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Abstract

Changes in climatic conditions can directly impact pavement performdfite alarming

temperature recordand the increased frequency of extreme weather ev€atsadian
infrastructure could be at risk ddaptation strategies are neglect€he such piece of
infrastructure, namely iigorts, are essential toa country’s economic successThe

construction and maintenance of lelagting pavements asuch facilitiesis not only

importantfrom an economic staipoint but for the sake of safetyherefore, t is crucial

that airport infrastructure support saied efficient transportation.

In the past two decadethe usageof mechanistieempirical designproceduresfor the

design of pavement structuréms become more prevalent as comparecdnpirical
methods The use of such methodsables fothe implementation of tools that can account

for climate variations in pavement desigrhe mechanistiempirical approachrelies on
predicting pavementresponsesunder traffic and relating these responses to field
performancePavement stress and strain calculationshamessaryo estimag the damage

to airport pavements over their service life. To this end, several netiedavailable,

which can vary depending on the computational approach used and the way that material
properties are consideredhe successful mechanistic analysis of flexible pavements
requires appropriate models that can accurately reproduce the pavéelgavior
However, choosing the model that will best simulate the pavement responses can be a
complex task.

This thesisexamined some of the available computational approaches useddbanistic
analysis of airfield pavements to summarize the sihtbepractice and to identify
enhancement opportunitieshen, selected software packages were compared with field
measurements from two case studies. The first case study compared three full scale
pavement sections built for the A380 Pavement Experirn@utggram (PEP) with linear
elastic simulations from KENLAYER, NonPAS and ABAQUS. The second case study
analyzed the fulkcale results from the National Airport Pavement Test Facility (NAPTF)
and compared with nelinear elastic simulations modeled in KEANYER, NonPAS and
GT-PAVE. Theoutcomeindicatal that KENLAYER and NonPAS presented good results
when predicting pavement vertical strains and stresses at the top of the subgrade in both
case studies, however, the vertical displacements predicted invcasete quite far from

the field measurements. ABAQUS and -BAVE successfully predicted the pavement
compressive stresses as well as the vertical displacements.

The utilization ofa designand structural analysimethod thatanaccuratelyreproduce the
pavement behaviocan ultimately improve longterm performanceand decreas the
frequency of maintenanceSuch method can provide realistassessment of the
performance evolution with time and hence allow for more effective and timely paveme
management interventions to avoid premature failufles. this end, ecounting for
environmental factors in airport pavement design remains a challenge since most design
methods do not consider inputs such as moisture and temperature vaBatimeen
several airport pavement design methods, only two climatic factors are currently considered
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in the structural design, i.e., frost depth penetration and the reduction in subgrade bearing
capacity due to spring thawin@herefore, to address this research gad improve the
resilience of airport pavements, this research proposes a new methodology for the structural
design of flexible airport pavementgilizing an enhancednechanistieempirical approach

that can better accommodate the climate change coasaler

The methodologyroposedn this research was applied to a case studyoodnto Pearson
International Airport using actual field data. A total of five scenarios were evaluated
including (1) the CurrentClimate, (2) Temperaturéncrease(3) Lower Matric Suction(4)

and (5) two Flooding Events. The results of thei Grrent Climated showed thatthe
traditional FAARFIELD analysis can possibly overestimate fatigl@mage and
underestimateutting damage.

Among all climate change scenarios evedda fatigue damage/as foundto be slightly
affected by changes i n soi |Lowsrdvatuc Sudtiono n , wh i
scenari o, and AFlooding Eventso. However, t
scenario presented fatigue damages thate 43 % hi gher than the i
scenario. From the results of climate change scenarios, it could be recognizstatigges

in soil saturation have a direct effect in thdting damage.B ot h LowereMatfic

Suctiod0 and t heEviemltosoodihmagd gr eat i mpact in rut
hi ghest damage r ecor Hosver Marjc (Sactiodd sd¢edhat oo .t he
lowering of the matric suction due to an increase in the ground water table and precipitation
levelsaffects thesoil saturation and lowers the subgrade stiffness. The results showed that a
significant decrease in thanatric suctionin Pearson International Airport couklevate

damage in the order of aboldi® when compared to the ACurren:

decreas¢he pavement service life down to only a few years.

Considering the variations in climatic conditions dugheclimate change, the proposed
methodology caryield major benefits in terms of quantifying these impacts, which can
ultimately help withdesignof more resilientransportation infrastructure such as airfield
pavementsThis platformenables accoumg for climate variations, temperature increase
as well asextreme events such as flooding in the design of flexible airport pavements.

The assessme of an optimum design strategy for airport pavements also incorporated an
evaluation of frost and thaw changes due to the temperature Tige.increase in
temperature may result ité shortening of the freezing seaswrhich can significantly

impact afport pavement frost/thaw conditionis this thesis the potential effects of the
warming temperature in pavement frost/thaw penetration and frost heave were assessed for
critical airports across Canada. To that et Ministry of Transportation of Orria

(MTO), Ministére des Transports du Québec (MTQ) @armhsport Canada Civil Aviation
(TCCA) methodsvere used in the calculations and climate change simulations considering
the emission scenario RCP8.5 in a 20 ang/ey horizon The results show that climate
change predictiongesultin shallower frost penetration depth and possibly less frost heave
over the airports not underlain by permafrost, while airports over permafrost areas might
experience an increase in thickness of the active layer. Among the different methods used,
the Minist re des Transports du Qeditngcobds ( M’
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frost depth of fine soils, while the frost depth of coarse soils was better estimated by the
Ministry of Transportation of Ontario (MTO).

This research was the first to propoaa enhanced pavement design and analysis
framework to improve the rdm&ncy of flexible airfield pavements in face of the changing
climate.The proposed framework is unique because it can account for the combined effect
of materials properties, loading, and climatic conditions through a detailed analysis of the
pavement rgmonses. The implementation of the proposed framework allowed for an
assessment of the impacts of temperature increase, lower matric suction, and flooding
events in pavement performance in the case study of Toronto Pearson Airport.

Otherkey contributionsnclude he study of the impacts of climate and climate chaoge
flexible pavement materiglgncluding the identification of the most relevant parameters for
flexible airport pavements.

The study ofstrengths and weaknessescoimmonly usednethods avadble to predict
pavement responsatso provide important contribution, since the influence of using these
different tools on the accuracy of the results had not yet been discussed in reference to
actual field tests in the existing literature.

Lastly, ths researctprovided a comparative study of the Canadian methods available to
calculate frost depth, and its accuracy when compared to field data. The outpetsean
planning of future projects in Canab facilitating the decisiomn what methods to use

and how ten (10) major airports in Canada will possibly be affected by the shortening of the
freezing season.
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Chapter 1: Introduction

Scientific evidence for climatehangeis unequivocal. According to NASA, thescent
warming trend has strong probability to be the result of human adiNABA, 2020) The
increasing global temperature is only one elemenbhsferved global climate change
Locally, other environmentalaspects are changing, such aecppitation patternssolar
incidence, and the frequency ofextreme weather eventsThe National Centers for
Environmental Information points thabme of thegeneralconsequencesf climate change
includethe increase of surface temperature, rise of seas|eneteasingheat content in the
ocedn, decline irsnow covemndshrinking of glaciervolume(NOAA, 2020)

Climate change Isa directeffect on the infrastructure afansportation systemblighway,
port, airporf andrailway infrastructurehave been suffering shortening irservice life and
consequentlythere isa needfor excess maintenance apdemature rehabilitationThis
contributes tothe emission oimore greenhouse gas€&HG), contributingto a vicious
cyclethat onlypromotesmoreclimate change.

The effects of climate change onnsportation systems will vary by region and mode
(Brian, et al., 2007)Regardingoadsand airport systemsneironmental conditions play a
significant role in the materigdropertiesand pavement responsddthough the effets of
climate in pavement materials is evidenipreresearchneeds to beloneto clarify the
implications of climate changein the design, managemenmand operation ofthose
pavements.

Airports are complex infrastructure systemsimilar to cities, containing a variety of
infrastructure assets, for example, airside pavem@mtsvays, taxiways, and aprons) and
buildings, designed and operated to accommaoithetéakeoff and landing of aircrafs and
facilitate passenger transportatioHub Airports often opera 24 hours per day with
intense utilization of runwaydaxiways,and apronsTherefore, maintenance operagon
taking placeon airsideareasneed to be&eompleted with superior planification and optimal
time. Ensuringlong lastng pavements at airporis not only importanfrom an economic
standpoint but for safety.Structural pavement desigthat better incorporates design
conditions can improve long term performancewhile decreamg the frequency of
maintenance

Accouning for environmental factors in airport pavement design can be considered a
challenge since most of the design methods do not contadgreratureand moisture
variations daily temperature fluctuationyind, solar incidence and the possibility of
flooding eventsin its designing practices. Between several airport pavement design
methods, the only climatic fac®ronsideredare the freezing indexand spring thawing
(Whiteley, 2006)

Having a better understanding of the impiicas of climate change in airport pavement
performance and design is imperative for determining adaptation actions and building
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resilient airport infrastructure. However, there is a lack of a comprehensive method that
would be able to capture climate \&ions in the structural design.

This study aims toaddress this research ghyp proposing an mhancedpavementdesign

and analysisframework toimprove theresiliency offlexible airfield pavementsTo that

end, anoverview of the impacts of climate ardimate change in flexible gvement
materialsis performed a review of airfield pavement design tools/methasiprovided
methods and software packageavailable to predict airport pavement responsaee
compared to field data to asséiss accuracy of the resulthe proposedesignframework

is detailed, and a variety of climate change scenasacessed through a case study
Other key contributiongicludean evaluation of tools and methods to detme pavement
frost/thaw conditions, recommendations towards the suitability of the approaches available
and lastly,an assessment of tkeffects of the shortening of the freezing season in pavement
frost/thaw conditions to a variety of airports acrossi&la.

1.1 Hypothesis

The main hypotheses for this research are as follows:

1 There is unanticipated pavement damage dweértate change.

1 The effecs of cimate changeanresultin faster deterioration of pavemergada
need foprematuremaintenancand rehabilitation

1 The change in natural climat&an influence the pavement material properties and
structural responses

1 The current pavement design practices are inadequate for dealing with future
climatechanges

1 The use of an enhancegivanent design method to account for climate change
implicationscanimproveairportpavementesiliency

1.2 Obijectives

Adaptation strategies for airport pavement design practices are necespaoyide the
resilience that airport assets nedaen faced wittchallenging climat changesTherefore,
the primary focus of this researto propose arenhancedavementdesign andanalysis
framework to improve theresiliency of flexible airfield pavements The proposed
methodologyuses a mechanistempirical approach angas implementedh a case study
using actual field datarhe novel framework can contributeto desigring more resilient
airport pavements in the future, sincei#t equipped toaccount for climate variations,
tempeature,and moisturechangesas well asextreme events such as floodinger the
designlife of flexible airport pavements.

The specific objectives of this reseasatieto:

1 Evaluat how different climate parameters can influence the pavement msterial
properties and structural responseBhe following climate parameters were
investigated:



Maximum temperature
Durationof the freezing season
Daily thermal oscillation
Precipitation and flooding
Freezing and thawing cycles

O O O oo

1 Assessavailable toolsnethodsfor the mechanistic analysis of airport pavements
The following methods/tools were investigated:
o Layered Elastic DesigiENLAYER, andNonPAS
o Finite Element MethadABAQUS and GFPAVE

{1 Evaluate the implications of climate charigehe structural design and cumulative
damage of airport pavementsrough the analysis different climate scenarips
such as

o Current climate

0 Temperature increase
o Lowermatricsuctionand
o Flooding events

1 Investigate the impacts of the shortening of the freezing season in pavement
frost/thaw conditiongy:
o Evaluaing current methodologieavailableto determine frost/thaw depth
and frost heave
o Estimaing changes in frost/thaw depth and frost heaks to clinate
changeover several locations across Canada

1.3 Organization

This thesishas been organized &ight chapters. Chaptek introduces the studygresents
the research hypothesiand explais the research goal€hapter2 encompassea review

of theliteratureon climate change indicators and its consequences to flexible paveinents
presentsa general background armbmparison amongirport pavement design methods
and providegonsiderations on the mechanistic analysisiain pavement responses

Chapter3 presentghe generalresearch methodologyetails are provided regarding the
proposed pavementdesign andanalysis framework including a discussion about the
methodologyusedto determine rutting and fatigue damaage well aghetoolsavailable to
obtain pavement responsésonsiderations are also drawn on pavenfeygt and thaw
conditiors. The proposed methodology is summarized in seven steps to facilitate the
implementation bylesigners.

Chapter4 discusse about differentcomputatimal tools usedfor mechanistic analysief
airfield pavemersg The chapter provides a review of variossftware advantages and
limitations andaccesse several toolsby comparing predicted pavement responses with
field measurements througivo case studse

3



Chapter 5provides the implementation of the proposed methodology through the case
study of the Pearson International Airport, using actual field datas¥ssathe possible
effects of climatic parameters and climate change on the airport pavementnaeide,

first, the methodologys crossverified by the design of a flexible pavement structure using
FAARFIELD to ensure that a total CDF=4 achieved. Then, the same layer thickness
resulting from the FAARFIELD desigrs used to evaluate current clilmadnd climate
change effects on the CDF of the most critical aircraft from the traffic fleet mix operated at
the airport. A total of five scenariaze evaluated throughout the research, including the
Current Climate, Temperature Increadsewer Matric Sution, and two Flooding Events.

