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Abstract

Greenhouse gasses (GHG) emitted by the ingrrof fossil fuels and supplementary
anthropogenic activitieare on the risaince the industrial revolutiorThe world is becoming
warmer and more polluted widuchgaseswhich have alscaused notable changes in the climate.
Theenvironmenhasbeen affected by this situation and Canadian airports are no excédptisn.
research aims to presemtimerouscharges of climate at different airports located in various
provinces and territoriesf Canada. The extent of precipitation and risk of flooding, the highest
and lowest annual temperatures, the fluctuation of fréleae cycles, and the variation of
permafros are all considered. In addition, this research analyzes the impact of thage<loa

the operation and/or performance of the airside infrastructure at the selected airports and provides
recommended considerations for mitigation and adaptation strategie

The correlation between the changes in climate and the impacts of these torfibld
infrastructure was assessgdan array of laboratory tests which the samples wesebjected to
conditions simulatingmoisture damage, rise of temperature, tredfluctuation of freezéhaw
cycles. The Hamburg wheel tracking test (HWTT) vwesformed to evaluate rutting under
various temperatures as well as different quantities of frdem@ cycles. The tensile strength
ratio (TSR) was developed to assess #uiction of indirect tensile strength (ITS) due to freeze
thaw cycles. The ITS sellts were used to calculate a crack propagation index called IDEAL CT
Index which provided insights into how freetteaw cycles affect the crack propagation of flexible
airfield pavement infrastructures.

Thefindings of the research indicateat Canadiaairports are indeed experiencing a rise of both
the maximum and the minimum temperatwteich is inducingthe amount of rainfalio riseas
well. Snowfall on anotherhand,is varying depending on the locatigib®ing Montreal airport
the one experiencintipelargestreductionwhile Winnipeg airporhasthe most significangrowth
over the analysed period of 70 years (1:2009). Considering the developed freetteaw cycle
aralysis, the results did nehowa significantincreaseor decreasgjust fluctugions among the
years However, it was noticed that depending on the location, the amoanhoilFreezeThaw
cycles varied significantly starting frokfellowknife internatonalairport with an annualaverage

of 9 cycles per yeato Halifax internationahirport which registered an average of 22 cycles per
year. Furthermore, the permafrost analypiesented tharellowknife and Whitehorse airports
are build on top offiscantinuous and sporadigermafost, which makeshem susceptible to
settlement and fatigue crackidge to the lost of support caused by the reduction of permafrost.

The results from the laboratory tests performed on airfield asphalt samples intliedfeseze
thaw cycles and highetmperatures induce the asphalt mix to become softeinmakmore
susceptible to rutting and shovin§reezethaw cyclesincreasedpremature rutting failure
compared to thene fortemperature variatiomApartfrom the fact thaas the number of freeze
thaw cycles increased thensile strengtivas reducedt is significantto notethat the relationship
was hon proportionaHence, the higher the amountfrdezethawcycles induced, the less impact
they will have on the mix. dditionally, it issubstantl to notethatfreezethawcycles make the
asphalt sample softer, also in a Aamoportional way The CT-index increasd as thetensile
strengthwasreduced due tthefreezethawcycles. As the samples becomes softer, theggmar
fracture dissipates which implies a less brittle performance; hence, less susceptibility for the
cracks to propagate.
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Chapter 1

Introduction

This chaptecontains the introduction, the objectives, andrdsearchnethodology of the thesis

1.1 Introduction

Over the last centuries, population and technolaggwth, the industrial revolution which
improved the automation of procses intensified th&evelopnent of the economy andhe
production of products and assedince this period, the concentration of greenhouse gases (GHGS)
started toincreasesignificantly resulting inchanges in the staard deviationof the climate
worldwide (Masters W. P., 2010T herefore, climate change is emperativematter that requires

the collaborationof all the possible field§Engineering, Environment, Politics, Economics,
Health, Science, and so onprking togetheto find mitigation strategies to reduce the impacts

of the changing climate as well as adaptation strategies to learn how to live with the changes that
affect the world in the present.

From an engineering perspective, which involves the planning, designstrucion, and

maintenance of assets, climate change impacts gliithsedefore mentioned and is continuing

to do soThere is a mathematical approach to measure human impacts to the envirdenoted

as I=PAT, meaning thaheseimpacts are equab the Populationmultiplied by the Affluence
(consumptiopproduction per capitadnd multiplied by théechnology(environmental impacts

per unit of consumption/productiondeing engineers accountable for this last oftdoldren,
Daily, & Ehrlich, 1995)Hence,i i s engi neer 6 s r e s ppottoactabainsti ty t o,
this worldwide challengeclimate change.

Canada is affected by the changes in climate. The expected location of weather events has
changed as wedls theintensity of theeoccurrencesausing more severe floods and hurricanes,

greater droughts, arbnsiderablelamages to infrastructur&opalakrishnan, Steyn, & Harvey,

2014) The Canadian airsidpavementsare being aso affectedby the variationsn climate
provoking ©planning, design, construction, and
resiliency of the infrastructur@hese modificationsepresent a significant challenge for decision

makers because of sustalility reasons Hence, the modifications have to make the
infrastructure more resistant against the present and future climate while the negative socio
economicand environmentampacts must bkept constandr reduced

Understanding how the climatedsanging, not justin a holistic perspective, but more specifically
how it is varying depending on the location, the weather event, the time period, and so on, can
make of decisiommaking processes significantly easier. This research has focused ortingalua

the changes in temperature and precipitation, the fluctuation of fteawecycles and wind rose
diagramsand the variation of permafrost areas, and how are these events impacting the Canadian
airside infrastructure. To assess these impacts, diffésiboratory tests were conducted on an
airside surface material inducing distinct environmental conditions to the samples, aiming to
exemplify changes in climate, in order to obtain objective outcomes more than subjective ones.



1.2 Objectives

This reseech aims toachieve the following objectives:

1 Present the changes in climate different airports located idistinct territories and
provinces of Canada
o0 Changes iwind direction andstrength
o Thevariationof precipitation
0 The behaviour of maximum amdinimum tenperatures
o Thefluctuationof freezethawcycles
0 The lost of permafrost.
1 Analyze the impact of these changestheperformanceand/oroperationof the airside
infrastructureof theselectedairportsby developing &boratory tests
1 Providerecommaded mitigation and adaptation strategies to overcome or dissipate these
impacts

1.3 Thesis Methodology

This investigation intends to serve as a call of action for Canadian airport autharites
consultars to have a more objectivenderstanohg of the inpact of climate change aairport
pavementnfrastructure. It aims to evaluate performance impactsralade those to operation
impacts.This research does not intend to delve into each specific problem but to evaluate them
in a cause and consequence pecsive Thiswill help to develop superioconsiderations for
mitigation and adaptation strategies.eTtifferent steps that correspond to the methodology of
this projectare presented iRigure 1.1.

Impacts of Climate Change on Canadian Airport Pavements

A\ 4
Task 1 Climate Data Collecton

Task 2 Task 3.1 Task 3.2
Wind Temperature Precipitation
Analysis Analysis Analysis
Task 4
Laboratory
Testing
\4
Task 5

Mitigation & Adaptation
Strategies

Figure 1.1 Research Mdtodology



Task 1: The first part of the methodology of this research consist®ldctingthe climatedata
around different significant airports from distinct provinces and territories of Canada. The main
set of datas obtained from Environment Canadadasata from Meteblueis usedfor the wind
analysis

Task 2: To evaluate the impact of wind on the operation of the airpartsualwind rose
diagramscollected from Meteoblue stations sint@85are analysed to calculate the usage that
the selected aigots have beerbde to provide to their runways against crosswimdis illustrates
and quantiesthe windsinducedchanges to the operation of the runways. The reatdissed to
develop mitigation strategies against the fluctuation of wind speediseutiohs.

Task 3.1: The temperature analysis presethie impacts of the different changes in temperature
on the airside pavemeirtfrastructure Therefore, each specific pavement sectexamines
distinct behaviourdA freezethawcycle analysisis condicted on thelevdopment of a calculation
program to compute the quantity of cyclesr year in each specifiairport evaluatedThis
consiss of using performance data to develagemperature transmission formula get the
surfacetemperatures of the pamert from the ambient temperaturéhe main objective of the
analysiss to examine hovthe number cycles per yeare changing.

Task 3.2 The precipitation analysissimilar to the temperatureanalysis correlats the
temperature changes with the changepreciptation, rainfall, and snowfall depending on the
province and or territoryThis task aims to quantify thehanges in precipitation, rainfall, and
snowfall.

Task 4: The laboratory testing is the continuity of the temperature and precipitatitysiariaat
mainly consist on developing moistund temperaturesusceptibility tests including the
Hamburg Wheel Trackingiest(HWTT) to measure rutting and stripping, as well asltitérect
TensileStrength(ITS) to measure the Tensile Strength RatiS§R) on an iaside asphalt mixture

by inducing different conditioningsf freezethaw cycles and saturation to the samplds ITS

data will be used to develop an IDEAL CT which is the calculation of a cracking propagation
index to evaluate the impact oekzethawcyclesonthe formation and/or propagation of cracks.

Task 5: Once the main outcomes of the analysis are obtained considering the literature review,
mitigation and adaptation strategies will be proposed for the different scenarios studied and
described in the tasks above.

1.4 Chapter Summary

This chapter encompaskéhe introduction, objectiveandthe methodology of this research. It

explained how the main cause of climate change comes from anthropogenic actions as well as the
responsibilityo f mi tigating i tstob.dn dther words, hpneao mitaeté s h and
environment are measured by the population, the affluence, and the technology for which
engineers have power over the last one. Canadian airport pavements are being afféated by
changes in environmental loadausing design, construction,and ma@mnance6s adapt ati
keep the resiliency of the infrastructures. It is of paramount importance to understand the changes

in climate at the specific locations to make the decisiaking processes easier and more reliable.

The main objectives of this search are to present different changes in climate at the selected
airports located in distinct territories and provinces of Canada as well as to analyze the impact of
these changem the performance and/or operation of the airside infrastructure otkbetex

airports by correlating environmental analysis with several laboratory tests. Additionally, to
provide considerations fomitigation and adaptation strategies to overcomeissipiate these

impacts.



Chapter 2

Literature Review

The purpose of thishapter is to provide background information concerning climate change,

airport pavementsandthe impact of climate change dhe transportation industry i@anada

Furthermore, to esent the researgfapson investigating the impacts of the changingnelte on

the Canadian airport pavementds operation and/ o
practices orassessinglimate impacts developing laboratory tests

2.0Climate Change

The term climate change has gain substantial popularity in the past decades but people continues
to confuse it with the weathdefinition. Weather, isa description of a shetermvariation of the

state of the atmosphere while climate, is a ke aveage of the weathe(Climate Atlas of
Canada, 2019Weatherhas drastically varied; nonetheless, it created a patternstdtistical
distribution Hence, climate change refers to a variation of the statistical distnibof the

weather patterngMasters W. P., 2010)

The first steps on noting the significant changes of the climate started at Sweden in 1896 with
Svante Arrheniusa physicist and a chemist that discovered that puttingfignt anounts of

CO2 in the atmosphere could cause the planet to become wéBaeal, 2019)in addition, in
1938Guy Stewart Callendar started evaluating the
times (1880) to is date. He revealed that The Earth was indeed getting warmer mostly due to the
industrial processes of burning coal and (pplegate, 2013}igure 2.1A illustrates thathe

global annual temperature is rising which is sgjeatly causing the intensification of other
climate events such as precipitation, wind, frefmav cycles, among othergslames Hansen,
2006)In addition, the main changes, as presentddgnre2.2B, are happening in nortm areas

of the planet whicltonsiderablyincreases the probability/intensiof the mentioned events in
Canada.

B —-—Annuél Mean
;| — S-year Mean

1880 1900 1920 1940 1960 1980 2000 2 -16 -12 -8 -4 -2 2 4 8 12 16 21

(A) (B)

Figure 2.1 Surface Temperature Anomalies Relatives to 1951980 (A) Global Annual Mean
Anomalies. (B) Temperature anomaliesdr the first half decade of the 21st centurfJames Hansen,
2006)



This situatiorhas resulted ithe retentiorof heatinTheEar t hés | ower at mosphere

increase ofgreenhouse gas€S&SHG) emitted byhuman activites which since the industrial
revolution the concentratiorof thesegasesstarted to growth significantiyt has changethe
green house effeeind indued meaningful changes on the climaf€AC Urban Transportation
Council, 1998)Figure 2.2 presesthevariability of the concentration of carbon dioxide for the
past 800,00@ears As it can be sen, the concentration of this gases has been fluctuaiihg
sinusoidal behaviour with egularlyconstant amplitude; nonethetesn the pas800 yearsas it

can be seen iRigure 2.3the humanity ovemme the record of 300 ppm of concentratiolCai2
having reached in the present a value apfproximately407 ppm (National Oceanic and
Atmospheric Organization, 2019s themajor cause of climate change can be attributed to the
emissions of mainly carbon dioxidéhe main mitigation to reduce the future impacts is to

diminish the emissions of this gas and similar ones as they stay in the atmospleerdiaes.
(Environment Canada, 2019)
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Figure 2.2 Carbon Dioxide Level diring Ice Ages and Warm Period for the Past 800,@years
(National Oceanic and Atmospheric Administration, 2018)
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Figure 2.3 Carbon Dioxide Levelduring the Past8,000 yeargCook, 2010)
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Whenexaminirg climatechangeit is crucialto mention the Intergovernmental Panel on Climate
Change (IPCC). Perhaps the most recognizt=inational bodyocused and working on climate
changeit was launched in 1988 with the purpose of understanding climate change through high
level research and science and be able to provide mitigation and adaptation strategies to prevent
or reduce itsmpacts.(Bush & Lemmen, 2019Pne of themajor outcomes of the IPCC is the
different climate change scenarios that mainly depend on the carbon dioxide equivalent
concentrationfor the year 2000. These scenarios are known apresentative concefttion
pathwayq R C Paddsthey vary from 2.6 W/m2 of radiative forcing, remarkably optimist, to 8.5
W/m2 of radiative forcingexceedinglypessimistFigure 2.4 presents the projected changes in
climate depending on the concentratgathway .Undeniably the consequences of following the
RCP 8.5, more thapreoccupyingare calamitous.

