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Abstract

In recent years, numerous studies have highlighted that the climate acrasslthis 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 chanddsivital to adapt our best practices in
pavement material selection and road weight restrigtit;m avoid potential disruption.
Traditionally, asphalt binder selection based on $tuperior Peforming AsphaltPavenents
(Superpave) Performance Grade Adpl@oncrete (PGAC) system relies on historic climatic
conditions in relation to the expectedservice temperature range of the flexible pavement.
Moreover, in Canada, the Spring Load Restriction (SLR) periods are imposed on the basis of
subsurface tempature 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 moeedsieveloped to determine

the relationships between asphalt pavement surface temperature and ambient weather data from
variousweatherst ati ons within the Ontario Ministry o
study also involves the investigation ¢ifitate change effect on SLR periods using future climate
projections Regression models ave developed to determine the relationships between
freeze/thaw depths armaimateindices using data from existing Slafad RWISstations within

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

temperature extremesaneestimated for different Representative Concentration PathwayssfRCP



using the regression models. After that, appropriate PGAC selection and SitRredations

to meet projected pavement temperaturesevassessed. Mvas anticipatedthat 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 Weeitseof the projected warming due to

climate change.
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1. Introduction

It is now globally accepted thadhe climate is changing, andoth surface air and sea surface
temperatures are increasing (IPCC, 20I8Bg globe has witnessed a dramatic changdimate

and Canada is a prime example of a country where global warmirtpdwaged the climate from

past norms, which has an influence & tuilt infrastructureClimate change is increasing
infrastructure damage and service interru@eross Canadavhichis already facing significant

repair and maintenance expendityfdsss et al., 2021\ir 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 beclams¢e 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 ireased 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 ofdove v
pavements i.e., pavememsich experience less than 1000 vehicles peratal/thusare built

with minimal subbase Many climate change impacts are irreversible and will affect
transportation infrastructur@his makest necessary for the road pawments to beeplaced with

more resilienimaterialsand incorporation of accurate SLR periof@lse road network in Canada

is amongpne ofthe largest in the world with the province of Ontario aJdraing about 116,000

kms of local roads (Statistics Ca@a®018) and 40,000 kms of highwayis hasa net book

asset value of $26.7 billion (FAO, 2013nherefore Ontario, Canadas one of thanost suitable

places to investigate the impacts of climate change on pavements.



1.1.Background
In 1987, the Strategicighway Research Program (SHRP) began cre#t@uperior Performing
Asphalt Pavementsnethod (Superpave), a novel approach for specifying asphalt materials
(McGennis et al., 1995Y.he performanc®ased specification for selecting Performance Graded
Asphalt Cements (PGACSs) defines binders based on historical climatic conditions in relation to
the adaptive pavements' predictedservice temperature sca(®cGennis et al., 1995). To
develop this approacklata from over 6000 meteorological statiansoss Canada and the United
States wreused to build pavement temperature mo@elstcher et al., 2016which are referred
to asLong Term Pavement Performandel PP) models. These models are commonly used to
calculate pavement temperatures aertéctappropriatePGACsfor pavement surface layeBy

2001, the province of Ontario had fully embraced this binder staf@aatiman et al., 2002)

A web-based toohas beerreated to assist pavemgmbfessionalén determining PGAC for any

given site in theUnited States and Canada. The most recent version of this programme is
LTPPBInd V3.1 Thiswas createéh 2005,by Pavement Systems LL.@r the Federal Highway
Administration (FHWA)in the Unites States (Mohseni et al., 2008)is tool allows the usdp

use Nati onal Aeronautics and S-gra Retrospectivei ni st |
Analysis for Research and Application (MERRA) climdata, LTPP climatdata The user also

has an option to input their own climatata. This application aids in teelection of PGAC based

on userdefined 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 grddr eachroad constructioor road repaiproject.

The environment has a significant impact on the materials used in pavement constuctame

temperatures rise as air temperaturessrasad this influences the strength and stiffness of the



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

maintenance costs.

1.1.10n t a rRioaa Bletwork and Monitoring

The transportation system of Ca nalitdedouripsmaiyne of
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 twlane equivient public roads (Statistics Canada, 20E)t

Ontario, in addition to the local roads and highways mentioned previously, therewand 2,756

bridges (Ontario Ministry of Northern Development and Mines, 2(Higure 1.1 represents the

road network in Ontariowhich is characteristically very dense in Southern Ontario and
progressively less dense further nos it can be seen in Figure 1.1, mostly the proe 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, 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 aack therefore limited to no permafrost locations of the

province.
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Figurel.1 Road Infrastructure in Ontario. (Source: Woudsma et al., 2017)

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

in 2013 with 237,000 heavy vehicles (Statistics Canada, 2015a). The province of Ontario, on
average, accounts f@9 percent of the overall national Gross Domestic Product (GDP) and its
economy is heavily reliant on roadrface transportation (Statistics Canada, 2016). Furthermore,

it has been reported that trucking contribute



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.

1.1.2Low Volume Pavement Stricture

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 industrthus subjected to infreqnebut intensive loadings. These roads
comprised around 20% or 3,715 ceriee km of the whole roadway network in Ontario. Due to

low traffic, these roads are built with minimal shése. Typical structural details of low volume

roads in Ontario are praled below and are illustrated kigure1.2 (Ningyuan et al., 2006).

1 Typical Structure 1: 40mm hot mix HL4 Surface + 40mm hot mix HL4 Binder +150mm
Granular A Base + 650mm Granular B Shdse;

1 Typical Structure 2: 50mm hot mix HL8urface + 150mm Granular A Base + 700mm
Granular B Sukbase;

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

Subbase.
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Figurel.2 Typical Low Volume Pavement Structuregdsn 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 materialsi used in the base and dodise 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 Isaeliere the
traffic volume is low, the roads are usually constructed on natural founslatitbnminimal sub
base. Most of the Ontario's lewolume roadways are constructed with thin bituminous pavement
surface layers, classifying them as flexible paversegmttures. 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 yeaound traffic, but they are not designed to withstand frost effects and are thus

prone to early degradation (Baiz et al., 2007).



The Ministry of Transportation Ontario (MTO) owns and operatesy Spring Load
Adjustment (SLA) and Road Weather Informatiystem (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 aions 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 mainéénance

pavement structures, determination of SLR periadd,forresearch, 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, GRoadkawith
less than 1000 cars per day are classified as low volumewathits the framework opavement
design (Ningyuan et al., 2006). These roads constructetio provide access to isolateshd
remoteplaces and are mostly utilised by the transportation settmrefore, thee roadssee
intermittenttraffic, but that traffic @nsists of mostly high weight vehicleShese lowvolume
roads account for around 20% of Ontario's total highway network (Ningyuan et al., 2006), and are
often constructed with a minimum sblase and surface treatment on a natural foundatiben
the air temperature drops below the freezing poihtau®s frost penetration in the pavement
systenthus creating a wateich frost zone in the pavement layddsiring the spring thaw periods,
when the air temperature starts to increase, the snatefrost one 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 thesawing periods, the surface temperatures greater than 0 °C

in conjunction with the warming of bottom of pavement structure due to 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 aivedl impermeable pavement
surface course above (Chapin et al., 2010), thus temporarily increases the water content in the
unbound pavement layers (Salour et al., 20lb3hese conditions, there is little or no drainage of

the accumulated moisture/watExcess 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, @d@2).the
moisture contentnside the pavememtystenreturns topre thawing levelthe pavement structure
regains its true strengtluring these times of weakness, authorities appBLR to the truck

traffic. On the one hand, the SLR extstite life of the pavementrsicture, but on the other, they
reduce the load capacity of the trucks and result in economidliagk payload restrictions result

in a higher number of journeys and, as a result, increased fuel consumption. As a result, properly
determining the SLR ggtication and removal dates is criticdlhe 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, thesehaauled dates are not revised

years, therefore there is fair chance that SLR in those regions remain in effect even when these
restrictions are no longer requirdtihen theSLR is correctly implemented and removiédesuls

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

business during these times (Chapin et al., 2012).



1.1.3Asphalt Binder Selection

Asphalt cement is a viscoelastic material having temperdependent physical characteristics,

and properties. A binder's performancerisarily 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 lediabdity. At high

and lowtemperatures, 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-dlay maximum pavement temperature, whereas low temperaaaleng happens

when the pavement temperature is low, which is defined as the avedayeldwest pavement
temperatureAs a result, the asphalt binder PG is divided into two parts: high and low pavement

service temperatureas showrkigurel.3

If, 46 52
High pavement temperature, Typ,, = 96.5°C @
Low pavement temperature, T} pgy, = -25.3°C PG 30-28

8-
-16  -22 @ -34

64
-4

0

Figurel.3 Asphalt Binder Selectio(modified from Corun, R., 2006)

1.1.4Spring Load Restrictions

Pavements in cold climates are those faexposed and impacted by frost, ice, and snow over
extended periods. &hyof these roads are low volume roaaglare built with minimal sutbase
asdescribed earlieDuring the winter, these pavements areestted to negative temperatures for
long enough to cause frost penetration in the layers of pavement agchsielsoil. Water gathers

in the pavement structure throughout the winter, forming ice lenses. During the thawing phase,
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moisture rises in the unbod pavement layers, resulting in structural stiffness loss and a reduction
in load bearing capability. During the sprititaw season, several road agencies and municipalities
across Canada and the United States impose SLRs to mitigate the damagevatunosy
roadways.The SLRs should ideally begin whethe thawing reaches a depth that causes
considerable pavement structural deteriorationvhen the pavement structure loses most of its
strength Whereas the removal of SLR should take place after compbaterty of the pavement
structure. This gives proper time to pavement structarerestoration ofnatural drainage

conditionsand regain the designed bearing capacity

1.2. Problem Statement
The asphalt binder is a viscoelastic temperature dependent matdiiia selection for pavement
construction iseavily influenced by the environmahfactors If atmospheric temperatures rise,
so do the pavement surface temperatures, necessitating research into improved asphalt binder
selection procedures that considapected climate changeA. 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 maieustpavement design, it ital to examine

how projectedatmospheric conditions may impact pavement surface temperatures.

The Ministry of Transportation Ontario (MTO) owns a number of SLA and RWIS stations spread
all overthe province.As mentioned beforehése stations have several sensors embadded

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 provincdll the analytical models developed so far wereesgittheveloped for specific
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climates and/or require site specific calibration. Most of them were developed using very limited
climate dataand have not been updated wittore recent information and dafBherefore, it is

very crucial to develop a network klvmodel which can predict SLR periods using air
temperaturesvioreover, the outlook of SLR periods across Ontario, Canada may also be predicted

for changing climate using climate change projections

1.3.Research Objectives
The objective of this studywereto develop a network level model which can predict SLR periods
using air temperatureandto quantify the effects of climate change on asphalt PG and SLR across

Ontarig CanadaTo achieve these objectivebgt followingsteps were considered

A To collect the historical and projected climate datal&iermining asphalt PG and SLR across
Ontaria

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

A To collect and anabe the data from different RWIS and SLA statitmdevelopand validate
regressiomnmodels.

Figurel.4 presents the summary thie strategy adopted in this researrhthis studythedata set

used for modal developmentand the details of modelgalidation processesme alsqresented

Furthermore, the effects @dng-termclimate changen asphalt PGnd SLR areuantified and

discussedor four different future time periods i.e., short term (22240), mid century (2041

2060), third quarter (2062080) and end century (20&1.00). The longterm climate change

refers to change in mean temperatures aveumber of years say decades whereas thetgear

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 chgain air temperatures will change the results. In this study, the results were
generated to capture lotgrm climate change effectBhe results of this study suggested that the
developed models can capture the lbeign changes, based on which it isibetd that these
models should be capable of capturing year to year variations of similar magnitude. As more
measurements become availalthee capability of models, in terms of capturing the ytearear
variation, can be improvedlhe findingsof this study are expected to providevaluable

informationfor pavement designers and policy makeithin the context of climate change

1.4.Organization Of Thesis

This thesis is divided into six chapters.

1 Chapter 1 presentke introduction of tis research followed by a detailed background in
which the road network of Ontario and its monitoring is discussed. This chapter also
providesa brief introductionto the asphalt binder selection and spring load restrictions
This chapter concludes withe problem statement and objectives of this research.
1 Chapter dighlightsthe potential impactsnt he Ont ar i o withintheocantextn et wo |
of climate changeThis chapteprovides informatioraboutthe mechanical behaviour and
changes in the materiatgperties of asphalt under varying climatic influencese effect
of climatic parameters on deterioratioitheasphalt pavementse also briefly discussed
This chapter also provides kaief overview of severalmodels,developed to date for
predictingtheas phal t pavement 6s temperatures and
1 Chapter 3 presents a detailed overview of all the data sdbetesmreconsideredand used
in this research effortMoreover, this chapter alsprovides pertinent details on data

analysis ad the development akgression models.
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1 Chapter 4 demonstrates the effects of climate change on asphalt binder selectidghexcross
province ofOntario.This chapter provides the details regarding the development of Ontario
specific models for the deternaition ofasphalt PG binders. Furthermore, a quantitative
analysis of change in asphalt PG grade, using the developed models and existing LTPP
models, by the endentury is also presented in this chapter.

1 Chapter5 presentghe impacts of climate change &.R periods across Ontaridhe
detailsof the developmenbf Ontariaspecific modelsfor determiningthe SLR periods
are also providedin this chapterMoreover, his chapter also includes a quantitative
analysisof change in SLR periods by the end lod tentury The quantitativeanalysis is
carried out using existing and models developed as part of this research.