Chapter &discusssethe implications of the shortening of winter seastor frost and thaw

penetration depthand frost heave in Canadian Airporss total of threemethodologies

proposed by the Ministry of Transportation@tario (MTO), the Ministére des Transports

du Qu®becds (MTQ) and Tr ans preevduaté€tlanada Ci vi |

Chapter 7 presents the general conclusions, main research contributions and recommended
future work. Lastly, Chapter 8 provides thedstueferences.



Chapter 2: Literature Review

Climate changdas becomebvious from current observations in climatic events, such as
frequent droughts, heat domes, floods atiterextreme weather eventsottever, it took
hundreds ofyears of research and data to convince the majority of people, even the
scientific communitythat man could alter the climate of the plattebughits actions.

Some of the first thoughts about climate change come from 1719, when the Abbé Jean
Baptiste Du Bos wrote a book that relates the change in culture with the change in climate
in some regios (Fleming, 2005)

JeanBaptiste Joseph Fourieg French mathematician and physicibprn in 1824 is
considered to be thE i r st person to study the Earthos
perspective Th analytical theorpf head (Baron Fourier, 1878nvolved calculaing the

effect of thesun radiationn earth and concluded theth e Ear t hds at mospher e
insulator what is nowadays called tiggeenhouse effecin simple wordsthe greenhouse

effect is a process that occurs when gases in Earth's atmosphere trap the S(M/sSteat

2020)

Oneof the first scholars that believedtime influence of human activity on climate change
was Svante August Ahenius who was able to estimate a direct relationship between
atmospheric carbon dioxidand the Earth's increasing surface temperatuhe 1896
Arrheniusprediced the variation of temperature caused by a given variation of carbonic
acid (Arrhenius, 1896)

Despite those and many other studiegmenhouse effecin thel970s scientists were still
doubting if global warming was tangible or not. It was only in the $39B@t consensus
beganto form.JamedHansen poirgd out the rise in temperatuteetween the middlef the
1960's and 198@nd how consistent that is with tb&culated greenhouséfectandcalled
the attention to the potential effects on thé' 2éntury, including therosion of the West
Antarctic icesheet with a consequent worldwide rise in sea l@¥ahsen, et al., 1981)

The National Aeronautics and Space Administrat{biASA) points out that he evidence
for rapid climate change is compelling dobal temperaturerise, warming oceans
shrinking ice sheets glacial retreaf decreasednow cover, sealevelrise declining arctic
seaice, oceanacidification, andincrease irextremeeventsoccurrenc§ NASA, 2020) The
Intergovernmental Panel on Climate Change (IPCC) says that there will be more frequent
hot and fewer cold temperature extremasd thatheat waves will occur with a higher
frequency and longer duratidintergovernmental Panel ddlimate Change, 2014The
consequences dflimate changeare specific for each locatioWhile some areaswill
experience more precipitation, including frequency and intensity, ddwoations are
suffeling from the thawing of the permafrost and gkaing of winter season, while otlser
arestrugglng with drastic short time temperature fluctuations



The climate change predictions for Canada and all high latitude territareesdang to the
Intergovernmental Panel on Climate Change (IRG€)that those areas atikely to
experiencea reduction in permafrost area near the surfac87% RCP2.6scenario) to
81% RCP8.5scenariolpy 2100(Intergovernmental Panel on Climate Change, 2014)

Projected climate andurrentweather changes have importaohsequence®r thelong-

term safety and functionalitpf pavementsFor any paved structure, theange in extreme
maximum temperature can cause thermal expansion of rigid pavement joints, adversely
affecting operationsand increasing maintenance costs; it can also increase rutting of
flexible pavementsincreased freei¢haw cycles can induce frost heaves and potholes.
Structures built on permafrost will be damaged due to lateral spreading and settlement of
embankmentslf precipitationrisesin large scale, risk of landslides will increase, and
flooding will be more likely to ocau This can also result in soil moisture levels becoming
too high, compromising the pavement structural inte@ktgyer, et al., 2014)

Adaptationstrategiesrecrucialfor helpingto avoidor withstandthe current and projected
climate changes i mpacts. The adaptation sho
increase its resilience to impa¢g&haw, Pulhin, & Pereira, 2010)

Hub airportsaroundthe world often operate 24 hoyser day.At theseairports,pavement
maintenanceand rehabilitationoften require the effort of large engineering teams to
accomplishoperationsin a short amount dfime to releasethe pavementor traffic. The
improvement in the longterm performance ofairport pavements isecessaryfor
decreasing the frequency of maintenamcel rehabilitation Effectively accounting for
climate parameters in the desigan be beneficial to improve the resiliency afport
pavements enhance long term performance amdiucethe need formaintenanceand
rehabilitation practices

The perception of how climate change is affecting airport pavements in Canada varies from
region to region. A survey developed the Centre for Pavement Transportation and
Technology (CPATT) athe University of WaterlogvVanheule, Lu, Dutton, & Tighe, 2017)
collected information from a variety of airport authorities around Canada on their
perspective onlinate changeimpactsin thar infrastructure A thoughtful analysi®n this

survey wagonductedy Abreu(Abreu, 2019)

The results showed thall airports surveyedwere alreadyconsideing climate change on
their decision makingfrom 38% to 100% of the time. The consequences of climate change
wereperceived differentlfoetween themAll airports reported an increaseeaarly cracking

and crack severity with more evidencein Northern Canadairports. This ould be
happening due to the increasefdezethaw cyclesand because of an iansificationin
thermal fatigue. Therpvinces of Ontario and British Columbpgerceived more rutting
possiblydue to the temperatur@nd precipitatiorincrease. Heaving and settlemevere
more sensed in northern territories, probably duthéomeltof permafrost layerén the
warmer seasongélso, the airport of British Columbiand some other airportsported an
increase in pumping as a result of elevated water pressure.



All airports surveyed agreed thidite mainfactors contributing taheir earlydegeneration

are related taherise in frequency anthtensity of precipitationtheincrease irmaximum
temperaturesand theenlargednumber of freez¢haw cyclesto some extentwhile the
northern territories agreed that they were also suffering from the decrease of permafrost
depth. Among the nain barriers reported to contempla¢ climate change risk and
adaptation/itigation for pavementsis the lack of requirements in codesandardsor

policy. When asked if new design strategies were necessary to mitigate climate change
impact, the answer wasunanimousy/es(Abreu, 2019)

Including environmental factors in airport pavement design can be considerteallenge
sincedesign methods for airpostructuralpavement design do not considactors such as
precipitation, freezing and thawingycles minimum and maximum temperature, daily
temperature fluctuatia solar radiation, wind spde etc The only current climate
parametes effectively being consideredre the freezing indexand the spring thawing
(Whiteley, 2006)

Frost protection means that frost susceptible materials should not be present at any layer
and within a cgain depth of the subgrade. Therefore, the freezing index has a direct
influence on the total thickness of the pavement structdezluced strength of the
subgrade, due to spring thawing, can be accounted by strength reduction factors
recommended by PublWorks Canada. Those factors vary between 0 and 50%, depending
on the subgrade type. Canadian airport pavements should be designed based on the spring
reduced subgrade bearing strength, as this represents the weakest period during the life of
the structue. Thus, spring thawing has a direct effect on the thickness of the pavement
layers.

Regarding moisture, design methadguirea good drainage system to be provided within
the pavement structure, batoisture haso direct implication on the thickness of the
layers.The temperaturenaximums and minimumare alsanot accounted as an influential

factor on the thickness of the paverhdayers, affecting only the choice of the binder
(Whiteley, 2006)

Therefore, there is an urgent need ddaptations on structural airport pavement design to
account for climate factors. ddsuing more effectivelyhow different climate parameters
can influence the pavement material properties and structural respotisedirst step in
this journey.Section 2.1 will anadyze each climate change indicatam more detail to
understand how they can influertbe pavement matersgénd structurgberformance.

2.1 Climate change indicators

2.1.1 Maximum temperature

The last three decades have beecessively warmer at tHear t hds sur f ace
preceding decade since 183Me Intergovernmental Panel oriGate Changepoints out

that te period from 1983 to 2012 wdikely the warmest 3§ear period of the last 1400

years in the Northern Hemispheend thattiis very lkely that heat waves will occur more



often and last longéan the near futureOn daily and seasonal timescales, it is certain that
there will bemore frequent hot and fewer cold temperature extremes

In 2019, a detailed report concerning the temperatumeges in Canada was published by
Environment and Climate Change Canada. This report presented several cructhbtacts
could affect the life cycle otransportationinfrastructures. Based on this report, by
analyzing the temperature data between 184819, it can be concluded thée annual
average temperature increased byQii Canada.

The average spring and autumn temperature increased #@ ftom 1948 to 2019.
Moreover, throughout the very same timeframeters got warmer by 3°8. The least

change in seasonal average temperatureimwéiee summey with 1.£C increase The most
changes in regional temperature were recorded in northern provinces and territories such as
Yukon, Northwest Territories, and Nunavut. These changes cariicagtly reduce the
thickness of glaciersncrease sea levels and significantly endanger spéeresronmnet

and Climate Change Canada, 2019)

The Government of Canadesdeveloped an online tool with the ability to demoatsr
possible scenariosf climate changen Canada This tool projects twentyear average
changes in three timeframeNearterm: 2016 to 2035Mid-term: 2046 to 2065Long
term: 2081 to 2100Figure 2.1 shows thelong-term projected temperature changes in
CanaddgEnvironmnet and Climate Change Canada, 2019)

There are three gas emission scenarios presenkagure2.1. They are he Representative
Concentration PathwaRCP) 2.6, 4.5, and 8,5n the sources of confidence 26", 50",
and 79" percentiles.

The changen extreme maximum temperature can cause serious damage to the pavement
structure. For flexible pavements, there is a potential increasitimg and shoving, and a
premature age hardening of the asphalt bindlédnench & Dam, 2015) Rutting is a
permanent deflection that has two main mechaniga)she AC rutting, which is the AC
distortion under the wheel paths due to a densification or dislocation ACtihaix, and )

the structural ruttingthat happens in the subgradédue to an accommodation or
densification of thesubgrade sailThe increase in maximum temperature can increase the
phenomenon of rutting in the asphalt concrete mix, diminishing riding quality and safety
(Mills, et al., 2017)and it can also increase the structural rutting, since the loss in stiffness
of the AC layer can result in elevation of the compressive strains at the subgrade top.

On July 18, 2022, an extreme heat wave has caused a disruptifligtits operations of

the Luton Airport, the fifth busiest airporin the United Kingdom. The airport authorities
attributed the disruption tonafessential runway repairthat was required "after high
surface temperatures caused a small section @ Tiftis happened only hours aftiére
Royal Air Force (RAF) paused all flights to and from Brize Norton, its biggest air base in
Oxfordshire after a report from Sky News suggested that the runway had "meaaiN,
2022) The word melting, used in the news, is an extreme description of what likely took
place, that is, a loss of firmness, or stiffness, in isolated regions.

8



Temperature change Canada: Annual
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Figure2.1: ProjectedTemperaturé&Changes in Canad&nvironmnet and Climate Change
Canada, 2019)

The theological propertieof asphaltvary significantly with temperature. As asphalt
temperaturancreases, the stiffness decreases, leaving it more susceptitd¢otaation
under heavy loads.dfne adjustmentgo build asphalt concrete mixes less susceptible to
extreme heaare(a)to use higher temperature binder grade and possibigase the use of
binder polymerization(b) to improve aggregate structul®y using stone matrix asphalt
mixture gradationand (3) to increase the thickness of the AC lay®gluench & Dam,
2015) (Swarna, Hossain, Mehta, & Bernier, 2022)

Another possible consequence of the temperature increase in pavements is the
intensification in &tigue deterioratianFatigueis determined by the rheological status of
the mixture (Lundstréom, Isacsson, & Ekblad, 2003). Since the rheological properties of any
HMA mixture are linked to the temperature, it is possible to connect temperature as an
important factor in fatigue crackirag well

In conclusion, thee is evidence that thiemperature in Canada has increased significantly
in the pastdecadesand studies show that no change is made ithe amount ofgas
emissions, the temperature will continue to increase. In fattegturrent design practices
must be adjustedo assurerutting and fatigue damage in airport pavements will not be
aggravated



2.1.2 Shortening of Freezng Season
With the temperature increase, the timing and duration of winter freeze and spring thawing

are going to change in all cold regions, directly impactingt and thaw penetratiotgepth
(Daniel, et al., 2018)

The study ofDaniel et al. (2018) used an ensemble of climate models to forecast how
climate change might affect freeze and thawing processes beneath roadways in the
Minnesota area. The results of that study showed that the duration for which the pavement
cross section is frozen will be significantly decreased in the next 30 years, and that
shallower frost depths are projected for the end of the centkigure 2.2 shows the
predicted frost depth in different sites in Minnesota, demonstrating that projected frost
depths under emission scenario RCP 8.5 become shallower at a greater rate than the
emission scenario RCP 4.5 after the year of 2040. The sealsth showed that the sites

with deeper frost penetration had larger changes over time and larger differences between
the low and higkemission scenarios at the end of the century.

Year
1950 2000 2050 2100

500

3
8

see RCP 45

e==RCP 8.5

Maximum Frost Depth (mm)
g

2000

2500

Figure2.2: The projeted maximum frost depths using actual pavermssgssections.
Adapted from(Daniel, et al., 2018)

Similarly, Canadianpavement frost/thavwconditions will be impacted by the warming
climate. With shorter freezing season ldrggin Canada, not onlyill the frost penetration
depthdecreasdut also the minimum pavement thickness requirements to cope with frost
penetration, which may possibly lower the initial cost of construcidternatively, areas
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underlain by permafrost may suffer a decrease in pavement strength due to melting of the
frozen layers.

