and use for the designers and policy makers in order to ensure maximum road 

structure life and minimum financial hardships faced by trucking industry during the spring season. 
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5.2. Existing Models 

Several studies have been carried out, and different techniques have been used for the SLR 

predictions using air temperatures. Two different types of models i.e., models based on trigger 

thresholds and models based on frost and thaw depth predictions, are presented in this section. The 

models based on trigger thresholds use a CTI threshold values whereas the frost and thaw depth 

prediction models use TD for application and removal of SLR. Some of the widely used models 

are presented in this section. 

5.2.1. Based on Trigger Thresholds 

Mahoney et al. (1986) 

One of the earliest analyses on this subject was carried out by Mahoney et al., 1986, in which 

analytical models were developed to determine the start and duration of SLR. A correlation 

between air temperature and surface thawing index was developed, and it was proposed that the 

thawing season begins when the daily average air temperature exceeds 1.67 °C. The proposed 

relationship can be expressed as follows: 

ὅὝὍ = В Ὕ ȟ ρȢφχ         (5.1) 

Where, ὅὝὍ is the cumulative thawing index in °C days, Ὕ  is the average daily temperature in 

°C and N is the number of cumulative days. In the above equation, the constant 1.67 is the reference 

temperature (Ὕ ) which is defined as the magnitude of air temperature at which the surface 

temperature fluctuates around 0 °C. If a thawing phase is interrupted by a substantial refreezing 

event, the CTI cannot be negative and is consequently reset to zero (Mahoney et al., 1986). This 

method suggests that SLR should be applied as soon as CTI reaches 15 °C days and must be 

applied when CTI reaches 28 °C days. The authors suggest two approaches for the lifting of SLR 

i.e., duration threshold and CTI threshold. The cumulative air freezing index (AFI), computed as 
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the difference between the freezing temperature and the daily average air temperature, is used in 

determining the end of SLR. The duration threshold and CTI threshold can be determined using 

equations 2 and 3, respectively. 

 

ὈόὶὥὸὭέὲ ὝὬὶὩίὬέὰὨςυ πȢπρὃὊὍ        (5.2) 

ὅὝὍ ὝὬὶὩίὬέὰὨπȢσὃὊὍ          (5.3) 

 

Bradley et al (2012) 

In this method, models for initiating and terminating SLRs were developed by corelating weather-

based indicators to when pavements began to lose their strength and when they have considerably 

regained their strength in the spring. This method recommends a CTI threshold value of 15 °C 

days for the SLR application (Bradley et al., 2012). This approach uses a Ὕ  for the determination 

of CTI. 

 

ὅὝὍ Ὕ          (5.4) 

 

Where Ὕ  and Ὕ  are the maximum and minimum daily air temperatures in °C. Starting March 

1st, Ὕ  is taken equal to 1.7 °C with a daily increase of 0.06 °C until May 31st (Bradley et al., 

2012). If the MDAT becomes negative, then TI for that particular day should be calculated as 

follows to compensate for the time when the ambient air temperature goes below 0 °C. 

ὅὝὍ Ὕ          (5.5) 

It is recommended that SLR should be removed either eight weeks following the application date, 

or when the CTI hits 350 °C-days, whichever comes first, (Bradley et al., 2012). 
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Mn/DOT Research (2014) 

The Minnesota Department of Transportation (Mn/DOT) model was derived from the concepts 

developed by Ovik et al. (2000). This method also uses reference temperatures and measured air 

temperatures to calculate daily FI and TI values. The reference temperature in this method is a 

variable value which is used to convert the air temperatures into corresponding surface 

temperatures. The value of this reference temperature is taken as -1.5 °C, which begins on 1st 

February, and it decreases by 0.5 °C every week until it reaches a value of -9.5 °C during 24th ï 

30th May (Mn/DOT, 2014). The values of TI and FI are then used to determine the cumulative 

thawing index as shown in the following equations (Mn/DOT, 2014): 

 

CTI = В ὈὥὭὰώ ὝὬὥύὭὲὫ ὍὲὨὩὼπȢυz ὈὥὭὰώ ὊὶὩὩᾀὭὲὫ ὍὲὨὩὼ   (5.6) 

¶ Case A: when 
 

Ὕ  > 0°C (The pavement structure is thawing) 

Then, ὈὥὭὰώ ὝὬὥύὭὲὫ ὍὲὨὩὼ
 

Ὕ   

and ὈὥὭὰώ ὊὶὩὩᾀὭὲὫ ὍὲὨὩὼπЈὅ  

¶ Case B: when 
 

Ὕ  < 0°C 

And ὅὝὍ πȢυ Ø πЈ#
 

ȟ (Significant thawing has not yet occurred) 

Then, ὈὥὭὰώ ὝὬὥύὭὲὫ ὍὲὨὩὼπЈὅ and ὈὥὭὰώ ὊὶὩὩᾀὭὲὫ ὍὲὨὩὼπЈὅ  

¶ Case C: When 
 

Ὕ  < 0°C 

And ὅὝὍ πȢυ Ø πЈ#
 

ȟ (Pavement structure is refreezing) 

Then, ὈὥὭὰώ ὝὬὥύὭὲὫ ὍὲὨὩὼπЈὅ and ὈὥὭὰώ ὊὶὩὩᾀὭὲὫ ὍὲὨὩὼπЈ#
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Where CTI is the cumulative thawing index calculated over a period from 1 to ὲ days in °C -days, 

CTI resets to zero on January 1st, Ὕ  is the maximum daily air temperature in °C, Ὕ  is the 

minimum daily air temperatures in °C and Ὕ  is the reference air temperature in °C. As mentioned 

before, the reference temperatures are utilized to adjust for the temperature difference between the 

air and asphalt temperatures (Mn/DOT, 2004). While determining the CTI, the 0.5 factor is applied 

to the FI which accounts for the partial phase change of water and therefore known as the refreeze 

factor.  