1 Chapter 6 demonstratédse conclusions, recommendations, and limitations of this study.
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2.Climate Change and the | mpagt on On

Literature Review

2.1.Climate Change
The increase in air temperaturkee to climate changeaussthe surface tempeaes to riseind
thus will affect the behaviour of pavemerartmann 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 wsirsmece 1850. Moreove2020 hasbeen found to be
one of the three warmest years in the recent past, with adopiaggreeCelsius increase in the
global mean temperatures, as comparegtleéd 8501900 baseline (WMO, 2020). During the last
century, almoseach 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 beenigrdedrigh northern
latitudes (Bush et al., 2019) and because Canguatiy locatedin highnorthern latitudest 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., 201Between 1948 and 2016, the annual maatemperature across
Canada increased by an average of 1.7 degrees Celsius (Bush ebalwBeteas it increased by
around 1.5 degrees Celsius in Ontario between 1948 and 2008 (Gough et al A2€d@ling to
reports,Green House GasseSHG) emissions in Ontario, Canadacreased by 10 mega tonnes
in 2018 compared to 2017 (National Invamyt 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 thusleadingto increased surface temperature of pavement on roads across the province.
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The degyn and service life of pavements are heavily influenced by the clifFigige2.1
shows different factors affecting the road performance (Haas, 2004). This figure highlights the
interaction of weather and climate factors with different variables involvegawvement
construction and rehabilitatiolfhe most important issue in evalugtinhe performance of
pavements itheir resistance to deformation and cracking under vaglingates(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 levef service (Ness et al., 202¥yith 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., 202The increasing temperatures can poss#bigpass the maximum
temperature threshold tregphalt binderare intended for, ths leading to their inefficiency which

will cause rutting and early deterioration of pavenidess et al., 2021).

The water balance of permafrost zones alsbbe influenced by climate change, resulting in more
rainfall, and decreasing snowfall quaiett (Mingko Woo, 1990), leading to permafrost
degradationBatenipouret 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, Shfiee et al., 2021 he increasing air temperatures effects the time require by the thawing
front to reach the subase of pavement structure which impabesSLR period.lt is therefore

critical to examine the effects of climaehangan PG selection and SLR periods to build safer

and longlasting roadways.
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Figure2.1 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 structuresmdvampact its

performance andan lead taleterioration. Amonglifferent stresses, thermal crackiogn result

and willimpactthepavement 6 s structur al perfor mance.
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categories. The first is lotemperature transverse cracking, which occurs when cracks run roughly
parallel to he 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
pavemeninaterial asvell as accumulated residual stresses from a significant nushbeermal
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 thiedpavement 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., 2@@)s (2000) found that low temperature cracking
occurs moe frequently at temperatures belei*C whereas, temperature fatigue cracking is most
typically caused by an accumulation of daily thermal cycles betwé€ and 21 °CExtreme
maximum pavement temperature Gdsoincrease agbardening(Mills et al., 2007) The age
hardening occurs primarily due to the oxidation of asphalt, wémttanceshe asphalt viscosity

and thus increases the stiffness of the mixture (Airey, 2008her temperatures may cause
premature agbardening and brittleness in the panant, making it more susceptible to low

temperature cracking.

The most important climatelated mechanisms thednaffect pavement degradatiom Canada

are frost heave and thaw weakeniijlls et al., 2007) Frost heave occurs when pore water
freezes md/or ice lenses form in the underlying layers, causing a raise in the pavement surface
(TAC, 1997). Heaving is particularly commanpoorly constructed roads with firgrained sub

grades that are in areas with frequent fre@zgv cycles and significaprecipitation (Haas et al.,
2004;). Lowvolumeroads in frosfprone locations are especially vulneralliggbe et al., 2001

Kestler, 2003). According to Dore' (1995), cracking under frostlitionsis a twephase process.
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The first step isnitiation, 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 paveewtians, reflects
heavingrelated damage (Fradette et al., 2008pst frostrelated damage occurs during the
thawing phaséMills et al., 2007, Chapin et al., 2010)he phase in which th@avementhas
increased strengtlon the other hand, ocauwvhen he 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 caus#uk ipassing of vehicles. This
deformation occurs at high temperatures when the asphalt binder becfteresrdess 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 getgpped in the depressions which causes cracking in the
pavements thus leading to pavement deteriorati@mmgterm degradation patterns may be
determined in part by the timing and sequence of environmental varidbtesding to Mishalani

and Kumar (2005)warmer and cooler weather over the first few years followimgal
construction habeen observed to haadavourable influence on loftgrm rutting due to the less
hardened pavement in the early stages of its life. Furtherraftee,constructionthe rutting to
designsensitivity increases as the early warm temperature rises and the early cold temperature
falls. It means that assuming a stable lbergn average temperature, the bigger the-y@gear
temperature ariability, the more likely it is tht a desigrwith higher safety factor areliability

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 sealiagdwaterproofing Since it exhibits both, viscous and
elastic behaviour, it can dissipate the energy add#teiform of deformation and heat, or it can
store the added energy. It follows the principle of tiem@perature superposition. Therefore, its
stiffness increases afaster loading rate or at low temperatyrekereasts stiffness decreasas

aslowerloading rate or at higtemperatures

The Performance Grade (PG) is a classification system for asphalt binders used in
pavement construction. This system classifies the birmbessd ortheir performance at various
temperatures. This system was devetbpe the 1987 under the Strategic Highway Research
Program (SHRP) and was termedSagerpaveThis performancdased grading systeuses on
site conditions under which thesphalt binder is expected to perform. These conditions include
historical air angpavement temperatures, design Equivalent Single Axle Load (E&Al)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 viscoeteaticial, and its physical
properties changeith the change in temperatuighe performance of a binder mainly addresses
two areas of poor performance i.e., ruttatdnigh temperature@nd low tenperature cracking.he
PG asphalt bindersre selected based on high and low pavement temperature exnesmngsar
with a specified reliability levelThis ensures maximum resistance to rutting or pavement
deformationand thermal crackingt high andlow temperaturegespectivelyThe rutting occurs
at high pavement temperatures which are defined as averdgg Hhaximum pavement

temperature whereas, low temperature cracking occurs at low pavement temperatures which are
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defined as averageday minimumpavement temperatur&€hus, the asphalt binder PG consists
of two portions i.e., high, and low pavement service temperd&tarexamplePG 32-28,as shown

in Figure 2.2, the PG representsperformance graded bindeb2 shows thedesirablehigh
temperature physical properties up ® % and-28 indicatesthe desirabldow temperature
physical properties up 28 °C. TheSuperpavesystem definebinder grades at 6 °@tervals

For example, for any location, if the averagdaf maximum pavement temperature is 48.5 °C
and Xday minimum pavement temperaturedd °C, then théinder grade for that location will
be 5228 before traffic andoad type adjustmentBigure2.2 also shows typicalange of asphalt

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

Average 7-Day Maximum Pavement Temperature

46 92 o8 64

PG 52-28

Average 1-Day Minimum Pavement Temperature

Figure2.2 Typical Suwperpavebinder grades used in pavement construction

The American Association of State Highway and Tranggiort Officials (AASHTO) has
defined standards and specifications for selecting asphalt bindeTR&EAASHTO M 320 and

AASHTO M 332 are the latest and most widelsedspecifications for selecting asphalt PGs
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(Gundla et al., 2020)The AASHTO M 320 PG binder grades cover a wialege of climatic
conditions, from PG 46 to PG 82 for hot temperatures-a0do-40 for cold temperatures. The

high pavement design temperatiage determined using the number of degree days over 10°C,
whereas the minimum pavement design temperasedased on minimum air temperatures. The
limiting factors of this specificatioare based on the asphalt binder's rheological characteristics,
which were evaluated at various temperatures and ageing circumstances. At the prescribed test
temperatures, thdress strain relationshspn the binder are determined at extremely low stress

and strains using Bending Beam Rheometer (BBR) and Dynamic Shear RheometetedSR)

In this specification, grade bumping is used to address traffic speed and loadirgdactbown

in Table2.1.

Table2.1 AASHTO M 320 HighTemperature Grade Bumping Criteria

Adjustment to the High-Temperature Binder Grade
DesignESALs
Rate of Traffic Loading
(Million)
Standard Slow Standing

<0.3 - - -
0.3to<3 - 1 2
3to<10 - 1 2
10to < 30 - 1 2

>=30 1 1 2
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The Multiple Stress Creep Recovery (MSCR)dastused to grade asphalt binders in accordance
with the AASHTO M 332 specification. The asphalt grades are debasdd ordegree days

above 10 °C for maximum pavement design temperature, minimum pavement design temperature
and traffic loading. In this sp#ication, the stress strain relationship in the bindeteermined

at high stress and strains levels as well to better simulate what happens in a real pavament.
grade bumping specification defined in the AASHTO M 332 is different than that of AASWTO

320 and is based on the NBecoverable Creep Complianae { value as shown in thEable

2.2.
Table2.2 AASHTO M 332 HighTemperature Grade Bumping Criteria
New PG Grade Designation MSCR L Design Traffic Level
PG 64SXX Less than or equal to 4.5 | Standard < 3 million ESALs
PG 64HXX Less than or equal to 2.0 | Heavy > 3million ESALSs
Very Heavy > 10 million
PG 64\XX Less than or equal to 1.0
ESALs
PG 64EXX Less than oequal 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 beforehé high temperatungarameter is determined under extremely

low strain in the AASHTO M 320 specification. It can be one of rkesonswhy the high
temperature parameter of this specification does not adequately reflect the resistance to rutting in

the case of polymer modifiebindergCascione, 2018 he polymer networkloes noadequately
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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&20 P
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 thlymer, 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 behavisitu Bnd to

determine changes in tervice life of the existing pavement structure.

2.4.Monitoring and Predicting Asphalt Behaviour
2.4.1. Seasonal Monitoring Program (SMP)
The LTPRSMP program was initiated by the SHRP in the 1990s to collect pavement response
data atseverakites in the United States and Canada. The purpose of this prograntiligedghe
data, collected from the SMP sites, to analyze critical condiilonsmvementdesign, 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 dafatypical SMP statioruses different instruments suchatemperature
probe, rain gauge, thermistor probe, and pavement surface temperature sensors to collect pavement
response data. A datalogger is used to caliedtsave the data from the instrumentation for further

use.

2.4.2. SHRP Studies
The estimation of desigpavement temperatures thefirst stage while selecting the SHRP PG
binder grades. In 1987, SHRP started developing models for pavement surface temperature

predictions under th8uperpaverogram.Solaimanian an@olzan(1993, developeda model to
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predict highpavement temperatures under this progiamas first identified by tis program that

low pavement temperatures and air temperatures are dgaalever, thisapproach was
superseded by low pavement tempamatprediction modewhich was proposed by Robertson
(1995. Since the data availability for validatinGuperpavespecifications was very limited,
therefore the SHRP initiated theng- TermPavement Performance (LTP&gasonal Monitoring
Program (SMP) prgram.Under this program, a temperature database consisting of around 7500
stations in United states and CanadaendevelopedThe data obtained from this database was

then utilized for the developmeat LTPP pavement prediction and PG determination tsode

2.4.3. Solaimanian et al., 1993

In 1993, Solaimanian and Kennedy proposed this simple and quick method for the determination
of maximum pavement temperaturdtsis one the earliest models developed under the SHRP
program.This methodutilized maximum air temperatures and hourly solar radidborsurface
temperature calculation. It was developed on the principle of surface energy ialsnaehieving

the tenperature equilibrium. In the model development, reasonable assumptions were also
considered related to thermal properties of asphalt condrei®.study also proposed that the
minimum pavement temperature can be assumed equal to minimum air tempetrasustudy
concluded that solar radiation is an important parameter while determining maximum pavement
temperatured-or this, latitude of the site was considered in this model. It was also evaluated that
at higher latitudes, thdifference between maximuair and pavement temperatures is expected

to decrease. Furthermoraaximum air temperatures and maximum pavement temperatures have

a linear relationshifSolaimanian et al., 1993)
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2.4.4. Robertson 1995 and 1997

Deme(1995)discovered that surface temperatuses higher than air temperatures, which were
previously considered equal. Robertg@995 proposed a model for the determination of low
pavement temperatures using air temperatdnes. model was a modification of the algorithm
which was developed by Den(1995. The equation developed for the determination of surface

temperatures is as follows:

Y oY p¥ 2.1

Where“Y is the Xday minimum air temperature in °C afid is the minimum surface
temperatureRobertson and Christisq999 suggested the inclusion of reliabiliby evaluating
the above equation. It was done by replacing'Yheterm with Y & . The final equation is

as follows

Y mpouaw €, p¥ 2.2

Where, is the standard deviation aads 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 temperasunas consideredin doing so, two reliabilities, one for

air ard second for pavement temperatures, were consiflaréte determination dhe pavement

surface temperatures. The equation developed after this modification is provided below:
Y ™ wiy €&, pd¢ 2.3

In this equation, the 1.5 value was assumed for standard deviation of actual pavement
temperature The inclusion of two reliabilities decreased the riskhef modelunderestimating

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 utilikaddyy et

al., (1998 to develop better models, as compatedpreviously developed models, for the
determination of pavement temperaturBsesemodels utilized air temperatures datitudes to
determine pavement temperatures at 20 mm depth. The equations developed by Lukanen et al.

1998areas follows

YQ ™™ ¢ 08 C%b TP %o T T Go

] Vo g Y 0Q T 2.4
YQ T T p&%o T Yo T TT K
@ YW ®O0Q pmm 25

Where"YQ is the high pavement design temperature in Y@ is the high air
temperature in °CQis depth in pavement in mm (20mrégis latitude in degreeSY'Q is the

minimum pavement design temperature in °C,’aftd is the low air temperature in °C.