Permafrost temperature in Canada has increased over the past three to four decades.
Regional observations have shown warming rates of about 0.1°C per decade in the central
Mackenzie Valley and 0.3°C to 0.5°C per decade in the high Arctic. Such increnngmts m
seem modest; however, permafrost layers can be highly vulnerable to thawing since soil
temperature in those regions are already close to(Eenaronmnet and Climate Change
Canada, 2019)Melting of the permafrost soil Wiincrease theseasonal active layer
thickness, that is, the upper part of the ground that freezes and thaws each year. It has been
reported that theeasonal active layer thickness in the Mackenzie Valley has increased by
approximately 10% since 20@&nvironmnet and Climate Change Canada, 20d@Xking

those areas more prone to deformations caused by fteszecycling

The use of systems and/or materials that reduce heat transfer between surfaces and
permafrost layers haveeen used with the goal of protecting permafrost layers and
maintaining their support. Although such techniques are not the focus of this research,
thermal insulation can be a suitable approach to méitat effects of the shortening of the
freezing seam in areas underlain by permafrost. Regardless of the udgeeohal
insulation it is important to ensure that pavements are built with appropriate depth of
frost/thaw protection.

Knowing how climate change can impact airport pavement frost and thaditicns is
essential for better planning of future projects in Canada. However, there are currently no
specific studies available in the literatureassist withdecision making in this area. To this
end, this thesis will analyze how the shortening offteezing season can affect frost/thaw
penetration and frost heave in several locations across Canada.

2.1.3 Daily Thermal Oscillation

Thermal oscillation is the difference between the highest and the lowest temperature
registered in a place during a given pdricGometimes, the difference of temperature
extremes can be enormous, for example, in the Arizona desert located in the United States,
there can be thermal oscillations of up to 56 °C in the sam{Baagal Science, 2012)

There were global scale changes in the frequency and intensity of daily temperature
extremesn the past decadémtergovernmental Panel on Climate Change, 2004 the
global increase of temperature, thermal oscillatioaly bemore likely to occur and the
temperature differences between day and night could be aggravated.

The cycle of temperature increase and decrease generates tension in the pavement due to
the expansion andhenkage of the asphalt concretd AC) mix. The cracks that are
generatedwhen induced thermal fatigue exceeds the fatigue resisw@mceg thermal

cycling are called thermal fatigue cracking. This phenomenon can happen in both cold and
moderate climates since it depends mostly on the temperatuagorari
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Damage due to one dayght temperature fluctuation may be imperceptible, but the
accumulated damage due to the repetition of cycles may not be Shrexke are several
researchevidencing that accumulated daiemperatureextremes can cause sewer
consequences to flexible paveme@isao, Shen, & Ma, 201§¥hao, Shen, & Ma, 2020)

Althoughthe effects of thermal oscillations on the pavement performance is proest
pavement desig methodspredict fatigueperformance ofasphaltconcretebasedonly on
traffic-induced tensile straiat the bottom of the layefhe hermal strain due to dayight
temperature fluctuation is not considered since there ispea orclosedform software
availablethat would include thematterin its practices(lslam & Tarefder, 2015)The
possible consegences of not considering thermal fatigue are the shortenintheof
pavementesign life and increase in maintenaaoce rehabilitatiorirequency.

2.1.4 Precipitation and Flooding

Many studies on climate change show thcipitation pattesmwill change aroundhe
world. Some areas wilexperiencamore frequent and possibiyore intense precipitation
events, while other areas will suffer with drier seasons. According totérgovernmental
Panel on Climate Changeén the midlatitude land areas of the Northern Hemisphere,
precipitationhas increased since 190&arren & Lemmen, 2014Figure2.3 presents the
patterns ofchange in annual total precipitation over the period 12600 in Canada,
showingthatmostareashad significantise in precipitatiomates over the studied period
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Figure2.3: Patterns of change in annual total precipitation over the period 2950in
CanadgWarren & Lemmen, 2014)
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In generalCanada has become wetter with increasing annual average precipitation trends
in many parts of the country and for the nation as a wHeége extreme precipitation
events are projected to become about twice aludrgqby midcentury over most of
Canada(Warren & Lemmen, 2014)loodng is already identified ashe most frequent
natural hazard in Canad@overnment of Canada, 2018nd with climate change,ghisks

of flooding hazardsvill possibly increase becoming even more evident in coastal areas in
Canada, due to the rise of sea leyBlanghui, 2020)

Flooding of road and airport infrastructure can jeopardize mobility, tysaéad
functionality, resulting in social and economic lossén May 13", 2022, theHay
River/Meryln Carter Airport (CYHY)in the community of Hay River in Canada's
Northwest territoriesvas flooded du¢o rain, snow melt and ice flow$he flooding event
affectedthe airportand roadsin the region impacting theentry to and egress from the
communityas well aghe delivery of supplieswhich is heavily dependent on the airport.
The extent of flooding in thélay River/Meryln Carter Airprt runway can be seeim
Figure2.4.

Figure2.4: Flooding inHay River/Meryln Carter AirportGodlewski, 2022)

Othermajor flooding events in airportaround the worldncludethe LaGuardia Airport in
New York City, USA, which was struck by Hurricane Sandy in 2012, resulting in the flood
of airport runways and taxiways. Rockhampton Airport in Australia had its runway
inundatedand closed for weeka 2011 In December 2015 Indias Chennai Airporhad
water reaching the under carriage of aircraftd an inundated runwagfter two days of
heavy and continuous raiRlooding has also affect&hnguardia Airport in Villavicencip
Mexico, in May 2022andKansailnternationalAirport in Japan, in September 2018

The noisture content ofpavementmaterials are usually affected by climate through
precipitation, surface runoffs, soil typgroundwater table(GWT), among other factors.
Excessively saturatechaterialscan lead tadegradatia of pavements through three main
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mechanisms: (1) A reduction the resilient moduluof granular layers and subgrade soil

can lead to greater permanent deformationsT(®) ensile strain in the bottom of the AC

layer canincrease in magnitudéue toa decrease in support, resulting in more extensive
fatigue cracking (3) Adhesive and cohesive forces AC can be weakenely moisture
content(Canestrari, Cardone, Graziani, Santagata, & Bahia, 28&@)ng to pathologies
known as stripping or ravelind-here are also othesecondarydegradation mechanisms
because of water infiltration, such as, subgrade volume changes, pumping of water and
fines through cracks and distresses associated with frase fernold, 2004) Pavement
characteristics such as cross slope, potential for infiltration and length of drainage path can
play an important role in the pavement drainage and moisture content.

To avoid rapid degradation ohpements when subject to increased precipitation levels and
flooding events, it is important to ensure appropriate drainage at the granular layers.
Unbound granular layers need to follow the appropriate layer specifications to cope with
gradation limits asvell as material requirements.

Other alternatives to mitigate the effects of the increase in pavement saturation levels and
potential decrease in subgrade support is to consider soil stabilization through the use of
cement, lime, limdly ash among othematerials. Lastly, the increase in thickness of the
granular layers may also be required to improve the general pavement strength.

In conclusionthe change in climate will most likely impose a general rise in precipitation
in Canadaand possibly increasthe frequency of flooding evenfEhis could potentially
shortenthe pavement servickfe and increase the need for maintenamee rehabilitation
therefore current design practices must ddjusted teensurerutting and fatiguelamage in
airport pavements will not be aggravated.

2.1.5 Freez-Thaw Cycles

A freezethaw (FT) cycleisa f l uctuation of the pavementos
above freezing>0°C) to below freezing(<0°C) and then back to above freezirithe

damage of dreezethaw cycle starts vihen the temperature is above zexodrainwater or

snowmelt penetrate in small cracks and air voids of the asphalt pavesuddenly the

temperature falls below freezingnd the water contained in those crac&sd voids

expand, damaging the AC mix from the inside out. Aftbe temperature rises again, the

frozen water contained in pores and cracks snaltowing the water to move deeper into

the pavementWhen the cycle starts over, the water that moved to lower lagerfseeze

again,causng frost heaveand depressions when melted.

The general rise in temperature in Canada will lead to an increase in the number er freeze
thaw cycles imorthernareas, because periods with negative fluctuating temperature will
shift to varying from negative to positive, whig®uthernareas in Canadwill possibly
experience a decreasetite number of FItycles,since there will be less days during the
year when the temperature falls below zero.

Laboratory tests performed at the Centre for Pavement and Transpoiftatbnology
(CPATT) at the University of Waterloo showed tlisgezethaw cyclescausethe asphalt
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mix to become softemaking it more susceptible to rutting and shovjagreu, 2019)The
research tested AC mix samples uBteT cycles,following thestandards of AASHTO T
283 The resulting deformation of samples under wheel passegp forthreeFT cyclesare

presented ifrigure2.5 (a).
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Figure2.5: (a) Deformation of samples under wheel passes for different number of-freeze
thaw cycles(b) Tensile strength versus the number of fredeav cycleqAbreu, 2019)

In the same study, it washownthat not only deformation under compression forces were
increased buthe tensile strengtiwvas significantly affectedoy FT cycles in early stages
Figure2.5 (b) shows the reduction in the tensile strength of the samples Bhdscles

Additional researchhas produed similar resultsregarding the depreciation of AC under
this condition For example,Ozgan & Serinshowed that the number oFT cycles can
decrease the Marshall Stability by 77.4% after 24 days of cyOrgan & Serin, 2013)
The work of Feng(Feng, Yi , Wang, & Chen, 201@)Iso shows a decrease in tensile
strength rat when samples were subjected to repeBiedycles, with very similar pattern
from Abreu(2019.

Gong et al. performed thBendingBeam Rheometer (BBR)}est in a variety of asphalt
mixes and obtained a consistent decrease in the stiffness of all mixegsheheumber of

FT cycles increased. At 32 cycles, the percentage decrease of stiffness ranged from a
minimum of 7% up to 27%, atg 3 (Gong, Romero, Dong, & Sudbury, 2016)

The literature reviewof Teltayevet al.(2019)points out thaafter 20 cycles ofreezing and
thawing,the fatigue strength of thesphalt concrete and bitumeandecreasdy 37% and
41%, respectively The same authors point out that thisr@ criticaldecrease oflynamic
modulusof an asphalt comete mix after FT cycles having occurred during omsengle
winter season in southern Ontario, Canddealtayev, Rossi, Izmailova, & Amirbayev,
2019)

The FT cyclexanalso impact directly on the compressive strengthrasdient modulus
of the AC Research shows thata degradation is sharp during the initial FT cyctey]
after 8 cyclesthe degradation curve becomes mgentle (Wei, et al.,, 2015) It is
presented irFigure 2.6 that dter 14 FT cycles, the compressive strengthreducedby
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nearly 0.33MPagr an attenuation of 15.6%while the resilient modulus reduces by nearly
147MPa (attenuates by 18.7%).
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Figure2.6: Impact of Freez& haw cycles on compressig&rength and resilient modulus
(Wel, et al., 2015)

The sharpness of the curves presentdeignre 2.6 will depend on the material properties
and asphalt aggregate ratithat is, thegpercent asphalt birmd by total weight of HMAFor
example Figure2.7 presents what the resilient modulasinder 0, 6, 10 and 14 cycles, and
the depreciation ratio is dérent for all ofthe different mixes, as the asphadigregate
ratio changes
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Figure2.7: Impact of asphalaggregate ratio on resilient modul¥gei, et al., 2015)

As the resilient modulus decreases, rutting resistance also decreases. The Werkeatf

al. (2015) showed that after 50 cycles of freezing and thawing, rut depths formed on the
surface of the asphalt concrete samples after 10,000 wheel passes wgrthresatimes
(269.7%) biggerWei, et al., 2015)However, modification with polymensas shown to

have a positive effect, as all samples modified with polymers after 50 cycles of FT
demonstratecn actual increase in ruttingsistanceFigure 2.8 presents the results for
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stone mastic asphalt concrete with neat bitumen, in the first section, and polymer modified
stone masti asphalt concrete in thextesections of thgraph
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Figure2.8: Rut depth on the samples of stone mastic asphalt concretes after 10,000 wheel
passegWei, et al., 2015)

Despiteall effort to asss the effestof FT cycles in the mechanic properties of AC mixes,
there is no closed equation that relates the number of cylotesaterialpropertiesand
the stiffness. Therefore, it iget not possible to assertivelgredit rutting and fatigue
damageof asphalt concrete pavements unaleertain number of F@ycles

2.2 Airport pavement design methods

Airport pavemert require closer attention than any othpavement becaudhey suffer
concentrated highpeedioads, and a gictural flaw can lead to serious consequences for
the safety of the userAirport pavement structural design can be classified tinteemain
categoriesexperience basedmpiricaly basedandmechanistieempirical

Experience based methods rely on standard sections that presented good performance in the
past and are fased in cases with similar soil, traffic, and climatic conditiohke
empirical methods arbased onfield observations They use the results of measd
responses to determine pavement limits for successful sections with varying aircraft traffic
levels. The empirical methodsan provide the design thickness foa set ofdesign gear
loadings and subgrade bearing strergfWWhiteley, 2006) Transport Canada Civil Aviation
(TCCA) specifies the use of an empirical design methodology presentthed ASG19

manual.