a) Global average surface temperature change Mean over
(relative to 1986-2005) 2081-2100
6
— Historical
4 | — RCP26
— RCP85 39 ||
e 2 —
o
(&}
42 ik
0 - é’, 2
32 ~ &
o
(&)
[a=
2
1950 2000 2050 2100

b) Change in average surface temperature (1986-2005 to 2081-2100)

RCP2.6 RCP8.5

c)

Figure 2.4Global Climate Projections (Bush & Lemmen, 2019)
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2.1 Climate Changeeffectsin the Transportation industry in Canada

Oneof the man consequences of climate change is the reduction of the seahesAiriic, that,
according to the National Aeronautic and Space Administration (NASA), it is currently dipping
with a rate of 12.8% per decad® SIDC/NASA, 2019)Figure 25 andImage 2.1show the
significant reduction of thartic sea ice which, as a consequence of climate change, represents
the input for many other outcomes affectittte planetbeing Canadao exception The main
consequences are the risetlod sea levethatincreaseshe probability of flooding in coast and
plain areasAdditionally, the substantiaintensificationof temperature caused by the reduction of
the reflectiveness of the surface of the planet (alpaddthe increment of GHGs vith increases

the surface radtion absorb by the atmosphef®lasters W. P., 2010)

million square km

1980

1985 1990 1995 2000

YEAR

2005 2010

2015 2020

Figure 2.5 Average Artic Sea Icesince1980(NSIDC/NASA, 2019)

Sep 1984

Sea Ice Age

0-1 1-2 2-3 3-4 4»
Years

Sep 2016

Sea Ice Age

0-1 1-2 2-3
Years

3-4 4+

(B)

Image 2.1 Artic Sea Ice Reduction fronSep 1984 to Sep 2016A. 1984; B. 201§NASA, 2016)

7



Thesesituations alsacattelinto otherchangesuch as more frequent extreme snow events, floods,
hurricana, and more importantly, the change of location of weather evieatgy term designs
significantly depend on thbehavior of the climatestheremeaningful changes weather events
can causehe failure of someinfrastructuresThe increment of precipitatigrihe freezethaw
cyclesfluctuation andthe melting of permaéistcause anassive impacbn the transportation
industry infrastructures in Canada iogreasinghe frequencyand the intensityf distresses.

Emery noted thdty 2010 Canada already had a road system value of approximatelyitht®0 b
dollars with significant sensitivity to climate hazards such as the ones mentioned above but adding
fog, high wind speed, and heavy ice stor@kémate changeCanada widgcan cause changes in
length and quality of construction seasmwell as vaations in the mainteance and designs

best practices. In Northern Canada, permafrost degradation and-theezeycles cartrigger
infrastructure damage. In the soeth partof Canada, changes are expected on the winter
maintenance costs for roads aidield pavementgEmery, 2012)

According to Warren and Lemmen, Canada has become warmer and will coletihaeome
warmer It has also become wetter as annual precipitation has increased in recent decades. Annual
snowfall has declineth southernCanada. Permafrost has warmed and is projected to continue
warmingthawing exponentially.The sea level hashangedas it is risilg in a 3 mm/ea in the

Atlantic Canada and 1.6 mn@&y in the Pacific coast. Future expectations lead approximately a
meterhigher in the next 80 years for the Atlantic, Pacifind Beaufort coast, but a meter lower

in the central Artic(Warren and Lemmen, 2014)

All these changes mentioned above, create or intensify pavement distresses whiebtls dir
related to themaintenancetehabilitation, and/oreconstruction (MRR) costs. They also create
disruption during flooding ohurricane events that provoke a higher user cost and diminish the
salvage value at the end of the infrastructure servieediife to the fact that, in the long run,
significant distresses are found in @nular layersmainly in the subgrae. Additiondly, one

of the main climate change distressd tr4digger
thaw cycles(Haas, Falls, Macleod, & Tighe, 200Byirthermore, flexible pavements will be less
prompt to low temperature cracking; however, rutting distresses mighgpeavateddue to

climate change(Mills, Tighe, Andrey, Smith, & Huen, 2009n the end,climate changesi
affecting the transportation industry and the economy of Canada; hence, understating the impacts
of these changes is of paramount importance.

2.2 Canadian Airfield Infrastructure , Design and Implications

According to the Canadiadustice Law, an airpbiis an aerodrom@owered by a Canadian
aviation documentand, an aerodrome is an infrastructure planned, designed, and build for the
purpose of arrival, departurer movement of aircraft§Government of Canada, 2018jrports

can be divided in two main aredand side and airsiddhe first onds open to the public and the
second onés private and with limited acceqRobert E. Hom and J. C. Orman, 19Thgairfield
infrastructure corrgpond to the pavemestructure insidehe airside area that is envisioned to
have aircrafts as the main traffeeelmage2.2 for examplesTheseairside infrastructures are as
well divided intothreemain sectionsthe runway, the taxiway, and the apron, as it can be seeing
in Figure 26.



Image 22 Canadian National Airport System and ExamplegTransport Canada, 2017)(Google
Earth Pro, 2019)

Runway

1 Runway Lighting 10 Stopway
N \ 2 De-lcing-Area 11 Holding Position
W 3 Pre-Threshold 12 Edge Marking
I
~,T.,r gfﬁyqf 4 PAPI 13 High-Speed Twy
. : = _ _ _ Fusl Depot 5 Runway Designator 14 Helicopter Stand
Maintenance - - .
16_ General Aviation Terminal 6 Center Line 15 Fire Station
Parking
— Parking Deck B Asphelt 7 Touchdown Zone 16 Airline Service
— 9 48 [0 Concrete 8  Aiming Point 17 Bus Stop
Railway Station - Facilities 9 Threshold 18 Taxi Stands

Figure 2.6 Sample Distribution of a Typical Airport (Aehnelt, 2016)

The runway is th section of the airport pavement where #igplanesarrive and depart, which
means that are highly susceptible to massive loadsanstipenr speed of loading, shear stresses,
strong winds due to the turbines, among other loads. The apron is the pavement aréghevhere
planes are loaded and unloaded inducing heavy and static Badsermore, there are the
taxiways which are thegpt of theairsidepavement structure that aim to connect the apron to the
runway. Hence, having slow movirgndheavystaticloads



Having saidthat each of these sections require a distinct design due to the different type of loads
that are intended teceivésupport The simplest exampleorrespondso the aprons thatue to

the significant amount of stationary loathused bythe loading and unloadingof passengers

and/or goods they require an infrastructureless susceptible to stationary loads amgh
temperaturesnost commonly concrete pavemenisthe case of the runway and taxiways, the
pavement type varies between, asphalt, concrete, gravel, or a composite pavement, being this last
one a combination of an old rigid pavement with an overlagMA on top or viceversa

Figure 2.7 showan example of a flexible and a rigidfield pavement infrastructuesign using

the software FAARFIELD 1.42The traffic distribution and the annual growth are described in
Table 2.1 considering the exponehtagmentation of airfield transportation in the past decades.
Both designs are laying on an equal subgrade and count on the same availability of base and
subbase materials. The main difference is in the surface ma@m@lthickness, as the asphalt
layer only requires 200mnwhile the Portland cement concrete (PCC) necessitatémisb
However, it is significant to mention that the service life of this flexible pavement is around 20
yearswhenthe one for the rigid pavement is 30 years.

Table 2.1 Traffic Distribution for Examples (A) and (B) of Figure 2.7

Airplane Name Gross Taxi Weight (Tons) Annual Growth
DC3 11.5 0
B737-100 50.5 1
A320 Bogie 74 15
DC8-43 1445 15
B787-8 228.5 25
B777-300 ER 352.5 3
B747-8F 450 35
B747-8F Belly 450 35
A380 562 35
A380 Belly 562 35
Layer Thickness Modulus or R Layer Thickness Modulus or R
Material (mm) (MPa) Material (mm) (MPa)
[PCCSurfce | [ 6566 | [ 448 |
User Defined [ 320.0 ] \ 200.00 ]
User Dehined [ 300.0 ] [ 200.00 ]
User Defined [ 811 | [ 12000 |
User Defined [ ®6ii ] [ 2000 ]

Non-Standard Structure
e Ta T e O e O e OO TOTATATO O e TN e e e e e e e e TaTeT e TeT e TeTaTeTeTaT TN T
Lot o] P asesesers
[~ Subarade. R CBR=68 ko] 7000 ] R8T Subgrade |
----- e e e oletets!
e e o g R, M ST

3 >
Total thickness to the top of the subgrade, t = 1,381.1 mm N=0: PCC

(@]

DF =1.00: t=1.716.6 mm

(A) (B)
Figure 2.7 Airfield Pavement Infrastructure Design Examplesusing FAARFIELD 1.42
(A) Flexible Pavement, (B) Rigid Pavement

Concerning theaairport design,Transport Canadg&ivil Aviation (TCCA) correspond the main
institution in Canada to develop the standaldg tdescribe the design specifications toese
infrastructures.The main documentsegarding the airside infrastructuiege the Advisory
Circulars(AC) No. 302011, 302016, and 308004 regardinghirport Pavement Bearing Strength
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Management Syste, and unpaved runway surfacesspectively as well as themanual of
pavement structural desigk6G-19 developed in July 1992

Transport Canaddesign methods basel on the acraft load rating (ALR), the freezing index in

the location of the airport, the ground vehicle loading group, the tire pressure of the aircraft, and
the subgradebearingstrength. Therefore, the climate and the traffic ave significant sections

that ae not being fully considered on this desgpecificationss the only climate consideration

is the freezing indexvhich onlycontemplatesemperature changeand the traffianputis based

on the design aircraft loading®ublic Works Canada, 1992)

Other international design methods thatalso considemby Canadian airport authoritiese
the Federal Aviation Administration (FAA) design method whiah be used assoftware called
FAARFIELD, currently version 1.42In addition, the Asphalt Institute (Al) SWL and the
Australian Airport Pavement Structural Design System (AP 3D S)exible pavementsas well
asthe FAA Finite Element Design (FEDFAA) and the AmexicConcrete Pavement Association
AIRPAVE 11 for rigid paements(Leanne Whiteley, 2006)

None of these structural &&ld pavement design methods combine calculated stresses, strains,
and deflections with measured responseféid observation of performance of other airpants

view oflocation and other correlated factpitserefore, thebovementioned design methods are
not mechanisti@mpirical Furthermore, they do not contemplate the variation in the statistical
distribution of climate patterns; hence, climate change. Thsideration of these factors could
provide superior performance for future airside infrastrucagréhese will be significantly more
resilient and prepared for present and future loads and hazards.

2.3 Consideration of Climate Change by Canadian Airport Auhorities

The airside infrastructure designs, internationally, do not directly consider climate change as an
input, and Canada is no exempti@gction 2.1describes how the climate is changing in Canada
and how theseariationsare indeed compromising the transportation indusinythe economy

in CanadaThe Centrdor PavemenTransportatiorand Technology (CPATTat the University

of Waterloodeveloped aurvey in 2016 designed for Canadian airport authoritiesfcess their
perspective about climate chan@leu & Dutton, 2017)it is important to mention that the amount

of answerswas not enough to reach statistical significa; nonetheless, it &ill essentialto
present thestandpant of many Canadian airport authorities about climate chamghow their
awarenessegarding this matteiThe question varied from general to specific; thebjective
answers are to hgresented separated into provinaes)/orterritories agollow:

1 Consideration otlimatechangeon decision making (Figure®.
1 Climatechangeconsequences on airfield pavemg(fiigure 29)
T Cli mate change phe(Rigum@lfl)ondés perspective
1 Main bariers to contemplatedimatechangerisk and adaptation/mitigatidn the dayto-
day activities for pavemen(gigure 2.11)
1 Adaptation toclimate changerisk for airfield pavementg@rigure 2.2).

Figure 28 presents hovall of the provinces and territoried Canada that answered the survey
do consider Climate Change in thdecisionrmaking process. More information can be found in
the nextFigures, being important to mention that feigures 29 to 2.11, the higher the bar, the
more the airportwuthority/province/territory agrees that the matter is increasing and vica vers
Additionally, for Figure 2.2, the indication is how the airport may best adapt to climate change
risk for airfield pavement and therefore,
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Figure 2.9 Climate Change Consequences ohirfield Pavements

Figure 29 shows the perspective of some Canadian airport authorities under climate change
consequences on airfield pavement structures. As it can be seen, distresses such as early cracking
and crack severity are impacting all airdrt Canadabut specially those northern Canada.

Y u k o airfost authoritiesdid not provide a respond on this area as their pavement structure,
back at the moment when the survey was active, corresponded to a gravel runway. Rutting, as
shown, affects mm the provinces of Ontario drBritish Columbia; therefore, those in southern
Canada
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In another hand, settlement and heaving are affecting more the airports in northern Canada as they
primarily occur due to the metir discontinuityof active permafrodyersand the freez¢haw

cycles at the geestructures which fluctuates the porous pressure constantly modifying the
effective stress of the soil layers. It is also important to highlight that some airports at British
Columbia, a province with a superjorecipitation, aréavingpumys whichis a pavement distress

mainly caused by moisture damage.

Figure 210 provides some measurements of the perspective of airport authorities on several
environmental causes of pavement distresses. As it can bdtseerain causes are the intéys

of precipitation, the maximum temperatures, significantly more than the minimum ones, and the
number of freez¢haw cycles as the main one.
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Figure 210Cl i mat e Change Phenomenonds Perspect.