This method suggests that the SLRs should be implemented when a 3-day forecasted 

temperature period gives a CTI greater than 14°C -days. There is no specific value of CTI, 

suggested by this method, which corresponds to the removal of SLRs however, some variables 

such as cumulative spring precipitation, accumulated fall precipitation measured during the 

preceding year and CTI are used to provide a better judgement for SLR removal. Generally, it is 

recommended that SLRs should remain in place for a minimum of 4 weeks and a maximum of 8 

weeks. 

5.2.2. Based on Frost-Thaw Depth Predictions 

Chapin et al., (2013) and Pernia et al., (2014) Research  

Chapin et al. (2013) and Pernia et al. (2014) proposed a model corelating frost and thaw depths 

with temperature indices. For determining freezing and thawing indices, they proposed the 

utilization of MnDOT equations and reference temperatures. The CFI and CTI were then used to 

estimate frost and thaw depths using an empirical model which was developed through regression 

analysis. The calibration coefficients for the prediction model were determined by plotting the 

measured frost or thaw depth against the day's matching CFI or CTI value. Chapin et al. (2013) 
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and Pernia et al. (2014) compared the R-squared values of a linear and polynomial trend functions 

and found that the polynomial model provided higher R-squared value for their research sites. As 

a result, their prediction model is based on a second-order quadratic equation which is given below: 

 

ώ ὥὼ ὦὼὧ          (5.7) 

 

Where, ώ is the frost or thaw depth, ὼ is CFI or CTI and ὥȟὦȟὧ are the regression coefficients. 

 

5.3. Development of a Network Level SLR Model for Ontario 

In order to develop an Ontario specific network level SLR model, air and pavement temperatures 

data was obtained from various SLA and RWIS stations located across Ontario, Canada. The 

approximate locations of these stations and data utilized in modelsô development are provided in 

Figure 5.1 and Table 5.1 SLA and RWIS Stations used for Development of Modelsrespectively. 

Regression models were developed to obtain the relationship between Thawing Depth (TD) and 

CTI using the similar concept used by Chapin et al. (2013) and Pernia et al. (2014). In order to 

obtain a single equation for the SLR determination across different regions in Ontario, latitudes of 

sites were included as an explanatory variable. The models were based on second-order quadratic 

equations developed using regression analysis. The models were evaluated based on the R-

squared, Root Mean Squared Deviation (RMSD) and Mean Absolute Deviation (MAD) values.  

In Ontario, the MTO have constructed and operate 9 SLA stations. Temperature sensors 

are installed at these SLA stations, which detect the temperature of the subsurface at various depths 

(Chapin et al., 2010). The SLA data is used by MTO to monitor subsurface freeze-thaw cycles 
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during the autumn and spring seasons, as well as to implement the SLR on the roadways in order 

to minimize road damage.  

The MTO also manages 165 RWIS stations located in different regions across Ontario, 

Canada (Buchanan et al., 2005). An RWIS station is a combination of different sensors, such as 

pavement and meteorological sensors, and a monitoring and prediction system (Bernstein, 2003). 

These stations measure and record data such as air temperature, relative humidity, wind speed and 

direction, precipitation, pavement surface temperature, subsurface temperature, pavement state, 

and the freezing point of a wet surface (Bernstein, 2003).  

As a part of this study, different models were developed for Northern and Southern Ontario 

in order to account for the difference in climatic conditions. While analysing the air and surface 

temperature data, it was observed that the Northern and Southern Ontario have different trends of 

temperature with latitudes. It was impossible to capture different temperature trends in a single 

model therefore two different models for Northern and Southern Ontario were developed in this 

study. The model for Northern Ontario was developed using the data from 5 SLA stations, while 

the model for Southern Ontario was developed by utilizing data from 6 RWIS stations. While 

selecting the RWIS stations for model development, only those stations were considered which 

are located in Southern Ontario and had a complete air and surface temperature data set from 

September of one year to June of the following year. The period from September to June was 

considered as it encapsulates the freezing and the following thawing season. Furthermore, any 

station having more than two consecutive days of missing data was not considered in the model's 

development. The air and subsurface temperature data at depths 5, 15, 30, 45, 75, 90, 105, 135 and 

165 cm from SLA stations, and at 0, 40, and 150 cm depths from RWIS stations, were utilized to 

corelate TD and CTI. The data obtained from these stations was cleaned of any statistical outliers 
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and erroneous values. These were identified as the data points that differ significantly from other 

observations. A forward selection regression technique was employed in the Statistical Analysis 

System (SAS) software version 9.4 for the multiple second-order regression analysis. The 

prediction models are presented as equations 5.8 and 5.9, whereas the location map and pertinent 

details of stations and data are presented in Figure 5.1 and Table 5.1 SLA and RWIS Stations used 

for Development of Models, respectively. 

 

ὝὈ  σȢψυπȢπππφὅὝὍπȢφφὅὝὍπȢςὒὥὸ     (5.8) 

ὝὈ  ςςȢψ πȢππφρὅὝὍςȢτφὅὝὍρȢρρὒὥὸ     (5.9) 

 

Where, ὝὈ is the thaw depth for Northern Ontario and ὝὈ is the thaw depth for Southern 

Ontario. The R-squared value for the Northern Ontario model was 92%, whereas its RMSD and 

MAD was found to be 4.9 and 0.2, respectively. For the Southern Ontario model, the R-squared 

value was 94%, however its RMSD and MAD values were found to be 16.6 and 4.2, respectively. 