The mechanistiempirical approachesddressethe mechanistic analysis of the pavement
under any type of loading-his methodcancalculatethe pavement responsasdcorrelate
them with damage.The approachallows for design inferences that would be hard to
estimatefrom the limitedview of an empirical methadSome of the most weknown
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mechanistieempirical softvare available are the FAARFIELD from the Federal Aviation
Administration (FAA), and the APSDS developed in Australia.

The following section®f this chaptemwill address withmore detas the three structural
pavement design methodsentioned abovd~AARFIELD, APSDS and AS&.9.

2.2.1 FAA FAARFIELD

The design of flexible pavements through empirical methods have been used for decades.
Even FAA, in the Advisory Circular AC 150/538D (FAA, Advisory Circular, 1995)
recommended the use of pavement thickness design charts (nomqdrapéd)on the US

Army Corps of Engineer€alifornia Bearing Ratio§BR) pavement design method, before
making use of the layed elastic systenfor flexible pavementsThe need for better
pavement design came with the introduction of bigger and heavier aircrafts, with complex
gear configurations, such as the B777 and A380.

A computer program called LEDFAA 1.3 was released by FA2004 The program had

an expanded aircraft librathatreplaced the concept of the "design aircraft" by the design
for fatigue failure expressed in terms o€amulativeDamageFactor (CDF) using Miner's
rule (Gary, Leigh, & Midael, 2016) Another advanaaent was the use of thelastic
modulus E and poison ratios instead of the CBR to characterize the soil strength.

The most recentversion ofthe FAA design software is called FAARFIELD. This is a
platform based orLayered Elastic Design (LED) for flexible pavements and three
dimensionalFinite Element Method (FEM)for rigid pavementsdeveloped to calculate
design thicknesseBor an airfield paverant to be considered compliant with FAAmust
be designed with FARFIELD, which makes ithe most relevant design code for airport
pavement engineens the US(Heymsfield & Tingle, 2019)

The codes used in FAARFIELD can be considered mechagistgirical, because they are
based on the mechanics of the materials,thatsoftware failure models aoalibrated

using fulkscale test resultsThis includeswork conducted by the U.S. Army Engir
Waterways Experiment Station and more recent pavement testing performed at the FAA
William Hughes Technical Center, National Airport Pavement Test Facility (NAPTF)
(Heymsfield & Tingle, 2019)

The CDF concept assumesttlize contribution of each aircraft type in a given traffic mix
results inaccumulated damage for the pavement. The process to calculate the thickness of
the layers is iterative, consisting of 4 main analysis s{@p#puts, includingaircraft mix,
pavement structur@nd materialsanddefinition ofdesign life,(2) mechanistic calculations
(stressdstrairs), (3) calculaton of the allowableaircraft number ofdeparturesin the

design periodand(4) the cumulative damage. If the cumulative damaghkfisrentthan 1,

the thickness of the layeraust be adjusted and the process goes in a loop until CDF
reaches the optimum valu€igure 2.9 illustrates the iterative solution process used in
FAARFIELD (Heymsfield & Tingle, 2019)
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Inputs: aircraft mix, pavement structure, design life

L

Calculate stresses and strains at
critical locations

v

Determine number of coverages
and allowable departures
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Modify layer ‘
thickness
For each aircraft:
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CDF=1? > CDF = 3CDF per aircraft
Yes

v
Optimum pavement layer thickness

Figure2.9: FAARFIELD solution processModified from (Heymsfield & Tingle, 2019)

Since the configuration of airplagearscan vary a lot, andith the contribution of aircraft
wander (naturalateral offset of aircraft from the cedline of the pavemeit the total
damage to the pavement is better estimated if calculated separately for each aircraft and
then summedFigure 2.10 presents the cumulative damagetbapavemenin relationto

the centeline, whosepositionis 0 on the xaxis.
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Figure2.10: CDF Contribution for Airplane MiXFAA, 2016)

FAARFIELD does not require the user to input any climatformation. Different from
Mechanistic Empirical Design GuidMEPDG), that uses the temperature as one of the
indicators to predict rutting and fatigue, and that considers precipitation as an important
factorfor rutting, FAARFIELD disregard<limatic information
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As discussethroughoutthe literature revievin section2.1, climate change indicators have
direct consequences on the matedalkshavior. For example, the temperature hdgect
correlation with the siness of the AC mixhowever mn FAARFIELD, a fixed modulus
value for hot mix surfacing is set in the program at 200,000 psi (1380 MPaadVisery
circular150/53206F affirms that this modulus was conservatively chosen and corresponds
to a pavement teperature of approximately 32900°F (FAA, 2016)

Therefore, thesoftware calculates pavement damagmnsidemng the AC stiffness
corresponding t82°C all year longThe saméappendgor precipitation since he software
considers that the granular materials andgradesoil have constarstiffnessover the year
even though it is known that wet seasons will greatly degradeufsportcapacity of those
materials.

2.2.2 APSDS Australia

The Airport Pavement Structir Design SystenfAPSDS is a software with pavement
structural design codes based on the layered el#stiory. In a similar mannerto
FAARFIELD, it uses transfer functions to convert the calculated mechanistic response
values to pavement distress, usaggiations obtained thugh fullscale testsThe software

is based on design standards used in Australia and New Zéadanelson, 2008)

Research hasompared the design of airfield pavements using APSDS 5.0 and
FAARFIELD 1.2 and showed that there were two main differences between both tools:
(1) in APSDS subgrade strainwerecomputed for all points across the pavement in order
to capture damage contributed by all the aircraft wheels, while FAARFIELD computed
rutting damagebased ora single maximum strajnand (2) there werediffererces in the
calibration parametsusedin APSDSto construct failure mode(&ary, Leigh, & Michael,
2016)

Due to such differencegshe APSDS 5.0design method yided pavement structure
thicknesses thaivere far fromFAARFIELD v1.32 for CBRsmallerthan 186 (Gary,
Leigh, & Michael, 2016) However,on May 2017,a new version of FAARFIELDwvas
launched, version 1.41, which includeelw subgradéilure models for flexible pavements
using fulkscale traffic test from the National Airport Pavement Test FaciliifAPTF
construction cycles 3 and Fhe implementation othe new subgrade failurenodels in
FAARFIELD have approximated the results with APSDS 5.0, specially for subgrades with
CBRd 5% (Chai, Bell, McNabb, Wardle, & Oh, 2022)

Figure2.11 (a) shows the comparison between FAARFIELD 1.302 and APSDS 5.0 design
thickness, considering a fleet mix that includes 147,120 movements of the3BU&R,
47,280 movements from the B7400 ER,13,920 movements of th&340-300, and 4,320
movements of the A34800.Figure2.11 (b) shows the comparison between FAARFIELD
1.42 and APSDS 5.0 design thickness, considet®@000 movements of the B7300

ER. It is important to note that the configuration of the layers in the analysis made in 2016
is different from the analysis of 202&8nd the goal opresentinghose images side by side

is to show that in general, the results of the most recent anlaéyssore proximity.
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Figure2.11: Pavement thicknesses produced by APSDS and FAARFIE)Dersion
1.302 of FAARFIELD(Gary, Leigh, & Michael, 2016)b) version 1.42 of FAARFIELD
(Chai, Bell, McNabb, Wardle, & Oh, 2022)

APSDS conglers aircraft wandemnodelled by anormal distribution and calculates the
CDF as a function of lateral position across the pavememying from 0, no damage, to 1,
whenthepavement ipresumed to have reached its design(Fgure2.12).
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Figure2.12: APSDS 5.0 CDF Graph showing CDF variation across a pavegieamtle &
Rodway, 201Q)

2.2.3 Transport Canada ASG-19
Transport Canada is a federastitution in Canadaesponsible for transportation policies
and programsTheir manua, ASG-19 (TCCA, 1992)and PavementStructural Design

21



Training Manual ATR021 (TCCA, 1995) presents standards and guidelines on the
structural design of airport pavements.

The method is purely empirical, and requires three main ingatsgn loadingsubgrade
bearing strengthand site freezing indexFor loading, the method considers classes of
aircrafts, providing the users with a series of twelve standard gear loaalingsn be seen
in Figure 2.13. Therefore, the methos groundedn the assumption od design &cratft,
instead of a fleetmixAi r cr af t | o a dvere paklishedg 2008,inéudiRgbtie )
new larger aircraft (NLA) such a%hd Boeing 777 and the Airbus 38§U0CCA, 2008)
however, the original design method did not directly consider the impacts of these NLA.

The subgrade bearing strength is measured as the load required to prdédtleet@n of

12.5 mm after 10 load repetitions at the subgrade surface through a rigid plate. The value
recommended for the design is the lower quartile strength measured along the pavement
area. The manual also recommends the use of spring reductiors factocations where

frost penetrates the subgrade soil, to reduce the strength values measured during the
summer and fall. The spring reduction factors range from 10% to 50%, depending on the

soil type.

S.G.L. Aircraft S5.G.L. Aircraft
1 Piper Apache/Aztec 7 DC-4
Cessna Cutlass/Skylane BAE-146-100
Beech Bonanza/Baron Canadair CL699, 601
DHC?2? Beaver
2 Beech King Air 90 Srs. 8 DC-9-15
Cessna 421 Golden Eagle DC-6, 6B
DHC6 Twin Otter Gulfstream IT, 11T
Argosy A W650
BAE-146-200
3 Cessna Citation I 9 BAC-111-500
Swearingen Metro/Merlin DC-9-21, 32
Piper Cheyenne III Hercules C130
4 DC 3 10 B707-120B
DHCS Dash 8 B737-200/300
Gates Learjet 55, 56 B767-200
DC-7
L1049 Super Constellation
5 Gulfstream G159 11 B-747-100
F27 DC-10-20
HS748 B707 320/420
Dart Herald Airbus A-300
VC-10-1100, 1150 Super
6 Convair 580/640 12 Concorde
Canadair CL215 B-747-200
Dassault Falcon 50 DC-10-10, 30, 40
L-1011-100, 200, 500
B727-200

DC-8-62, 63, 72, 73

Figure2.13: Aircraft corresponding to standard gear loadings
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The depth of frost penetration a frost susceptible soi$ calculated basesbolely on the
freezing in@x, which is ameasure of the severity of freezing condition during the winter
seasonn the areaEquivalent granular thickness is used as a common basis to evaluate
different design structures.

Some of the limitationsn the method proposed by Transport Canada is that it ignores
recent advances on the mechanics of the materials, which malkiisult to account for
the implications of climate and climate change on pavement performance.

The Transport Canada manual A3& (TCCA, 1992)has no recommendatiantowards

failure modes, mainly because it is an empiric@thod, and the failure mode evaluation
requires a mechanistical approach that accounts for stresses and strains. Therefore, the
increase of temperatuesd precipitationlevels among other climate factoras well asits
consequentncrease inrutting and fatigue cannot be considered in the design practices
contained in thé&SG-19 manual

2.3 Mechanistic considerations

Pavement stress and strain calculations are key to estimate damage of airport pavements
over their service life. To this end, seueraethods are available, which can vary
depending on the computational approach used and the way that material properties are
considered.

The successful mechanistic analysis of flexible pavements requires appropriate models that
can accurately reproduceetlpavement behavior, however, choosing the model that will
best simulate the pavement responses can be a complex task. Although more advanced
models and sophisticated techniques can potentially improve the accuracy of the modeling,
the required computatiaiime and cost of retrieving the necessary input parameters can be

a hurdle. Therefore, selection of the right modeling tool to use will be adfadepending

on the nature of the analysis and level of accuracy required for a specific task. To this end,
one must decide about the right constitutive models to represent the materials properties
(e.g., linear elastic and stress dependent models) as well as select the solution approach that
can be either analytical or numerical.

The analytical solution has é&e widely used in the past through the Layered Elastic Design
(LED) approach. Flexible pavement structural analysis and design codes typically use this
method to estimate pavement responses, however, advances in knowledge on material
behavior and computeéechnology has greatly increased interest in numerical techniques,
such as th&inite Element Method (FEM)

There is not a unique answer to prescribe specific constitutive models or a certain type of
solution, since each method has its advantages andtlionis. Current research often tends

to show preference to very complex analysis that can take several hours to converge.
However, this may pose some difficulties with respect to practicality for routine analysis
cases fromanindustry perspectivelherefae, the following sections wikhedsome light

on the available options to obtain pavement mechanistic responses.
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2.3.1 Layered Elastic Design

Flexible pavement structural analysis and design codes typically use the Layered Elastic
Design (LED) approacfHeymsfield & Tingle, 2019)in which, the calculated stresses and
strains are translated into distresses through transfer functions, and the design is usually
achieved through an iterative process. When using the LED approaphedneted damage
should be smaller than or equal to a certain threshold, with the goal of limiting pavement
distresses during its design life.

Layered elastic analysis can compute stressesns,and deflections at any given depth of

a pavement structue by rel ating the | oad applied to
ratio. The basic assumption of this type of model is that each layer is homogeneous,
isotropic, and linearly elasti¢Burmister, Palmer, Barber, &Middlebrooks, 1944)
Although it is well known that the pavement materials are not essentially linear elastic, it is
common practice to assume that they exhibit linear elastic behavior when subjected to the
application of moving traffic loads. Thesenplifying assumptions have been historically

used for the sake of practicality and achieving acceptable accuracy within a reasonable
computation cost.