The following Figures, 2.1 and 2.12 describe the percepth of various airport authorities on
several possible mitigation barriers and climate change adaptation strategies. It can be perceived
that insufficient fundsnight be the main obstacle on making the Canadian airside infras@sictu
more resilient againgtlimate change as well as a lack of adequate climate data which mainly
referson the deficiency and uncertaintf future climate projectionsilt is significant to notice

that all the airport authorities agree that climate chadgehave a meaningful effein their
practices, especially thof®m colder regions. Concerning the adaptation strategies, new design
technologies apgarto be the most preferable option. As an example, aluminum panels are being
evaluated to be useds asurface layer for runwaym Northern Canada to mitigate surface
distresses and thdevelopmentof foreign object debris (FOD)These panels can also be
conceived as an adaptation strategy againstuthevailability of construction materials for
NorthernCanada.
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Figure 2.12 Adaptation to Climate ChangeRisk for Airfield Pavements
The main conclusion of the survey, as préséty Lu and Duttorat CAPTG workshogeld
14

during the 2017 annual SWIFT conferenskhowthat dimate change is inducing meaningful
distresses to thairfield pavement infrastructure, predominantly rutting, shoving, and ravelling




for what mitigation and gaptation strategies are being consider&dditionally, there is yet a
lack of risk assessment on the vulnerability of pavements exposed to exteathemevents. The
research of experimental designs and new technologies is of paramount importangeofor ai
engineering as well as the education of future leaaersell asesearchexrand industry should
work together to enhance the transfer of tedhgy and best practicelsastly, rew materials and
designshouldbe evaluated and/or adoptédu & Dutton, 2017)

2.4 Current distresses due to Climate Change in Canadian AirpofPavements

As it has been presented in thierature review, the climate is changing and those variations do
have an effect in thairfield infrastiucture of Canadian airport§he main distressesonsidered

by Canadian airport authoritiess presented iRgure 29 of the previous sectignvere the early

crack propagation and intensification, rutting and shoving, settlement and frost heaving, and
stripping. Furthermore, other distressthat perhaps does not affects the structural integrity of the
airfield pavemenbut do affect the operation of @rethefog and thdost of skid resistance due

to the presence of ice in the surfaBelow a descriffon of eachtype of distres@s well as an
explanation of its relationship with the changing climate.

2.4.1 Stripping

This pavement distress can be defined as the loss of bonding between the asphalt cement and the
aggregates generating moisture damaghe asphalt mix, mainly starting from the bottom of the
layer.(Solaimanian, Bonaquist, & Tandon, 2007} mainly caused by constant moisture and/or
deficient aggregate surface chemistmpdit is detriment for the pavemeas it diminishes the
structuralsupport and indusracks and potholes if is not treatédavement Interactive, 2019)

The increment of precipitation can induce an intensification of this distress. Refeage i23

for asuperiorillustraton.

@ | (B)

Image 23 Stripping | A and B are core holes showing stripping at the bottom of the layer
(Pavement Interactive, 2019)
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2.4.2ThermalCracking

This type of cracloccursdueto the expansion and contraction of the pavement structure during
the cold and hot periods of the year. In winter, the pavement structure shrinks astbeltames

stiffer, this also makes the pavement structure harder and therefore more slest®otibck.

There are two types of thermal cracks, the low temperature transverse cracks and the thermal
fatigue cracking which is mainly caused by aging and degradation due to cumulative thermal
cycles.(Mills, et al., The Road Wellraveled: Implications of Climate Change for Pavement
Infrastructure in Southern Canada, 2007)

As the roads/runways are long infrastructures incdain2ensional perspective (plant view), when
shrinking, the cracks propagate perpendicular to theetin of the way. Then, eventually during

the spring, the temperature raises and the pavement goes back to its original shape alleviating
stresses but unfortunately, allowing the cracks to originate. Image 2.4 provides a better
perspective of how thdistres appears

Image 2.4Low Temp TransverseCracking Example at YXU Airport (Google Earth Pro, 2019)

2.4.2 Rutting

This distress is dongitudinal permanent deformation caused tpetitive heavytraffic loads
combined witha softening of the surface layékhan, Nagabhushana, Tiwan, & Jain, 201t3)
can also be caused by a failure in tranular layerslue to multiple reasons such as a loss of
support of the soil assed by fatiguesignificantchangesn theground water table (GWTand

the melt ofpermafros Even though the likelihood of experiencing rutting is not elevated, it
represents a risk for airport pavements due tatmebination of complex operationscathe type

of maintenance rpiired by this distresgWhite, 2018)In Canadadue to the colder climate,
rutting does not represeaisubstantiadistress; nonetheledsecause oflimate change, the south
of Canada is becomingarmer which makes of thidistress a potential thredinage 2.5 can
serve as an example of a moderate rutting.
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Image 25 Moderate Rutting (PPRA, 2018)

24.4 FrostHeaving

Frost heaving is a type of pavemaeligtress that is mainly caused by treation of ice lenses

inside the base, subbase, or subgrade layers during the wintertime. The pavement structure in
general compressdue to the low temperature; nonetheless, the water inside thasaoi the
properties of water, expands approximgtely 9% inducing the heavingVhen thewater inside
thepavement structure thaws during the spring, the deformatiabsverecaused by the stresses

that theexpanded frozewater inducedre not fully repaired, meardrthat the pavement structure
experieces a permanent deformation after each winter which mainly depends on the length of
the winter, the temperature differences, and, indeed, the resiliency of the pavement structure.
Images 2.6 and 2.7present how the fgi heaves are developédflexible and rigid pavements
respectively.

s

SUBGRADE
| —

—

(A) (B
Image 26 Frost heaving creationin a flexible pavement A. New Pavement;B. Frozen Pavement
Structure; C. PavementStructure after Thawing (Minnesota Department of Transportation, 2013)

Crack may form from uneven support \

Ice lens begins to form from Ice lens grows as it is fed from water
free moisture in the soil by capillary movement through frost
susceptible soil causing pavement
to heave and sometimes crack

Image 2.7 Frost heaving creation in a rigid pavemenfACPA, 2013)
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2.4.5 Shoving

The Cambridge dictionary defines the word shove as to roughly push someoneethisgm
(Cambridge Dictionary, 2019%ence, this pavement distress, which is more common in flexible
pavements, is mainly caused by pushing ferteereforeheavy breakings inducing substantial

shear stresses, and the softgnof the asphalt mix instigated by a significant increment of
temperatureThat being said, this is a type of distress that can be found in the airside areas
subjected tocritical shear stressedpfty torsiors, and high temperatures; consequently, the
runway and taxi way 0 s7pesehtshaving ageskcatediattorse.of Toromtog e 2 .
airport 6 JuneBd7. ways in

Image 2.7 Shoving alY YZ Taxiways, 2007 (Stewart, 2010)

2.4.6 Settlement

This distress can bdefined as the subsidence of the ground or the structure above it. Hence,
settlement can happen at any layer of the pavement structure but it will affect, sootesr, thrda
layersabove. The main cause of this distress is a reduction on the bearauifeapthe subgrade

in many cases due to fatigue, the constant repetition of loads, or, as it is the case of northern
Canada, due to a difference in the internaksts of the soil causes by the thawing of permafrost.
For this last possible cause, céite change is responsible because, as the planet waens,
permafrost that used to be continues becomes discontinues or sjmfitiitg a great cause for

future orpresent settlementigure 2.13 presest vertical exaggeration of the surface prodife
Yellowknife airport develop by points cloud data collected by TetraTech using LiDAR in 2015.

|l mage 2.8 Lidar Point Cloud 20x Vertical Exaggerat
(Reggin, 2019)
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2.4.7Foq and Let of Skid Resistance

Among all the distresses that can impact the airfield pavement infrastrdawite environmental
conditions and loads, fog represents a significargfor certain locations in Northern Canada.
Essentiallydue to the increment eaémperature and precipitation, the ice cover of rivers is being
reduced creating fog, then tHitgy condenses causing the surface of the pavement to freeze which
subsequenthdiminish the skid resistance of therfield pavementnd rises the necessity for
winter maintenance and operatiofi$ie lost of skid resistance represent a meaningful thread
putting the safety of the users of the airport in jeopardy. Hence, winter operations have to be
executed, being the most frequent one for this case to broomirfie@dainfrastructure.
Consequently, thenicro textureis reduced, opposite to theacrotexture which perpetually
affects the skid resistangg&onarski, 2014)mage 2.9 presents an example of a foggy runway.

Image 2.9 Fogg Runway (Murmakova, 2017)

2.5 Methods of Assessing RuttingStripping, Tensile Strength,and Crack Propagation

Figure 2.12presentedsome ofthe main distresses that Canadian airports are experiencing,
depending on their lodain such asthe crackk ®arly propagation and severity for the entire
country, rutting and shoving for southern provinces, and heaving and settlement for northern
Canada. Because the last ta@istresses have a different formatitrat depend more on the
characteristics of theols and the climate at those locations, the methods to assessing these
distresses fall out of the scopéthis projectTherefore, the distresses that will be assessed are
those that occur at t he effiviioamentdllbagls. pavement so

Rutting and shoving will be assessed through the AASHTG24, named Hamburg Wheel
Tracking Test (under water), Stripping and Tensile Strength will be evaluated by conducting the
test AASHTO TF283 called Modified Lottman Test, and ligstthe results from th Tensile
StrengthRatio will be used to calculate a crack propagation index from a test developed in 2017
called Ideal Cracking Test. More details of the test can be found below.
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25.1 Hamburg Wheelracking TesunderWater (AASHTOT 324)

The Hamburg wheel tracking test (HWTT) is a test that ia conducted to measure the
susceptibility of asphalt mixes agait@bgitudinalpermanent deformation and moisture damage.
(Walabita, et al., 2018)he test consts of 4 cylindrical asphalt samples of I'aéh of diameter

and 63mm of height, subjected to a constant dynamic load which exemplifies traffic. The wheels
that induces the moving load to the samples are loaded wigtighnt 0f158 + 1 Ibwhich moves

back and forward on top of the asphalt samples creating a track of permanent deformation. The
Hamburg Wheel Testing Device (HWT Rgeps the temperature at 50°C, as it is commonly used,
and constantly measures the deformation of the samples aftaincquantityof cyclesuntil
reaching the final value of 10,000 or 20,000 cydlAsaerican Association of State Highway and
Transportation Officials, 2016)he following imags illustrate the shape of the device aanl
exanple ofthe samfes after beindested.

(B)

Image 210 Hamburg Wheel Tracking Test| ACPATT&ds Hambur g Whe;dl Tracking
Asphalt Samples inside the HWTDafter Being Tested
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2 5.2 Modified Lottman Test (AASHTO 283)

The main purpose of this test is to meaghesusceptibility to moisture damage, stripping, and
freezethaw cycleduy inducing climate conditions to the asphalt nmibrequires to separate the
sampleghatwill not beconditioned from the onése be subjected to all the conditioning methods.
The samples to be conditioned must be saturated between 70% to 80% a&sswb|eated to 24
hours of freezing atL8°C and 16 hours of thawing at 60°C to exemplifgancondition (winter
summer). Once the samples have been conditioned, thefrtteémarebroughtto 25°C by using

a conditioning chamber or by placing them undater at the mentioned temperature for 2 hours.
Having all the samples at 25 teindired tensile strength TIS) test is conducted on them. The
test is seeking to measure the ratio of change between the samples that were not conditioned from
the onesthat did. Image2.12 provides more details of the test and the samgémerican
Association of State Highway and Transportation Officials, 2003)

|

Figure 2.13 Tensile Strength RatioConditioned Samples and CompactiofEquipment

25.3 Ideal Cracking Test

It is a test that was developed by the Texas A&M Transportatistitite and the Tongji
University in Shanghai, China. It mainly consists on using the results from the ITS test (load
versus displacement relationship)dvaluate the crack propagation of the mix and categorize the
crack susceptibility oft by calculathg the CFindex. Ths index considers mainly the energy of
fracture, being this one the area under the curve of the load versus displacement graphsas wel
different slopes of the curve from distinct points which describes the behavior of the mix.
Additionally, it considers the asphalt content of the mix, the volume of the samples, the air voids,
and the maximum specific gravity of the mix (Gmm); therefat takes into consideratiothme
volumetric details of the mix(Zhou, Im, Sun, & Scullion, 2017 he nextFigure describes
superiorly what was detailed in this paragraph.
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Figure 2.14 Crack Propagation, Ideal CT Principle

According to Zhou, Im, Sun, and Scullion, the cracking test index can be obtained with the
following equation

6 "Y0& Q Q& O—6- (1)

Where 6 = sample thicknessQ = fracture energyp = Applied load,0= measured vertical
deformation,O= diameter of the sampldhe - represents the modulus (slope bktload

displacement curve) and the represents the deformation tolerance under a load.
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2.6 Chapter Summary

Climate change, better defined as the variation of the statistical distribution of the weather patterns,
hasmainly being causebdy anthropogenic reasssince the industrial revolution. The increment

of the concentration of CO2 equival@missions has growth exponentially in the past 300 years,
causingThe Earth to retain more heat in the atmosphere whigheigeratinga significant
increment of thets mean temperatey a meaningful thaw of the artic sea ice, and many other
consequencedat has drastically changed the planet as it used to be. Canddeg,not an
exception, has also suffered many consequences due to climagedheing the main one))e
increment of temperature and precipitatitime higher intensity ofloods and htricanes,the
frequent extreme snow events, and more importantly, the change of location of weather events.
All these alterations create or inwfy pavement distresses which is directly related tse of
themaintenance, rehabilitation, and/or redonstion (MRR) costs

Airports are aerodronseplanned, designed, and built for the purpose of arrival, departure, or
movement of aircraftavioreover,the airfieldpavement refers to the infrastructure that sustain

the loads induced by these aircrafts. This infrastructure is mainly divided into three main areas;
the runway, the taxiway, and the apron. The runway is the arrival and departurdedagiyway
represats the alignments that connect the runway to the apron, being this last one the area of
enplaned and deplaned of passengers and/or goods. Equally as having different purposes, they
require distinct pavement designs, especially the ruramalythe apron thianainly consists of a

flexible design and a rigid one, respectively.

The Canadiamirfield pavement infrastructure design consisaceries of requirements that the
future pavement will have to meet, but there is currently not a mé&thaebkigrairfield pavemerg

This lack of design methddadsthe airport authorities and consult companies to use international
design methods such BAARFIELD 1.42, the Al SW1, and APSDS for flexible pavements, as

well as the FEDFAA and AIRPAVE 11 forigid pavementsUnfortunately, none of these
structural airside pavement design methods are mechaampaical nor contemplate climate
change. The consideration of these factors could provide superior performance for future airside
infrastructure ashese will be sigificantly more resilient and prepared for present and future
loads and hazards.