2.4.6. Bosscher et al., 1998

In the same year, Bosscher et al. also developedels for the determination of pavement
temperatures at surface (6.4 mm depth) andng desired depth. The researchers developed
different equations for different temperatussges For minimum pavement temperatures, two
different equations were proposed i.e., when air temperature is below 0 °6 @dWhereas,

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

below 10 °C were developeBquations for minimum pavement temperature are provided below:

27



1 When theair temperaturés below 0 °C

Y o, 8 oo pTpY 2.6

1 When theair temperaturés below-5 °C

Y 5 o8 T X @ e WY 2.7

1 Minimum pavement temperatuae any desired depth

Y Y 2 8 T8t 1T p"do-a 8 Q (p8
T8 1D ¢ 2.8
Where Y is the minimum pavement temperature at any desired deptiC,
Y o, 8 is the minimum pavemerit 6.4 mm in °C an@is the depth from surface in

mm. For the determination of maximum pavement temperatieepllowing equations were

developed:

1 When the air temperaturgabovel0 °C

Y o, 8 ™ p T ¢ TV IO OO AI 29

1 When the air temperature is below 10 °C

Y o, 8 CRp ppaT YR TIng iYep a @i 2.10

1 Maximum pavementemperature at any desired depth

Y Y o8 Chepm Q @8 Y , g
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WhereY , g is the maximum pavement temperature at 6.4 mm depth in °C,

Y is the maximum air temperature in °C aivd aisothe total daily solar radiation
intensity in Whr/m. The researchers concluded the solar radiation as a critical parariéer w
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 temperaturedevatoped by utilizing the LTRBMP

data. This data was then utilizéar the development of high and low pavement temperature
models.These models were developed to improve the SHRP asphalt PG grade selection procedure
in theSuperpav@rogramFortheno d e | s 6 d aailgdir and paeemént temperature data
wereused. To determine the highest pavement temperaawerage/-day high air temperature
wereconsideredlt was observed biylohseni et al. (1998hat rutting happesd during extended

heat waves. Using ofday maximum temperature was consideredconservative and therefore

a 7-day average was considerdd.these modelsan error termwas introducedo account for
variabilities in determining the pavement temperayMohseni et al.,.1998. Two types of
variabilities i.e., mean air temperature and estimated pavement temperature were considered while
determining the design pavement temperatufes.the air temperature variability, the standard
deviation of the meaniratemperature (high and low) was used whereas, for the pavement
temperature variability, the Root Mean Square Error (RM8EH)e model was considerethe

error term was coupled with the reliability factomhave results at any desired reliability terms

of asphalt PG selection, rel i abi linasingleiysar def i n
that the actual low pavement temperatures will not decrease, and the actual high pavement
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temperatures wil|l not increase the corTheespond
error term was subtracted from the low pavement temperature equation and added to the high
pavement temperature equatimnobtain higher reliabilityThe regresion moded obtained by

corelating lowand highpavement temperatures with air temperatures and latiardgsovided

below:
YN P® @ ™ CY® I T WO
B @®WEDY U VT8 ™ ¢ 212

"Yn VW ¢ ™ YYD T8t 1T QDU O

PHTWEND v dw TP 2.13

Where"Y is the highest mean-day pavement temperature in °Q, is the
highest mean-day air temperature in °G, is the standard deviation of highest mean 7
day air temperature in °CY  is the lowest pavement temperaturéC, Y is the lowest
air temperature in °G, is the standard deviation of lowest air temperature in)°@,s
the latitude in degree®)is the depth in mm angis the standard normal distribution value i.e.,
2.055 br 98% reliability.It was concluded thdtothmodels should be updated as more SMP data

become available.

2.4.8. Mohseni et al., 2005

Mohseni et al., 2005 proposed improvedthodologyfor the determination of high temperature
PG grade for asphalt bindets.this researchimprovedtransfer function for averageday high
pavement temperatures, and a rutting damage model was developed uSiMPttiata For the

development of improved higiemperature transfer function, an Integrated Climatic Model (ICM)
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wascomprehensively utilizedlo get a more accurate and refined picture of high temperatures in
a pavement, the hourly climatic data was utilized in the model developieetformancdased

rut damagenodel was then developed utilizing the hourly climatic data and previously dedelope
models for rut predictions and Hot Mix Asphalt (HMA) stiffneSshe newly developed
performancebasedprocedure was able to account for extended hot perisdEh was not

considered in the original procedure.

A new high pavement temperature moded SHRPwas 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 stitfadellowing is the new high

pavement temperatuneodel based omanaverage ®tay high temperature.

YN O TR oW T8t T DU O @ 1 2.14

Where"Y is the highest mean-day pavement temperature in °Q, is the
highest mean-day air temperature in °C, is the standard deviation of highest meathay air
temperature in °Q, is the standard error of model i.e., 2011°C,0 ®i8 the latitude in
degrees)Ois the depth in mm angis the standard normal distribution value i.e., 2.055 for 98%
reliability. As mentioned before, it was determined that thiay average temperature approach

couldnotaccount for the egnded heat waves

For the development of performance based, rut damage nadtksient parameters such
as traffic speed, ESAL, latitude and longitude of site along with the estimated high and low
pavementemperaturesvere utilized. The climatic datdrom around 18 sitesthroughout the
United Satesvas used This method used the degree days approach instead of the traditional

average tlay temperatures to account for extended hot periods in a clifih@teletermination of
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high temperature PG gradeaistepby-stepprocedureThe first step is the estimation of damage
based PGwvhich requirs degreedays and a target rut depth with 50% reliability as input. The

equation developed for determining damagsed PG is given below:
00QT & pTOO TMWGIO ¢'YO 2.15

Wherel "OR the estimated damag@sed PG ifiC, O s the average yearly degrdays
of air temperature over 1T (x1000 °Gdays) andY Ois the target rut depth {83 mm). The
degreeday is defined as the summation of daily high air temperatures over a span of one year
whenever the daily air temperaguis more than 10C. An average value of degrdays over an
observation period is usedhe damagéased PG is the high pavement temperatume the
subsequent binder grade in 6 °C incremettiébase gradeThed "O@alculated 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 spélee.second step
involves the estimation of the coefficient of variation of the base tetye. It is to adjust the
base temperature for reliability. The equation developed for the estimation of this coefficient is

provided below:
O OO ®oc M'YO 2.16

The0 "O@ansfer function was developed using the yearly degree days with a base of 10
°C over a 2@year periodTo account for more rutting damage in the early years after construction,
it was critical to adjust the PG transfer function for yearly vamafldne coefficient of variation
estimated from the above equationigized to determine asphalt PG at any desired reliability. It

can be estimated using the following equation:
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Whered "Oi i©the PG at any desired reliabilityi@, (is the standard normal distribution
value from the Standard probability table @nd 0 i¥3he yearly PG coefficient of variation in %.
As mentioned beforegthe equation developed far "O@etermination could only account for
normal conditions i.e., less than 3 million ESAL of traffic load and fast traffic speed. Therefore,
to account foslow traffic speed and greater than 3 million ESAL of traffic loadpth@equation
should be adjusted fdraffic loading and speed. This study proposed grade bumping ctideria
adjust traffic loadingand speedSince the grade bumping was proposaty dor fast and slow
speed, thereforAdvanced Asphalt Technologi€8AT), 2011proposed a more refined criteria
for speed and traffic loading adjustmdntthis, very slow speed was also incorporaiehle2.3

andTable2.4 shows thd. TPP and AATcriteria for traffic load and traffic speed adjustment.

Table2.3 Damage Based PG Grade Bumping for Traffic Loading gre®&. Mohseni et al.,

2005
Traffic Loading ESAL, Millions

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

52 0 10.3 16.8 19.3

58 0 8.7 14.5 16.8
Fast

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

Table2.4 Damage Based PG Grade Bumping for Traffic Loading and Speed. NCHRP 673

Grade Adjustment for Average Vehicle Speed in kph (mph)
Design Traffic Very Slow Slow Fast
(ESALS) 25t0< 70 (15t0 <
<25 (< 15) >= 70 (>= 45)
45)

<0.3 - - -
0.3to<3 12 6 -
3t0<10 18* 13 6
10to < 30 22* 16* 10

>= 30 - 21* 15*

* Consider use of polymer modified binder. If a polymer modified binder is used,
temperature grade may be reduced one grad€)(Gprovided rut resistance is verified usi
suitable performance testing.

To select a high temperature asphalt PG wtdmsired depthequation 2.4 can be used
(Mohseni et al., 2005)Jsing this equation,iph pavement temperature at surface and at any
desired deptis estimated. The difference between these temperatures is then calculated which is
termed as temperatucerrection factor for deptfhis correction factor is then addedtdOi {0 &

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
enginering personnel to accurately select the most appropriate asphalt binder PG for pavement
construction at a specific sit€he latest version of this tool is LTPPBind V3.1. It was developed

by Pavement Systems, LLC for the Federal Highway AdministratioNM#&H(Mohseni et al.,
2005).Thi s tool all ows the user to use National
ModernEra Retrospective Analysis for Research and Application (MERRA) climatic data, LTPP
climatic data, andiser provideddata for the determination of asphalt PG binder. The LTPP
climatic data is obtained frothe 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 DataataincludesIiD name, latitude, longitude, elevation of

a weather station andlimatic data such asigh and low air temperatures, evaporation,
precipitation, snowfall, snow depth, -2bur wind movement and maximumadaminimum soil
temperaturess provided by each weather statiofhe 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 charsiitsrifor the five locations is used to

propose a binder grade.

The LTPPBIND V3.1 uses meteorological data that includes maximum and minimum daily
air temperaturesdohseniet al., 2005). To estimate the low pavement temperature, the Mohseni
et al., 1998nodel is utilized aprovided 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 gl. ViB88:as, for
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high pavement temperatytis tooluses the latest LTPP performasizased rut damage model

and the procedure as descriladbvein section 2.3.5.6 (Mohseni et al., 2005).

This tool also offers the user to ingléir owndata. While usig this approach to determine
asphalt PG binder, theser 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 informationthe toolsuggestshe asphalt PG under AASHTO M 323 and
AASHTO M 33214 standardsFigure 2.3 and Figure 2.4 shows the screenshots of LTPPBind
online tool while selecting a locationna suggested asphalt R@Ging the manual data input

approach.
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ByMap | By Section

Please select the location from map or type the address in search box below:

Search Location -
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Latitude: 45.28128543361515, Longitude: -81.6243131128039
Location: Nairn and Hyman, ON, Canada

Figure2.3 Screenshot of LTPPBInd Online on Location Selection
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AASHTO M323-13 Performance-Graded Asphalt Binder

PG Temperature High Low
Performance Grade Temperature at 50% Reliability 44.9 240
Performance Grade Temperature at 93% Reliability 47.9 -34.9
Adjustment for Traffic (AASHTO M323-13) 0o
Adjustment for Depth -3.9 16
Adjusted Performance Grade Temperature 440 -33.1
Selected PG Grade 52 -34
PG Grade M323, PG 52-34

AASHTO M 332-14 Performance-Grade Asphalt Binder using Multiple Stress Creep Recovery (MSCR) Test

PG Temperature High Low
Performance Grade Temperature at 50% Reliability 449 -27.0
Performance Grade Temperature at 98% Reliability 479 347
Designation for traffic loading S
Selected PG Grade 46 -34
PG Grade M332, PG 46%-34
Temperature Report
Lowest Yearly Air Temperature, *C -36.59
Low Air Temp Standard Deviation, °C: 3.69
Yearly Degree-Days = 10 Deg. °C: 1787.71
High Air Temperature of high 7 days: 28.47
Standard Dev. of the high T days: .98
Low Pavement Temperature 50%: -33.10
Low Pavement Temperature 98%: -40.20
High Avg Pavemant Temperature of 7 Days 50%: 50.26
High Avg Pavemeant Temperature of 7 Days 93%: 54.43

Figure2.4 Screenshot of LTPPBIind Online showing Suggested Asphalt PG

2.4.10.0ther Studies

Barber(1957) computed pavement temperatures using climatic data, which was one of the first
studies to employ analytical methods to forecast pavetaemieratures. Climate elements, such

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

modelling effort. After that, nany different researcheiscross the globeeveloped different
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analytical models for therediction of pavement temperatures. In this section, some of the

analytical models developed in North America suenmarizedn Table2.5.

Table2.5 Pavement Temperature Prediction Models

Ref, Year

Influencing Factors

Summary and Findings

Barber (957)

Air Temperature
Pavement Temperatur;
Wind

Solar Radiation
Precipitation
Coefficient of Thermal

Properties

One of thdirst analytical model to predict
pavement temperatures.

The results of the model were validated o
asphalt pavements having a thickness of
63.5 mm.

The estimated results were compared with
the actual pavement temperatures and w.
concluded that the model showed around
to 5 °C of maximum temperature error.
The developed model could predict
maximum as well as minimum temperatu

of pavements

Higherand

Wall (1984)

Asphalt pa
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
l i mestoneds surf acég

significantly different.

1 Air Temperature
T Pavement 6s

Temperature

A threelayer system was utilized in the
determination of analytical solution with a
simplified boundary condition involug

only the heat transfer between air and the

Liang and Niu
pavement surface.

(1998)
The researchers concluded that the
distribution of temperature could be nron
linear within the depth of pavement
structure.

1 Surface Temperature The model was verified for a range of
Park et al. 1 Depth surface temperatures betwe@8.4°C to
(2001) 1 Coefficient associatke 53.7 °C and depth between 14 to 27.7 cn

with time

Diefenderfer

et al. (2003)

T Maximum/Minimum
air Temperature
91 Day of the Year

1 Depth below surface

Two different models fodetermining
maximum and minimum pavement
temperatures were developed.

These models were validated using data
from the SMP sites in the United States a
can be used for the four seasons and for

different climate zones.
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2.5. Appli cation and Remonal 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 thdegihsto freeze which leads to frost
heave.This frost heave caas a loss of strength in the pavement structure during the thawing
season (Andersland and Ladanyi, 200&)e required circumstances for producing alternating
bands of soil and iceesult froma combination of unstable heat transport near the ground surfac
from fluctuations in air temperatures, as well as crystal ice nucleation and gwihg the
freezing season, the creation of ice bands and the segregation of ictolaadacrease in the
volume of the soil/water system (Andersland and LadanyidR@@hich 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 whedredzng slows down and
formation of ice lenses halts due to reduced heat flow (Salour et al., 2013). This results in the
formation of wateirich frost zone in the structure (Salour et al., 2013). This frozen layer borders

by an unfrozen layer below (Chapet al., 2010).

During the spring thaw periods, when the air temperature starts to increase, thacivater
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 thagvin 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 thar0 °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 reseltenettgy 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 aboheg@ 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 he stress states through pa@rater pressures but also the soil structure due to damage of
the particlesdéd cementation bonds (Lekarp, I
water saturation conditions under heavy traffic loads can lead tofleksar 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-badestitus reduces

t he mat er i al 6 ssuppataverlyinggppavensem stractute YWart 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 observelat the average annual surface temperatures do notvaggtently
with the corresponding average annual air tempera(duedersland and Ladanyi, 2004)he
differencebetween air and surface temperatures is caused by several factors, inciidiogr
radiation, snow covevegetation, subsurface drainage, and ground thermal prop&hesurface
temperatures can be estimated from the air temperatures usingat®mapproach (Chapin,
2010). The rfactor is a multiplier which is used to corre¢bt air freezing and thawing indices
(Dore et al., 2008). It is an empirically developed approach and definesfédbtonas follows

(Dore et al., 2008):
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g — 2.18

& — 2.19

Wheret , € are the freezing and thawingfactors,”O"Q0'O"Care the surface and air freezing

indices, andY'OY'CGare the surface and air thawing indices, respectiiBfferent nfactors, 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 negatwedaily
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:

"00 B 0 0O0dY 2.20
YO B 0 O4Y 221
"0O0 B 0O7Y 2.22
YO B O O7Y 2.23

Where"Y and”Y are temperatures above and below 0 °C, respectivelyp ‘andd O “Yare
mean daily air and surface temperatures, respectively iarttie time period considered. The

degreeday notion is used by the temperature indices to characterise the intensity of air and
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surface temperature fluctuatiomfferent nfactors, for both freezing and thawing seasbiasge

been proposedndcan beutilized for the determination of surface temperatures.