It is important to mention here that the CTI was determined using the reference temperatures as 

prescribed by MnDOT (2014). As mentioned earlier, the developed models do not require any site-

specific calibration, unlike previously developed models.  
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Figure 5.1 The approximate locations of SLA and RWIS stations across Ontario used in this 

study. 

Table 5.1 SLA and RWIS Stations used for Development of Models 

Station ID Latitude Longitude 

Data used for Modelsô 

Development 

Data used for 

Modelsô Validation 

ER 25 44.5° 77.8° 2017 (Feb ï Apr) 2017 (Feb ï Apr) 

ER 08 44.9° 75.2° 2017 (Feb ï Apr) 2017 (Feb ï Apr) 

ER 32 45.1° 75.6° 2017 (Feb ï Apr) 2017 (Feb ï Apr) 
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ER 30 45.1° 77.3° 2017 (Feb ï Apr) 2017 (Feb ï Apr) 

NR 13 46.1° 79.4° 2017 (Feb ï Apr) 2017 (Feb ï Apr) 

NR 27 46.7° 84.3° 2017 (Feb ï Apr) 2017 (Feb ï Apr) 

SLA 624 47.9° 79.8° 2014 ï 2015 (Feb ï May) 2016 (Feb ï May) 

SLA 527 49.4° 89.4° 2013 (Feb ï May) 2019 (Feb ï May) 

SLA 671 49.8° 94.3° 2013 (Feb ï May) 2014 (Feb ï May) 

SLA 599 49.8° 91.2° 2013 ï 2014 (Feb ï May) 2017 (Feb ï May) 

SLA 643 50.2° 88.8° 2014 ï 2016 (Feb ï May) 2017 (Feb ï May) 

 

 

5.4. Network Level Modelsô Validation  

5.4.1. Comparison of the Developed Models with Actual SLR Periods 

The duration of data over which the models were validated is presented in Table 5.1 SLA and 

RWIS Stations used for Development of Models. The data utilized for modelsô validation is 

different than that used for of modelsô development. The SLR periods were estimated using the 
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recommendation from MTO, which states that the most significant loss of pavement strength 

occurs when the thaw starts in the base, and the least significant loss occurs when the thaw reached 

a depth of around 1 meter. 

From the results presented in Figure 5.2, Figure 5.3 and Table 5.2, it can be observed that 

both models predicted the SLR periods quite well. The Northern Ontario model, as presented in 

Figure 5.2, predicted SLR start dates very close to the actual dates for all the locations except for 

SLA 671 where the prediction was around four days late. Whereas this model suggested 

conservative results for SLR removal, thus predicting around 6 to 8 days of delay in the SLR 

removal dates for most of the locations with the exception of station SLA 643 where there is delay 

of around 17 days. It can also be observed that, unlike the other sites, the model predicted around 

6 days earlier SLR period for SLA 671 as compared to the measured value.  

The comparison of the model developed for southern Ontario, presented in Figure 5.3, 

shows that the model predicted a 1 to 3 days delay in SLR application date for stations NR 27, NR 

13, ER 32, and ER 25, whereas a 7 to 8 days earlier prediction is made for stations ER 30 and ER 

08. The results also indicate that for four out of six locations, the model suggested a 2 to 4 days of 

delayed SLR removal date. It can also be observed that for two locations i.e., ER 08 and ER 30, 

the model predicted around 15 to 18 days longer SLR period in comparison to the SLR period 

predicted from ground temperature measurements. 

5.4.2. Comparison of the Developed Models with Existing Models 

The previously developed, widely used models, were also used to determine the SLR periods by 

utilizing the climate data obtained from selected stations. The results were then compared with 

that of the models developed in this study as also shown in Figure 5.2, Figure 5.3 and Table 5.2. 
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For the Pernia et al. (2014) method, the regression coefficients for each site were estimated in the 

SAS software 9.4 using the data obtained from the relevant stations.  

 From Figure 5.2, it can be observed that the MnDOT (2014) model predicted earlier SLR 

application dates for most of the locations particularly for SLA 527 where the prediction was 

around 23 days earlier than the measured. Whereas, for SLA 624, this model suggested a delayed 

SLR application date. Figure 5.2 and Table 5.2 also shows that the MnDOT (2014) model predicted 

12 days later SLR removal date for SLA 643 and 6 days sooner removal date for SLA 599, however 

this model predicted reasonable results for the rest of sites. It can also be observed that the MnDOT 

model predicted conservative results for most of the RWIS stationsô location while predicting 

around 16 to 26 days of delayed SLR removal dates than the measured. The model predicted 

around 8 to 10 days earlier SLR application date for ER 25 and ER 32 locations whereas, the 

prediction was reasonable for the rest of locations. 

 In Figure 5.2 and Table 5.2, it can be observed that the Bradley et al. (2012) model 

predicted longer SLR periods while predicting around 15 to 20 days earlier SLR application dates 

for SLA 624 and 527. Moreover, this model suggested an approximately 6 to 16 days delay in the 

SLR removal date for all the locations except SLA 671. From the results estimated from RWIS 

stationsô data (Figure 5.3 and Table 5.2), it can be noted that this model predicted a delayed SLR 

application date for ER 08, 25 and 32 stations and suggested SLR application dates close to the 

actual SLR removal dates. It can also be observed that this model produced very conservative 

results while predicting SLR removal dates approximately 22 to 28 days delayed from the actual 

SLR removal. 

 The results also suggest that the Pernia et al. (2014) model was found to be predicting lower 

temperature values compared to observations for most of the locations under consideration.Figure 
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5.2, Figure 5.3 and Table 5.2 shows an 8 to 12 days sooner SLR removal date was predicted using 

this model for Northern Ontario locations such as SLA 671, 599 and 543 whereas 4 to 7 days of 

delayed SLR application date was anticipated for Southern Ontario locations including ER 30, 32, 

NR 13 and 27.  