As described irsection 2.3several Canadian airport authorities do not fulglerstanalimate

change for the praxss of decision nking yet; however, they do agree that having a changing
climate do have an effect on their practices. It was presented that distresses such as early cracking
and crack severity are impacting all airports in Canada, but specially thasethern Canada.

Rutting is affecting more the provinces of Ontario and British Columbia; therefore, those in
southern Canada. Settlement and heaving are affecting more the airports in northern Canada as
they primarily occur due to the melt or discontiguitf active permabst layers and the freeze

thaw cycles at the gestructures. Lastly, it was shown that some airports in British Columbia, a
province with a superior precipitation, are experiencing pumps which is a pavement distress
mainly caused by madigre damage.

Thedistresses that were considered to be affecting the most the Canadian airfield pavements were
rutting, shoving, stripping, frost heaving, settlement, temperature cracking, and fog,weneh
superiorly described inection 2.4 Hencesection 2.5llustrated the methods of assessing these
distresses through laboratory tests. Consequently, the Hamburg Wheel Tracking Test (HWTT)
was used to evaluate rutting andogimg under diffeent amount of freezthaw cycles and
temperatures, the Indirect Tensile Strength test was applied to measuretlieezeycles
susceptibility as well as to evaluate the crack propagation by using the IDEAL CT index approach.
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Chapter 3

Climate Data and Material Collection and Design

The climate data was collected from Environment Canada as the main source, used for the
temperature, precipitation and freezeh a w
one, for the wind analysi$he Meteobluelata set consisted ahnualaverage wind direction and
speed from 1985t02018.h e En v i r o n me ercompassethechamxdnsum, dnénimam,
and average daily temperature, as well as the sum of maarhlyalprecipitation divided into
total precipitaibn, rainfall, and snowfall. In another hand, data was collected feonperature

sensors located in Yellowknife, NW® correlate the ambient temperature and the temperature

cyclesd analysi s,

and

at the surface layer of the pavement structure. Furthermoieel algorithmto obtain freeze
thaw cycles was develegto present the variation of these in the past 50 to 70 years.

Environment Canadaspeciallyon airport locations, have available data varying from 18860
until the current date. The accessibilitiithe data miees the process smaher; nonetheless, the
obtainability of it requires a significant amount of time as the daily data is to be dovempadly
andeachyearwill be a separate excel fil®nce all the years to be evaluated are downloated,
whole setof data is to be concatenatdth complete thisassignmentvith higher efficiency, an
algorithm was developed by Dr. Hamed Bitwkhi usingthe softwareSpyder (Python 3.7) to
complete the task of concatenating the data for each specifioloca

3.1 Locations

from

As stated in the scope of this project, solely airports that belong to the category of National Airport

System (NAS); therefore, those with amnual number of passengers higher than 200,000

(Government of Canada, 201@)e tobe evaluated and use @asampledor a relative province

or territory.Image3.1 and table 3.present the airports that were selected as case studies for this

projectconsideringonly one per province derritory. The representedrport was chosen based
on theannualamount ofaircraftsor the transportationf freights. Hence, the chosen airports are
or have being the busiest ones of their province and/or territory.

Table 3.1 Selected Airport Names, Provinces/Territories, and IATACodes

Airport Name Province/Territory IATA Code
Whitehorse International Airport Yukon YXY
Yellowknife International Airport North West Territories YZF
Igaluit International Airport Nunavut YFB
Vancouver International Airport British Columbia YVR
Calgary International Airport Alberta YYC
Saskatoon International Airport Saskatchewan YXE
Winnipeg International Airport Manitoba YWG
Toronto Pearson International Airport Ontario YYZ
Montreal Trudeau International Airport Quebec YUL
MonctonInternationdAirport New Brunswick YQM
Halifax Stanfield International Airport Nova Scotia YHZ
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Image 3.1 Selected Airport per Province/Territory for Case Studies

Concerning the wind analysis, only the province of Ontario was consideredspemiéically the
southern portionof Ontario, for which only three airports were chosen due to the availability of
data. Image 2.shows the location of the airports that were considered for this analysis. These
airports were selected basguthe number b runways and théifferent direction of its. As it can

be perceived, Toronto Airport counts on 5 runways, Ottawa Airport have 2 runways, and the
CanadianForceBasein Trenton, only have one runway.

-

Ottawa International Airport

Canadian Force Base, Trenton??

Image 3.2 Selected Airports from Southern Ontario far Wind Analysis (Google Earth Pro, 2019)
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3.2 Material Designand Collection

The following asphalt mix desigwasto be used at one of the taxiways of Toronto Pearson
International Airport. The maipoints to consider of the asphalt mix designtheeperformance
grade of the asphalt cement, the content of
used forthe laboratory tests, as observegure3.1 and 3.2represents a PG 728BJ with a 5.2%

of asphalt cement. It usetreedifferent aggregates 47% of CA#1, 42% of FA#1, and 11% of
FA#2, all with distinct gradations that, together, optimize the futeréopmance of the mix and
meets the requirements of the Gezaloronto Airport Authorities.

Table 3.2Asphalt Mix Design and GTAA Requirements

¢ | "A%Sradation
Property AHITI ] Ir'\]’equirements
0 . —
Sieve Size (mm) (%) Ma>(<(|)/r0r;um erzlor/g)um
26.5 - - -
19 - - 100
16 100 100 95
13.2 98 98 90
Gradation 9.5 80.3 85 75
(% Passing) 475 54.3 65 45
2.36 38.7 50 35
1.18 25.3 40 25
0.600 17.5 30 15
0.300 10.3 20 7
0.150 5.5 8 1
0.075 3 5 1
Air Voids (%) at "Eqyy 3.9 5 3
Voids in Mineral Aggregate, VMA (%) 16.5 14.4
Reclaimed Asphalt Pavement, RAP (%) 0 0
Performance Grade PG 70-28J - -
Asphalt Cement Content (%) 5.2 - -
Recommended Compac 147 - -
Recommended Mi xi r 163 - -

Engtec Degjn, Greater Toronto Airport Authorities . is the numberof gyrations at
the design compaction

The arfield asphalt mix was produced by PaxeLimited located in Mississauga. Once produced,
the material was pickedp and stored in boxes at the Centre for Pavement and Transportation
Technol ogy 06s Image & oo moseedetailsSabaut the proceskobtaining and
storing the material.
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Image 33 Material Pick -up and Storage

3.3 Chapter Summary

The purpose of this chapter was to present the data collection and sources as well as the collection
and source othe asphalt mix samples that were dafed to develop the laboratory tests.

The main data source was Environment Canada. It was used to develop the temperature and
precipitation analysis. Additionally, Meteoblue data was utilized for the wind analysis.
Envi r onment Canadao6 sradmimam pereod of 0o/éats @agot hende, dince
1950. The wind data, as provided by Meteoblue was collected sinceth@8&fore, a period of
approximately35 years. For the temperature and precipitation analyleigere airports from
different province and/or territories of Canada were selected based on the annual aircraft
movement. Nonetheless, for the wind analysis, only three airports were studied due to data
availability which weremainly selectedbased on theumberof runwaydirections

The mateial to be used for the laboratory tests was envisioned and design for Toronto Pearson

I nternational Airport (YYZ)b6s airfield infrastr
consisted of an SP 12.5 with 5.2%aPG 7028J modified asphalt cemewith a compaction

temperature of 14T. The gradation contained three distinct aggregdfe® of CA#1, 42% of

FA#1, and 11% of FA#2 to optimize the future performance of the pavement structure and/or to

meet the desigrequirements of YYZ.
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Chapter 4

Wind, Temperature, and Precipitation Analysis and Results

Thefollowing chapter presents runway performance analysis, fitve threeairportslocated in
the province of Ontario considering the crosswind fluctuations in the past 35 Meaever it
presents numerous environmental analgsistemplatingemperature and precipitation data
foundation.The main outcomeserethe following:

1 The average mamum and minimum temperature trendlines as well as the temperature
difference, since 1950 until 2019

1 A correlation between the ambient temperature and the surface temperature for flexible
pavements

1 The fluctuation of freez¢haw cycles for the mentioned i of time at the selected
airports

1 The permafrost distribution and variation in Canada as wethaspossible airports
susceptible to suffer distresses due to these changes

1 The average necipitation rainfall, and snowfall trendlines and differencascsi 1950
until 2019

9 A discussion on what are these changes inducing to the airside pavementuictinesstr
of Canadian Airports depending on each specific location.

4.1 Wind Analysis

The wind can blow at any direction and speed any momueah it is very omplex to predict its
behaviour in the shortterm. However, in the long term, it creates a pdtstatistical distribution
making the process of masierd wigdtrasendipgramhisgraphicah d 6 s
descriptionof the wind comportrant during certain period of time determine the best runway
orientation (Mohamed, Osman, & Bhonem, 2011)

The oljective of this analysis was to present an estimatiothefvailability or usageof the

airport during certain period of time due to wind speed and direction. To estimate this operation
percentage, wind roseath from 1985 until thecurrent date of evaluBon was required
Additionally, the direction of the runways of the considered airports and the constiu sy

of the runwayswas neededThe main concept of the analysis was based on measuring the
percemtageof the yearon which the combination ohée wind speed and direction created both a
higher crossvind than the thresholdf 27.6 km/hfor the aircrafts to use the runway safel

A similar computer model than the one developed by Chang for multipleaguarientations was
used.(Chang, 2015}t mainly consists ban excel sheet that comprehend the wind rose diagram
data separating it into different siects as it can be seen kigure 4.1. Considering the angle
between theidection of the runway and the velocity of the wifithe following concept was used

to calculate the adjustment factor, meaning each division presertigaiie 4.1, which considers
the sections that are covered, not covered, and partially covered.

) BEGY 08 —& © "Q ph
‘00 of Q8 — ° Q™
O of Q8 —6
O od 08 —o of Q8 —

NDRAwd 08 0 w o Q2Q
Where, f= a@justment factor for aector,w = Highest wind speed in a sectdr= Lowest wind
speed in a secto)= Allowable crosswind speed limit, arek Angle between wind direction
and the predefined runwafChang, 2015)
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Figure 4.1 Wind Rose Diagram Representation

Figure 4.2presentshe relationship between the amount of runway directions and the annual usage
thatthe airport can providetothemhv¢ n t he number of runwaybs direc

becomes less susceptiblpainst crosswind as if one runway is unsafe todselulue to crosswind,

most likely one of the other runways will be less susceptible at the moment, mitigating safety and
improving the usage.
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Figure 4.2 Runway Usage with cumulative data from 1985 to 29
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Figure 4.3describeshe annualusage of YYZad YOW6s runways since 198
Ottawabs Airport, compared to Torontobs airpoi
crosswind due to the fact that both runways are not completely perpendictuiaittbba 110°

difference, meaning that those exf@° mitigate superiorly the crosswind, as it can be seen in

Image 4.1. Same happens with Toronto Airport, specifically on 1997 after the construction of

their 4" runway with a & different direction. Theunway 06l-24R was shifted 10° from the

principal runway 0523. These 10fmprovedthe usage almost 3% allowing Toronto airport to

use its runways up to a 99% of the year.

|l mage 4.1 Ottawa and Toronto Runway GoogeEartecti on an

Pro, 2019)
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Figure 4.3 Airside Infrastructure Annual Usagefor YYZ and YOW
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4.2 Temperature Analysis

The analysis is to be made at the selected Canadian airports for a p&@gatafsit will mainly

consistof concatenamng the data and summarize it into a graph and/or a GIS map animation. The
main focus is in evaluating the rise of temperature as well as the fluctuafieepéthawcycles.

To get this second onenalgorithm was developedising Microsoft &cel consideing a freeze
aswhen the pavement temperature becomes negative in degree Celsius and a thaw when the
opposite. Some other assumptions had to be made asler to consider a freeze or thae
temperature range had to be betwedsfC to 15°C and the diference in average temperature

from one day and the other had to be greater than 0.2°C. If all the factors and assumptions
complied, then it was consideréat the calculation onnualfreezethaw cycles.

4.2.1 Ambientand Pavementemperatwe Results

The main purpose consisted e¥aluatingthe temperatures changesonthee | ect ed airpor
locations in terms of maximum and minimum temperatumsch are the ones that affect the

pavement structure the modgtigures 4.5 and 4.6 present theerage maximm and minimum

temperature trendlines for the 11 airport locatipresentedibove Figure 4.4shows Vancouver

maximum and minimurmonthlytemperatures as axample of how the trendlines were develop.

Each & the presentedrendlines represent a lineeggression of théorm Y=AX+B, whereY

signifies the temperature, X is the year, A is the rate of change, antidBaserage temperature

for the month of Jamary of the first year of evaluation, ihe case bFigure 4.4,1937.
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Figure 4.7Difference in Maximum Temperature Trendlines since 1950

Figure 4.8Difference in Minimum Temperature Trendlines since 1950
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Understanding the effects of climate change at the specific location benefits the decision making
for the airport authoriis.From Figures 4.5 and 4.6 can be concluded that the hottest airport in
Canada are located isouthern Ontario as Toronto PearsoimpArt, among all the airports
evaluated, was the one with the highest temperalure.also important to recall that Hfalx

(YHZ) and Yellowknife (YZF) airports werthe onea with the highest rate of change, having
increasdheirtemperature 15°C sirce the year 1958s it can be noticed iRigure 4.7.

Theevaluatedairport with the current lowest temperatuvessigaluit airport(YFB); however, it

is important tareferencehat more thatb decades agd;ZF was recording lowest temperatures
than Igaluit. The rate at which the minimum temperatsiiacreasing at YZF may be the cause
of the melting of permafrostvhich will be presented isection 4.3 soils which § leading to
different pavement distresses, mainly settlements and cracks. Furthermore, itsistetsmtial
to discern thaforonto Pearson AirportY(YZ) has experieted a significantly higher increment
of its lowest temperature reaching a differencd.dfC in the past 70 yearas it is presented in
Figure4.8.