During the springhaw weakening season, several road agencies and municipalities across
Canada and the United States impose SLRs to mitigate the damagevtiuave roadways. SLRs
should ideally begi when thawing front migration reaches a depth that causes considerable
pavement structural deterioratiddifferent studies such as Kestler et al., 1999, and Hein and Cole,
2002, suggest that as soon as thawing starts in the pavement, the SLR shouydt:inented.
However,other researcherecommendhat the thawing front should reach a specific depth in
order to decrease the pavement stiffness significadding this approach, Van Deusen, 1998
investigated the influence of air temperature on frostthad depths and concluded thathen
the thawing front reachdbe base layer of the pavement, it causes significant decrease in the
stiffness of aggregate base layaranotheistudy, Ovik et al., 2000, performed a number of Falling
Weight DeflectometefFWD) tests at the Minnesotaad 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, 188% h
substantial impact on pavement strength. In the same research, it was concluded that the thin
pavementsirastically loose their stiffneshiringthebase thawing, but thicker pavements did not
demonstrate the same behaviaatil substantial sugradethawing ha 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 ard bkeadone with
great careThe 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 wasried 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 weaKCole, 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 (Bé&f, 2bis

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 asatil 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 esures 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 municipaliges
been usingdifferent approaches to implement and remove SLRs. These inthedase of
prescheduled calendar dates, engineering judgemavement deflectiotesting, 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 detectiopasement deflections and the implementatibn o
SLR. The transportation sector requires this lag tiongive erough notice to companies so that
they can make suitabkrrangementsDuring this lag timesince SLR is not implemented, the
pavement structure is prone to severe damage under normdlloaéis. 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 recaesl, this strategy can drastically extend the duration that SLRs

are imposen a highway.This cancausehe transportation industry to face higher expenses

a longer period of timdn the event of an abnormally warm spell in late winter, they may be placed
too late, causing harm to the highway.tAsclimatecontinues tahange, establishing acceptable

prescheduled times on a yaatyear basis becomes more challenging.

The metlod of measuring actual temperatures at different depths of a pavement structure
ensuregyreaer accuracy butequireshigh costs in installation and maintenance of temperature
sensors. Moreover, during the time of pavement repairs, sensogetciamagedand no longer
operate until they are fixedduring this time, no temperature data is being recordeddbuisl
potentially lead to inaccurate SLR periodSeveral empirical wdelshave been developed for
implementation and removal of SLR. These methodgetvariations in the air temperatures to
predict freezing/thawing indices and depths within the pavement structdaest of these

empirical models require pavement deflection data to predict results.

2.6.1. Empirical Approaches

Mahoney et al., 1987

Mahoney etl., 1987 suggested an empirical method for the determinattithhe SLR periods by
calculatingCumulative Thawing IndexdTI) and Cumulative Freezing Indé&€FI) using a fixed

reference temperature and daily average air temperatures. The proglasemship can be

expressed as follows:
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CTI=B Y Y 2.24

Where, Tgis the average daily temperature andsThe reference temperature which is
basically an average air temptrre when the pavement surface temperature fluctuates around
0°C. Usually, the Tvalue 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
pavemat in that season. This decreased value:stifjgests that the pavement thawing occurs at
lower air temperatures during this season. However, this method uses a fixed vala@Gffor
T, for the determination of CTI. This method recommends that tisShould be applied when
the CTI value reaches 45 and must be applied when the CTI reach&€ 28r 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 gegts that the SLR should be removed wihervalue of

CTI becomes equal to the 30% of the value of CFI (Mahoney et al., M8éye CFI can be
determined by taking sum of temperatures bel8@®.0

Cortéetal., 1995

This empirical method wadeveloped by Cofi 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:

00 2.25

Where,"OGs the freezing index transmitted at the surface of thegsadbe soil;COis the
freezing index at the surface of the pavem@is the total pavement thickness in cm ando

are the coefficients based on the nature of pavement materials (G(ZDOB). If the pavement
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structure is made up of a single material, tfeis equal td and if the pavement structure is made

up of several layers of material, théncan be calculated as follows:

B
B

® 2.26

Where,o is the coefficient for materials in layeand'Q is the thickness of layérin cm.
A typical value used fowis 0.008 and fob is, 0.06 for asphalt concrete or 0.10 for granular
material (Guy DofD2009). In this method, the frost penetration into the-ggable can be

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

® —F—F—— 2700 227

Where® is the frost depth in nQ is the thermal conductivity of frozen soil in WA,

0 is the latent heat of fusion of water in M3/ma is the ldent heat of fusion of freezing soil and

"YUis the segregation potential of freezing soil iFSAC. This method requires a lot of input
parameters for the determinationtioé 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 hyasi@ngton
Department of Transportation (Ovik et al., 2000). This method uses the reference temperatures
and measured air temperatures to calculate daily FI and Tl values. According to the Mn/DOT, FI

is Athe positive cumul efreexing tempenaturaand tkermedn dailyw e e n
air temperature for successive dayso (Ovik e
deviation between the mean daily air temperature and a reference thawing temperature for

successive daood.dhe(ret@rencé tengperatumel 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 taker1a8C which begins on®1February, and it decases by

0.5°C every week until it reaches to a value®6 °C during 24'i 30" May (Mn/DOT, 2004).

The values ofY'@d'O"@re then used to determine the cumulative thawing index as shown in the
following equations (Mn/DOT, 2004):

0 "YOB Odd v QNN Qmd 2 O 0 QB WQ Q o800 » 2.28

1 Case A: when——— Y > 0°C (The pavement structure is thawing)
Then,0 & "Q¥EDL QONQAQE—— Y
andO » "QBIwWQ Q OV J
1 Case B: when——— 'Y <0°C
Andd YO m™@ ™ # ——— h (Significant thawing has not yet occurred)
Then,O & "Q¥EDL "QEON'Q QI andO w VAIWQ Q 0LV ™J
1 Case C: When——— 7Y <0°C

Andd YO @ ™ # ——— h (Pavementtsucture is refreezing)

Then, O Qa0 QONQQ®I and Ow VBIWQ QICLEQQ a) #

whered "Yithe cumulative thawing index calculated over a period front ldeys in °C
-days,0 "Yf€sets t@ero on January 1sty is the maximum daily air temperature in °®€, is
the minimum daily air temperatures in °C an@l is the reference air temperature in °C. As
mentioned before, the reference temperatures are utilized to adjtie# temperature difference

between the air and asphalt temperatures (Mn/DOT, 2004). While determining the CTI, the 0.5
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factor is applied to thEl which accounts for the partial phase change of water and therefore known
as the refreeze factor.

This methodsuggests that the SLRs should be implemented wheiwlay 3orecasted
temperature period gives a CTI greater thafiCidays. 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 judgemene IR removal. Generally, it
is recommended that SLRs should remain in place for a minimum of 4 aeeks maximum of
8 weeksThis method requires the only input of air temperature values which makes it quick and
easy to apply. However, it is an empirical apft
such as subsurface properties.

Baiz etal., 2007

This is a semempirical 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’® and remains negagvwhile thawing index is the degree days
whenever the temperature rises abdi@ @nd remain positive. In this method, the thawing indices

are based on the determination of reference temperature which isspegiiiec constant which

shows the temperatutag 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 galculatio

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

Y B Y 2.30

Y Y 'Y oz 231

Where,”Y s the reference temperature®®, “Y is the surface temperature valué@

at site on dayand”Y is the air temperature valuei@ at site on daiQThe reference temperature
is determined on monthly basis aids the number of days of the month. H&e the number of
days afer the day indexed as d&¥ 0 and the day on which air temperature first falls belt@ 0

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

00 Y
‘00 007 2.32
00 m©° 0@

YO Y
YO YO YO 2.33
YO mO Y@ it
Where,”Y'@nd"O"0s the thawing index and freezing index value on &y in°C, and
“Y'@nd"O'Gs the thawing and freezing index value on day °C. Using”Y;00"@nd calibration

coefficients, the frost and thaw depths can be calculated using the fgjlegirationgBaiz et al.,

2007):
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Where"Y'Oand"OQOare the thaw and frost depths on day i which are from the surface of
the pavement in negative cm, amd, c, d, e, f, g, h, i, j, kare the calibration coefficients which
can be calculated with a best fit regression analysis 6i¥{i®@nd corresponding measured site
specific frost and thaw depths. This method suggests that the SLR should be implemented on day
io and should beemoved when the pavement structure thawed compl@aly 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,
pavemensurface 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 Infrastture 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 poky for the implementation and removal of SLRs. These restrictions typically stayed

in effect for ten weeks in Manitob@his observation motivated the MIT to improve its SLR
implementation and removal policy, and thus CTI was monitored for several lacation

Manitoba. It was then suggested by the MIT that the SLRs should be implemented whenever the
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CTI value reaches 26-days at any of these locations after the fixed start dates (Bradley et al.,
2012). The relationship used by MIT for the determinatioB8Dfis expressed as follows:

0 "Y'OB'O w0 U¥idb0 "QINQERYY Y Y ¥¢ 2.36

1T If"Y Y  ¥¢ <0, then the Daily Thawing Index =Y Y Y Tt
T If6 "YOmo "Yi©resetto 0

WhereY and”Y are the maximum and minimum daily air temperatures, d@ndis
the reference temperature. The valuéYof is takenas 1.7°C starting from March 1 and it keep
on increasing on daily basis by a value of 8@@éntil May 31 and it resets to zero afterwards
(Bradley et al., 2012).

For the development of this model, the MIT installed several thermistor stations, frédm 200
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 anddliids (Bradley et al.,

2012).

From the thermistor and moisture content sensors readings, it was observed that the
thawing started when the temperature first reachi€d Oand/ or when t her eds
moisture content level in the granular ®allsing the thermistor readings from several datasets,
the average of CTl was determined when first thaw occurred in the granular base. This value came
out to be equal to 26 which corresponded well with existing MIT SLR implementation threshold
value wlen 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 wiamecléor

the removal of SLRs i.e. (1) when the CTI value reache¥388ys, (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 systenforatite pavement showed only minor
defl ections which didndét affected the pavemen
Chapin et al., (2013) and Pernia et al., (2014) Research

Chapin et al. (2013) and Pernia et al. (2014) proposed a model corelating érostandepths

with indices. For determining freezing and thawing indices, they proposed the utilization of
MnDOT equations and reference temperatures. The CFl and CTI were then used to estimate frost
and thaw depths using an empirical model which was edlelirough 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-Bguared values of a linear and polynomial trend functions and found that
the polynomial model produced highersBuared value for their research sites. As a result, their
prediction model is based on a secamder quadratic equation which is given below:

W W 00w 2.37

Where, w is the frost or thaw depthp is CFl or CTI andofuft are the regression

coefficients.

2.6.2. Numerical Modelling Approaches

Thermal Modelling with Temp/W

Thethermalnumerical modellingising thefinite elementmethodcan be employed to determine

the SLR period at a given sitk this type ofanalysis a humerical model is used to simulate
freezing and thawingrocesses(TEMP/W, 2014). TEMP/W, a module of Geodio 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 depthf interest Moreover, TEMP/W can beoupledwith SEEP/W to study
the effect oimoisture movemerdn thethermal 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 tisebsuricein the presence of water. This thermal profile
along the depth, leads to the determination of frost and thaw dé&ptimsvhich SLR application
and removal dates can bstimated The process of developing a numerical model in TEMP/W
starts with defimg 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 temperatymfile and time steps are defined. TEXV allows the
user to provide any suitable value for phase change temperature while incorporating the salinity
effect. After that, a geometry idefined which can be either-D, 2-D or 3D based on the
consideration of the physical domairhis geometry aabe divided into any specified numbers of
nodes and elemenémd great care is required while doing this as it plays an important role in the
modelconvergence. In the next step, materials and their properties are assigned to the geometry
using the functins in one of the five material models (TEMP/W, 2014) which include Simplified
Thermal, Full Thermal and Coupled Convective TherpratessesWhile determining the frost
and thaw depths, it is better to use the Full Thermal Material model as it givesanarate results
than the other two (J. Chapin, 201Bpundary conditions aralsoappliedto the model which
includes the upper and the lower thermal boundary conditions. TEMP/W allows the user to choose
from any of thefour different sets oboundary conditions such as Temperature, Heat Rate, Heat
Flux, and Convective Surface, whictan be constant or variable in time. In additifBMP/W

also has the flexibility of applying system dependent boundary conditions stigrassyphon,
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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 usiigdtoe approach
which uses an empirically determinedefficient calledthe n-factor (TEMP/W, 2014). This
approach is preferred due to sisnplicity as it requiresnly afew input parameters. Thefactor
is basically a ratio of surface freezing or thawing index to the air freezing or thawing index. It is

represented by the following equations.

E — & — 2.38

While defining the boundary condition at the surface, a modifier along with the temperature
functioncanbeused which describes the variation eftor as a function of ground temperature.
The ground temperature at every new time step is thus calculated using the following equation
(TEMP/W, 2014).

Y E QOOOEIT Y Y 2.39

TEMP/W assumes the value ofactor 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 condiwogidewith an estimate of temperature
profile from surface to the bottom of the model usingjcatingthe frost and thaw depths and
hence SLR periods can be determined.