On the other hand, the effect of loads on nonlinear granular materials can be also computed
within thelayered elastic analysis context through the use of an approximation artifice, that
consists of dividing the nonlinear halpace into a number of layers and determining the
stresses at the mitkight of each layer using Boussin@sspquations, and finally
calculating the elastic modulus for each lafiduang, 1993)It is important to notice that

this iterative process, present in many LED codes, is only an approximation, and the
approach can lead to inaccurate tensile strassth® granular material laye(sleymsfield

& Tingle, 2019)

Despite the limitations of using thHeayered Elastic Desigfor the analysis of flexible
pavements, most design packages are based olayled elastic analysi® compute
stresses, strains, and deflections The flexible airport pavement design software:
FAARFIELD, Alize-Airfield, PAVERSandAPSDS all use thdayered elastic analysts
computeflexible pavement responses.

Some of the available LED based tools for pavements structural analysis are: KENLAYER,
CHEVRON, DAMA, ELSYM5, BISAR, EVERSTRESS, and NonPAS. Both KENLAYER
and EVERSTRESS®&ave the abilityof consideing the nonlinear characteristics of granular
materials however, they only allowsing kd a n d &hnstitutivemadelsthrough the
iteration technique previously explaine@n the other hand, NonPA&llows for more
options to perforrmonlinear analysis of flexible pavemerasd utilizesfive constitutive
models including Kd , 0 sUaanWitczakd ,SMEPDG (2002, andthe Bilinear models
(Ghanizadeh & Ziaie, 2015)

From a user perspective, it is possible to affirm that the two main advantages of pavement
modeling usingthe multi-layered theoryarethe simplicity of the analysis and the shorter
computational time as compared to the finite element method. When performing structural
analysis on a certain pavement, the computational time may not be of the highest concern.
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Wherea, for the pavement design purpose, in whichldlyers thicknesgsare determined

based on the cumulative damage factor and designshi@etimes hundreds dérative
solutiors areprocessd, before identifying the optimum pavement structure. Therefore,
when performing a mechanistic analysis and design of an airport pavement structure, the
researcher or engineer should have in mind the level of accuracy one wants to reach as well
as the computational time that can be afforded.

2.3.2 Finite Element Method

Another technique that can be used to compute pavement responses is the Finite Element
Method (FEM). FEM can offer several advantages over the conventionally used LED
techniques such as estimating the responses of a variety of structures (either calvention
or unconventional), can accommodate a wider range of materials properties, and provides
flexibility to better model the actual wheel loads configuration and contact area.

When comparing pavement responses using linear elastic assumption for the snaterial
properties, the results from both LED and FEM methods should be very close, provided
that (1) the FEM elements have reasonable dimensions, (2) boundary conditions are
properly defined and do not influence stresses and strains close to the locatighés) of
applied load(s), and (3) the layer interfaces are considered to have full friction (i.e., fully
bonded condition). In such conditions, the FEM models compared with LED models can
present very good correlation. However, when considering *@kstic orstress dependent
materials in both methods, the pavement responses can be different.

Studies have shown that granular unbonded materials, as wetlhasive finegrained
subgradesusually present nonlinear propertiggerpreted in the form of stresggendent

moduli (Tutumluer, 1995)There are a few FEM software available in the market, such as
ILLI-PAVE, GT-PAVE and MICHPAVE, that can consider the nonlinearity of the
granular pavement layers in a two dimension&)(axisymmetric analysis. These three
software packages have been widely used in the past for the mechanistic analysis of
pavements, and their results showed a good agreement with measurements from full scale
studieg(Kim, Tutumluer, & Kwon, 2009)Gopalakrishnan, 2004)

Despite their many advantages, the aforementioned software packages have some
limitations that can affect the quality of the analysis. Firstly, they can only consider the
asphaltconcrete layer as a linear elastic material; therefore, the user does not have the
possibility to directly consider the asphalt concrete viscoelastic properties. Furthermore,
ILLI -PAVE, GT-PAVE and MICHPAVE perform twedimensional (2D) analysis,
consideing the pavement structure as being axisymmetric, which limits the analysis to one
wheel at a time. Therefore, to be able to account for the effect of multiple wheel gear loads,
the user would have to manually calculate the responses using the principle of
superposition. However, linearity is a core assumption for the superposition principle, and
hence such approach can lead to some level of error in the cases where pavement materials
nonlinearities are being considered.

To overcome the inconsistencies engsfrom the 2D axisymmetric finite element analysis
and field measurements, many studies have been conducted usingdinteresional (3D)
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finite element analysigKim, Tutumluer, & Kwon, 2009)(Kim & Tutumluer, 2008)
Generalpurpose FEI programs such as ABAQUS, ANSYS and ADINA, cateal with
threedimensional problemshowever, readily availabléuilt-in material models found in
these software are not applicable to the nonlinealastic responseof pavement
geomaterialsresulting in a need for the researcher to devetgrdefined material model
sub-routines (UMAT) (Kim, Tutumluer, & Kwon, 2009)

Another downside of using 3D finite element analysis i$ tha computational time and
memory requirement to run the models are much higher compared to the 2D approach, and
for this reason, this type of analysis has been mainly performed in research projects and are
rarely incorporated into a practical designga@ure(Huang, et al., 2019)

As a final perspective, it isnportant to notice that there are many potential sources of error

in any pavement design analysis. The inputs such as traffic loads, material properties and
the paverant performance transfer functions all have a certain degree of inaccuracy
associatedvith them Therefore, the development of sophisticated and complex structural
models does not necessarily improve the pavement design pro¢schurartz, 2002)

2.4 Summary and research gaps

The literature review has shawthat climate changéias beenimpacting pavement
infrastructure through many mechanisnis.has beendiscussed thathe increase in
temperaturés affecting asphalt mes mainly bycausing an increase in rutting and shoving,
andthatthe shortening of the freezing seassnmpactingsubgraddrost'thaw conditions,
implicating in permafrost thawing and the increase in seasonal active layershe
northern regions. The possibility of an increase in daily thermal oscillations and its
implications for pavementperformance in terms ofatigue wasalso discussed in the
literature review as well as the effects of an increase in precipitation pataech flooding
events, which couldesultin considerable shortening of the pavement service life.

The last climate factor discussed was the change in the number of freeze and thaw cycles,
which has been proven to impact the asphalt oorpressive stremiy and resilient
modulus Although there has been great interest in the implications of climate change in
pavement performance in the last decade, there are still many gaps to be addressed. For
instance, dspiteall efforts to asess the effect of freezbaw cycles in the mechaiic
properties of AC mixes, there is no clodednm equation that relates the number of cycles,

the materials properties, and the stiffness.

It has been discussed thatpart pavement design methdt®ls available such as
FAARFIELD, APSDS andASG-19 do not allowtheir users to consider the effects of
climate changeThe method proposed by Transport Canada in the-A&@&anual has
recommendations towards frost protection and subgrade bearing strength spring reductions,
however, since it is an empirical method, it becomgsossible to adapt it to the climatic
changes.The mechanistic empirical methoflsr airfield pavementson the other hand,
attributefixed modulus valug for the pavement layers, disregarding the effects of climate

on the resilient modulus along the year.
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Stress and strain calculations are key tonestethe damageanduced orairport pavements

over their servicdives; therefore, close consideration was given to the mechanistic analysis
of airport pavementdwo mainsolutionsto obtain pavement responsesre discussed: the
layered elastic design arige finite element methodt was found thathere is not a unique
answer to prescribe a certain type of solutbwrspecific constitutive modelsince each
method has its advantages and limitatjaarsd theselection of the right modeling tool

each asecan bechallenging A summary of the main characteristics, advantages and
disadvantages of the airport pavement design methods and mechanistic analysis tools
reviewed oveChapter 2are presented ifiable2.1.

Table2.1: Summary of airport pavement design methods aachamnistic analysis tools.

Method/ | Main Characteristics Advantages Disadvantages
Software

Mechanistic Empirica
Based on LED for |l Design for fatigue |f Does not take into

FAARFIELD |flexible pavements ar| ~ failure considering consideration climatic
FEM for rigid the aircraft mix and characteristics
pavements aircraft wander

Mechanistic Empirica
Based on LED for |1 Design for fatigue |f Does not take into

APSDS |flexible pavements ar|  failure considering consideration climatic
FEM for rigid the aircraft mix and characteristics
pavements aircraft wander

9 Design for critical

9 Empirically aircraft/standard gear loadir
developed for instead ofafleet mix
Canadian 1 Has no recommendations
Transport environmental towards failure modes, due
Canada Empirical method conditions its empirical nature
1 Has shown efficacy [ Does not take into
ASG-19 under the aircraft consideration climatic
conditions to which i information, besides frost
has been developed  penetration and subgrade
(excludeNLA) spring reduction factors
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Method/ | Main Characteristics Advantages Disadvantages
Software
I The effect of loads on
nonlinear granular materialg
An analytical method needs to be computed throl
based on the the use of an approximatior|
Layered assumption 9 Simplicity of the artifice, which can lead to
Elastic Desigi homogeneous, analysis and short inaccurate tensile stresses
isotropic, and linearly ~ computational time. the granular material layers
elasticlayers 1 Does not provide flexibility t
model the wheel loads
configuration and contact a
1 2D FEM software consider

Finite Elemen
Method

General numerical
method for solving
partial differential
equations. FEM
subdivides a large
system into smaller,
simpler parts that ar¢
called finite elements

E)

2D analysis takes
short computational
time

General purpose 3D
FEM software can
accommodat a wide
range of materials
properties

General purpose 3D
FEM software
provides flexibility to
model the wheel
loads configuration
and contact area

1

T

the pavement structure as
axisymmetric, which limits
the analysis to one wheela
time

General purpose 3D FEM
software do not have readily
available builiin pavement
material models for nen
linear analysis
Computational time and
memaory requirement to run
3D models are much higher
compared to the 2BEM and
LED approach
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Chapter 3:

ResearchM ethodology

3.1 Overal view

The overall objective of this research isdeterminethe implications of climate change in
airport pavement design and performance in Canada. Thisgyaehieved through three

mainphases of this study by

1. Evaluatinghow different climate parameters can influence the pavement msterial

properties and structure¢sponses.

2. Assessing available toolgmethods for the mechanistic analysis of airport

pavementsand
3. Developng and implemennhg a methodology for quantifyinghe influence of

climate on thefatigue and ruttingdamagein a flexible airport pavement structure

utilizing a MechanisticEmpirical approach

Thesethree maimphasesare summarizednd illustrated irFigure 3.1 and more details on
each phasareprovided below.

PHASE 1: Data collection

g

PHASE 2: Modeling

ma

PHASE 3: Implementation

PHASE 1-A:

Data collection
on climate and
climate change

PHASE 1-B:
Data collection
on structural
responses

Mechanistic Analysis

Develop and implement
methodology to calculate
fatigue and rutting damage
due to changes in:

Layered Elastic Analysis

Maximum temperature

Maximum Weakening of the
temperature AC mix
Daily thermal Weakening of the
oscilation AC mix

Finite Element Method

Daily thermal oscilation

Constitutive Models

Precipitation and Flooding

Precipitation and
Flooding

Weakening of the
subgrade

Shortening of the
freezing season

Alters frost and
thaw conditions

Estimate the effects of the
shortening of the freezing
season in:

Frost/Thaw penetration

Frost heave

Figure3.1: Research methodology.

Phasel of this methodologyonsists mainly of data collection.ist divided o two parts

starting with Part 4. This partincludes data collection and processing on climatic

indicators with the main source of data for thiask beingthe NationalSolar Radiation
Database(National Renewable Energy Laboratory, 202@) current climate dataFor
climate change predictionthe Climate Atlas of Canad@Prairie Climate Centre, 2022d
the Weaher MorphFile Generatoravailable athttp://139.62.210.131/weatherGemwére

used.
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Phasel-b includes collecting information on the consequences of climatic indicators on the
material 6s behavior. For e X Ialthatl aa jncreese inwa s di
temperature decreases the stiffness of the asphalt comgre@diminishingits resistance to

rutting and fatigueThe equations that dictate this behaw@re studied and included into
theimplementatiorportion duringPhase 3

Phase2 consists of assessing the tools and methods for the mechanistic analysis of airport
pavements. Thiphaseincludes a comparison between the layered elastic analysis, finite
element method and some of the material constitutive models available.

In Phase 3he proposed methodology to incorporate climatic factors in pavement design
were implemented ithe form of codingn Pythonlanguage To that end,dilure models,

also known as damage modetuations,were coded in order to convert pavement
mechanistic responses inkgpavemendamagefactor with the goal of quantifyingutting

and fatiguedamageThis phase also includehe applicationof the proposed methodology

in the case study of Toronto Pearson International Airport.

Lastly, Phase &lsoincluded a study of the effects of the shortening of the freezing seasons

for frost and thaw penetration deptiind frost heave in Canadian Airporstotal of three
methodologies proposed by the Ministry of Transportation of Ontisfi®)), the Ministere

des Transports du Qu®becds (MTQ) amwegle Transp
evaluated, and different climate change scenarios were assessed.