To correlate the ambient temperature changes with what is occurring in the surface of the
pavement structe, ambient and surface pavement temperat@re @abtained from the weather

and data ciection station located in Yellowknife airpoBy having this relationship, trennual
freezethaw cycles were able to be calculatdithe following Figure shows the dhined
relationship between the ambiemd surfacéemperature of the pavemens it can be seen, at

low temperatures, the ambient and surface temperatures do not differ considerably; however, at
high temperatures, the difference between both tempesasingghly significant. Refer to Table

4.1 for an easieinterpretation

60 1 y=0.0065x2+ 1.1828x+ 1.7533

40

Pavement Temperature (°C)
Ul
<)

. -40
Air Temperature ("C)

Figure 49 Ambient and Surface Temperature Correlation

Table 4.1 Ambient and Surface Temperature Relationship

Ambient
Temperature| -40 | -35| -30| -25 | -20 | -15|-10( -5| 0| 5| 10| 15| 20| 25| 30| 35| 40
(°C)
Surface
Temperature |-35.2(-31.7|-27.9(-23.8|-19.3|-14.5|-9.4|-4.0| 1.8| 7.8/ 14.2|21.0[ 28.0[35.4{43.1|51.1|59.5

)
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Figure4.10presents thannualmaximum ambient and surface teenature for Toronto Pearson
International Airportwhich illustrates the significant variations of both temperatures throw out
the years, as well as it shows fh@vementemperature difference from 1950, 2020, and 2040
following the trendline. These resultill be used as an example further in this research.
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4.2.2AnnualNumber of Freez8haw Cycles

For the purpose of this investigation, a fre¢zaw cycle was considered to bélactuation of

the pavement surfacebs temperature shanbai ng fro
freezethaw cycles were calculatefor each selected airport being the results summarized in

Figure 411to 4.12.

1 Figure 411 shows howthe freezethaw cyclesfor a cumulative period of fivgear, are
significantly fluctuating from oneperiodand the next.The main aspedb distinguish is
how thesecycles vay per locatiorwhich can be better understood fréiigure 410 as it
meaningfullygrowsdepending the airport.

9 Figure 412 and Table 4.3ummarize the annual number of fre¢zaw cycles at the
selected airports since 182018 sarting from Yellowknife, being the less susceptible,
until Halifax which is the one with the highest number armtément of freghaw cycles

per year.
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Table 4.2Summary of theAnnual Number of FreezeThaw Cycles at the Selected Airports since
1950 to 2018

Year YZF YFB YWG YXE YXY YUL YYZ YQM YYC YHZ
1950 5 5 9 7 6 12 25 10 17 18
1951 7 5 14 12 11 12 16 17 14 11
1952 7 8 9 8 10 14 13 20 17 19
1953 6 11 7 11 14 19 16 18 24 19
1954 6 9 15 15 13 20 21 21 17 19
1955 9 7 4 6 14 9 22 13 14 17
1956 10 5 13 10 18 18 20 16 17 26
1957 8 5 8 10 14 14 16 17 24 19
1958 9 7 6 9 13 21 11 16 23 25
1959 7 8 10 11 16 18 18 14 23 14
1960 7 9 10 8 15 10 12 16 17 17
1961 4 8 15 17 19 12 16 10 23 19
1962 6 5 11 14 13 13 10 12 17 12
1963 7 15 11 10 10 8 11 14 19 20
1964 7 4 6 5 20 18 18 17 18 20
1965 9 8 3 6 13 17 16 19 15 20
1966 6 6 9 8 12 12 12 14 23 18
1967 7 5 19 9 16 14 16 17 23 27
1968 9 12 9 13 14 15 8 14 14 20
1969 6 6 6 7 12 12 17 18 12 26
1970 13 9 4 5 18 9 14 12 18 15
1971 4 11 7 7 14 14 20 17 18 18
1972 8 10 8 8 17 17 24 22 17 23
1973 5 8 10 9 11 17 13 21 18 23
1974 6 11 8 11 11 15 20 17 22 18
1975 7 6 4 5 10 13 19 20 17 23
1976 11 8 12 11 14 13 20 20 19 27
1977 8 14 10 6 16 11 10 14 18 17
1978 7 6 7 8 19 13 14 22 13 21
1979 10 7 8 9 14 11 13 14 17 18
1980 8 11 10 8 12 13 13 13 13 15
1981 7 8 10 13 20 16 12 18 15 16
1982 7 6 12 8 12 13 12 17 17 22
1983 14 9 9 10 10 16 16 14 15 21
1984 6 8 9 14 16 16 15 22 16 20
1985 6 7 9 9 18 15 16 16 16 20
1986 7 9 11 13 19 17 16 17 16 25
1987 10 7 12 17 15 12 21 13 20 15
1988 8 7 14 13 15 18 17 19 19 20
1989 7 6 11 13 12 10 16 11 20 15
1990 5 4 13 10 10 24 19 19 22 25
1991 12 7 9 10 15 13 14 19 22 18
1992 9 9 15 18 18 12 23 16 17 19
1993 5 4 11 6 17 13 17 14 17 14
1994 4 8 11 14 13 14 11 12 14 19
1995 8 14 7 7 12 10 14 18 14 21
1996 8 7 8 10 13 16 14 14 14 21
1997 4 9 13 12 14 18 21 16 19 26
1998 11 5 11 9 15 13 11 21 13 22
1999 8 5 11 14 8 13 10 16 20 15
2000 7 9 9 9 19 9 11 17 14 20
2001 5 8 9 10 17 12 14 13 17 14
2002 5 7 18 15 13 24 22 17 26 24
2003 5 8 10 5 14 13 12 14 17 19
2004 12 11 11 13 18 14 15 14 23 19
2005 6 8 7 11 13 11 13 15 12 17
2006 7 3 9 12 9 12 14 17 20 15
2007 4 5 8 10 9 12 15 14 18 24
2008 9 8 8 12 13 13 17 14 18 19
2009 9 3 10 11 10 8 15 13 19 19
2010 3 8 7 7 17 11 7 12 17 16
2011 4 14 11 10 13 13 14 16 17 20
2012 4 9 10 8 8 13 17 16 16 21
2013 7 8 11 5 14 15 19 15 27 19
2014 9 7 7 10 10 17 16 20 15 20
2015 9 8 8 11 15 11 9 15 12 18
2016 10 9 12 14 12 9 16 20 16 24
2017 7 8 11 16 10 15 13 17 13 17
2018 13 10 11 13 12 16 23 22 20 24
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4.3 Permafrost Analysis

The following analysis wasleveloped with the purpose of correlating the befmesented
changes in temperature with sometbé distresses that airporits the north of Canada are
experiencing. Apart from the cracks, as explainedséntion 2.4 of the literature review,
settlement is a significant distress that is mainly caused by aisantifeduction of the bearing
capacity of the subgraahie toa variation of the porous pressure of the subsequent layers of the
pavement, meaning a reduwuiiof the ground watdableor the thaw of permafrost soilsnage

4.2 shows an example of a peffnost layer located near Yellowknife, NWT.

Figure 4.B shows more details about the differentayb permafrost compositions varyingpm
glaziers, 100% permafrost, isolated patche€-10% Igaluit airport is located in a continuous
permafrost zone,ral the temperature analysis presented before showed that the changes in
temperature at this airpoare minimum. Hence, Igaluihay notbe considered susceptible to
suffered distresses due to permafrélsictuations However, Yellowknife and Whitehorse
international airports are located in discontinuous and sporadic permafeastmeaning that

the arside pavement infrastructure is subjecteph@mningful expansions and contractions caused

by the discontinuity of the permafrost. Lastly but not less ingiy Calgary and Vancouver
airports are close to isolated patches of permafrost areas, butdblesed patches are situated at

the mountain areas, not at the plains where the airports are.

An interesting example, perhaps out of the selected sco@anmbridge Bay Airport where the
centre for pavement and transportation technology at the Univerfsityaterloo develop field

work during the 2019. The observations concluded that the gravel runway is not experiencing
settlement but @onsiderableamount & low temperature cracking. Figure 4.13 stand out the
location of Cambridge Bay Airport with a bluectangle As it can be seelt, is situated irthe
uppernorthof Canada, but more importantly, on top of a continuous permafrost structure.

Image 4.2 Ice rich ground sectionnear Yellowknife, NWT (Morse, 2017)
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EXTENT, NUM_CODE
M Glaciers

M Continuous Permafrost (90-100%)
Bl Discontinuous Permafrost (50-90%)
Sporadic Permafrost (10-30%)
Isloated Permafrost (0-10%)

Figure 4.13 Permafrost Composition and Inequality at the Selected Airport§Bone, 2019)
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4 4 Precipitation Analysis and Results

The Cambridge Dictionary defines precipitatiorfias he wat er t hat ofaads 1 s fr om

the ground, espe c(Cambridge Diatisnary, 201%herefore, it is impodant
to separate the raithe snow, and the total precipitation analysing each one sepafatetye
selected airport&zigure 4.4, 4.15, and 4.8 present theumulativeamount of precipitation, rain,
and snowper decadeagespectively Hence, each point represents how muchipigtion, rain, or
snow, felt during the entire decade, beingftret period from Jarl950 to De€l959.

Many conclusions can be derived fréfigure 4.1 being perhaps the main ones than¢ouver,
Montreal, and Toronto airports receive a significanbantof precipitation annually, making of
these three airports the most susceptible ones to suffer moisture d&oagarily, and fairly
unexpected, Halifax airposhowsto be the one with the smallest amount of precipitation making
this airport meaninfwlly lessproneto stripping failure.Figure 4.5 showsa largedifference
bet ween Van c miofalleconfparedaoithe ptleerones. It is important to recall as well
that the rate of growth forthHéa n c o u v e r  a migportMcignificaetigellevatadwhich
means that the probability for these airports to be affected by floods also exreas

Figure 416 provides a superior idea of the precipitation behaviour during winter where Moncton
airport stands out with a meaningful amount of snow. Thisedict | y af fects t he
difficulty and cost for the airport as it has to be more constantly remawviog form the airside
infrastructureMontreal airport can also be highlighted with a substantial reduction of snow with

an annualrate of approximtely 0.7cm less. Lastly, it is important to mention that Vancouver

airport, being the one with the higheségipitation and rainfall, is the second one with the lowest

amount of snow per year because of its high average minimum temperature as presentaushin

4.2.1
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Figure 4.14 DecennialPrecipitation at the SelectedAirports since 1950
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Figure 4.16 Decennial Snowfall at the Selected Airportsince 1950
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Table 4.3 summarizes Figures 4.14, 4.15, and 4.16 supplementing the discussions mentioned at
the beginning of the precipitation analygislditionally, it presents the difference of precipitation,
rainfall, and snowfall between the decade of 12589 andhe current decade (202D 19).

Table 4.3Cumulative Precipitation, Rainfall, and Snowfall Trendlines from 19502019

AVERAGE PRECIPITATION CUMMULATIVE TRENDLINE

Start Date End Date YYC YHZ YFB YQM YUL YXE YYZ YVR YXY YZF YWG
1/1/1950 31/12/1959 358 122 341 251 777 301 633 898 218 431 196
1/1/1960 31/12/1969 356 121 342 251 788 298 640 917 220 432 204
1/1/1970 31/12/1979 354 121 343 251 799 296 647 935 221 434 211
1/1/1980 31/12/1989 352 121 344 252 810 294 655 953 223 436 218
1/1/1990 31/12/1999 349 120 345 252 821 292 662 971 224 438 226
1/1/2000 31/12/2009 347 120 346 252 832 290 669 990 226 440 233
1/1/2010 31/12/2019 345 120 347 252 843 287 677 1008 227 442 240

Diff since 1950 -3 -2 7 1 66 -13 44 O 9 11 44

AVERAGE RAINFALL CUMMULATIVE TRENDLINE

Start Date End Date YYC YHZ YFB YOQM YUL YXE YYZ YVR YXY YZF YWG
1/1/1950 31/12/1959 258 87 139 545 597 222 512 866 121 330 116
1/1/1960 31/12/1969 259 86 142 547 615 221 523 888 125 333 124
1/1/1970 31/12/1979 261 84 146 548 633 220 534 910 128 337 131
1/1/1980 31/12/1989 262 83 150 550 652 219 545 932 132 341 138
1/1/1990 31/12/1999 263 82 153 552 670 218 556 954 136 344 146
1/1/2000 31/12/2009 264 81 157 554 688 217 567 976 139 348 153
1/1/2010 31/12/2019 265 80 161 556 706 216 578 998 143 351 160

Diff since 1950 7 -7 22 11 110 -7 66 131 22 22 44

AVERAGE SNOWFALL CUMMULATIVE TRENDLINE

Start Date End Date YYC YHZ YFB YQM YUL YXE YYZ YVR YXY YZF YWG
1/1/1950 31/12/1959 103 24 199 251 196 77 120 44 103 103 87
1/1/1960 31/12/1969 102 23 199 251 189 77 116 42 107 101 94
1/1/1970 31/12/1979 101 21 199 251 182 77 113 39 111 100 101
1/1/1980 31/12/1989 100 20 200 252 174 77 109 37 114 99 109
1/1/1990 31/12/1999 99 19 200 252 167 77 105 35 118 98 116
1/1/2000 31/12/2009 98 18 200 252 160 77 102 33 122 97 123
1/1/2010 31/12/2019 96 17 201 252 152 77 98 31 125 96 131

Diff since 1950 -7 -7 2 1 44 1 -22 -13 22 -7 44
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4.4 Chapter Summary

This chapter presented the results of numerous environmental analysis for Carspegific
Canadan airports contemplating wind, temperature, frethzav cycles, permafrost, and
precipitation.

One of the main considerations during the planning or destages of an airportinwayis the

wind behaviour. For this reason, a historic wind rose diagrameieloped for which the
direction/s that will provide the highest efficiency to the airport are desiginede airports from

the province of Ontario werekected (YYZ, YOW, and/ TR) to evaluate the historic usage that

the airports were providing to thieiunways considering the crosswind threshold of 15 Knots
(27.6 km/hr). The main results presented that Ottawa airport have a consistent usage of
approximatey 98% as the direction of its runways wsignificantly well design, with 110 of
difference whichfor the case of Ottawa airporthititigatesthe crosswind satisfactorili.oronto

airport significantly increased its usage after the construction effitsinway (061-24R) as it
represented the thidistinctdirection rising the usage frompproximately96% to 99%.