Numerical modelling has vartis advantages suthatseveral 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 obtainedeagbnablaccuracydepending on the

proper definition of thermal properties of various materials and appropriate boundary conditions
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However, it has some disadvantages such as it requires a lot ofrfgyatationand modeling
experience Additionally, when uncoupled with a flow and stresmin models cannot take into
accountfor porewater pressure and volume changes instiisurface and their effect on
temperature profiles

New Hampshire Department of Transportation, 2006

This method was developed in 2006 aisdused by the New Hampshire Department of
Transportation (NH/DOT) for the determination of SLR periods. This method estimates the Fl and
Tl values from surface temperatures, air temperatures and sinusoidal air temperature amplitude
(Eaton et al., 2009). Tharocess begins by assuming a trial value of air temperature amplitude in

the Sanger (1963) equation which is expressed as follows:

SO — & o WAl OoO- 240
1 If w is positive, n Al O— -
1 If ©isnegative! Ig <AT O— “ andAT O— isinradians

Where,sO%s the absolute value of the freezing indeX@adays,w is the mean annual
air temperature ifC ando is the amplitude of sinusoidal variation®@. 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 Fl value determined from mean monthly air taregdiaton
et al., 2009). In order to determine the pavement surface Fl and Tl 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 becaquakto the value of air freezing index multiplied by

thenf act or value of the freezing season (Eaton
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relationship which was developed from the properties of the annual sinusoidal temperature
variation. It is expressed as follows:

¢ "YO& "00 o oW 2.41

Where,"O'@ the freezing indeX,Y'B the thawing indeX;, is the thawing #factor anck
is the freezing fiactor. Thedaily 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:

"Y 08Y 6z0Eicz— z 0O®WO ©'Q 242

Where,"Y is the temperature on Day i@, 0 0 "} the mean annual temperaturé@) 0
is amplitude irPC, O & i8 the number of days after December 31 and i®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 inrimatieter

of SLR. Thesteps involved in calculatif§LR periodsfor this method areimilar to the oneased

in the Mn/DOT method. The only difference is in the value of reference temperature which is taken
as OC (Eaton et al., 2009).

By using these relanships, the Enhanced Integrated Climatic Model (EICMJas
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, magtsrties 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 payement 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 researchfrom British Columbia Department of Transportation (20@8)ggest 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 weakenech@atvstructures 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 weeksrpo 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 mechafikms.
TPCS would be an expensive investment for trucking companies, but that an incentive program

could offset the cost.

2.7.Summary
In this dhapter the potentiaimpacts of climate change, that might influence the road network in

Ontario, were highlightedn this regard, different areas suchmachanical behaviour and changes
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in the material properties of asphalt under varying climatic influendaish lead to dmage of

the asphalt pavementere discussedrurthermorea brief overview ofvarious nodels, which

have been developed so far, for predi owereng asf
also presented in the later pdrhe next chapter pressrthe details related to data collection and

analysis, which wreused 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 chaptedescribedslifferent sourcesf dataand procedures involved in the data analysis for
this research. Data sources such as RWIS, 2@DP and Environmenand Climate Change
Canada werdtilized to collect the climatic data. The climatic data obtained from RWIS and SLA
stations were amgsed and used in the development and validatiomegfession models for
determining asphalt PG and SLR periotise future climate data estimated by 19 different GCMs
from (name of the modeling group hevegs employed to assess chaigeasphalt PG and SLR

across Ontariap tothe year 2100.

31.0nt ari o6s Road Weather I nformation System
Different road agencies and authorities are employing R8%¥8onsto 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.
better manage and administer the highway network, M&® divided the province into five
administrative regions. These regions are Western, Central, Eastern, Northeastern and
Northwestern, as shown fRigure 3.1. The ministry owns and operates more than 165 RWIS
stations across the provinddese RWIS stations are spread throughout all the five administrative
regions, as shown iRigure3.2. The data obtained from these stations g&yital 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 collakagron of public organisations that conducts

cooperative research in thee ofRWIS stations
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Figure3.1The Ministry of Transportation of

Regions.
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Figure3.2 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 ber developed. Visual examination was once the most popular method of detecting and
predicting the quantity of snow on the surface of the road. The R¥Wt®nshave been utilised

in Europe since the 1980s, and they are gaining popularity in North AmEéreadr 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 unfav@rpalement conditions for winter
maintenance (Minsk, 1998). This systeamn collect the reatime data every 20 minutes and
uploads it to a web portal. The data is then utilized to make predictions and archive them (AMEC,

2007).Figure3.3 shows a typical RWIS station.
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Figure3.3 A Typical RWIS station (Source: Campbell Scientific Canada)

The pavement sensors not only measure the pav
record road surface conditions (Bernstein et al., 20048. road sensors make use of the multi

spectral measurement technology to determine the road surfatiearosuch as ice, snow, water

thickness on the surfache sensors then transmit the measueadinggo 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 swda which aids in the effective deployment of sfaff winter
maintenance (Karlsson, 2001). Typical meteorological sensors and a pavement sensor are

presented ifrigure3.4 andFigure3.5, respectively.
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Figure3.4 Typical Meteorological Sensors aied on RWIS Stations (Source:

WWW.Qis.esri.com)

Figure3.5 Typical Pavementemperaturé&ensor used in RWIS stations (Source:

https://hsierra.com/products/rwis/)
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3.1.1. Weather Parameters Recorded byan 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, avage wind direction, dew point temperature, air pressure, precipitation state and

visibility. The specific measurement parameters for each sensor are listed below;

1 The temperature of air is measured in degrees Celsius at a height of around 1.5 metres
aboveground.

1 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 imaatairsystem. It is
expressed in percentage. A value of 100% implies that the air is satarateticannot
take up any more moisture. Whereas 0% indicates no moisture in the air.

1 Maximum gust wind speed represents the maximum speed of wind in km/h dnring
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 hdums.average wind speed is
measured in km/h for each recording interWdle average wind direction is measured in
degrees from North for each recording interval.

1 The dew point refers to a temptenae at which air becomes saturated under a constant
at mospheric pressure. It i s measured in de
temperature drops such that it reaches the dew point temperature, then there will be
moisture on the surface of the pmant.

1 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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1 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 gathge
built-in microprocessor. The microprocessor calculates the average intensity by dividing
the measured rainfall or snow depth with the duration of storm.

1 Visibility refers to the maximum distance at which an object can bebyeenaked 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 microprocesso
controller. The emitter generates light pulses, while the receiver detects light intensity
pulses from air particle scatteringll data acquired by a measuring microcontroiker
converted into a meteorological visibility distance by a particular mattieah model

algorithm.

3.1.2. PavementParameters Recorded byan RWIS Station
The sensors installezh the surface and within the layers of pavement record different variables

such as surface temperature, subsurface temperature and surface condition.

1 Thesurface temperature represents the temperature of the surface of pavement in degrees
Celsius.

1 The subsurface temperature refers to the pavement temperature at 40 cm from the
surface. RWIS stations installed after 2016 also measure subsurface tempef#i0re at
cm from the surface of pavement.

1 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 smaeeovatch, black ice warning or

snow warning is advisable or not.
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1 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
quariity 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 statifmmghe period between 2012 and 20Efm these
149 stations, 40 stationsedocated irNortheastern22 in the Norttvestern, 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. Dugidgtthanalysis, 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 @étinuous weeks of missing data were not considered.
Furthermore, only 3 to 4 stations were consid
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 sérikers, 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 averag@refious and next day temperature data was
estimated to fildl the missing dayodés dat a. For
the previous day and next day was utilized to fill the missing two days of data. For three to fourteen

days of missmg 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*fram168" March 2012 is missing,

then the average of other available years was calculated to fill thiodatech 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, dewirdo 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 cadsred. 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 presenteldigure3.6 whereaslable3.1 shows their IDs, Longitudes
and Latitudes. To get an idea of tinend of the data, maximum and minimum air and surface
temperatures were plotted against latitudes as showigime 3.7 and Figure 3.8, respectively.

Since the maximum-day average temperature is used for the determination of high temperature
asphalt PG, therefore this parameter was estimated tinenavailable 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 maximumday ar temperatures, for most of the locations. It was also observed
from Figure 3.7 that both the maximunday air and surface temperatures slightly decreased with

the increase in latitudes. From Figure 3.8, it was observed that both the annual minimuwin air an

surface temperatures decreased significantly with the increase in latitudes.
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Figure3.6 Approximate locations of selected RWIS stations across all five administrative

regions of Ontario.

Table3.1 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 77.8%7
Sw21 42.58 82.364 ER32 45.08 75.63P
SW22 42.59 81.6% ER30 45.148 77.260
CRO1 42.914 78.958 NRO4 45.215 79.313
CRO8 43.309 79.803 ER31 45.499 78.020
SW27 43.33 81.740 NRO5 45.658 80.411
SWO08 43.566 81.422 NR13 46.0(8 79.356
SW13 43.948 80.716 NR25 46.212 82.54
CR26 44.1® 78.917 NR31 46.278 83.429
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ER34 44.154 78.4% NR27 46.672 84.335

ER20 44.329 78.13> NR30 46.864 81.634
ER25 44.438 77.763 NR26 48.281 84.886
CR21 44.465 79.8® NR34 48.617 85.33
ER26 44.624 77.18 NW19 48.917 87.767
ER29 44.767 78.0% NR37 49.058 81.245
ER17 44.779 76.110 NR17 49.289 81.785
ERO8 44917 75.197 NWO09 49.793 86.318
NR45 45.0%6 78.79 NW26 49.800 85.712
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Figure3.7 Maximum yearly7-dayavg air and surface temperature at various latitudes using data

from the selected RWIS statians
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Figure3.8 Minimum Yearly Air and Surface Temperature at various Latitudes using data from

the selected RVd 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 containtteermistor stringwhich is set in a borehole to monitor
temperatures and allow for the interpretation of freezing and thawing front depths. Theranéstors
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 d¢rom the top of the pavement surface to create the thermistor
string. The thermistors installed on these weather stations are semi conductors which measure
temperature bynonitoring theresistance (www.omega.cdhe data measured by these sensors is
trarsmitted via buried cablds a datalogger stationed along tbadside The information saved

in the datalogger can then m®wnloadedo a computerAlong with the surface and subsurface

72



temperatures, these stations also reeartemperatureand precigation data. The SLA stations

are used by the authorities to gather sufficient information to determine road surface and sub
surface conditionsfak o r t h er n O metveork,iwhidh fielpRto midimize the winter road
maintenance costs. Utilizinthe data collected by ISA stations,MTO can better plan winter
maintenance activities, minimise salt consumption, and provide better sé&iigicee 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 shownhigure3.9.

EASTERN

CENTRAL

Figure3.9 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 dass when 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 tenperature 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 dattmedsceto fill the

mi ssing dayods dat a. For two days of missing d
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 theidy. 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
developmenand 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 c onnesfaieplangntiigy ke e |
and removal of SLR. These guidelines state thantbst significant loss of pavement strength
occurred when the thaw stam the base, and the least significant loss occurred when the thaw
reached a depth of aroud@6 cm. It is bikeved 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 chane 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 defi8 of 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 temtyper data at this depth was considered to get an

idea that how temperatures are changing in the near surface.

Figure3.10a to d represents temperature contoursfigrdnt 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 didyof 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 tempenatior st
different depthsFigure 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 plotteligemem
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 ¢hdefpl65 cm, the temperature front is

relatively smooth as compared to temperature fronts at 5 cm and 45 cm.
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Figure3.10 Temperature Contours at different depths from March to May for the years (a) 2013,
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Figure3.11 Temperature graphs from March to May for the years (a) 2013, (b) 2016, (c) 2017

and (d) 2019 using data from the SBA7 station.

3.3. Weather Web Portal
The measurediataobtained from the RWIS and SLA stations is automatically uploaded, in the
raw form, to a welbased weather portal which was developed and is maintained by Wood PLC
Canadian operations. This web portalptays 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 pblic 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 informatuch as data from

Environment Canada. The data can be downloaded directly from this web portal for any desired

range in the xIsx format. No challenges were faced while downloading data for thisFstuatg.

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, Witgnezz12 (b)

shows some graphs and information which can be downloaded.
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Figure3.12 (a) Graphical User letface 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 climatis an effort to forecast the progression of climate changfbs
respect to time. The Global Circulation Models (GCMs) are the tools developed using past climate
information to make future climate projections. Thienate model simulations show how the
climate system reacts to different greenhouse gas emissiomaegrdration scenarios, as well as
different radiative forcing scenarios (IPCC 2007, 20R®presentative Concentration Radlys
(RCPs) are the pathways of total radiative forcing (van Vuuren et al. Z0di{jfth assessment
report of thentergovernmental Panel on Climate Chan§€C) developedour alternative RCPs
i.e.,RCP2.6, RCP4.5, RCP6.0, and RCP(8%®C2013).Each RCP number represents a different

cumulative radiative forcingy the year 2100rhese RCPs are commonly used imeltebased
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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 clitmede.are the
models in which the atmospheaad 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 climatevaniab

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 ¢hpathways to indicate tinrgependent estimates of GHG
concentrations in the atmosphere (I PCC, 2007)
four alternative RCPse., RCP2.6, RCP4.5, RCP6.0, and RCP @BCC 2013) which are
emission scenarioshes e RCPs were developed by creating
which isa measurement of the combined effect of greenhouse gases, aerosols, and other climate
influencing elements$o trapadditionalheat The data used in the RCP developm&as taken
from the available literaturecach RCP represents a specific trajectory of emissions and the
resulting radiative forcingl'able3.2 presentghe emissions and concentratiomadiativeforcing

and temperature anomalies all the four RCPs.
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Table3.2 emissions and concentrations, radiative forcing and temperature anomalies for the

RCPs.Source: Moss et.al. 2010

Name Radiative Forcing COz equiv. Temperature Pathway
(p-p-m) anomaly (°C)

RCP 8.5 8.5 W/ntin 2100 | 1370 4.9 Rising

RCP 6.0 6 W/m? post2100 | 850 3.0 Stabilization

RCP 4.5 45 W/n? post| 650 2.4 Stabilization
2100

RCP 2.6 3 W/m? before| 490 15 Peak ang
210Q declining to decline
2.6 W/m?by 2100

Out of these four pathways, the RCP 2.6 denotes thecasstscenario in which the radiative
forcing fist reaches to 3.1 WAby mid century and then starts decreasingeszh 2.6 W/rhby

the end centuryTo achieve such radiative forcing leve®HG emissions must be significantly
lowered over time (Van Vuuren et al. 2007E)e RCP 4.5 and 6.0 depicts the intermediate or the
stabilization scenarios in which the radiatfeecing stabilises at around 4.5 Wfor 6 W/nf¥,
respectively, by the ercentury. Whereas the RCP 8.5 represents the wasst scenario in which
radiative forcing reaches >8.5 Wiy the year 2100. This RCP was developed by considering
such a represeative 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 ire209@a 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 183000 baseline. This makes th€R 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 aaoflal mean temperature rise between 2 °C to 3 °C by 2100. Whereas the
RCP 8.5 depicts the worsaise 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 Ontanwas obtained from the Ontario Climate Change Data Portal
(OCDP) published by York Universityds Laborat
avalable publicly. It is an easily accessible data portal with a-ngerdly interface. This data

portal offers higkresolution spatial projections of regional climate change for Ontario, Canada.