3.2 Cumulative Rutting and Fatigue Damage

Airport pavement transfer functions connect pavemessponses to the number of
coverages that the pavement can carry. Coverages can be defined as the number of
repetitions of the maximum strain before failuRRutting and fatigue coverages are
determined by distinct model¥he number of coverages to ratii failure is defined in
FAARFIELD 1.41 by a bilinear modghs presenteid Equation3.1 (Kawa, 2017)

6 p1m  WELQI ORTTE
BNt pTFop,
_— WELQI WwERT T
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Where
T © 71 ¢ox ey wdimgnaionesp
T © p Yp wc P ghjnrexsionless
T @ p®uv v T T (Rimepspnless

1 - is theextremevertical strain at the top of the subgrgBémensionlesp

To determine the number of coverages to fatigue failine,0lderFAARFIELD version
1.305usedth Heuk el om and K, acoopding td Equatiod 2 (leoizasn b.d e |
, Armeni, Plati, & Cliatt, 2019)
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Where

1 C=the number of coveragesfatiguefailure (Dimensionlesk
1 - =the horizontal tensile strain at the AC bott@mensionless
T O =the modulus of elasticity of AC laye(psi)

Therefore, theld fatigue failure model was only related to the critical strains and stiffness
of the AC layer. Version 1.42 of FAARFIELD, however, introduced the use of a new
model, based othe Ratio of Disppated Energy Change (RDEQ)oizos A. , Armeni,
Plati, & Cliatt, 2019) The mathematical function is defined according to EquaBdhand

3.4 (Shen & Carpenter, 2007)

6 ™ YTEP w0 8 3.3
Vo TB gL 8 27Y8 zm)® 200 © 3.4
Where
1 - = horizontaltensile strain at the bottom of the asphalt concrete layer

(Dimensionlesk

1 “Y=Flexural stiffness of HMA mix from the laboratory fatigue (@4Pa)
@ 0= volumetric parametety 0 —— (Dimensionlesp

! @ = the air voids of mixturé)

1 @ =the asphalt content by volur{Bimensionlesp

f "O0= the aggegate gradation paramet&®) ———— (Dimensionlesp

T 0 = the percent of aggregate passing the nonmr@adimum size sievéhb)
T 0 =the percent of aggregate passinggtimary control sievé%)

T 0 =the percent ofggregate passing No.200 (0.075nsieye(%)

The RDEC model considers thatthe number of cycles to fatigue failur€C) is
fundamentally related to a Plateau Value (PM)many asphalbeamfatigue tests it has
been found that t heDEG h esltameapredictondhainerober(ofP V)
cycles to fatigue failureNote that the Plateau Value is intrinsically related to gradation
parameters of the asphalt concrete mix and asphalt content. Default fealties above
parameters have been assigimedrAARFIELD to represent typical-BO1 mixtures. The
default values are:

1 S=4136.8 Mpa§00,000 psi

T = 35%

T o= 12.0%
9 0 = 95%
T 0 =58%
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9 0 =45%

The default values used to calculéite number of coverages to fatigue failgennotbe
altered in FAARFIELD, therefore, it is not possible to adjust it according to the actual
asphalt mix used in a certain project.

Since the number of coverages can differ from the number of passes doeafosander,
a coveragédo-pass (C/P) ratio needs to be compui&nder is the width over which the
centerline of the aircraft traffic is normally distributed for 75% of the {iH@Sang, 1978)

In FAARFIELD, the values ofvander are considered separately for each aircraft in the

total mix (Brill, 2018). If, for example, a wander of 1.788 is considered, the value of the

standard deviation is calculated as the one tbatesponds ta % o 2

T L The same can be stated as the subtraction of the cumulative fun€io@sw t
"Om®@ w1 T LThe standard normal distribution z at the referred points of the function
X are-1.15034%nd1.150349 therefore, the standard deviatidritee normal function will

be, T XX-P®

The normalized function with average equal to zero and standard deviation of 0.77716 is
presented irFigure 3.2. The shaded area in the picture corresponds to 75% of the area

under the curve. The x axis represents the distance from the centerline (0) of the aircraft
wheels, to which the path can vary to the right or to the left.

0.6

o
ol

©
~

Probability
o
w

o
N

o
=

0
-3.576 -2.682 -1.788 -0.894 0 0.894 1.788 2.682 3.576

Distance from tire centerline (m)

Figure3.2: Normal distribution density functiol T x X pfap a wander of 1.7881.

The C/P ratio can be defined as the probability that any part of the effective tire width
covers the center point of a given strip, as presemté&tjuation3.5 (Kawa, 2012)
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Where

1 0 =number of tires for the gebimensionless)

1 o = lateral distance from centerline to the midpoint of stfgm)
@ lateral distance from centerline to the centerline of¢em)
1 0 = effective tire width(cm)

In the FAARFIELD design procedure, the pavement surface is divided into 82uldingit

strips, each25.4cmwide (10incheswide), for a total pavement width a2,0828 cm
(820inches) and the C/P ratio is computed for each off@dhe effective tire widthh is

the width being affected bthe load, on the critical layer being studied. This can be
measured either at the top of the subgrade, for the subgrade vertical strain criterion, or at
the bottom of the asphalt concrete layer, for the horizontal strain criterion. The tires can be
consideredeither separate or combined, depending on if the response lines overlap, as
presented ifrigure 3.3 (Kawa, 2012)

—

—
tires

N

t
surface W w
tires surface
1
h 2
- top of subgrade
top of subgrade

. e s L o b
2 4 5 2 2 subgrade

w+ttt+h N
| subgrade |

Figure 3.3: Equivalent tire width in which (a) response lines overlap, (b) response lines
dondt (Kawe RO12) p

Therefore, theffective tire widthshould be calculated according to EquaBdh

If response lines overlapl 0 0 Q
fresponse |inkes Wo@dt overl ap: 36
Where

1 "= total pavement thickness to the top of subgfade
! o distance between tirdsm)
f 0 tire contact width(cm)
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Up to version 1.4, FAARFIELD design procedure would account for the effect of aircraft
gears intandem as part of the C/P ratio computationthis procedurethe tandem factor

was computed as a straiglmte interpolation between the number of wheels in tandem (for
shallow structures) and unity (for deep structurese ddiculation procesbas chaged in

the most recent versions of FAARFIELD, and the cumulative damage caused by an aircraft
mix is now defined as presented in Equati8ifsand3.8 (Tuleubekov, 20186)

00 81 20 :0mQ 3.7

3.8

Where

1 & = number of aircraft types in the traffic mi®imensionless)

0 =total number of passes of aircraft A in the design pébathensionless)

1 Ow)®s the damage computatioffsetw Wimensionless)

1 nis the total number of extremum points of stri@mensionless)

1 -ware the critical strain valugBimensionles)

1 Cis the number of coverages according to EquaBdh@imensionless)

 sais a factor characterizing thé' extremum strains, as presentgdEquation3.9
(Dimensionless)

PQVQB Q& o a
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3.3 Rutting damage

The impact of wo climate parameters on rutting will be evaluat€de parameters are as
follows:

1 Temperature: through the weakening of the AC mix
1 Increased saturatidavels and floodingthrough the weakening ttie subgrade

3.3.1 Temperature influence on rutting damage

Asphalt concrete is a composite material that exhibits time and tempetaperdent
properties That means that thasphalt concrete stiffness can changpemding on the
ambient temperaturand loading rate

The mechanical behavior of asphalt concmai® can be obtained through tlmemplex
moduli'0 employed as a function of the master curve. dyrgamic modulus master curve
expresses themodulus of aspllt concreteas a function of temperature and loading .rate
The main difference between the resilient modulus and the dynamic madstis the
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sensibility to capturing theisco-elasticity of asphalt mater&lsince the dynamic test
covers a widerange of temperatures and loading frequencies.

In the Mechanistic Empirical Design GuidelEPDG (2004, there are3 projectlevels.

Each levelrequires a certaindegreeof accuracy of the input valuekevel 1 would be
equivalent to an executivproject, and it require extensive amownbf laboratory data
However, the results at this stage are more accuraiel 2 requires certain laboratory
tess, but some of the values can be assumed from previojects orfrom theliterature

Level 3 corresponds to an initial stage of the project, where most of the values are typical
results from the literature.

For a projectat Level 1, the dynamic modulus master function is defiogd sigmoidal
function, accading to Equatior8.10 (ARA, Inc., ERES Consultants Division, 2004)

N |
RO —5 3.10
Where
'O = dynamic modulugpsi)
f 0 =time of loading at the reference temperataczording to Equatiod.11.
T 1 h =fitting parameters; for a given set of datagpresents the minimum value of
O and| | represents the maximum value@f(Dimensionless)
1 H = parameters describing the shape of the sigmoidal fun@iomensionless)

The sigmoidal function describes the time dependancy of the modulus at a reference
temperature Thetemperature dependenofthe moduluss incorporated ito shift factors
as ascribed irequations3.11and3.12 (ARA, Inc., ERES Consultants Division, 2004)

5 0 311
»"Y

11T 11 11TQ7Y 312
Where

1 o =time of loading at a reference temperaisje

! o=time of loading at a given temperature of inte(s}t

1 @"Y = shift factor as a function of temperatBemensionless)
1 “Y=temperature of intere@Ranking

By using Equations3.11 and 3.12, the dynamic modulu§€) can be calculated using the
time of loading at a refence temperature. In the level 1 analytbis,master curves and the
corresponding shift factors should be determined in laboratmyugh thedynamic

modulus testFor levek 2 and 3, thedynamic modulusnaster curve can be developed

using the modifiedWi t czak 6 s si gmoi dal Equatom3cls, ifrom prese
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information available from material specifications or volumetric design of the mixture
(ARA, Inc., ERES Consultants Division, 2004)

(I
CEUTMEWBIC Wo ¢ TP X'PX TITC Y1 pridt L P W X
W
T[&Jncctr)—qﬂ—d) 3.13
oYX PWXBMNCP TAINMOWL PTRITMTITP X TEBTTULUTYXT

b O 8 8 8

Where

=

'O = dynamic modulugpsi)

(e loading frequencyHz)

— = bitumen viscosityp 1 (Poisg

W = air void content%o)

w = effective bitumen content, % by volur(#é)
" = cumulative % retained on the % in si€¥%&)

" = cumulative % retained on the 3/8 in si¢¥%e
" = cumulative % retained on the No. 4 si¢¥@

" =% passing the No. 200 sie{fé)

=4 =4 4 -4 -5 -4 45 4

Of all existing predictive models, themodified Witczak E* predictive equation is

considered one of the most rational and comprehensive. It was developed based upon 2750

test points and 205 different asphalt mixtures. Due to its structure as a sigmoidal curve, it
can beused to estimate the stiffness of a HMA mix at a wide temperature and frequency
range(Bari, 2005)

In this equation the dynamic modulus is estimated considering a sinusoidal loading, with
loading frequencyQ The frequencyQcan be related to the duration of the load on the
pavement, which can be determinecbtighEquation3.14 (Huang Y. H., 2004)

. p 3.14
The loading duratioriQ depends on the aircraft speiedcm/s)and the tirecontact radius
@(cm), according tdEquation3.15 (Huang Y. H., 2004)

P Q 3.15

i

It is of common practice to consider the contact radius of an elliptical tire footprint to be
circular (Kuo, Mahgoub, & Holliday, 2004)Therefore, by assuming a circular contact
between the tires of the aircraft and the pavem@ntan be determinedccording to
Equation3.16:

Q
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&

In which, 6 is the contact arecn?), which can be estimated by dividing the weight by
the tire pressurel’he bitumerviscosity— also plays an important role in the determination
of the dynamic modulusAt unaged conditions, the viscosity of the bindmm be
determined byequation3.17:

a € "Qa £ 60Q0-wYYHE Q 3.17
Where

1 7Y =temperatur¢Ranking
f 0 =regression intercegbimensionless)
1 o "Y2(regression slope of viscosity temperature susceptildityensionless)

For projectd_evel 3,in which no test data is available, A and VTS can be estimated from
the Performance Grade (PGf the asphalt binder, as presented’able 3.1 (ARA, Inc.,
ERES Consultants Division, 2004)

Table3.1: Recommended A and VTj&rameters based on asphalt PG g(aé, Inc.,
ERES Consultants Division, 2004)

High Low Temperature Grade

Temp -10 -16 -22 -28 -34 -40 -46

Grade |VTS| A |VTS| A |VTS| A |VTS| A |VTS| A |VTS| A |VTS| A
46 -3.90111.504-3.39310.101-2.9058.755

52 |-4.57(13.386-4.54113.305-4.34212.755-4.01411.84(-3.60410.70%-3.164 9.496|-2.73¢8.31(Q
58 |-4.17412.316-4.147%12.24§-3.98711.787%-3.70111.01(-3.35(010.035-2.96§ 8.976
64 |-3.84411.432-3.82411.379-3.68(110.98(-3.44(10.312-3.134 9.461|-2.79§ 8.524
70 ]-3.56610.690-3.54810.641-3.42¢10.299-3.217 9.715|-2.94§ 8.965|-2.64§ 8.129
76 |-3.33]10.059-3.31410.015-3.20€ 9.715|-3.024 9.200|-2.785 8.532
82 |-3.12§ 9.514|-3.114 9.475]-3.019 9.209|-2.854 8.750|-2.647 8.151

To calculate theorrectbitumen viscosity-, one needs to considdre aging of the asphalt
binder. There are two main concerns around aging, the one that happens during
mixing/compaction, and the aging during the long terraiin. The viscosityalso muste
adjusted for different air void contents and as a function of dégtording to the Global
Aging System (GAS) model proposed by MEP[XB04) the aged viscosity at time t and
depth zdepends ol he mean annual air temperatur e,
theinitial air voidsin the mix andtheaged viscosity

GAS was developed fronaiscositymeasurements using capillary viscomgtpenetration
and softening point measuremertansformed to viscosity over a range of temperatures
(Farrar, Harnsberger, Thomas, & Wiser, 2008) this gystem, he shortterm aging is
presentedby Equation3.18 (ARA, Inc., ERES Consultants Division, 2004)
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Where
1 — = mix/lay-downviscosity(cP)
 — = original viscosity(cP)

1 & ¢ ‘@Rardening rat (Dimensionless)

The hardening ratio has the purpose of adjusting the model for a particular asphalt tendency
to age during mixing, hauling and compacti@rarrar, Harnsberger, Thomas, & Wiser,
2006) To consider the hardening ratio, a hardenaogle is used. The hardening code
valuesvary from -1, representing a good to excellent resistance to hardening, to +2,
representing a podrardening resistanc&€hesurfaceong-term aging model is presented
Equation3.19 (ARA, Inc., ERES Consultants Division, 2004)

e . aé Q¢ "Q 00 3.19
a € Qo€ "Q —
p 60
Where
1T - = agedviscosity(cP)
T 0 TMINTPpe@ pc®o 61 TICHODO Oaé Qo-¢ Q
TO6 MwxxewBioydy®©
T 6 pm 8 8 8
T © PRUCPPBXOPET pdyYplelp®
! 0 & aOmean annual air temperatifte)
1 7Y =temperaturéRanking
1 o=time(monthg

The binderviscosity mustlsobe adjusted according to the percentage air voids in the AC
mix and the air void projected change within time. This is done through an adjustment
factor 'O, which is a function of the air voids at the time of interest, as presamted
Equations3.20, 3.21, and3.22 (ARA, Inc., ERES Consultants Division, 2004)

GEQEEQ T07a é Qe-E Q 3.20

p PEro@FP T WO O 321
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Where

T - &z agedviscosityadjusted according to the percentage air v(i&%s
1 "O=adjustment factofDimensionless)

f w0 =initial air voids(%)

1 —  =original binder viscosity at 77 (MPoisg

The aged viscositynustbe adjusted to theepth of interest, as proposecEquation3.23.