The selected Canadian airports for the other environmental analysis were located in Whitehorse
(YXY), Yellowknife (YZF), Igaluit (YFB), Vancouver (YVR), Calgary (YYC), Saskatoon
(YXE), Winnipeg (YWG), Toronto (YYZ), Montreal (YUL), Monon (YQM), and Halifax

(YHZ). The main environmental results indicated that YYZ is the one experiencing the highest
temperatures, differing from YFB that reded the lowest ones. In another perspective, YVR
presented to be the airport with the lowest tharimads as its temperature range is meaningfully

|l ow compared to the other airports evaluated. A
has increased°C in the past 70 years; in case of the lowest temperatures, YYZ has risen 4.4°C
more in the pastO years as well. All these changes induce variations to current performances as
well as future design specifications and requirements. Considering thiopleddreeze¢haw

cycle analysis, the results did not presented a significant increment or redottizem, just
noteworthy fluctuations among the years; however, it was noticed that depending on the location,
the amount ofinnualfreezethaw cycles vared significantly starting from YZF airport with a
annualaverage of 9 cycles per year to YHZ airpahich registered an average of 22 cycles per
year, and growing.

Furthermore, the permafrost analysis consisted of placing the selected airports in thieqstrm
distribution map which defines the areas that correspond to glaziers or continuous permsafros
well as those that denote discontinues, sporadic, and isolated patches permafrost. Essentially,
Igaluit, Yellowknife, and Whitehorse airports, which #hese from the selected airports located

in the Canadian territories, are build on top of pernsfrmaking them susceptible to suffer
settlement and fatigue cracking. Except for Igaluit airport; because it is located on top of a
continuespermafrost, & volume is not likely to vary in the approximate future; hence, not
vulnerable to the beformentoned pavement distresses.

Concerning the precipitation analysis, it is indeed increasing in Canada, specially focusing in the
rainfall. It was concluded thatirports located in the southwest of British Columbia, especially
YVR, are experiencing a substaitincrement of the rainfall making them more susceptible to
have floods and to suffer moisture damage such as stripping or pumping. YUL and YYZ also
presemted a considerable increment of precipitation. Regarding the snowfall, it was interesting to
see hav much it is varying depending on the location. The most remarkable cases were for
Montreal and Torontoairport having a paramount reduction of the snowtampared to
Winnipeg which is experiencing a massive increment of snovifak. mentionedirportsmay
considetthese outcomdsr future mitigations, in the case of Winnipeg, and adaptation strategies,
in the case of Montreal.

44



CHAPTER 5

Laboratory Testing Analysis and Discussions

This chapter aims to correlate the relationship between the outcomestprem chapter 4 with
somedistresses thdtexible Canadian airside infrastructrare facing due to climate change
Hence, a quantification of the impactsatimate changeThree laboratory tests were performed,
as described isection 2.5the Hamburgvheeltrackingtest (HWTT), thetensilestrengthratio
(TSR), and thedealcrackingtest (IDEAL CT). The first one to evaluate rutting susceptibility,
the second to measure and/or quantify the lost of tensile strendtte pavement surface due to
freezethaw cycles. Lastly, a crack propagation evaluatias performed using the results from
the TSRtest.

Table 5.1 presents the matrix for the | aborator
temperatureshe level of saturation, and the amount of freémv cycles to be induced to the
sampes. The tensile strength ratio test was modified both for the compaction speed and the time
period for the freez¢haw cyclesThe TSR modified refers to an equald@e strength ratio test

but with a compaction speed of 50 mm/sec instead of 50mm/minpUitpose behind this
modification was to exemplify the faster speed of loading that runway pavements are subjected
to during the departure and/or landing of aircralfike other modificationTSR Modified 2,
consisted of inducing shorter freetteaw cycleso the samples to evaluate the susceptibility of
flexible pavements, not only against freghaw cycles itself, but against the time period between
one cycle and # other For this modification, instead of inducing 16 hours of freezing &€18

and 24 hars of thawing at 6TC, the periods were reduced by half. Hence, 8 hours of freezing
and 12 hours of thawing.

Table 5.1 Laboratory Tests Matrix

Test

Test No. of Temperature Saturation ~ Amount of Freeze
samples (°C) (%) Thaw Cycles
8 50 - 0
4 60 - 0
4 65 - 0
HWTT 4 70 - 0
4 50 70-80 1
4 50 70-80 2
4 50 70-80 3
6 25 - 0
3 25 70-80 1
TSR 3 25 70-80 2
3 25 70-80 3
TSR 3 25 70-80 1
(Speed of 3 25 70-80 2
Loadng
Modification) 3 25 70-80 3
3 25 70-80 (1/2)
(Frg;f;ncy 3 25 70-80 2 (1/2)
Modification) 3 25 70-80 3(172)
3 25 70-80 4 (1/2)
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5.1 Extraction and Gradation

The asphalt tested in this research plmt mix-laboratory tested (PMLT)It was mixed ina

c ont r alant batteéted in thEPATT laboratory The obtained samplegere tested against

the mix designfor which etraction and gradation tesivereperformed.The extraction test
consists of gparating the asphalt cement from the aggregate through using chemicals that induces
this reactioras well asequipmenthat facilitate the process. Imagd Sllustrates the process to
develop the extraction, aggregate gradation, and asphalt cementyeCA*&SHTO T 164, 2014)
(AASHTO T 27, 2014)

A.

Primary open centrifuge machinsed to separate the asphalt cement from the aggregate. At
this step the solvent is added to the loose asphalfanigpecific times of 5L0mins. After
waiting the appropriate time for each cycle, the equipment gyrates removing the solvent and
asphalt ceent from the aggregates.

Residual aggregate after the extraction.

Secondary open centrifugguipment used to remewhe fine aggregates inside the solvent
and theasphalt cementt gyrates significantly faster than tpemary oneallocating the fines

and col |l oi ds 6 p arandithe bobvent witmasphalt eemenhifieskb ul | et
Bullet where the fines amdlocated once separated from the solvent and asphalt cement. The
bullet is meant to be weighted before and after the test to obtain thkbtwéifine particles.
Different sieves used to obtain the gradation of the aggregates varying from 16mm to
0.075mm The aggregate presented in image B, after being washed, dried, and wagghted
poured inside the sieve column which will separate thegbestby size. This will create an
envelope that shoulsheetthe design specifications.

This last sieve represeritge pan that will contain the particles that passes the sieve No. 200
(0.075mm). Hence, the other fine particles that were not mixed étisdlvent and asphalt
cement in the first step.

Af t er Strotry evadrataecovery testis conductedgeparate the solvent from the
asphalt cement. As the evaporation temperature of the solvent is different from that of the
asphalt cement, &hmix is placed in an oil bath to evaporate the solvent

. This solvent, in gas state, reaches this point on whichated dowrthrough internal water

pipesto change the statd the solvenback to liquid.

Ultimately, the solvent is allocated in tHesk until is mostly separated from the asphalt
cementAt this point, the aggregates, the asphalt cement, and thensalke being already
separated.

bl

Image 5.1 Extraction and gradation test process
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As the main purpose of the test was to evaluate the asphalt cement content and the gradation of
the mix, Methylene Chloride was used to separate the asphalt cement éraggttegate. Many

pros and cons exist from using this solvent. The main advantagethatrithas a similar
extractability index compared to other solvents, for exampl&ticaloroethylenebut for a much

lower price The main disadvantage is that thsphalt cemenhardensand, therefore, no
performance testhouldbe made to it afteit is extracted and separated from the solvent. If the
Trichloroethylene is used, then the asphalt cement, once separated from this solvent through a
recovery test, canebfurther testedCipione, Davrson, Burr, Glover, & Bullin, 1991)

The obtained results were 5.1% of asphalt cement for both trials, which is significantly accurate
as the expected amount was 5.2%ditionally, during the tesasmallpercentage of asphalt can

be loose due to the chemical reaction with thehylenechloride and also the test itself which
requires moving the sample from one equipment to another, among other reasons. It can be
concl uded t hat asphalecenem toatenhcertelatesiwithGhe mix design

For the gradation test, ondeetaggregates are separated from the asphalt cement, the test requires
these to beleanedusing water and with the help of the sieve No. 200 to make sure that the test
isto be performed for the aggregates greater than 0.075mm. Considering what was retained in the
filter and the bullet during the extraction test as well as the weights befdrafter cleaning the
aggregates, the percentage of colloids can be obtdihesbtainedenvelopsverevery close to

the design onebuttwo percent less fines and aggregates passing the 4.75mm sieve were lost.
Nonetheless, the material meets the gradatrequirements stated by Toronto Pearson
International Airport(Uzarowski & Tighe, 2016Figure 5.1 present the results of the gradation
testand the thresholds requirements
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5.2 Hamburg Wheel Tracking Test (AASHTO T 324) modifications, Analysis, and

Discussions

Section 2.5.1lexplained thathis test seeks to evaluate the susceptibility of the mix to permanent
deformation under traffic ancbnditioning loadinglt is mainly used to compare different asphalt
mixesor to assess ithe asphalt mix meats the specificatipnenetheless, the purpose of using
this test was to evaluate the same mix under distinct conglifitne threshold of 5 milineters

was considered based saveralCanadian airpord u t h o requirements/épecifitians. The
control mix was the one with nenvironmentaktonditioning and being tested at 50%ence,

two main variations were assessed:

1. The conditioning of the saplesas more tharone freezethaw cycle was induced to
correlate with the fluctuation of &se cyclesis well aghe relationship with them and the
permanent deformation occurrimgostly insouthern Canada.

2. The temperature of the test, to exemplify and-@ate with the rise of temperature that
climate change is inducing as it was presentegbirtion 4.2.1

This analysis helps to objectively understand letimate change iBnpacting the propagation or
occurrence ofutting andpossiblyshovingatthe Canadiamirfield pavementnfrastructure.

5.2.1Ruttingand Freezd haw Cycle€EvaluatiordCorrelation

An explanation of what happens to the pavement surface during a-freszeycle is that there

is a fluctuation of compression and tension inside the pavement structure which indeed induces
changes in the pperties of the materials. What this part of thst wants taneasure is the rate

of change of rutting resistance induced by the different quantity of years that the pavement surface
exposed to winterdds har deni nxgBydohodingghemmer 6 s
conditioning standards ohe AASHTO T283, the samples were tested until up to 3 frebagv

cycles as, after this quantity, the structural integrity of the samples was compromised during the
conditioning phase. Meaning, other distesssvere starting to occur, such as strippimgals

cracks, and weathering. Figure@fresents the rutting propagating on 4 different samples with

distinct conditions by inducing constamimber of wheel passes

i s

Deformation (mm)

o =R e
© P N M o o N

o o O
o N M O

0

1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
Wheel Passes
—-0 Cycles——1 Cycle 2 Cycles—@—-3 Cycles

Figure 5.2 Rutting Propagation versus FrezeThaw Cycles
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Figure 5.3 Rutting at 10,000Wheel Passesersus FreezeThaw Cyclesand Rate of Change

Figure 5.2 present the results of rutting propagation versus the conditioning of the samples under
a different quantity of freezthaw cycles. As itan be seen, whendgmumber offreezethaw

cycles increases, the rutting steadhilgreases; therefore, a non proportional relationship on which
the more freez¢haw cycles the pavemestirfaceis subjected, the less impact these imiluce

to the ruttirg resistanceThe sane can be concluded froffigure 5.3as itshowsthatthe first

years ofexposure to freezthaw cycles tahe pavement surface will be th@es causing the
highest damage noting that the rate of change reduces while the number otliezenycles
increags.

5.2.2 Rutting and Temperature Rise Evaluation/Correlation

Being the rise of temperature one of the main consequences of climate change, not just in Canada,
but worldwide, this project decided to assess the rutting susceptibilitye dfexible paveme t 6 s
surface by modifying the temperature on which the HWTTerpuired to balone. Instead of
running the test on non conditioned samples at 50 degrees Celsius, the test was performed as well
at approximately 60, 65 and 70 degrees idslsThis lasinumber being selected for two main
reason Hrst, because thighestambienttemperaturghat Canada has recorded was 45°C in
1937, Saskatchewg@zborn, 2019)which being converted into pavement surface tentpera

it approXmates the 70°C, and second, due to the logistic of the test, as itis conducted under water
and it last approximately 7 hours, if the temperature increases to more that 80°C the water could
start evaporating too fast which may induce anagsah the resits and/or complications on the
testing machine.

Figure 5.4 presents the rutting propagation as the amoumhedl passemcreasesSimilar to

Figure 5.2, the propagation under temperature variation compared to-fheezeycles variation
had a resembig behaviourNonetheless, comparing tfieal rutting after10,000wheelpasses
presented in Figures 5.3 and 5.5 it can be seen how as the temperaturterisatting

susceptibility increases faster. The opposite happens with the nufifibeezethaw g/cles the

higher the amount, the less effect these have over the rutting susceptibility.
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The following image provides a superior insight of the difference between the samples being
tested against freezbaw cycles, image 5.2, compared to the ones being tested against the rise of
temperature, image 5.3. From image 5.2, it can be noticedhthatamples testeafter two and

three freezeghaw cycles did not just experience rutting but also were starting to shove and weather.
Differing from the freezé¢ haw cycl eds samples, the ones

prese
more linear wheel track defmation.

Image 5.3Hamburg Wheel Tracking Test Samples Tested at Different Temperatures
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5.3 Modified Lottman Test (AASHTO T 283)

The main purpose of this test is to measure the valldy of thecompacteagsphalt mix against
moistureinduceddamage and freez@aw cycles. To dso, the 8perpavecylindersamples are
compacted (d=150mm and h=95w/), the air voids are measured between 6.5 and 7.5 percent,
and the control samples arseparated from the ones that are meant to be conditioned. This
conditioning consists of sarating the samples between %D 80%, freezing the samples at
18+2 °C for 24 hous, and then thawing the samples by submerging them into a water bath at
60°C for 16hours.