The climate change data for the period 1981 to 2100 (128)ywdh spatial resolution of ~10 km

x ~10 km and temporal resolution of 1 day, UTC is available on this portal and it can be
downloadedn .mator .csv formats. Data for four different climate variables i.e., precipitation,

maximum, minimum and averagertperature is available for more than 20 GCMs and all 4 RCPs.

For this study, the climate change data was downloaded from 19 GCMs, as shiabiein
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 siky&8r intervad and were termed as the
historical period (1982000), baseline (2002020), shorterm future (2022040), midcentury

(2041:2060), thirdquarter century (2062080) and endentury (20812100). The temperature
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data obtained from the 19 GCMs wereragd and utilized in the research. The data was analyzed

in Python 3.8, 64it version Figure3.13represents 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 vahgesured rad reportedoy

Environment Canada. The data was collected fromPw&rson International airponteather

station having station 11624 Figure3.13 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 bestcase scenario.

Table3.3 GCMs Utilized for the collectio of Future Climate Data

Sr. No. GCM Sr. No. GCM
1 bcecsmil 11 IPSL-CM5A-LR
2 bccecsmEl-m 12 IPSL-CM5A-MR
3 BNU-ESM 13 MIROCS5
4 CanESM2 14 MIROC-ESM
5 CCSM4 15 MIROC-ESM-CHEM
6 CNRM-CM5 16 MPI-ESM-LR
7 CSIROMk3-6-0 17 MPI-ESM-MR
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8 GFDL-CM3 18 MRI-CGCM3

9 GEDL-ESM2G 19 NOrESM1:M
10 GFDL-ESM2M
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Figure3.13 Mean Annual Air Temperatures for Toronto estimated by selected GCMs under

different RCPs and the value recordedHnywironment (Env) Canada.

3.5. Historical Climate Data Normals
The historical climate data normals for the period 12810 were collected from the Environment
and Climate Change Canada portal (Environment and Climate Change Canada 2018). These

normals were allected 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 providdéigare 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 avethg®lefin
Monthly Air Temperatures (MMAT) from 1&CMs for the 10 cities across Ontario, were then
determinedand used for the analysi$o validate the future climate data, the climate normals
determined from thpredicted historical data by the GCKkés selected cities were compared with

that of climate normals reported by Environment Canada for the period of 1981 toTRELO0.
comparisonfor selected 4 cities with lowest to highest latitudes, is showdgmre3.15 (a to d).

It can be observetthat for all the considered cities, the GCMs predicted the historical measured

data very well.
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Figure3.14 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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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 RWICIA,and
Environmentand Climate Chang€anada stations. The meteorologieald subsurfacelata
collected from RWIS and SLAtations was analysed and utilised ttevelopand validate
regression models for estimating asphalt PG and SLR periods. Furthermore, future climate data
from 19 distinct GCMs were used to analyse changasphalt PG and SLR across Ontario up to

the year 2100. Details on tdevelopmenand validation of models for calculating asphalt PG and
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SLR periods, as well as their use for analysthgnge inasphalt PGand SLR periods across

Ontario by the end centueye 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 increagtgcker et al., 2013Many climate change impacts are
irreversible and have been identified with the expandedsele& greenhouse gasses (GHG).
Recent studies suggest a dangerous atmospheric deviation sooner rather than later in different parts
of the world, for examplgVincent et al., 2018n Canada(Meleux et al., 2007n Europe (Dash
et al., 2007)n India and (Hughes et al., 2003) 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 decad¥cent et al., 2012)As indicated by Canada's Chamg Climate
Report published in 201@ush 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 thumtty. 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 changaslimate could potentially result in increased precipitation and diminished
snowfall sums affecting the winter season in Car{Bdah et al., 2019)

Changing climate is one of the most important issues that demonstrates the need for

innovative changedat will reduce the GHG emission rates in the fu{@ati, 2019) Climatic
load is a significant factor while assessing the safe performance of a roadway. Furthermore,
extreme temperatures may be uti [(Suzetd 2009) eval U
Higher air temperatures lead to higher pavement tempergdémesna et al., 2023hich may
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have a significant impact on both the functional and structural performance of the asphalt
pavementgLi et al., 2018) With the rapidly changing climatthe probability of thermal distress

may increase which is the most noticeable distress in asphalt concrete pa@uegtet 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, r
highway, the 40XFletcher et al., 2016) The change in climate andarmer temperatures may

also cause early failure of pavements, thus necessitating more rehabilitation pro¢@oures

al., 2015; Gudipudet al., 2017; Chen et al., 202The asphalt binder is a temperature sensitive
viscoelastic material. The accugatetermination 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 vitahineekow

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
onsi teds histor i c(dMdGengid et ahal®9bRolaimaniandand Bolpail 393
and Robertson(1995 developed regression models for estimating high and low pavement
temperatures respectively and are the original SHRP models. Due to lisigedvailability 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 locationgMohseni, 1998) Utilizing this daa, Mohseni (1998) developed pavement
temperature models which were termed as thedeseration LTPP models. These models were
replaced in 2005 by the second and third LTPP generation m@ieésna et al., 2020)The

seconegeneration models used thaditional parameters i.e., lowest, and averagay’highest
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annual air temperatures for low and high pavement temperatures, respectively. It was investigated
that the average-@ay could not account for the extended hot periods thus a rut damage (third
generation) model for high pavement temperatures was deve(dpauseni 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 pedelmder the same
program. The latest version of this program i.e., LTPPBIind V 3.1, guides the user in selecting the
performancebased binder grade under different traffic load and speed limits by utilizing both, the
LTPP second and third generation madel
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.B.artd measure the effect of
climate change on the PG for ten cities around the country using the LTPP (Sovdmisa et al.,
2020) In relation to the baseline climate of 192040, it was determined that four cities would
need high temperature PG upgradwhile 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 ProjecMBP&)
climate projection projediUnderwood et al., 2017 his study concluded that, for 799 weather
stations used in the study, around 35% of the weather stations suggested different PG based on
19852014 when compared to 198996 weather data. It wassa 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 countfYiola et al., 2015)The historic climat 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 @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 changdDelgadillo et al., 18) The researchers examined 94 weather stations across
Chile and collected historical climate data from 1970 to 1999. The MICROS5 climate model was
used to estimate future climate data from 2030 to 2059 (30 years) for RCP 2.6 and RCP 8.5
emission scenars. 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 increaseaf coaintenance
because of climate change thus highlighting the necessity for the road construction standards to be
updated, despite the increased costs of adaptation mefidasdwe et al., 201Barros et al.,

2014) These increased maintenance costslmmssociated to the premature deterioration of
roadways because of failure to update the material standards where heat extremes are predicted to
increasgFletcher et al., 2016)

Canada has one of the world's largest road networks, with over one rkildioretres 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 transportatio(Govt. of Canada Statiss Report, 2016)It has almost 116,000 km of
municipal roadqGovt. of Canada Statistics Report, 2088)d 40,000 km of highway$AO,

2019) which have a net book asset value of $26.7 billil®kO, 2019) Due t o Canadads

geographic dispersal pbpulation centres, current road systems are subjected to a broad range of
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temperature conditiong§Vincent et al., 2006; Zhang et al., 2000)o date, no such study,
specifically for the whole province of Ontario, has been carried out. Most of the abdiess

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 peréoroe 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 showigire4.1. The MTO
recommends base PGs for these zones which can be changed depending on the traffic requirements
for any given site. The recommended PGs ar8%%r zone 1, 584 for zone 2 and 588 for

zone 3(ABC of PGAC, 1999)
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Figure4.1 PG Zones and recommended PGs, with Zone 1 having a PG3df, Zbne 2 having

a PG of 5834, and Zone 3 having a PG 0f-88, as per MTO Guidelines

In this study, the historical and projected climate data, withircoimext 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 obtainiedm 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 climatechange on PG across Ontario, the historical (202Q20) and future climate data for

four time periods: shotterm future (20222040), midcentury (20442060), third quarter (2061
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2080) and enaentury (20812100) for the province was collected from 1Batent 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 performaii@sed system to specify asphalt en@ls known as
SUPERPAVEMcGennis et al., 1995Y his 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 modeléodedeunder 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-day air temperaturéMohseni, 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)

Y V®CULT oy QY n8rnci‘)m1)(‘)8 1)
PB @MENO U Ow TH P '

Y P @ T &Y i o ° 42)

0 @& O LU WTE T g '
Where"Y is the highest meanday pavement temperature in °€, is the highest mean
7-day air temperature in °G, is the standard deviation of highest meaday air
temperature in °C)Y Is the lowest pavement temperatume°C, "Y Is the lowest air
temperature in °GC, is the standard deviation of lowest air temperature in)°@;é the
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latitude in degree&Dis the depth in mm andis 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 degdpge above 10 °C, instead of highest
annual mean -day air temperature as mentioneefore. The equations for determining high

temperature PG are provided in equations 3, 4 and 5.

0 T@& pOO MPO YO (43)
6 WL OoOBIMNMwdOC M'YO (44)
0 "Q 0g OLqQ — (4.5)

Where 0 "Q, is the high temperature damalgased performance grade in °C at 50%
reliability, O 'Qdenotes the average yearly degdegs with air temperature over 10 °C, x1000 °C,
'Y Ois the allowable rutting depth in mnd, w O f€presents theigh temperature yearly PG
coefficient of variation in %0 "Q, denotes the high temperature PG at desired reliability in °C
anddrepresents standard normal probability for the desired reliability. These models are widely
being used by road agessi 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 thisg 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 tere@atures 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 Ontariospecific Models

Theregression models were developed by using the air and soil temperature data from 36 weather
stations within the Ontario Ministry of Tr an
(RWIS) to determine the relationships between ambient weather data aald papément 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 sensorsuttioly 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, orrbzen), and the freezing point of a wet surfé@ernstein et al., 2003)n 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 dearglopmodels

are the same as used in the LTPP 2.1 models (equation 1 and 2). The utilization of extreme, instead
of average, daily temperatures i n model s6 dc¢

temperatures may skew the results, therefore thegotdme regarded as the most important
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component in determining the pavement temperafurest al., 2017) There are 165 RWIS
weather stations across Ontario to dBigchanan et al., 2005)he MTO has divided the province
into 5 different regions namely Northern, Nortlestern, Eastern, Central and Western regions
and these weather stations are instaheghach region. In this study, the weather stations used for

model s &6 de v ékeofpom allthese vegione

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, latijucbf 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) softwafe DA S , User 6s Gl
2013) The modewas evaluated based on its goodness of fit iYe.and RMSE value. The

equation developed for the low pavement temperature determination is as follows.

Y C By T O TP OOTBILTR D&Y ® (4.6)

The'Y value of the model was found to be 91% with an RMSE value of 2.98. Hgushows

the statistical outlook of the developed moddie first panel of this figure (Figure 4.2 a) shows

the quality of the developed regression model. This graph thletpredicted 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-dBgree line, thus suggesting that the developed model predicts the
surface and subsurface temgteres 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 quantiguantile plot as shown in Figure 4.2 c. Since mbshe 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 stadlron 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 dependehegae$ponse on all the explanatory

variables.
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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 walstraated from the low pavement
temperature equatigqiMohseni et al., 2005)The uncertainty is caused by two separate variables:
mean air temperature and the mog@ébhseni et al., 2005)The standard deviation of mean air
temperature,,( ) and the root mean square error of the moglel ( ) were used to

define this uncertainty. The variability in the estimated pavement temperature () and the

error term { ) at any desired reliability was calculat@si follows:

, \ \ 8 (4.7)
” C&) l-IJ ” 8 (48)
- wcdY 8 (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 detgiime average

7-day high pavement temperature is presented in equdtidy and Figure4.3 exhibits the
statistical outlook of the developed modehe first panel of this figure (Figure 4.3 a) plots the
predicted versus actual averageday high surfae and subsurface temperatures for each
observation. As it can be seen from this graph that the points are close tedibgrd® line, thus

suggesting that the developed model predicts the surface and subsurface temperatures quite well.
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The second panef 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 gwaraiéle plot

as shown in Figure 4.3 c. Since most of the data points lie on or cltdse dagonal 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 vaile. 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.

Y @ Blu T &Y T YO0 TMIX® Odhw , 8 (4.10)

The'Y value of the model was estimated as 95% with an RMSE value of 2.99. The last term in
eqguation 10 is the error term, which is related to the uncertainty in predicting the correct pavement
temperaturédMohseni et al., 2005)To improve efficiency, the erraerm was added to the high
pavement temperature equat{dohseni et al., 2005 his 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

11to 13.

” ” ” 8 (4.11)
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(4.12)

(4.13)
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4.3.2. Validation of Models

The developed models were validated by comparing the predicted patempatatures with the
measured temperatures as showrkigure4.4 andFigure4.5. The validation was carried out at

98% reliability. A different dataset was used fordam®|l s 6 val i dati on and the
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 ere 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 tpateghent
temperature model. The performance of these models was compared against the LTPP models as
shown inFigure 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 temperaturesmpared to observefbr 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 suggessiter temperature

to consider for PG determination.

The actual versus predicted highest meday annual pavement temperatures are showigure

4.5 and itwas 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 obserfgedalmost all the locationghat the
developed modalid notestimatdower pavement temperaturegereas, 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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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 computetlidbraxcode was written.
This code was also utilized to plot map charts as shoviaigimre 4.6 and Figure4.7. 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 raspltst an

maps.