-1 O ©O- p Ta 3.23
Tp Od

0O ca® ®

Where

1 — & = Aged viscosity at time t, and deptiiMPoise
1 — = Aged surface viscosity at a certdéime, also namedr € "Qd-¢ "Q MPoise
1 &= Depth(in)

Finally, theaged viscosity at time t, and depthaan be imputed into Equatidhl3 to
obtain the AC dynamic modulus. Once the modulus of the AC is estimated for a
temperature and loading rate ofdrest, this information can be usedestimaé stresses

and strains at critical locationand ultimately, to calculate damage.

3.3.2 Moisture influence on rutting damage

Excess misture can decrease the stiffness of the granular layers agihdelmaking the
pavement more susceptible to permanent deformation.pid@osed analysisf rutting
damagedue toexcessmoisturerelatesthe subgradematerial propertiewith the variation in
degree of saturation from the optimum condition

To determine theariations in the resilient modulus of the subgrade with time, this research
proposes a similar approach to the MEP2G04) in which an environmental adjustment
factor (O ) is used to modify the optimum resilient modulis ( ) of the soil acording

to variations in moisture and temperaturbe resilient modulus at any given period can be
expressed as presenteddiquation3.24 (ARA, Inc., ERES Consultants Division, 2004)

v 0 v 3.24

The"O factor adjusts the optimal resilient modulus for three main conditions: (1) frozen
materials 10 , (2) thawed materials recovering to an equilibrium st&e (3) unfrozen,

fully recovered materials or materials that were never froZen Figure 3.4 presents an
example of calculation of an average for a period of 2 weeks, for each pavement layer.
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LEGEND:
FROZEN

RECOVERING
UNFROZEN

Time (days)
1 2 3 9 10 11 12 13 14

0.7 07 07 07 07 O0.7|BASE

0.7 07 07 07 07 0.7 Fenn=145
0.7 07 07 07 07 0.7
0.7 07 07 07 07 0.7

0.7 07 07 07 07 0.7
0.7 0.7 0.7 0.7 0.7 0.7

06 06 06 06 06 06 O0.6]SUBBASE
06 06 06 06 06 0.6 0.6{Feny=092
06 06 06 06 06 06 07
06 06 07 07 07 07 07
06 07 07 07 07 07 07
09 09 09 09 1 1 1
09 09 09 1 1 1 1
0.9 1 1 1 1 1 1

Figure3.4: Example computations 6O (ARA, Inc., ERES Consultants Division, 2004)

The frozenadjustment factorQ) is a function of the frozen resilient modulid's  and
the optimum resilient modulus, according to Equad@5.

0

o
V)

3.25

The unfrozen adjustment facté©O is used when the soil is fully recovered from thawing.
It takes place whethe number of hours elapsed since thawing stabiédig greater than
the number ohours required for the material to recovef ( In this caseOis equal to the

resilient modulus ratie——, according to Equatio®.26.

o

0 ; W 0
o sUQ () = 396
D noo5 N \ (.0 x, o o .
p Owva € z Y Y

The resilient modulus ratio—— at any given time is defined according to Equa8@®,

where
1 —— = Resilient modulus ratia) is the resilient modulus at a given time and

0 is the resilient modulus &te optimumcondition
1 = Minimum ofa ¢ -Q—

1 &= Maximum ofd ¢ 90—
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T "Q = Regression parameter
= Variation in degree of saturatidrom the optimum conditiorexpressed

in decimal

q Y Y

The values ofy &y and'Q varies for coarsgrained and fingrained materials, as defined

in Table3.2.

Table3.2: Values ofcy &3 and’Q for coarsegrained and fingrained materialéARA, Inc.,

ERES Consultants Division, 2004)

CoarseGrained Fine-Grained
Parameter . . Comments
Materials Materials
@ -0.3123 -0.5934 Regression parameter
B Conservatively assumed,
W 0.3 0.4 corresponding to modulus ratios of 2
and 2.5, respectively
o) 6.8157 0.1324 Regression parameter

Figure 3.5 shows an example of the resilient modulus ratio versus moisture for course
grained materials. There is a clear pattern showing that when the degree of saturation
increases, the resilient modsl decreases. The predictions of this model, in contrast with

actual data from the literature for comgmined materials show good correlation.

0.6

<

< . ]

© Literature Data

B Predicted

.4
Wo

log Mr/MRopt
& &6 & o
w b - o

©
=

e
)

o
o

-75 -70 -85

Figure3.5: Resilient modulus ratio versus moisture fioe-grained materialfARA, Inc.,

-60 -55 -50 -45

-40 -35 -30 -25
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ERES Consultants Division, 2004)
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During the construction period, the subgrade is usually in the optimum moisture content
with small variations bellow or above. In the MEP@&004) the optimummoisture
content’Y , is obtained through Equaticdh27.

Y oegutd 0O xy .

where,

T °Y = optimum moisture content (%)
T 7 =% passing the No. 200 siede¢ima)
T 0 "© Plasticity Index%)

Sometime aftethe construction period, the moisture content changes in the direction of a
degree of equilibrium’Y , which could be reached in months or years of operation.
When the moisture changes to an equilibrium, the resilient modulus will also qZrage

Ma, & Zhang, 2018)

If ground water levels are stable and there are no significant cracks in the AC layer, it can
be said that the saturation Besented in EquatioB.26 is essentially athe state of
equilibrium, unless freezing or thaw recovery is in progréee equilibrium degree of
saturation™Y is expressed by the Fredlung and Xing sigmoifiaiction (Xing &
Fredlund, 1994)also calledthe soitwater characteristic curfSWCC) as presented in
Equations3.28 and3.29.

oy 50 2 I
i TQap -2 3.28
W
] lp o 3.29
0Q p
i1 pg8 ¥ p 1
P o)

where

1 [ ois the saturated volumetric water cont@gcimal)
1 Qs the equilibrium suctionr matric suctior{psi)
T &,n,® andQ arecoefficientscorrelated ta) ‘@ , andO as presented below:

fO 00T

T8t o 0 00 pp

; PT OO 1
© o wu

o 3.30
¢®wpo 0O v

g4 €
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The saturated volumetric water contgnt () is computed by:

where,

The optimum volumetric water conte(fit

TJ
Ty

where,

E N

|
I 3

X al

= maximum dry densit{ib/in3)

is the optimum volumetric water contep)
= optimum moisture content (%), as presented in EQu&®n

) is computed by:

[
X ¢ j 5 optimumgravimetric moisture conte(fo)
[

= unit weight of water (Ib/i?)

The optimum gravimetric moisture content

If O

00T

x p&z 0 0 0P

X T 1T ¢ u0
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If layer is not a base course:

X X 3.36

If 0 0 'O m layer is a base course

yx T8 p 7 (X ™ T @& T80
- 3.37

X X Yx

where,O is the effective grain size corresponding to 60 percent passing by weight (mm).

Themaximum dry density is computed by:

3.38

where'O is thespecific gravity (dimensionless).

The matric suction(Q can be defined as the capillary pressure of the soil ©e., O ,

where O is the poreair pressure an® is the pore water pressurélhe relationship
between the soil suction and the moisture content can be depicted Ilspiltheater
characteristic curve (SWCEXing & Fredlund, 1994)as presented irigure3.6.

1.2

WPI = % Passing #200 * P1/100

[
=]
[

=
=]
1

20 30 40 ppr - 59

=
SN
1

Degree of Saturation
>
(=
[ ]

=
(8]
1

0.0 T T T 7 T
1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Matric Suction (kPa)

Figure3.6: SWCC based o, ;and0 0 "‘@apata, Andrei, Witczak, & Houston, 2007)
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The soil suction dependsnainly on climatic factors and soil index properti@apata,
Yugantha, & William, 2009) The environmental factors can be quantified by the
Thor nt Heiatirdlndex@MI), and the soil propertieare thed  andd O

The MEPDG (2004) presents the matric suction as a function ajrthendwater table
(GWT) depth and thanit weight of water, as presentedbguation3.39.

Q w77 3.39

where,

f w =groundwater table depth (in)
Tr = unit weight of water (lb./i¥)

This is a simplistic consideration, since the soil suction can depend onothanfactors
such agZapata, Yugantha, & William, 2009)

Annual precipitation
Potential evapotranspiration
Deficit of water

1 Runoff of water

E

The e@uation used in the MEPDG (2004) to define the equilibrium degree of saturation
(Y ) is only valid for soils whose volumetrpropertieschange (i.e.due toswelling or
shrinkage) is insignificant when associated with moisture contariation or under
external loading. In other words, the equation is only valid when the soil has a constant
void ratio. This assumption is reasonable in the case eplastic and lowplastidty soils;
however, for soils with high plasticity or collapgipotential, the variation of void ratio on

the Soil Water Characteristic Cury&WCQ should be considere(Zapata & Houston,
2008)(Han, Vanapalli, & Zou, 2017)

The recoveringadjustment factor"Q) accounts for the decrease in the resilient modulus
when the soil is thawed, and the recover in the soil resistance that happens as the soll
drains.To that end™Ois a function of th&Reduction Factor (RF), the Recovery Ratio (RR),

and the soll resilienmodulus ratio —— at normalizedequilibrium degree of saturation

Y , according t&Equation3.40 andEquation3.41.

v &0 p 3.40
LTQop o2
Y Y om
0 Y0 2YY Y'Y 341
Y Y om
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The Reduction Factor (RR$ calculated according togHation 3.42 (ARA, Inc., ERES
Consultants Division, 2004)

5
i & ooaa' i h 342

where0 is the resilient modulus of the soils just after thawing, divided by the smaller
between the resilient modulus of natural unfrozen matévial ) or the optimum
resilient nodulus (O ). MEPDG (2004) has recommended values for RF given for

coarsegrained materials and firgrained materials as a function®f and the Plasticity
Index (PI), according tdable3.3 andTable3.4.

Table3.3: Recommendeualues of RF for coarsgrained materials)( <50%)(ARA,
Inc., ERES Consultants Division, 2004)

Distribution of F P PI<12% P1=12%-35% PI>35%
Coarse Fraction
Mostly Gravel <6 0.85 - -
O vumbp 6-12 0.65 0.7 0.75
>12 0.60 0.65 0.70
Mostly Sand <6 0.75 - -
O vuTmbp 6-12 0.60 0.65 0.7
>12 0.50 0.55 0.6

Table3.4: Recommended values of RF for figeained materials) >50%)(ARA, Inc.,
ERES Consultants Division, 2004)

F P PI<12% P1=12%-35% PI1>35%
50-85 0.45 0.55 0.60
>85 0.40 0.50 0.55

The Recovery Ratio RR is a function of the number of hours elapsed since thawing started
(Yo) and therecovery period’Y according tEquation3.43,

R Lo

Y'Y ~ 343
The recovery period”Y represents theaumber of hours required for the material to
recover after thawing and itdepends mainly on the percentage of fines and the soil
plasticity index (P1)In the MEPDG(2004) the followingreference valueareused

f "Y =90 days for sands/gravels with z 0 O 1
§ Y =120 days for sands/gravelswith 0 z0 O p T
f Y =150 days for sands/gravels with z 0 "
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As an example,feer a flooding evenbccurs the matric suction is lowered due to excess
water, andmost of thelayers can reach saturation levelsloD%. As the water draireut

of the pavement structyréhe matric suctionis raisel until it reaches its normaduction

levels. The damage incurred during the immediate post flooding period can be conceptually
defined according td=quation 3.44 (Wang, Huang, Rattanachot, Lau, & Suwansawas,
2015)

(0] 00 6hHQ6 Q6 3.44

L(t) is the traffic load andQo0 is the matric suction leveht a specific time t. It is not
possible to find a continuous function that would translate the contimeoaseryof the
matric suction therefore, Equatio8.44 can be adjusted by considering 8wl suction to
increasanto discrete intervals of time and have one single record oh#tdc suctiorand
the respective traffioad at each interval.