As explained in the introduction of this chaptyme modifications were matiethe AASHTO
T-283 test. The main focug the test was not on the asphalt mix itdmit on thebehaviourof it
due to some conditioning modifications. In this cake, following 3 main modifications were
made:

1. The number of cyclewas increasedlhe test only requires the ratio of change to be
calculated between the non conditioned gka® and the samples that were subjected to
one freezehaw cycle. Instead of onlyn@, this project induced up to 3 freghaw cycles
to the samples to evaluate the ratio of change among them, exemplifying what climate,
not necessarily climate change this case but the climate itself ixausing to the
pavement surface.

2. The constantate of movement of the testing machimas boostedlhe test requires the
samples to be compacted at a rate of 50 mm/min. Once all the samples were tested, this
project deided to move forward with an evaluation of how does frdbagv cycles
impact theénsile strength on the areas of the runways that are subjected teeshiggd
of loading; therefore, the departure and landing af@assequentlythe speed of loading
of the compaction machine was increased to 50 mm/sec.

3. Figure 210 describes thatany airport authorities havgeennoticing that not just the
number of freezghaw cycles are changing but the intensity of them. hfeathat the
timing between one freezbaw cycle and another is beipgrceivedo be diminished.
Hence, the freezing and thawing period were reduced by half; 12 hours of freezing and 8
hours of thawingln another handhe number of freezthaw cyclesper year have not
been increasing nor decreasing but simply varying sosirafsoicl. Therefore, what
matters is to compare the amount of cycles among the different provinces to understand
how these cycles are impacting their specific airgiff@astructure.

5.3.1 1 TS6s VarTlhaCycesr due to Freeze

Figure 5.6 presents the vai@n of the tensile strength caused by increasing the number of freeze
thaw cycles. Mangtatementsan be made by evaluating tikigure, being the main onesdh

1. The tensile strength is significantly affected by fredzw cycles in early stages;
noneheless, as it can be seen that the ITS difference between one cycle and the other is
being reduced, itan be confirmedhat the more freezthaw cycles the asplt surface
experience, the less effect these will induce to it.

2. Not just the maximum strengttaried but also the deformation at which these maximum
strengths were reached, indicating that the energy of fractures of the samples varied as
well. These can é attributed to modification on the cracking resistance which will be
further discussed.

3. Continuing the second statement, ttancavity of thecurves vasbecomingwider which
indicates that the failure was less brittle; hence, the more ftearecyclesthe softer
the mix was becoming.
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Figure 5.7summarizesvhat was described above and presents the relatiobstipeenthe
number of freez¢ghaw cyclesandthe tensile strength. Consequently, the highemumber of
cycles, the lower thinfluence these will have over the tdasstrength
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Figure 5.7 Tensile StrengthversusNumber of FreezeThaw Cycles

5.3.2 ITS® Variationdue to Freezd hawCycles and-asterCompaction

Figure 5.8showsthe relationship between the ITS and fiteezethawcycles It remains similar;
however it is valuable to notice that thtensile strengtlwas increased approximately 18% by
booding the speed of loadin 50 mm/secThis ®rrelatego the viscoelastigproperties of the
asphalt mixof beinghighly susceptible against temperature and tleedmf loading.
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Figure 5.8 Indirect Tensile Strengthwith Faster Compaction vsSNumber of FreezeThaw Cycles
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5.3.2 ITS® %ariation due to the Reduction of the Freekeh aw Cy c | ersddast®er i od

Compaction

The main purpose of performing thisodification on the test was to evaluate thensitivity of
thepavements againgt¢ amount of freezethaw cycles per year, as all the provinces have distinct
annualnumber of these cycles. What can be concluded is that if during the same period of time
the pavemenstructure is subjected touble ofthe amount of freezthaw cycles, its terilg
strengthcould be decreaselly approximately 20 percerilaving said that, it can be confirmed

that airports such as Halifax Stanfield or Calgary International can expersafter mixes due

to freezethaw cycles compared to Yellowknife internationallgaluit airport.
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Figure 5.9 Tensile Strengthwith Faster Compaction and half period of Freezelhaw Cycles

5.4 Ideal Cracking Test

Figure 2.9shows cracking severity ame of the main distresses affecting the Canadian airside
infrastructuresBy having the performance information of each of the samples that were tested
for indirect tensile strengths well aghe load versus displacement curves of each of them, the
possbility of calculating a cracking index following the Ideal Cracking Test procethas
conceivable. This ideal cracking test indgXT-index), as described igection 2.5.3directly
depends on fracture mechanasl it empiricaly correltesthe load versus displacement curve
with the crack propagation thatrseant to happen on the field.

The higher the Cindex, the moreesistant aré¢he sample against crack propagatioRigure
5.10presents thagsthe numbeof freezethaw cyclesncreass, the cracking resistancisestoo,
meaning thathefreezethaw cycles do not damage the asphalt sanfpleenhancéhemagainst
cracking Thiswasan unexpected resulecausetheoretically the expansion and contraai of

the pavement surface during the freezing and thawing periods induce cracks, as it wasaxplain
in section 2.4.4Figure 5.6showsthat the freezethaw cycles are notigt causing a decrease

the tensile strength afie mix it shows areductionin the hardening ahe mix hence, making it
softer and so, less susceptible to crack due to its less brittle behavior.
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Figure 5.10 Indirect Tensile Strengths and Crackinglest Indexes

5.6 Chapter Summary

This chapter presented the performance of the desauibfézld asphalt mix (SP 12.5, PG 7A8J,

and 5.2%AC) under different intensities of climate conditions suchaagagion to induce
moisture damage, freezkaw cydes, and temperature variations. Rutting and shoving, tensile
strength, and crack propagation were the main focuses of this study.

As a result of the rutting analysis, it was demonstrated that ftbarecycles and high
temperatures induces the mix to betw softer which makes it more susceptible to suffer rutting
and shoving. It is important to acknowledge that frethzsv cycles induced a more premature
rutting failurecompared to the temperature vagaton the range of 5C to 70°C regardless the
factthat therutting values after 10,00@heel passes were very similar.

Concerning the tensile strength of the samples, the main results expressed that apart from the fact
that as the number of freetfeawcycles increased, the ITS was reduced, it is impbdtamention

that the relationship was non proportional; hence, the higher the amofraenéthaw cycles

induced, the less impact they will have on the mix.

Additionally, it is highly significant tarecite thatfreezethaw cycles make the asphalt salmp
softer, also in a neproportional way; which is the main explanation for having higher CT
indexes as the tensile strength was reduced dfredaethaw cycles. As the samples becomes
softer, the engy of fracture dissipates which implies a less lerifterformance; hence, less
susceptibility for the cracks to propagate.
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CHAPTER 6

Conclusions and Recommendations

The purpose of the following chapter is poesent severatonsiderationgor mitigation and
adaptation strategies as well ascanclude theperspective of this research towardsnate
changejts variationsin different locations in Canada, and how are those changes impacting the
airfield pavement infrastructure ositAdditionally, it provides several insighisto thepossible
future workand recommendations.

6.1 Considerations for Mitigation and Adaptation Strategies

According to the Cambridge dictionary, to mitigate means to diminish the hanmpteasantly

of somethimy; in the other hand, to adapt indicates a change to suit diffevaditions or needs.
(Cambridge dictionary, 201%ence, in the scope of this research, mitigation and adaptation
strategies refer to approaches, tacticsicpad, or plans to decrease the main causes of climate
change allowig the future consequences/impacts to be reduced, and, to adjust to the current
changes to minimize the impacts in the present or near future, respectively.

As mentioned insection 2.0of the literature review, the maicause of climate change is the
significantincrement of GHG concentration in the atmosphere. This concentration, as it increases,
it induces a variation in the balance between the akisarof solar radiation and the emission of
infrared radiation, raditive forcing. More specifically, the absorption of solar radiation is higher
than the emission of infrared radiation, positive radiative forciiMasters & Ela, 2008)
Therefore, the key mitigation strategy against climatengbka holistically, is to substantially
reduce the emission of greenhouse gases.

The focus of this research has been in the airfield pavement infrastructure of Canadian airports;
conseque t | vy, the major contributors reoonstBtichs 6 e mi s s
and rehabilitation of the pavement, as well as
the amount of interventions in the airfield pavement as well as cbingréthe production of the

construction materials embody the basitthe mitigation strategies. The challenge, however, is

to find feasible solutions that can improve or meat the current requirements without compromising

the environment and/or the sogiet

Figure 2.12presented tit one of the main barriers faced by airport authorities against the
development of mitigation and/or adaptation strategies, more than the lack of funding, is that the

costs cannot be jtified. Mostly due to the uncertainty of future climate events weigmtually

reduces the reliability of investing in new technologies or best practices. For this reason, it has

been significantly beneficial to understand the changes of climate thrimuglfior each specific

airport selected. That being said, with the adfed results of this research, the following

mi tigation and adapt at i o rosedforreach sperificeaispase.onsi der a

9 Starting from YYZ (Toronto airport), sevdreonsiderations for mitigation strategies can
be proposed as thisrport could be susceptible to more than one significant distress. It
presented to be the one experiencing the highest temperatures and counting on 5 runways
from which 4 have asphalt asirface layer, distresses such as rutting, but more
importantly, shovag have and can continue to affect the pavement infrastructure. During
the decade of 200R010, one of the main adaptation strategies that Toronto airport
implemented was a change on tequirement for the performance grade of the asphalt
cement varying rbom a conventional PG 628 with 5.55.8% of asphalt cement to a
polymer modified asphalt PG 728 with a 4.85.2% of it.(Stewart, 2010)
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Regardless the fadt h a't |, compared to the other airpor
experiencing a meaningful gvg¢h on its maximum temperaturei;is currently the
busiest airport in Canadilaving such high temperatures and rainfall, but also having a
significant reductin on its snowfall with a meaningful increment of its minimum
tempersurecould plan for mitigation strategies that can be more focused on summer than
winter operations. Nonetheless, due to the combinaifohnigh temperatures and the
significanttraffichat YYZ&s runways r-@&t, adceptedin 2008e new }
by theFAA (Varamini, Corun, Bennert, Esenwa, & Kucharek, 2018)t now called

FAA HMA P-404 can be considered as a superior {targh alternative.

Continuing withYVR (Vancouver airport), reaching the highest amount of precipitation

of all the airports evaluated, but also having the highest rate of grow, the drainage system
and design ought to be evaluated or enhanced, specially to avoid future floods.

In the case of Halifax Airpor{YHZ), referring toFigure 412, is the airport wth the
highest amount o&nnualfreezethaw cycles as well as the greatest growth rate of its.
Section 5.2 to 5.4resentedhatfreezethaw cydes have a meaningful effect in the future
performance of the pavementstture as they softer the mix, making it more susceptible

to permanent deformations such as rutting and shoving; additionally, they cause a lost of
tensile strength overtime which séead to stripping and/or pumping.

Another airport with a distinctive sa is YYC (Calgary airport) because, similar as YHZ,

it experiences a high number afinualfreezethaw cycles but combined with very high

and low temperatures likewise YUL (Montreatport). In the case of Calgary airport,

the main runway is paved witlorncrete which is not significantly susceptible to high
temperature, but it is to low temperatures and frébaas cycles inducing cracks and
other distresses such@agling, spallirg, and /or scalingAdkins & Christiansen, 1989)
Furthermore YZF (Yellowknife) have a significantly unique scenario. Although it was

the airport with the lowest amount of freebaw cycles, it is located imantermediate
permafrost area with an extensive discontinuous property, meaning thatihstantly
varying over the yearsHence, having described #ections 2.4.@nd section 4.3the
possible distresses that can be generated in the airfield pavement dwe thawh of
permafrost such as settlement which might rapidly lead to fatigue cracking as well, it may
be a better decision to invest in mitigation strategies rather than adaptamnPomgid
pavement would perform significantly better than the currlexxilile pavement against
the thawing of permafrost and other pavement
would be meaningfully high, not just due to the price of a rigigcsure, but because of

the unavailability of materials in northern Canadhaking the strategy unjustifiable.

New technologies that could mitigate the permafrost discontinuity are the use of
thermosiphons to allow the subgrade heat to dissipate torfagsand not to accumulate.

If necessary, artificial cooling could be distd maintain the subgrade frozen during the
summer. In case of a future construction or reconstruction, an intentional thaw can be
induced to eradicate the permafr¢&mery, 2012)

To mitigate fatigue distresses, supemaixing andcompaction methods can be ugsed
assure the proper content, distribution, and microstructure of air voids of the asphalt mix.
According to Ma et al, having lower air voids content may lead to higher fatigugMée.
Zhang, Zhang, Yan, & Ye, 2016Js the a void percentage decreases, the amount of
asphalt cement increases. Hence, this technique may balance the hardening caused by the
higher compaction energy induced to the pavement structure with the softening caused
by the increment of asphalt cement.

Lastly, it is important to acknowledge thatccording to Rachel Burbidgéhe main
priorities towards an aviation climate resilience comes from understanding the problem,
assessing it, find actions to adapt, and comicata.(Burbidge, 2016)
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6.1 Conclusions

Once described and understood climate change holistically, it can be concludét thein
cause for iis thesubstantiahugmentation of greenhouse gagesduced by humanitgincethe
industrial revolution hence, antlupogenic reasong he increment of the concentration of these
gases haveausedand will continue tacausepositive radiative forcingwhich mainly increases

the temperature of the plareeid, as aesulf inducesaér at i ons on the mnweather

intensity, and/or period of returithe IPCC has developed different future scendiaos/ear
2,1000n which the impacts of climate change are measured depending on the concentration of
carbon dioxide equivalentages.Currently, the concentratioof these gases is at 4@pm;
therefore, bestase scenario, by year 2,100 the concentration will have decreased to-tsrlong
average level of 26Ppm; worstcase scenario, it will have increased to ptn on whichife,

as its known, will not be anymore.