The predicted highestd@ay mean annual air temperature for the province by theemury for
different RCPs under consideration are highlighteligure4.6. It is expected that, for RCP 2.6,

the magnitude of highestday mean annual air temperatures may increase by 3 to 4 °C for many
locations in Northern and Southwestern Ontario by thecentury. 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 hawecaease 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 endcentury.

The mean annual minimum air temperatures (MAMAT) using average data from GCMs
for the baseline and future time peridds different RCPs are shown Figure4.7. From this
figure it can be observed that by the year 2100, it is expected that, for RCP 2.6, a comsiderabl
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 scenarrdhEdRCP 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

endcentury.

2021-2040 2001-2020

2041-2060

2061-2080

2081-2100

Figure4.6 Highest 7day mean annual a@iemperatures using average data from GCMs for

baseline and future time periods for different RCPs, °C
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2061-2080 2041-2060 2021-2040 2001-2020

2081-2100

Figure4.7 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 mafaxth, a code was written in python 3.8 using the same
packages as mentioned earlier. The estimated mean annual higtessFrgure 4.8) and the
minimum pavement temperatures mapsg@re 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 developedsnweled also compared with that of

latest LTPP models as shownkigure4.10. For the LTPP 3.1 model, a target rut depth of 12.5
mm, which is typicalfor 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 fiolonithe

nearest 6 °C increment to estimate the required PG.

By the year 2040 and with the bestse 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 highes
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 thigemidcentury. The results
generated using the developed models also suggest that, for RCP 4.5, more locations in north
eastern and nortlvestern Ontario are expected to see a change in their higtlagtiiean annual
pavement temperatures. This incre@sg result in the highest pavement temperatures to reach 55
°C and 60 °C for the most part of northern and southern Ontario, respectively, by-ttenamng.

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 observeddresh8 and

Figure4.9 that under the worstase scenario, RCP 8.5, almost the whole province may undergo a
change inthe highest and lowest pavement temperatures by theesmdry. The ®tlay 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 pavemyesratures

may increase te30 °C to-25 °C for northern aneR0 °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 ya@02

The pavement temperatures estimated using the developed models and the LTPP models,
were utilised to determine PG maps, as showigare4.10. 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 Figure4.10 that, by the miecentury, using the developed models, a change in PG may be
required for southern and major parts of northern Ontario, thus suggestig 5228, 6428 and
70-22 for the whole of Ontario. The LTPP models, on the other hand, sugeg@st 5234, 5828
and 6428 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 R@ah also be noted that the most suitable PG

suggested by both models may be382 5828, 6428 and 722 by the endtentury.
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Figure4.8 Estimated Highest-day mean annual pavement temperatures usvegjajged 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 &#jamed4.5.

These Figures also show that the LTPP 2.1 ma$imated lowerminimum pavement
temperatures, whereas it estimated argéalues for maximurpavement temperatures for most

of the locations investigateBrom Figure4.5, the developed model substantigdhgdicted higher
values, as compared to actual, tlee highest ®lay men 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 shogured.10, suggest that

there may be a need to change the current PG set for the whole provincecentemy. It is also

worth mentioning that the results generated using the LTPP models suggestéheGaet 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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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 medisoaéid 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 ergugperformance 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 the periods i.e., baseline (2001 to 2020), stearnh future (2021 to 2040),
mid-century (2041 to 2060), third quarter (2061 to 2080) anecentlry (2081 to 2100). Detailed

review and analysis of the data indicates that mean annual air temperaturescrgse
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 Jdghasean,

and lowest annual air temperatures may rise by a magmfutiso 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 th@age RCP 8.5 by the ermentury. 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 ¢hendcentury. It can be concluded that, by the-eadtury, under the
worstcase 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 temperatutbd®G by
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endcentury. 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 82152828, 6428 and 7622 using both

the developed and LTPP models. The models developedsisttily 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 awda-urthermore, these modelere developed and tested

using climatic, surface and sub surface data from no permafrost locations and are therefore limited
to no permafrost locations of the provincéhe result of this study provides valuable
recommendatins 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 gasesesult of anthropogenic
activities. The Intergovernmental Panel on Climate Change (IPCC) has reported that its
conseqguences on specific locations will vary over time (IPCC, 2014). Canada is a prime example
of a country whose climate has been seveafiiycted. 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, Canadads changing cl
may expeience 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 pavemem&apected to maintain good structural and functional
performance by resisting environmestated stresses and displacements, in addition to
transmitting | oads from the traffic to the sul
these paveents 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 moistureféramsecipitation 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 saturationthélpavement
structure. During theéhawing phase the upper layers thaw first, resulting in excess moisture
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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, narstalsn

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 logsternal 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 loadrothe 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 financiatiyadlower 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 rerabdates. 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 daid/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 foone 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 pawaisieess. By the
time these pavement distresses are reported, the structural strength has already been compromised,

since the SLRs often require three to five da
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authorities (Miller et al., 2014). @v the years, many road agencies and authorities have started
using sciencédased methods to determine the SLR application date and duration rather than fixed
dates or individual judgement based on field observations. Quantitative methods, such as
measurig the pavement deflections using a falling weight deflectometer (FWD) or estimating
different indices based on climatiata ardoecoming 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
guantitative methodobies 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 skeattbindices and/or frest

thaw depth prediction models to determine the SLR thrdshdhe 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 tenapere forecasts to provide advance warning for SLR

application and duration.

The province of Ontaribas 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 tke large
contributor to the overall national Gross Domestic Product (GDP) of Canada (Gov. of Canada
Stat s, 2016). Al most 20% of Ontariobs entire
and are in a seasonal frost zone. The Ministry of Transportati@i®@TO) 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, wdmithe 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 sdiémperatures 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 designdaservice life of the pavements. While assessing
the performance of pavements, the climatic load is considered the most significant factor (Sun et
al ., 2019). Al most 50% of the pavement struct
et al., 205, 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 highlightedithate 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 rehalaition 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 LdRestrictions (SLR) periods to ensure the

sustainability of low volume roadways.
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Most of the analytical models developed to predict St&t,and duration are either developed

for a specific type of climate and/or require site specific calibration. Mogteon 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 isdtemnine 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 phaset 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 Namnthern a
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 rmatéi 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 historicalZ@r0o)L

and future time intervals: sheteérm future (2@1-2040), midcentury (20442060), third quarter
(2061:2080) and enaf-century (20812100). 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 emissia 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 industrggitive spring season.

122



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 basediast 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 St&refation

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:

O Y<B Y  p® X (5.1)

Where,0 "Yi®©the cumulative thawing index in °C day¥, 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”lY ) which is defined as the magnitude of air temperature at which the surface
temperature fluctuates around O °C. If a thawing phase is interrupted by a substantial refreezing
event, the CTI cannot be negative and is consequently reset to zero (Mahahe¥386). 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 cunudadir 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, resgtively.

061 GEYREAE & Qc u T8t pd "00 (5.2)

8 YER & & Qi 6 00 (53)

Bradley et al (2012)

In this method, models for initiating and terminating SLRs were developed by corelating weather
based indicatrs 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 Usesfar the determination

of CTI.

0"'Yo Y —— (54)

Where'Y and’Y are the maximum and minimum daily air temperatures in °C. Starting March
1st,”Y 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 shout@dlbelated as
follows to compensate for the time when the ambient air temperature goes below 0 °C.

o'Yo vy ——— (5.5)

It is recommended that SLR should be removed either eight weeks following the application date,

or whenthe CTI hits 350 °@lays, 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 referencer&eunps and measured air
temperatures to calculate daily FI and Tl 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 teatpee is taken asl.5 °C, which begins on 1st
February, and it decreases by 0.5 °C every week until it reaches a vedue W€ during 24th

30th May (Mn/DOT, 2014). The values of Tl and FI are then used to determine the cumulative

thawing index as giwn in the following equations (Mn/DOT, 2014):

CTI=B O OQ¥EL "QOVNQQmd 2 O w VBIwQ Q d0LE00 w (5.6)
1 Case A: when——— 'Y >0°C (The pavement structure is thawing)
Then,0 & "QXiEdL "QINQQ w Y

andO & QB HQ Q FORI 0 I

1 Case B: when Y <0°C
Andd YO m®@ mJ #——— h (Significant thawing has not yet occurred)
Then,O @ "Q¥Ed0 "QIN'Q Qmd andO ® "QBIwQ Q GOV J

i Case C: When Y <0°C

Andd YO m™@ mJ#——— h (Pavement structure is refreezing)

Then, O @ Q@O QONQ QDI and O wVBIWQ QIR gt J #
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Where CTl is the cumulative thawing index calculated over a period ftora dlays in °C-days,

CTI resets to zero on January 1%, is the maximum daily air temperature in °G, is the
minimum daily air temperatures in °C ai is the reference air temperature in °C. As mentioned
before, the referencentgeratures 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 thereforedstive refreeze
factor.

This method suggests that the SLRs should be implemented whelaya f8recasted
temperature period gives a CTI greater than 14f&s. There is no specific value of CTI,
suggested by this method, which corresponds to the rérab®.Rs 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 remiai place for a minimum of 4 weeks and a maximum of 8
weeks.

5.2.2. Based on FrostThaw 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 CRI@hdere 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 thg'simatching CFl or CTI value. Chapin et al. (2013)

126



and Pernia et al. (2014) compared thedRared values of a linear and polynomial trend functions
and found that the polynomial model provided highesgdared value for their research sites. As

aresulttheir prediction model is based on a secorakr quadratic equation which is given below:

W W 0w QO (5.7)

Where,kis the frost or thaw deptihis CFl or CTI andifiitoare the regression coefficients.

5.3. Development of aNetwork 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 thesestai s and data wutilized in model s
Figure5.1 andTable5.1 SLA and RWIS Stations used for Development of Madsigectively.
Regresion 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 sagi@ntario, latitudes of
sites were included as an explanatory variable. The models were based orosdeongdadratic
equations developed using regression analysis. The models were evaluated based-on the R
squared, Root Mean Squared Deviation (RMSiy) lean 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). Th8LA data is used by MTO to monitor subsurface frezsv 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 regionssaontario,
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 asw@ierature, 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 devetbfor Northern and Southern Ontario
in order to account for the difference in climatic conditions. Wailalysingthe air and surface
temperature data, it was observed that the Northern and Southern Ontario have different trends of
temperature with latitdes. 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 statidas
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 andesueimperature 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 consecutiegslof 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

corelateTD 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 eeapioythe Statistical Analysis
System (SAS) software version 9.4 for the multiple seamdér regression analysis. The
prediction models are presented as equato®and5.9, whereas the location map and pertinent
details of stations and data are présdmnFigure5.1 andTable5.1 SLA and RWIS Stations used

for Development of Mode|gespectively.

YO  ofpu T8I GO ¢ YORD ¢0 (5.8)

YO @ ™Win@pYocd ¢ YOP p wo (5.9)

Where,”YO is the thaw depth for Northern Ontario aifdO is the thaw depth for Southern
Ontario. The Rsquared 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 modelsthafed

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 CTIl was determined using the reference temperatures as
prescribed by MnDOT (2014). As mentioned earlier, the dgeel models do not require any site

specific calibration, unlike previously developed models.
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Northern Ontario

Southern Ontario

Locations where MTO applies SLR

Boundary between Northern and Southern Ontario

RWIS Stations

SLA Stations

Figure5.1 The approximate locations of SLA and RWIS stations across Ontario used in this

study.

Table5.1 SLA and RWIS Stations used for Development of Models

Data used f Data used for
Station 1D Latitude | Longitude
Development Model sb6 V
ER 25 44.5° 77.8 2017 (Feld Apr) 2017 (Feld Apr)
ER 08 44.9° 75.2 2017 (Feli Apr) 2017 (Feli Apr)
ER 32 45.1° 75.6° 2017 (Feli Apr) 2017 (Feli Apr)
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ER 30 45.1° 77.3 2017 (Feli Apr) 2017 (Feli Apr)
NR 13 46.1° 79.8 2017 (Feli Apr) 2017 (Feli Apr)
NR 27 46.7° 84.3 2017 (Feli Apr) 2017 (Feli Apr)
SLA 624 47.9° 79.8 20147 2015 (Feli May) | 2016 (Feli May)
SLA 527 49.4° 89.4 2013 (Feli May) 2019 (Feli May)
SLA 671 49.8° 94.3 2013 (Feli May) 2014 (Feli May)
SLA 599 49.8° 91.2 20137 2014 (Feli May) | 2017 (Feli May)
SLA 643 50.2° 88.8 20147 2016 (Feli May) | 2017 (Feli May)
54Net wor k Level Model s6 Validation

5.4.1. Comparison of the Developed Models with Actual SLR Periods

The duration of data over which the models were validated is presenieadhla5.1 SLA and
RWIS Stations used for Development of Models T h e

di fferent

t han

t hat used for

data wutilized

of model s o
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recommendation from MTO, which states that the nsagtificant 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 presentedkigure5.2, Figure5.3 andTable5.2, it can be observed that
both models predicted the SLR periods quite well. The Northern Ontario model, as presented in
Figure5.2, 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 predictaround 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 earlieELR period for SLA 671 as compared to the measured value.

The comparison of the model developed for southern Ontario, presenfaglie 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 ERERO an
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 Bé&fod 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 climae data obtained from selected stations. The results were then compared with

that of the models developed in this study as also showigure5.2, Figure5.3 andTable5.2.
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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.

FromFigureb.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
arourd 23 days earlier than the measured. Whereas, for SLA 624, this model suggested a delayed
SLR application daté=igure5.2 andTable5.2 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 reasonableuiésfor the rest of sites. It can also be observed that the MnDOT
mod el predicted conservative results for most
around 16 to 26 days of delayed SLR removal dates than the measured. The model predicted
around8 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 longeSLR periods while predicting around 15 to 20 days earlier SLR applicattes d
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
st at i o Rigui@5.3cradiadble5(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 als® 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 foumaedibing lover

temperature values compared to observationsiost of the locations under consideratiogure
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5.2, Figureb.3 andTable5.2 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 handystidetter results as compared to the
Pernia et al. (2014) model. For Northern Ontario locations, as shawgure5.3 andTable5.2,
the Mahoney et al. modptedictedate SLR application dates for SLA 599 and 643 by 3 to 6 days
whereas itpredictedslightly early datesfor 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 trenigure5.3 and Table5.2) with three stations showing 3 to 6
days later and two showed around 9 to 12 days sooner SLR applicatidhatatealso 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 andgations when compared to other widely used motHtssever, n
Figure 5.2 and 5.3, there are some locations where developed model predicted late SLR start dates,
which can be considered anomalolisnay 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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Figure5.2 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.
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Figure5.3 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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Table5.2 Number of Days that the predicted SLR start, and end dates fell BashL@ate (+)

for various models from the literature and the model developed in this study.