The Mahoney et al. (1986) model, on the other hand, showed better results as compared to the 

Pernia et al. (2014) model. For Northern Ontario locations, as shown in Figure 5.3 and Table 5.2, 

the Mahoney et al. model predicted late SLR application dates for SLA 599 and 643 by 3 to 6 days 

whereas it predicted slightly early dates for the remaining locations. However, this model 

suggested a 6 to 16 days of delayed in SLR removal date for most locations. The Southern Ontario 

locations showed a different trend (Figure 5.3 and Table 5.2) with three stations showing 3 to 6 

days later and two showed around 9 to 12 days sooner SLR application date. It can also be observed 

that this model anticipated 6 to 16 days later SLR removal dates for all the Southern locations. It 

can be concluded that, for most of the locations, the models developed in this study predicted more 

accurate SLR start dates and durations when compared to other widely used models. However, in 

Figure 5.2 and 5.3, there are some locations where developed model predicted late SLR start dates, 

which can be considered anomalous. It may be due to the reason that the regression models may 

not entirely capture the thawing depth trend for those locations as compared to other locations. 

This limitation may be removed by calibrating the models with more data for such locations. 
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Figure 5.2 Measured and Predicted SLR Periods for Northern Ontario for various models from 

the literature and the model developed in this study. Stations are sequenced according to 

descending order of Latitude. 

 

Figure 5.3 Measured and Predicted SLR Periods for Southern Ontario for various models from 

the literature and the model developed in this study.  Stations are sequenced according to 

descending order of Latitude. 
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Table 5.2 Number of Days that the predicted SLR start, and end dates fell Early (-) or Late (+) 

for various models from the literature and the model developed in this study. 

Station 

ID 

Minnesota Bradley et al. Pernia et al. 

Mahoney et 

al. 

Developed 

SLR 

Start 

SLR 

End 

SLR 

Start 

SLR 

End 

SLR 

Start 

SLR 

End 

SLR 

Start 

SLR 

End 

SLR 

Start 

SLR 

End 

NR 27 -7 +22 -2 +28 +4 +16 +3 +6 +1 +2 

NR 13 -4 +21 +1 +27 +6 +1 +5 +8 +3 +1 

ER 32 -10 +25 +22 +32 +7 +15 -10 +16 -7 +8 

ER 30 -1 +19 -2 +28 +4 +3 +3 +7 +2 +3 

ER 25 -11 +27 +17 +36 -6 +8 -11 +21 -8 +8 

ER 08 -1 +20 +32 +29 0 +4 0 +14 0 +4 

SLA 

643 

-8 +12 -7 +17 -9 -12 -3 +8 0 +17 

SLA 

599 

-9 +3 -8 +13 -5 -8 -6 +6 -2 +8 
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SLA 

671 

-1 -6 -1 +2 -3 -9 +1 -3 +4 -2 

SLA 

527 

-24 +3 -19 +11 -1 +10 +1 +11 0 +6 

SLA 

624 

+13 0 -16 +5 +1 +5 0 +16 0 +6 

 

 

5.5. Future Climate Impact  

5.5.1. Temperature Projections and Potential Impacts  

Climate data was obtained from 19 distinct GCMs for the baseline (2001 to 2020) and the future, 

i.e., short-term (2021 to 2040), mid-century (2041 to 2060), third quarter (2061-2080) and end-of-

century (2081 to 2100). The datasets consist of mean daily air temperatures (MAAT). The data 

was obtained from the OCDP website (lamps.math.yorku.ca/OntarioClimate). This website 

provides data with a spatial resolution of 10 km x 10 km that has been downscaled by members of 

the North American Coordinated Regional Downscaling Experiment Program (NA-CORDEX), 

Pacific Climate Impacts Consortium (PCIC), Laboratory of Mathematical Parallel Systems 

(LAMPS) York University, University of Toronto, and University of Regina using various 

statistical and dynamical downscaling techniques. Three different climate change scenarios i.e., 

RCP 2.6, 4.5, and 8.5 were investigated in this study to assess the impact of climatic change. An 

RCP is a GHG concentration trajectory that is used to describe concentration changes by the year 

2100. The RCP 2.6 route portrays the climate change scenario with the strictest climate policies 

and the lowest GHG emissions, with radiative forcing reaching 3 ύά  before 2100. RCP 4.5 is 
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an intermediate pathway in which the radiative forcing peak around 2040, and then decline and 

stabilized at around 4.5 ύά  via intermediate stabilization mechanisms. Whereas the RCP 8.5 

depicts a high trajectory in which radiative forcing exceeds 8.5 ύά  by 2100 and continues to 

grow for some time and represents the highest emission scenario in the absence of climate policy 

(Meinshausen et al., 2011). To check the adequacy of the climate data collected from the GCMs, 

the climate normals for the historical period were compared with that of climate normals reported 

by Environment Canada (climate.weather.gc.ca) for the period of 1981 to 2010. This comparison, 

for selected cities located across Ontario, Canada, is shown in Figure 5.4. Two of these cities are 

located in Northern Ontario while the other two are located in Southern Ontario. This figure clearly 

indicates that the GCMs predicted the historical temperature data very well. It is pertinent to 

mention here that SLR increases the number of trips required to transport the same load and as 

such further studies should aim to try and find a balance between GHG emissions and the load 

restriction times. This points to the need to have site specific SLR periods and a way to update 

those durations effectively. 