The primary consequence of global warming is the precipitous melt of Artic ice which is
provoking a rapid increment of the sea level, putting in jeopardy coastal areas all over the world
but also reducing the albeaf the Earth, making it to warm exponentiallp.the case of Canada,

the sea level is rising up to 3mm per year conceivably reaching a meter in the next 100 years. The
country hasbecome warmeand alsowetter as annual pegitation has increased irecent
decadesannual snowfall haseen reducedver most of southern Cangdend rmafrostwill

continue warming/thawing exponentiallAll these changes create or intensify pavement
distressesind can generatiisruption duing flooding or hurricane evets

Section 4.2explained thathe maximumand minimumtemperatures of all Canadian airpate
rising, specially foryZF andYHZ with an increment o2°C on its maximum temperateirsince

the 1950sYYZ with approximately 4.4°C more on its minimum temperature,éag andYUL

with roughly 2.2°C of augmentation in their mirum temperatures as welindeed, Canada is
warming up. Furthermore, considering the relationship betweenrbg&at temperature and the
pavement surface temperature presenteligure 49 and/or table 4.1, an approach to calculate
the amount onnualfreezethaw cycles was made. From the obtained results can be concluded
that YHZ represent the airport with the highest amourgrofualfreeze-thaw cyclesmoreover,
growingconsiderably That means that Halifax aingmprert 6s
susceptible tan intensifcation ofthe pavement distresses due to the softening ofuhface

layer caused by the high number oddzethaw cycles. Additionally, it is important to mention
that the airports located in northern Canada had leweunt of freez¢haw cycles compared to
those on southern Canada such as Calgary, Moncton, Toawratblontreal.

Section 4.%resented the permafrost distribution in Canada which varies on depth and continuity
It can be concluded that Igaluit, the coldest airport from all the selected ones, is located in a
continuous permafrost soil making it ntintedly prone to suffer pavement distresses associated
with the melting of these; however, Yellowknife and Whiete, also being located in
significantly cold regions, arandeedsusceptible to experience settlements and fatigue cracks
because of a login the bearing capacity on their subgrade due to the reduction of the effective
stress caused by the melting aedring of the discontinuous permafrost.

About the precipitation analysis showndaction 4.4YVR, YUL, and YYZ airports receive a
significant amount o&nnualprecipitation, specially in the case of Vanceuwhich reaches an
average of approximately 100 mm/year compared to the 12 mm/year ofb¥élg these two
airports located in a very closditade of the planetConsidering the snowfall, more than the
rainfall, it can be concluded that the airports ledaat the south of Canada are experiencing a
significant reduction of the snowfallespecially YUL which snowfall has decreased
approximately25% in just 70 years, making the winter operations fairly more manageable in the
present and for the future. Naheless, Iqaluit, Saskatoon, and Winnipeg, are having more snow
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falling during the winter seasomainly in the case of Winnipeg that has iaased its snowfall
nearly 50% in the past 70 years.

From the laboratory tests presentedéutions 5.25.3, and5.4develop on a PG 7@8Jairfield
asphaltmix with 5.2% of asphalt cemenand the gradation presented Fgure 5.1 and
recognizing that this mix can serve as an example of a surface layer of the flexible airfield
pavements located in most of southern Canada, being thighgarnost susceptible to high
temperatures and freetigaw cyclesthe following conclusions cdoe taken:

1 As presented ifrigure 5.6, freez¢haw cycles make the asphalt mix softer and therefore
more susceptible to both rutting and shoving.

9 Figure 5.10 prsented that as the number of fre¢zaw cycles increases, the resistance
against craclpropagation also rises due to the softening of the asphalt mix which make
itsto have a less brittle failure.

9 Itis important to mention that both for rutting and imdir tensile strength, as presented
in Figures 5.3, 5.7, 5.8, and 5.9 it esigtnon prgortional relationship on which the more
freezethaw cycles the pavement structure is subjected, the less impact these will induce
to the mentioned distres€eesistace.

1 In another hand, it can be concluded that flexible runway pavements subjecteditemas
impact of loadingshence, the arrival and departure of large aircragéspondwith
meaningfullystiffer properties agor the viscoelastic pzerties of the admlt cement of
the mix. This carbe noticedn Figure 58.

1 Additionally, considering the comparison between the rutting due to fitberecycles
and therutting due to the rise of temperature, it can be concluded that fthagecycles
induce a more preature longitudinal permanent deformation compareth& @used
by thedifference of pavement temperature in the range of/80C.

9 Concerning the rise of temperature, as evaluated and presemsiction 5.2.2flexible
pavements are susceptible to high temperatures as taese the asphalt mix to
exponentially become softer as the temperature rises. In the case of Toronto Pearson
Airport, being theone subjected to thHettest temperatusevaluated, focusing dfigure
4.10which indicated that YYZ is likely to experienegise from 50.8°C to 54°C (half
degree) of its surface maximum average temperature in the next 20 years. If the same
asphalt mix design requirements are kept, its susceptibility to rutting rigil
approximately2%.

6.2 Future Work and Recommendations

This research developed a vast analysightenCanadian climate at severairport locations
However, at the moment of examining the impacts of these variations of climateperdyrfield
asplalt mix design wasested Hence, it is recommended to evale these impacts atistinct
asphalt mixesAdditionally, develop testen airfield hydraulic concrete samples to assess the
impacts orrigid pavements.

Concerning the laboratory tests, as it passented irFigures 411 to 4.12, Canadian airports

experience freezthaw cycles varying from 5 to 30 per yetirereforeapproximately1 00 to 600
freezethawcy cl es per airfield pavementodos |ife cycle
-15°C b 15°C. Therefore, it will be sigficantly more accurate to evaludtee impacts ofreeze

thaw cycles by inducing meaningfully higher amount of them varying between the mentioned

range.
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Vancouver International Airport
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Montreal Trudeau International Airport

36
34
32
30
28
26
24
22

20 |

18
16
14
12
10

8

-10
-12
-14
-16
-18
-20
-22
-24
-26
-28
-30
-32
-34
-36
-38
-40

|

I

Extr Max Temp (°C) Extr Min Temp (°C)

|

|
[

|

y = 5E05x + 19.34

oV]

y = 8E05x- 9.68

Figure A.5 Monthly Ambient Temperature at YUL from 1942 to 2013

H Max. Av. T. EMin. Av. T.

202 504 205 20.7 20.9 21.1 21.3 21.4

a a a ; o 3 g _
8.4 8.1 -7.8 75 7.2 6.9 6.6 6.3

Figure A.6 DecadeAverage Temperature Trendlines forYUL Since 19401949 to 2012019

68



Ha

lifax Stanfield International Airport

35

30

25

20

15

10

————

y = 8E05x + 17.24

N
o
© y = 7TE05x- 7.64

Extr Max Temp (°C) Min Monthly Temp

Figure A.7 Monthly Ambient Temperature at YHZ from 1961 to 2019

B R R R R NN
ON DO ®O®ON

O DA NONAOD®

19.1 19.4 19.7 20.0 20.3 20.6

g g
(]

©6.0 357 355 S50 47

9
600
[
o
670

m Average Max. Temperature = Average Min. Temperature

Figure A.8 DecadeAverage Temperature Trendlines for YHZ from 19601969 to 2012019

69



Calgary International Airport
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Saskatoon International Airport
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Winnipeg International Airport

45
40
35
30
25

20 y = 3E05x + 18.24
15

10

y = 4E05x- 14.87

Extr Max Temp (°C)

Extr Min Temp (°C)

Figure A.11 Monthly Ambient Temperature at YWG from 1939to 2008

22.00
20.00

18.7 18.8 19.0 19.1 19.2 19.3 19.4 195
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

-2.00
-4.00
-6.00
-8.00
-10.00
-12.00
-14.00
-16.00 -14.2 -14.1 -13.9 -13.8 -13.6 -13.5 -13.3 -13.2

H Max. Av. T. H Min. Av. T.

Figure A.12 DecadeAverage Temperature Trendlines forYWG Since 1910-1949 to 20162019

72



Moncton International Airport
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Yellowknife International Airport
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Igaluit Airport
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FreezeThaw Cycles Algorithm

Valued Description

Tml= Mean Temperature current d&yiven valu¢

Tm2= Mean Temperature next dejyGiven valug

Ts1= Surface Temperature current day

Ts2= Surface Temperature next day

Tr= Temperatureange=-15°C to 15C [subjectivg

dt=Temperature difference betweearrent day and next day0.2°C [subjectivé
TC= Temperature Check

dTC=dT Check

FS= Freeze Search

TS= Thaw Search

Excel Algorithm:
Ts1=0.0065*Tm1"2 + 1.1828*Tm1 + 1.7533

TC=I1F(Ts1>=(-15); IF(Ts1<=15;1;0);0)

dTC=IF(TC =1;IF((ABS(Ts2-Ts1))>0.2:1;0);0)

IF(TC + dTC =2;IF(Ts2<0;IF(Ts1>0;"Freeze";"none");"none");"none")
IF(TC +dTC=2;IF(Ts2>0;IF(Ts1<0;"Thaw";"none");"none");"none")
Freeze Count#(FS="Freeze";1;0)

Thaw Count= | F(TS=0Thawo; 1; 0)
FreezeThawCyclegday= AveragéFreezeCount Thaw Coun} [0 or 0.5]

]FreezeThaWCycIes/year:Sum(Freezei'r haw Cycles/day])for the entireevaluatedyear]\
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FreezeThaw CyclesResults
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Figure A.21 Annual FreezeThaw Cycles for Yellowknife International Airport
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Figure A.22 Annual FreezeThaw Cycles for Igaluit Airport

78



YWG (Winnipeg)
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Figure A.23 Annual FreezeThaw Cycles for Winnipeg International Airport
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Figure A.24 Annual FreezeThaw Cycles for Saskatoon International Airport
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YXY (Whitehorse)
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Figure A.25 Annual FreezeThaw Cycles for Whitehorse International Airport
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Figure A.26 Annual FreezeThaw Cycles for Montreal Trudeau International Airport
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Figure A.27 Annual FreezeThaw Cycles for Toronto Pearson International Airport
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Figure A.28 Annual Freeze Thaw Cycles for Moncton International Airport
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YYC (Calgary)
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Figure A.29 Annual FreezeThaw Cycles for Calgary International Airport
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Figure A.30 Annual FreezeThaw Cycles for Halifax Stanfield International Airport
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Vancouver International Airport
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Montreal Trudeau International Airport
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Figure A35 Annual Precipitation, Rainfall, and Snowfall for YUL from 1941to 2012
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Halifax Stanfield International Airport
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Calgary Internationalirport
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Saskatoon Interational Airport
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Winnipeg International Airport
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Figure A43 Annual Precipitation, Rainfall, and Snowfall for YWG from 1937 to 2007
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Moncton International Airport
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Figure A45 Annual Precipitation, Rainfall, and Snowfall for YQM from 1939to 2011
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Whitehorse International Airport
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Yellowknife International Airport
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Figure A49 Annual Precipitation, Rainfall, and Snowfall for YZF from 1943 to 2006
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APPENDIX B

Laboratory Results

Hamburg WheelTracking TestResults
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Temperature Variation
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Figure B.1 Rutting Propagation versus Temperature Variation
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FreezeThaw Cycles Variation
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Tensile Strength RatioResults
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Modified Lottman Test 50 mm/mini FreezeThaw Cycles Variation
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Figure B.3 ITS versus Displacement Variations due té--T Cycles
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Modified Lottman Test 50 mm/sed FreezeThaw Cycles Variation
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Figure B.4 ITS versus Displacement Variations due té-T Cycles(Higher Speed of Loading)
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Modified Lottman Test 50 mm/sed Half Freee-Thaw Cycles Variation
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Figure B.5 ITS versus Displacement Variations due to HalF-T Cycles(Higher Speed of Loading)
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Ideal Cracking TestResults
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Table B.1 Tensile Strengthand Ideal Cracking Test AverageResults

Average of Tensile

Row Labels Strength (kPa) Average of CT-Index
No. of FreezeThaw Cycles 60mm/min)
0 958.87 120.83
1 723.30 182.03
2 553.20 272.98
3 528.40 279.89
No. of FreezeThaw Cycles (50mm/sec)
0 1143.80 192.06
1 889.92 360.15
2 786.37 353.37
3 595.27 429.68
450
400
350
300
250
x
&)
o
£
= 200
O
150
100
50
0
0 1 2 3 0 1 2 3
50 mm/min 50 mm/sec

No. of Freezel'haw Cycles

Figure B.6 Ideal CT Index Variations due toF-T Cyclesand Speée of Loading
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"

Load Report

2019-08-18

Project ID: Specimen ID:
Date / Time: 01-01-01 00:00 Stability (Peak Load): 21.72 kN
Specimen Diameter: 150.00 mm IDT Strength: 970.3 kPa (140.7 PSI)
Specimen Thickness: 95.00 mm Peak Displacement: 3.5 mm
Starting Load: 0.53 kN Flow (0.01 inch units): 13.8
Stopping Load: 6.6 kN Total Energy: 110.81 Joules
Max Specific Gravity: Energy to Peak: 46.05 Joules
% Voids: Temperature: 22 °C
% AC: % IDEAL-CT Index: 5552 Daa did not reach
Project ID: Specimen ID:
Date / Time: 01-01-01 00:00 Stability (Peak Load): 23.1 kN
Specimen Diameter: 150.00 mm IDT Strength: 1032.9 kPa (149.8 PSI)
Specimen Thickness: 95.00 mm Peak Displacement: 3.25 mm
Starting Load: 0.6 kN Flow (0.01 inch units): 12.8
Stopping Load: 5.8 kN Total Energy: 111.24 Joules
Max Specific Gravity: Energy to Peak: 45.79 Joules
% Voids: Temperature: 22 °C
% AG: % IDEAL-CT Index: 55287 Data did not reach
Project ID: Specimen ID:
Date / Time: 01-01-01 00:00 Stability (Peak Load): 19.6 kN
Specimen Diameter: 150.00 mm IDT Strength: 873.4 kPa (126.7 PSI)
Specimen Thickness: 95.00 mm Peak Displacement: 4.09 mm
Starting Load: 0.2 kN Flow (0.01 inch units): 16
Stopping Load: 5.3 kN Total Energy: 126.27 Joules
Max Specific Gravity: Energy to Peak: 48.13 Joules
% Voids: Temperature: 22 °C
% AC: % IDEAL-CT Index: J50850 Data did not reach
Technician: Signature:

InstroTek Inc. www.instrotek.com

Figure B.7 Ideal CT Report for the Non-Condition Samples




Figure B.8 Ideal CT Report for the Samples with one Freez&8haw Cycle

104