Mahoney et
Minnesota | Bradley etal. | Pernia et al. Developed
Station al.

ID SLR | SLR | SLR | SLR | SLR | SLR | SLR | SLR | SLR | SLR

Start | End | Start End | Start End | Start End | Start 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

ER32 | -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

-8 +12 -7 +17 -9 -12 -3 +8 0 +17
643
SLA

-9 +3 -8 +13 -5 -8 -6 +6 -2 +8
599
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SLA
-1 -6 -1 +2 -3 -9 +1 -3 +4 -2

671

SLA
-24 +3 -19 +11 -1 +10 +1 +11 0 +6

527

SLA
+13 0 -16 +5 +1 +5 0 +16 0 +6

624

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., shoriterm (2021 to 2040), midentury (2041 to 2060), third quarter (268230) and enaf-

century (2081 to 2100). The datasets consist of mean dailgraperatures (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 Dmwaling Experiment Program (NBORDEX),

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 downscalingheijues. 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 reachiagi3 before 2100. RCP 4.5 is
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an intermediate pathway in which the radiative forcing peak arou#@d, 20d then decline and
stabilized at around 454G  via intermediate stabilization mechanisms. Whereas the RCP 8.5
depicts a high trajectory in which radiative forcing exceed)8% by 2100 and continues to

grow for some time and represents tighlst 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 Ervironment Canada (climate.weather.gc.ca) for the period of 1981 to 2010. This comparison,
for selected cities located across Ontario, Canada, is shown in biguif@vo of these cities are
located in Northern Ontario while the other two are located ith®owu Ontario. This figure clearly
indicates that the GCMs predicted the historical temperature data veryltwelpertinent to
mention here thaSLR increases the number of trips required to transport the same load and as
such further studies shouldmaito 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 wakged 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 (MAATor RCP 2.6, 4.5, and 8.5 for five time periods: baseline
(2001:2020), shorterm future (20242040), midcentury (20412060), third quarter (2062080)

and enecentury (20812100). 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 bi6XC in MAAT, whereas RCP 4.5 is predicted to
result in an average increase AT in MAAT. It's also worth noting that with no climate change
strategyj.e.,RCP 8.5, MAAT can be expected to rise by-8.5°C on average across the province

by the year 210@igure5.5 also illustrates that the southern armith-westerrsections 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 stadgsdanhd durations were determined
using average MDATSs 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 duretifor various time periods and RCP scenarios are shown
in Figureb.6 andFigureb.7. Differentcoloursin 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 SidRiods. 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 emy esntampared
to the baseline period. It can be observed fraguire5.6 that, considering the temperature changes
predicted using emission scenari@R 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
obsened 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 starttdatexpected 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 Souther
by the enecentury. Under these circumstances, most of the Nortkgrans 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 periodsoiiih few Southern
locations requiring a 220 days SLR péod.

It can also be observed fromigure 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 thecemdury, most of the regions may need a 10
15, 3035 and 3540 days ofSLR period with a few locations in Southern Ontario exhibiting 15
20 days of SLR period. Whereas, under the weaise scenario, i.e., RCP 8.5, it is expected that
almost whole of the Northern and Southern Ontario may require3® 8@ys and Q5 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 presenkeglire5.8. These maps were created
using the RCP 8.5 data by using the similar approach as used in drogiimg5.6 andFigure5.7.

The results from this analysis indicate that, by the-ceidtury, some of the Southern Ontario
locations may need the SLR to start by Mat& 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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restrictiors 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 heesthictions 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.
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Under RCP 2.6, 4.5 and 8.5 for various Ontario cities for the period 2&B1
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Figure5.6 Prediction of SLR Start Dates using the Developed Models.
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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 seeRigure5.2, Figure5.3 andTable5.2, the predictions
by the developed models are superior to other modptsted in the literature. The findings also
indicate that, for some locations, the developed maateldicted higheand/orlower temperature
values as compared to observatibosin no instance, these predictions would have a detrimental
effect on the pvements. 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 consicerl when the thawing front reached a depth of slightly more than 45
cm, and after some days, went back to O 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 presentedhigure5.7, a rather abrupransition 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 areetter 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 8LR 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 inlthe mode
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 proptisetiterature indicates a
superior performance.

To quantify the impact of climate change on SLR durations, climatic data for the baseline
(2001 to 2020) and future, shaerm (2021 to 2040), midentury (2041 to 2060), third quarter
(2061 to 2080) anéndcentury (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 increaseuhitbeg
century It is anticipated that, under the RCP 8.5, Northern and Southern parts of the province will
see an increase in MAAT of4and 812°C respectively by the end of the century.

The research also led to the conclusion that, as air temperatarkisely 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 tlensequences 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, depenitieg on
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 locatiomss the province, under RCP 2.6 and 4.5,

may need up to 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 on conclude that, under the worsise 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 concludéatorthern 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 dividedarihree 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 watl830ays 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 Sp&iod by the endentury 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 stat® located in Ontario and therefore, the adequacy of these models
should be evaluated for other locations using site specific measureAldatahese modelsere
developed and tested using climatic, surface and sub surface data from no permafroeslocati

and are therefore limited to no permafrost locations of the proviinese models can be further
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improved as more data becomes availablee addition of data from additional stations and/or
removing data from existing ones, which were used in theehdelelopment, 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 Norttremodel, 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 pupose 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 periodsfutuhe

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 sectiorinvolves 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 pthRCPs
historical climate data normals for the period 12810 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 datasklected RWIS and SLA
stations. Section two highlights the effects of climate change on asphalt PG selection across the
province. For this quantificationnew regression models, to predict pavement surface
temperatures, were developed using air temperatand latitude of a site. These models were
developed to determine the relationships between asphalt pavement surface temperature and
ambient weather datollected fromRWIS stations, in section ond@he developed models were
used to predict the pavemtdemperatures for future climate datanpiled in section onend the
results were compared with thattb&élatest LTPP model$Vhereas the third section of this study
talks about the implications of climate change on SLR periods across Ontariodoyltbentury.

For this, network level regressionodels 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 RWISietms 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 usinthe future climatedatacompiled in section one. The performance of this

model was evaluated bymmp ar i ng t he model 06thoseg@nmentywsedeord r e s u
proposed in the literatur@&he results suggested a superior performance of the model developed in

this study compared to those commonged or proposed in the literature

6.1. Conclusions
The examination of historical and projected temperature dataeshinat the climate in Ontario
will change significantly in the future. Foine whole province of Ontarja rising trend in air
temperature is expected in the futungth the mean annual agrmperature (MAAT) projected to
increase between 1°& 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 thecigions 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 locatiossawdly
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 bynithefecentury for the bestase scenario (i.e., RCP
2.6), many Northern Ontario locations, and under the woasé scenario (i.e., RCP 8.5), almost
the whole province may have the maximurdaf mean annual pavement temperatures increase
by 5°C. By the ed century the mean annual minimum pavement temperatures may increase by a

magnitude of up to 5 and 2C, 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 tempenaidets i.e., the LTPP
models, predict highervalues foraverage tlay maximum pavement temperatures &nwler

values fominimum pavement temperatures for a considerable number of locations across Ontario.
Based on the results of this study it can be eated that by the end of the centurpder the
worstcaseclimate changecenario, i.e., RCP 8.5, the practice currenPG suggestedor each

the MTO zones may require at least one, and in some casesgrade increases in thaiurrent

high and low temperature PGurthermore, the results also suggested that the province can be
divided into 4 instead of the current 3 zones on the basis of asphalt PG. Tiseitabé PG sets

can potentially b&2-34, 5828, 6428 and 7€22 within the 4 new regions

The study Bndings suggestdthat SLR start dates and durations may change in the future
depending on the emission scenafibe results indicatethat the optimal SLR start dateay be
sooner in the futer than the baseline perioddany 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 subface thawing periods thus making this approach
unreliable for determining the SLR periods in the futuflis studyalso concludg that the
expected rise imir temperaturewiill result in arise insurface temperature indicdsus making
the SLR to startarlier anchave ashorter duration. The early Blstart dateaeed to be considered
by the relevant agencies iagplicationsof not applying the SLR earlier could result invpement
damage and losa strength The $orter SLR durations, on the other hand, resuks$scostsfor
the trucking industryif determined accurately-or emission scenarid®CP 2.6 and 4.5t can be
expected thaa significant number of places across the provimoald requirethe SLR to start
approximately20 days earlierby the end of the century. Furthermdic, emissionscenaridRCP

8.5, all localities mayave torevise the SLR start dates. Tiesultsimply that, in the worstase
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emission scenario by the year 2100, virtually all places where MTO or other agencies ampose
SLR period, the restrictions need to be in placerbg-April. The findings also shoed that the
northern regions may require greater SLR period adjustments thsoutherrregions This study
proposed network level models to predict pavement surface tetupes 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 pesiadross 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:

1 Researchers and practitioners attempting to quantify the influence of climate change on
other projects and/or structuresay find the predictionof changes in aiand paement
temperatures of interest analue This finding was published in the ASAETD
conference paper, Basit et al., (2021).

1 One of the novelties of this study is the development of network level models, specifically
for Ontario. Specific models are démeed 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.a(2022) and Basit et al. (to be submitted to ASCE Journal of
Cold Regions Engineering).

1 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 purpodeiineaps 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 authoritiésrtorfoltrstand 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 ColdiGtegEngineering).

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 removaLé&¥ 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 thmvince. This finding was published in Basit et al. (to

be submitted to ASCE Journal of Cold Regions Engineering).

6.3. Recommendations for Future Research

Theobjectivesof this study were tdevelopnetwork level modealfor prediction of pavement

temperatureand SLR periods from ambient air temperature data and to predict the effect of

climate change on asphalt PG selection and future SLR periods @erias, Canadalhe

findings of this studyindicate that climate change may have an impact on the agjthalhd

SLR periods across the province. Based on the findings of this study, the following

recommendations for further research are made

1 The current study utilized a few years of climatic, surface, andggice data from a
limited number of SLA and RV@ 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 stuegre generated and tested using the climatic
data obtained from selected stations located in OntHreyefore 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 tempature 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 betaen 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 dBp 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.

Currert 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 pyranometersito recor

this data.
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1 Itis 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 resultghe future researchtoincreaséh e mo del 0 s

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 predictiondeanade more accurate.
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Appendices

Appendix A: Temperature Profiles for SLA Stations

Figure Al: Temperature Contours at Different Depths from March to May 2013 using SLA 671

Temperature Data

Figure A2: Temperature Contours at Different Depths from Maréhayp 2014 using SLA 671

Temperature Data
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Figure A4: Air Temperatures and Soil Temperatures at Different Depths from March to May

2013 using SLA 67Temperature 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
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Figure A6: Air Temperatures and Soil Temperatures at Different Depths from March to May

2019 using SLA 67Temperature Data
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Figure Al11l: Air Temperatures and Soil Tesngtures at Different Depths from March to May

2014 using SLA 599 Temperature Data
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Figure A12: Air Temperatures and Soil Temperatures at Different Depths from March to May

2017 using SLA 599 Temperature Data
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2014 using SLA 643 Temperature Data
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2015 using SLA 643 Temperature Data

176



910zZ/€/5
910Z/92/v—{

970Z/6T/

mﬂoN\Nﬂ\qJM
910Z/5/¥
910Z/62/€
9t0z/2z/€
9102/ST/€
910Z/8/€

910Z/1/¢€

-9102/¥2/S

—9t0Z/LT/S

-910Z/0T/S

-910Z/€/S

-9t0z/9z/v

-et0Z/6T/V

-910Z/ZT/Y

~9102/s/v

-9t0Z/6Z/€

-910Z/22/%

-910Z/ST/€

-910Z/8/€

910Z/1/€

1.5
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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 Tesngtures at Different Depths from March to May

2019 using SLA 643 Temperature Data
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Figure A18: Air Temperatures and Soil Temperatures at Different Depths from March to May

2014 using SLA 643 Temperature Data

178



ST/9/9

o— Temp. @ 45cm —o— Temp. @ 165cm

—e— Air Temperature

—e— Temp. @ 5cm

- ST/0E/s

- st/ez/s

- sT/91/s

- S1/6/s

- st/2/s

- s1/s2/v

- st/81/v

- sT/TT/Y

- ST/v/v

- s1/82/¢

- st/12/€

- ST/vT/€

- st/L/e

22.5

20
17.5

15
12.5

o
—

n

n n
~ o~

(20) @4niesadway

sT/8z/z

Date

Figure A19: Air Temperatures and Soil Temgderes at Different Depths from March to May

2015 using SLA 643 Temperature Data
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Figure A20: Air Temperatures and Soil Temperatures at Different Depths from March to May

2016 using SLA 643 Temperature Data

179



225
20
17.5
15
12,5

—o— Air Temperature © Temp. @ 45cm o Temp. @ 165cm

—eo— Temp. @ 5cm

Temperature ( °C)

-12.5

-17.5
-20
-22.5
-25

2/25/17
3/a/17
3/11/17 -
3/18/17 -
3/25/17
4/1/17 -
4/8/17 -
a/22{17
af29/17
5/6/17
5/13/17 ~
5/20/17 -
5/27/17 -
6/3/17

D 4/15/17

o
4]

Figure A21: Air Temperatures and Sog@mperatures at Different Depths from March to May

2017 using SLA 643 Temperature Data
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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 Bifnt Depths from March to May 2014 using SLA 624
Temperature Data
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Figure A23: Temperature Contours at Different Depths from March to May 2015 using SLA 624

Temperature Data
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Figure A24: Temperature Contours at Different Depths from March to May 20 SisA 624

Temperature Data

Figure A25: Temperature Contours at Different Depths from March to May 2017 using SLA 624

Temperature Data
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