5.5.2. SLR Assessment by the End of Century 

The change in air temperatures due to climate change in Ontario, Canada, was quantified using the 

Mean Daily Air Temperatures (MDAT) collected from 19 different GCMs. A code was written to 

determine the average of MDAT across all the GCMs. This code was developed in Python 3.8, 64-

bit version, and a variety of packages, such as numpy, pandas, geopandas, shapely.geometry, 

scipy.io, matplotlib, and pyplotlib, were utilized to calculate results and plot maps. Figure 5 depicts 

Mean Annual Air Temperatures (MAAT) for RCP 2.6, 4.5, and 8.5 for five time periods: baseline 

(2001-2020), short-term future (2021-2040), mid-century (2041-2060), third quarter (2061-2080) 

and end-century (2081-2100). By the end of the century, the strictest climate change policy, i.e., 
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RCP 2.6, may result in an average increase of 1-1.5°C in MAAT, whereas RCP 4.5 is predicted to 

result in an average increase of 3-4°C in MAAT. It's also worth noting that with no climate change 

strategy, i.e., RCP 8.5, MAAT can be expected to rise by 6.5-7.5°C on average across the province 

by the year 2100. Figure 5.5 also illustrates that the southern and north-western sections of Ontario 

may have a greater rise in MAAT than the rest of the province, implying that these areas may 

experience more pronounced changes in their SLR periods than the rest of the province. 

For the time periods under consideration, SLR start dates and durations were determined 

using average MDATs collected from GCMs. Again, a code was created in Python 3.8 to compute 

SLR periods and plot map charts, using the same packages as mentioned above. The predicted 

maps showing SLR start dates and durations for various time periods and RCP scenarios are shown 

in Figure 5.6 and Figure 5.7. Different colours in this figure show the dates whereas the lines show 

the highway network where MTO imposes these restrictions in the spring. The models established 

in this study were utilized to forecast these SLR periods. The Southern Ontario model was utilized 

for locations with latitude 46° and less whereas, Northern Ontario model was used for locations 

with latitude greater than 46°. 

The results suggest a trend of SLR start dates falling earlier by the end century as compared 

to the baseline period. It can be observed from Figure 5.6 that, considering the temperature changes 

predicted using emission scenario RCP 2.6, many locations in the Northern Ontario may require 

these restrictions to start around 20 days earlier by the year 2100 as compared to the baseline 

period. Whereas, only a few locations in Southern Ontario may need such change. It can also be 

observed that, using the RCP 4.5 scenario, more locations in both Southern and Northern Ontario 

may require the SLR to be imposed about 20 days earlier by the year 2100. Furthermore, under 

the RCP 8.5, whole of the province may require an earlier SLR start date. It is expected that most 
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of the locations in Northern Ontario may need the restrictions to start by the end of March and 

April. Whereas, for the locations in Southern Ontario, these restrictions may start from January to 

mid of February by the year 2100.  

The results also suggest that under the strictest climate change policy, i.e., RCP2.6, the 

SLR period for many Northern and a few Southern Ontarioôs locations may reduce by 5 to 10 days 

by the end-century. Under these circumstances, most of the Northern regions may require a 30 to 

35 days while the rest may need 35 to 40 day SLR period. Whereas for the Southern Ontario, by 

the year 2100, most of the locations are expected to see SLR periods of 10-15 with few Southern 

locations requiring a 15-20 days SLR period. 

It can also be observed from Figure 5.7 that under the moderate climate change 

circumstances, i.e., RCP 4.5, more regions in the North may require a 5 to 10 days shorter SLR 

period when compared to RCP 2.6. Thus, by the end-century, most of the regions may need a 10-

15, 30-35 and 35-40 days of SLR period with a few locations in Southern Ontario exhibiting 15-

20 days of SLR period. Whereas, under the worst-case scenario, i.e., RCP 8.5, it is expected that 

almost whole of the Northern and Southern Ontario may require a 30-35 days and 10-15 days of 

SLR period respectively. 

Maps for selected dates in a year showing locations across the province which may need 

the SLR to be in effect on or before that date are presented in Figure 5.8. These maps were created 

using the RCP 8.5 data by using the similar approach as used in plotting Figure 5.6 and Figure 5.7. 

The results from this analysis indicate that, by the mid-century, some of the Southern Ontario 

locations may need the SLR to start by March 15. Whereas almost all the locations in Southern 

Ontario may need these restrictions to be in effect by March 31 and/or April 15. Furthermore, it is 

expected that almost all the locations across Ontario, where MTO applies SLR, may require these 
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restrictions to start as early as April 30 and/or May 15. It can also be observed that, by the end 

century, a considerable number of locations in Southern Ontario may have the SLRs starting by 

mid of February. Whereas all the locations in Southern Ontario may have the restrictions in effect 

by March 15 and/or 31. Furthermore, locations in the Northern Ontario, may require these 

restrictions in effect by April 15 and/or 30. 

 

 

Figure 5.4 Comparison of Climate Normals and Mean Monthly Air Temperatures (MMAT) 

Under RCP 2.6, 4.5 and 8.5 for various Ontario cities for the period 1981-2010. 
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Figure 5.5 MAAT using average data from GCMs for baseline and future time periods for 

different RCPs, °C. 
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Figure 5.6 Prediction of SLR Start Dates using the Developed Models. 
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Figure 5.7 Duration in days, of the Predicted SLRs using the developed models. 
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Figure 5.8 Locations requiring SLR to be in effect for the selected dates in a year using RCP 8.5 

 



146 

 

5.6. Discussion 

To account for the climatic differences in Northern and Southern Ontario, two separate models are 

proposed in this study. As it can be seen in Figure 5.2, Figure 5.3 and Table 5.2, the predictions 

by the developed models are superior to other models reported in the literature. The findings also 

indicate that, for some locations, the developed models predicted higher and/or lower temperature 

values as compared to observations but in no instance, these predictions would have a detrimental 

effect on the pavements. It is expected that improvements to these models can be made as more 

surface data becomes available. 

These developed models were used to predict SLR periods across Ontario as shown in 

Figure 5.7. while analyzing the results during model predictions, it was observed that some 

locations, particularly from the Southern Ontario, showed initial thawing period. The initial 

thawing period was considered when the thawing front reached a depth of slightly more than 45 

cm, and after some days, went back to 0 cm. In the results, the initial thawing period was ignored 

and only the continuous thawing period was considered. The continuous thawing period was 

considered when the thawing front, after reaching 45 cm depth, went all the way to 165 cm.  

 From the results presented in Figure 5.7, a rather abrupt transition between northern and 

southern portions of the province can be observed. One of the reasons for this abrupt transition is 

the fact that none of the SLA stations are located close to the boundary between the regions. 

Additionally, SLA stations are better equipped to measure subsurface variables to greater depth. 

This transition can be improved by considering some of the RWIS stations in the northern region 

as more data becomes available.   
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5.7. Summary and Conclusions 

The effects of climate change on SLR periods in Ontario, Canada, were investigated in this study. 

To determine the start and end dates for the SLR, network level regression models were developed. 

Climate variables, as well as soil surface and subsurface temperatures, were used in the model 

development. The climatic data used for model development and validation were obtained from 

selected SLA and RWIS stations located across Ontario, Canada. A comparison of the models 

generated as part of the research with those currently used or proposed in the literature indicates a 

superior performance. 

To quantify the impact of climate change on SLR durations, climatic data for the baseline 

(2001 to 2020) and future, short-term (2021 to 2040), mid-century (2041 to 2060), third quarter 

(2061 to 2080) and end-century (2081 to 2100), were compiled by averaging daily temperature 

data from 19 different GCMs for three different RCPs (2.6, 4.5, and 8.5). Detailed review of this 

data indicates that the mean annual air temperatures are expected to increase throughout the 

century It is anticipated that, under the RCP 8.5, Northern and Southern parts of the province will 

see an increase in MAAT of 4-7 and 8-12°C respectively by the end of the century. 

The research also led to the conclusion that, as air temperatures are likely to rise, surface 

temperatures would also rise, posing issues for the province in terms of implementing SLRs i.e., 

early start dates and shorter periods. The early SLR start dates require one to be cautious in starting 

them early, otherwise the consequences would be in terms of pavement damage and loss. Whereas 

shorter SLR periods, if not taken into consideration, results in increased cost, delays in 

transportation and increase in use of fuels. The findings of this study imply that, depending on the 

emission scenario, the SLR start dates and durations may alter in the future. The results suggest 

the optimum SLR start date to fall earlier in the future as compared to the baseline period. It can 
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be concluded that a considerable number of locations across the province, under RCP 2.6 and 4.5, 

may need up to a 20-day shift in their SLR start dates by the end of the century. Moreover, under 

RCP 8.5, this change in SLR start dates may be required by all the locations by the year 2100. The 

results lead one to conclude that, under the worst-case emission scenario by the year 2100, almost 

all the locations, where MTO or other authorities apply SLR, may need the restrictions to start by 

the mid of April. The results of this study also lead one to conclude that the Northern regions may 

require more changes in the SLR periods than the Southern regions. It can be expected that, with 

the toughest climate change strategies as those outlined for RCP 2.6, towards the end of the 

century, the province may be divided into three parts on the basis of the SLR periods. These parts 

may require a 10 to 15, 30 to 35 and 35 to 40 days long SLR period. Furthermore, these results 

suggest that most of the regions in Northern Ontario may need a 5 to 10 days shorter SLR periods 

by the year 2100 as compared to the baseline period. Whereas a few regions in Southern Ontario 

are also expected to have different SLR start dates and periods. The predictions under the 

intermediate emission scenario, RCP 4.5, indicate that the regions with 30 to 35 days of SLRs may 

increase in number thus limiting the regions with 35 to 40 days of SLRs. The results of the study 

also suggest that for emission scenario RCP 8.5, most of the regions with the 35 to 40 days long 

SLR periods may require a shorter SLR period by the end-century thus leaving almost whole of 

the province with two regions in terms of SLRs i.e., 30 to 35 days and 10 to 15 days.  

The models developed in this study were generated and tested using the climatic data 

obtained from selected stations located in Ontario and therefore, the adequacy of these models 

should be evaluated for other locations using site specific measured data. Also, these models were 

developed and tested using climatic, surface and sub surface data from no permafrost locations 

and are therefore limited to no permafrost locations of the province. These models can be further 
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improved as more data becomes available. The addition of data from additional stations and/or 

removing data from existing ones, which were used in the model development, may cause an 

impact on the latitude and constant terms thus making it a limitation of this model. For the Southern 

model, the sign for all model parameters remains constant with an additional or removal of a 

station, however, for the Northern model, the constant and latitude signs reverse since those terms 

are close to zero. This may also impact the accuracy of this model and should be investigated in 

future studies. 
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6. Summary, Conclusions and Recommendations for future research 

The purpose of this research effort was to study the effects of climate change on pavements in the 

province of Ontario. More specifically, this study quantifies the effect of rising temperatures on 

the selection of asphalt PG and changes in the SLR periods in the future.  

 To address quantification of the effects of rising temperature, regression models were 

developed and applied to asphalt PG and SLR application periods in a three staged process in this 

study. The first section involves compilation and analysis of historic and future climate data for 

the period 1981 to 2100 from 19 different GCMs and 3 RCPs. In order to determine the accuracy 

of temperature data estimated by the GCMs for different climate change scenarios or RCPs, the 

historical climate data normals for the period 1981-2010 were collected from the Environment and 

Climate Change Canada portal. Furthermore, this section also involves the compilation and 

analysis of climate, surface and subsurface temperature data from selected RWIS and SLA 

stations. Section two highlights the effects of climate change on asphalt PG selection across the 

province. For this quantification, new regression models, to predict pavement surface 

temperatures, were developed using air temperatures and latitude of a site. These models were 

developed to determine the relationships between asphalt pavement surface temperature and 

ambient weather data collected from RWIS stations, in section one. The developed models were 

used to predict the pavement temperatures for future climate data compiled in section one, and the 

results were compared with that of the latest LTPP models. Whereas the third section of this study 

talks about the implications of climate change on SLR periods across Ontario by the end century. 

For this, network level regression models were developed which correlate the surface CTI and 

thawing depth of a site. These models were developed by utilizing atmospheric, surface, and sub-

surface data collected from different SLA and RWIS stations located at various locations across 
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Ontario, Canada. The developed models were then utilized to predict the SLR periods for future 

time scenarios using the future climate data compiled in section one. The performance of this 

model was evaluated by comparing the modelôs generated results with those commonly used or 

proposed in the literature. The results suggested a superior performance of the model developed in 

this study compared to those commonly used or proposed in the literature.   

6.1. Conclusions 

The examination of historical and projected temperature data showed that the climate in Ontario 

will change significantly in the future. For the whole province of Ontario, a rising trend in air 

temperature is expected in the future, with the mean annual air temperature (MAAT) projected to 

increase between 1.5 °C to 7.5 °C. The lower increase is projected for the strictest climate change 

policies (RCP 2.6) and the higher increase for no climate change policy (RCP 8.4). The data review 

also suggested that the locations in the Southern and Northwestern part of Ontario may experience 

a higher increase in the MAAT than the rest of the province. Furthermore, the locations near lakes 

may also experience a higher increase in the MAAT, as compared to the locations further away 

from lakes. This may be attributed to the lake effect. The results of this study lead one to conclude 

that, with the expected increase in air temperatures in the future, pavement temperatures would 

also increase. The results suggested that by the end of century for the best-case scenario (i.e., RCP 

2.6), many Northern Ontario locations, and under the worst-case scenario (i.e., RCP 8.5), almost 

the whole province may have the maximum 7-day mean annual pavement temperatures increase 

by 5 °C. By the end century the mean annual minimum pavement temperatures may increase by a 

magnitude of up to 5 and 10 °C, under the RCP 2.6 and 8.5, respectively.  

 The existing LTPP models and the models developed as part of this study for determining 

pavement temperatures, were utilized to assess the impact of climate change on asphalt PG across 
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Ontario. The results suggest that the widely used pavement temperature models i.e., the LTPP 

models, predict higher values for average 7-day maximum pavement temperatures and lower 

values for minimum pavement temperatures for a considerable number of locations across Ontario. 

Based on the results of this study it can be concluded that by the end of the century, under the 

worst-case climate change scenario, i.e., RCP 8.5, the in practice current PG suggested for each 

the MTO zones may require at least one, and in some cases two, grade increases in their current 

high and low temperature PG. Furthermore, the results also suggested that the province can be 

divided into 4 instead of the current 3 zones on the basis of asphalt PG. The most suitable PG sets 

can potentially be 52-34, 58-28, 64-28 and 70-22 within the 4 new regions. 

 The studyôs findings suggested that SLR start dates and durations may change in the future, 

depending on the emission scenario. The results indicated that the optimal SLR start date may be 

sooner in the future than the baseline period. Many jurisdictions across Ontario use the 

prescheduled dates to apply and remove SLR period. The results of this study concluded that the 

changing climate would change the sub-surface thawing periods thus making this approach 

unreliable for determining the SLR periods in the future. This study also concludes that the 

expected rise in air temperatures will result in a rise in surface temperature indices thus making 

the SLR to start earlier and have a shorter duration. The early SLR start dates need to be considered 

by the relevant agencies as implications of not applying the SLR earlier could result in pavement 

damage and loss in strength. The shorter SLR durations, on the other hand, result in less costs for 

the trucking industry, if determined accurately. For emission scenarios RCP 2.6 and 4.5, it can be 

expected that a significant number of places across the province would require the SLR to start 

approximately 20 days earlier by the end of the century. Furthermore, for emission scenario RCP 

8.5, all localities may have to revise the SLR start dates. The results imply that, in the worst-case 
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emission scenario by the year 2100, virtually all places where MTO or other agencies impose a 

SLR period, the restrictions need to be in place by mid-April. The findings also showed that the 

northern regions may require greater SLR period adjustments than the southern regions. This study 

proposed network level models to predict pavement surface temperatures and SLR periods across 

Ontario. These models utilize only the air temperatures and latitudes to predict pavement surface 

temperatures and SLR periods. Furthermore, this study also quantified the impacts of climate 

change on asphalt PG and SLR periods across the province. 

6.2. Contributions of the Research 

The findings of this study provide valuable contributions that road agencies, municipalities and 

pavement engineers may use to modify the asphalt PG and SLR periods in response to the changing 

climatic conditions in the province of Ontario. Some of these contributions are as stated below: 

¶ Researchers and practitioners attempting to quantify the influence of climate change on 

other projects and/or structures may find the prediction of changes in air and pavement 

temperatures of interest and value. This finding was published in the ASCE-ICTD 

conference paper, Basit et al., (2021). 

¶ One of the novelties of this study is the development of network level models, specifically 

for Ontario. Specific models are developed for determining the asphalt PG and SLR 

periods, using only the air temperatures and latitudes of a location. These models perform 

better then models currently in use that may require site specific calibration. This finding 

was published in Basit et al., (2022) and Basit et al. (to be submitted to ASCE Journal of 

Cold Regions Engineering). 

¶ Another contribution of this study is the development of the asphalt PG and SLR period 

maps for the province of Ontario, for changing climate. For this purpose, the PG maps were 
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generated using the LTPP models as well as the models developed in this study. The SLR 

period maps were created by utilizing only the developed models. These maps may help 

the pavement engineers, designers, road agencies and authorities to better understand how 

climate change may affect the selection of appropriate asphalt PG for the pavement design 

and the SLR period for the future. This finding was published in Basit et al., (2022) and 

Basit et al. (to be submitted to ASCE Journal of Cold Regions Engineering). 

¶ This is one of the first studies that quantified the change in the SLR periods specifically for 

Ontario, by the end century. The results of this study highlighted how the approach of 

prescheduled dates, for the imposition and removal of SLR periods, may lead to inaccurate 

results due to changing climate in the future. The results of this study will be beneficial for 

different road authorities and municipalities in understanding the how climate change may 

affect the SLR periods across the province. This finding was published in Basit et al. (to 

be submitted to ASCE Journal of Cold Regions Engineering). 

6.3. Recommendations for Future Research 

The objectives of this study were to develop network level models for prediction of pavement 

temperature and SLR periods from ambient air temperature data and to predict the effect of 

climate change on asphalt PG selection and future SLR periods across Ontario, Canada. The 

findings of this study indicate that climate change may have an impact on the asphalt PG and 

SLR periods across the province. Based on the findings of this study, the following 

recommendations for further research are made: 

¶ The current study utilized a few years of climatic, surface, and sub-surface data from a 

limited number of SLA and RWIS stations for the development of regression models. 

It is therefore recommended that the amount of data and the number of SLA and RWIS 
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stations, considered for model development, should be increased in the future research 

to further improve the models. 

¶ Since the models developed in this study were generated and tested using the climatic 

data obtained from selected stations located in Ontario, therefore these models are 

limited to Ontario, Canada. It is recommended that the area under consideration should 

be increased and incapsulate other provinces for future research. 

¶ Air temperature is the most significant factor in determining pavement temperature. 

However, climatic factors such as precipitation, solar radiation and wind can also affect 

the surface temperature especially in the winter season. Precipitation and wind may 

tend to decrease the surface temperature whereas solar radiation may increase it. It is 

therefore recommended that a parameter may be added in the model which can address 

heat transfer between the environment and pavement due to precipitation, solar 

radiation, and wind. Furthermore, traffic volume greatly impacts the pavement 

temperatures, especially in the summer season, as it contributes to rutting in the 

pavement. It is recommended to develop a relation which can predict rut depth or rut 

damage by utilizing traffic volume and HMA stiffness. This rut damage can be added 

as a parameter in the surface temperature model. In this way the accuracy of models 

can be increased substantially. 

¶ Current stations collect climatic data such as precipitation, wind speed etc. however, 

these stations do not record any solar radiation data such as solar irradiance and solar 

flux density. These stations may need solar radiation sensors or pyranometers to record 

this data. 
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¶ It is also recommended that the developed model, for determining SLR periods, should 

be calibrated and validated using the Falling Weight Deflectometer (FWD) or Light 

Weight Deflectometer (LWD) tests results in the future research to increase the modelôs 

capability. 

It is believed that all the items which were recommended for future research may enhance 

the robustness and capability of developed models. In this way the limitations of these 

developed models may be minimized, and predictions can be made more accurate. 
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Appendices 

Appendix A: Temperature Profiles for SLA Stations 

 

 

Figure A1: Temperature Contours at Different Depths from March to May 2013 using SLA 671 

Temperature Data 

 

Figure A2: Temperature Contours at Different Depths from March to May 2014 using SLA 671 

Temperature Data 
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Figure A3: Temperature Contours at Different Depths from March to May 2019 using SLA 671 

Temperature Data 

 

Figure A4: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2013 using SLA 671 Temperature Data 
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Figure A5: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2014 using SLA 671 Temperature Data 

 

Figure A6: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2019 using SLA 671 Temperature Data 



173 

 

 

Figure A7: Temperature Contours at Different Depths from March to May 2013 using SLA 599 

Temperature Data 

 

Figure A8: Temperature Contours at Different Depths from March to May 2014 using SLA 599 

Temperature Data 
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Figure A9: Temperature Contours at Different Depths from March to May 2017 using SLA 599 

Temperature Data 

 

Figure A10: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2013 using SLA 599 Temperature Data 
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Figure A11: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2014 using SLA 599 Temperature Data 

 

Figure A12: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2017 using SLA 599 Temperature Data 
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Figure A13: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2014 using SLA 643 Temperature Data 

 

Figure A14: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2015 using SLA 643 Temperature Data 
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Figure A15: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2016 using SLA 643 Temperature Data 

 

Figure A16: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2017 using SLA 643 Temperature Data 
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Figure A17: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2019 using SLA 643 Temperature Data 

 

Figure A18: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2014 using SLA 643 Temperature Data 
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Figure A19: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2015 using SLA 643 Temperature Data 

 

Figure A20: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2016 using SLA 643 Temperature Data 
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Figure A21: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2017 using SLA 643 Temperature Data 

 

Figure A21: Air Temperatures and Soil Temperatures at Different Depths from March to May 

2019 using SLA 643 Temperature Data 
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Figure A22: Temperature Contours at Different Depths from March to May 2014 using SLA 624 

Temperature Data 

 

Figure A23: Temperature Contours at Different Depths from March to May 2015 using SLA 624 

Temperature Data 



182 

 

 

Figure A24: Temperature Contours at Different Depths from March to May 2016 using SLA 624 

Temperature Data 

 

Figure A25: Temperature Contours at Different Depths from March to May 2017 using SLA 624 

Temperature Data 