The water drainage after a flooding event canur at different rates, depending on the
severity of the event, and the subgrade permeability. The permeability of granular soils is
greatly affected by their grain size distributi@@lhakim, 2016) Although it is ideal to
measire permeability through laboratory constant and falling head permeability tests, or
field permeability tests, an alternative to estimate soil drainage is to use empirical
correlations available. There are several correlations that were developed tagcadiypir
evaluate soil permeability using grain size distribution, however, one of the most well
known correlations was proposed by Hazen as presented in EqRidbon

Qa T 0z0 3.45
C is a constanwith typical values rangg between 0.4 and 1.2 amltypically taken as 1
(Elhakim, 2016)and’O is the equivalent particle diameter corresponding to 10% passing
by weight. Also, typical values of permeability, according to the soil classification, can be
obtained througfable3.5.

Evidence shows that wetdry cycle does not adversely affects subgrade stiffness, that is,
the strength of the subgrade soil can be recovered after a flood if it is given enough time to
dry (Wang, Huang, Rattanachot, Lau, & Suwansawas, 20theyefore, this research
considered that the resilient modulus of the subgrade fully recovers after the flooding
waters are completely drained, and the pavement returits tquilibrium degree of
saturation.
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Table3.5: Permeability based on soils classificat{@wook, 2007)

Soil Type Description USC symbol Permeability, m/s
Gravels Well Graded GW 103to 10?
Poorly Graded GP 10%to 10
Silty GM 107to 10°
Clayey GC 10%to 10°
Sands Well Graded Sw 10%to 103
Poorly Graded SP 10*to 10?
Silty SM 107to 10°
Clayey SC 10%to 10°
Inorganic Silts Low Plasticity ML 10°to 107
High Plasticity MH 10°to 107
Inorganic Clays Low Plasticity CL 10°to 107
High Plasticity CH 10%°to 108
Organic With Silts/Clays of oL 10%to 10°
Low Plasticity
With Silts/Clays of OH 107to 10°
High Plasticity
Peat Highly Organic Pt 10°to 10*
Soils

3.4 Fatiguedamage

The impact of three climate parameters on fatigue are going to be evaluated

T
T
T

3.4.1

The MEPDG (2004)affirms that, in general, fatigue damage for roads is maximuht &b
127cm (3 to 5 in of HMA thickness, and the damage tends to decrease whehChe
thickness increases. Laboratory testing also shows that the alligator cracking area decreases

Temperature: through the weakening of the AC mix

Daily thermal oscillations: through the weakening of therA&

Moisture: through the weakening of granular layers and subgrade leading to lack of

support on the bottom of AC layer

Temperatureinfluence in fatigue cracking

when the AC mixes are stiffer, as presenteBigure3.7.

Very small thickness shows to have low alligator cracking percentagegume 3.7. This
happens because under this circumstance the AC layer will be mostly under compressive
stress. So, either the AC must be very thin and soft, or thick and stiff. However, thin AC
layers will be associated with other pathologies, such #isgutue do the increased stress

on the lower layers for example.
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Figure3.7: Effect of AC thickness and subgrade support on alligator cra¢kirRg,, Inc.,
ERES Consultants Divisio2004)

The mechanism of fatigue cracking can happen from bottom to top, or from top to bottom.
Thebottomup cracks occur when the HMA layer deflects under wheel loads, resulting in a
tensile strain at the bottom of the layer. The repetition of this stress can lead to cracks at the
bottom layer to initiate and propagate to the surface. This phenomenon happess so
when thin or weak HMA layers were designed to a certain magnitude of loads, or if the
base/sulbase is weak, because of inadequate compaction or elevated moisture content, for
example. Most fatigue cracks occur from the bottom up, however, therédenes that

cracks can also initiate at the surface and propagate downward. This can occur due to the
aging of the binder, or shear forces at the HMA surf@#dA, Inc., ERES Consultants
Division, 2004)

For a pavement desigpurpose, the fatigue performance of asphaltic materials is generally
evaluated at a fixed temperatodin, Terrier, Perroteau, Hornych, & Marsac, 2010)
FAARFIELD, for example, the software considers the pavement parfgras it was under
32°C all year longhence it considers that the stiffness of the asphalt concrete remains
constant along the year.

Laboratory testesultsof the tensile strain andits characteristic curveinder different
temperaturecan be seen d&igure 3.8. It can be noted in the figure thtte relationship
between temperature and the tensile straia not linear.
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Figure3.8: Tensile straircontrolled tests at different temperatur@odin, Terrier,
Perroteau, Hornych, & Marsac, 2010)

The MEPDG (2004) affirms thattemperature directly affects tlmemplexmodulus of the

asphalt concrete mix, interfering in overall pavement responses, incltetiade strains

and ultimately affectindatigue crackingThe complex modulus is the representation of the
modulus of a visoelastic material as the sum of the real and imaginary parts. The real part

is the dynamic modulus4E defined as the ratio between the amplitudes of stress and strain
signals and the imaginary (jusdstrbm, fsasgone& ent s
Ekblad, 2003)

The variation othe complex modulus at thiegequency of 25 His presented dtigure 3.9,

for temperatures betweerl0 and 40 °C.The dynamic modulugpresented apart (a)
decreases with temperature, while the imaginary glaotvn atpart (b) exhibits a belt
shaped curveFigure 3.10 presents similar results for the dynamic modulus, even though
the frequency of loading was 10 Hz.

Thereare severaimodels to characteriZzatigue damage, most of themcludethe tensile
strain and the stiffness of the aspledtmain factors influencing the fatigue. Otfestors
that contribute to the fatigue life include the HMA layer thickness and traffic.
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Figure3.9: Complex modulus data for two different materials at the frequency of 25 Hz (a)
real part (b) imaginary pa(Bodin, Terrier, Perr&au, Hornych, & Marsac, 2010)
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Figure3.10: Complex modulus data for three different materials at the frequency of 10 Hz
(Lundstrom, Isacsson, & Ekblad, 2003)

3.4.2 Thermal-induced fatigue damage

Daily temperature fluctuatiancan impact fatigueracking; however,existing pavement
design methods do not consider it as a factor that afteetpavement performance.
Predictions of pavement design life for fatigueeatd can be distinctively changed when
this factor is considered.

Temperaturenduced fatigue damage cde accounted ithe prediction of the alligator
crackingthrough the method proposed by Isl@siam, 2015) According tothis method, to
calculate damage, first it is necessary to defineatlogvable number obscillations during

t he pav e me,nuhidhsis deperident on two main variables, strain induced by
thermal fluctuations and t h e shifaess®miPa Thé =elationship is expressed in
Equation3.46.
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8 8 3.46
. p Y
U p8 T ¢ ? o) zZ =
The thermal strain can be estimated-by| z @'Y wherew'Yis the monthly average day
night temperature fluctuation, andis the strain per degree change in temperajur€C).

The| -value can be directly determined in the laboratory or in the field using Equation
3.47.

YOT0 3.47
Y'Y

0 is the original length of the samplasad Y0 is thechange in length due to change in
temperature byT Islam (2015) has developed an empirical equatiddased on
experimental studie® describe the behavior tife AC Uvalue with temperaturdased on

field values for theCoefficient of Thermal ContractiorCTC) andCoefficient of Thermal
Expansion CTE) determined using field strain sensors. The average of the CTC and the
CTEvalueswerec o n's i d e-vakiehs preBemtedURigure3.11.

8
7 - —+—CTC
SR —&— CTE
el .
= > --4-- Avg
4]
=
Q3 ]
)
~
O 2 -
1 -
0 T T T T T T T
-20 -10 0 10 20 30 40 50 60

Temperature ("C)

Figure3.11: Temperatural e p e n daue(tslant) 2015)

Figure3.11 showsth e -valliepresents a nefinear behavior. lincreases with temperature;
reaches a pea#tnd then decreases with tbentinuedincrease in temperaturélsing the
best fit curve represented by the black dotted lindFigure 3.11, th e -vallie at any
temperature cabe determined usingquation3.48.

| Iy T™WUVY ¢ oo 348
T is themonthly average temperaturetbe AC. Once theallowable number obscillations
0 isdeterminedthethermaldamage rati@® can be calculated through Equat®A9:
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o 5 r 3.49
where¢ is thenumber of temperature load repetitions in pericahd( is theallowable
numberofosci | | ati ons dur ilslag proposes apsaree@isepsttod s | |
determine theéemperaturénduced fatigue damag® , and a & step to calculate the total
fatigue damag®, as described below:

1. Take the average temperatures at the different periods (say, months) of analysis

2. Calcub t e -walhes at the different periods of analysis using Equ&ié

3. Predict the maximm temperatureo  and the minimum temperatuce  at the
bottom of AC. Calclate the average temperature fluctuation for that peYiat
W @

4. Determine the thermal strain, | z @'Y

Determine the stiffness of AC

6. Predict the allowable number of load repeh for temperature fluctuations

(Equation3.46)

Determine the damage ratio for thermal fatigue danfggeation3.49)

Apply the damage shift factor.

9. Determine the total damage inde® O O , whereO is the loadinduced
fatigue damage an@ is the thermal fatigue damage.

o

© N

In step &oth D and > aremultiplied bya damage shift factathatrangesrom 0.000398
t0 0.004 based on the thicknesglod AC, as presented ihable3.6.

Table3.6: Damage shift factor used in damage réistam, 2015)

AC thickness €m) Damage Shift Factor
<5.08 0.000398
5.08-10.16 0.002935
10.16< 0.004

In step 3 of themethodology proposed by Isla2015) the author suggests that the
maximum and minimum AC temperatures should be calculated at the bottom of the AC.
Another research published in 2008, however, suggestsdihashould actually be
measuredhearthe pavement surfag®ajbongshi & Das, 2008Measuringnearthe surface
seems more reasonable given that the fracture mechanics of thermal fatigue cracking
considers that the crack begins at the surface and progress dowhwaigh the asphalt
concretgLytton, Shanmugham, & Garret, 1983)

For cases in which the AC thickness is tffor example, 5 or 8m thick), the difference
between measuring Yjust below the surface or at the bottom of thC maynot be so
significant however, in cases in which the AC is thick, the difference will be much higher.
The effects of@mperaturenduced fatigue damadeavenot been deeply explored in the
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literature, and more discussions on the location whiyshould be measureshd thelr
valuesneeds to be develop&udfuture research

3.4.3 Moisture influence on fatigue cracking

Fatigue cracking can be worsened by elevated moisture cantdreé granular layers and
subgradedue to the decrease in suppdrhis happens becauske tensile strain can be
increased with the reduction of stiffness of the materials betlow

The methodology used tassesghe fatigue damage caused by excess moisture in the
subgrade will follow the same methodology explained in secB@2 in which an
environmentaladjustment factor'Q ) is used to modify the optimum resilient modulus
(0 ) of the soil according to variations in moisture and temperature.

Knowing the resilient modulus of the subgrade along the year, as well as the other
pavement layerst is possible to determine the extreme tensile strains at the bottom of the
AC. The tensile strains measured at eachs®ason can be used to estimate the number of
coverages @spresentedn Equation3.3, and ultimately, to estimate the cumulative fatigue
damage, as presented in Equafon

3.5 Pavanent Responses

Section2.3 has discussed the advantages and disadvantages of using the Layered Elastic
Design (LED) orthe Finite Element Analysis (FEA) to calculate pavement stresses and
strains. One of the findingsdm the review of the literature is that current research often
tends to show preference to very complex analysis that can take several hours to converge,
even though, this may pose some difficulties with respect to practicality for routine analysis
casedrom anindustry perspective.

There are currently different methods and software packages that can either directly or
indirectly predict airport pavement responses. However, the influence of using these
different tools on the accuracy of the results hasyrbbeen discussed in reference to an
actual field test in the existing literaturBhis can be especially crucial when studying the
behavior of transportation infrastructure under the effect of climate ch@hgeefore, to
contributeto the understandg of the mechanistic analysis methods, this reseaodeled

two pavement test sections and compared the predicted results with the field measurements.

The first case study focused on a purely linear elastic approach, for which two LED based
software (ie., KENLAYER and NonPAS) and one FEM based software (i.e., ABAQUS)
was used. For the second case study, dinear elastic approach was pursued. Therefore,
KENLAYER and NonPAS were used while utilizing the layered theory in alinear
approximation mamer. Furthermore, simulations for the second case study were also
performed using GT-PAVE, a FEMbased softwareThe analysis of the pavement
responses is presentedGhapter 40f this thesis.
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3.6 Frost and Thaw Considerations

Knowing how climate change can impact airport pavement frost and thaw conditions is

essential for better planning of future projects in Canada. However, there are currently no
specific studies available in the literature to inform decision making in th& do this

end, this thesis analyzes how climate change can affect frost/thaw penetration and frost
heave in several locations across Canada.

3.6.1 Frost Penetration and Frost Heave

In the early stages of spring, the soil starts to thaw from the surface dosyrag well as

from the bottom of pavement upward. During this time, excess moisture can be trapped into
the subgrade surface by the bottom soil that is still frozen, weakening the material.
Therefore, traffic loads end up being applied in weak satufatggtlation, causing great
damage to the paveme(aniel, et al., 2018)appearing in the form of cracks and surface
deformation caused by frost heaving and differential heg8hgaurent, 2012)

There are several methods to calculate frost penetration depth, where almost all of these
methods are related to thHeeezing index(Fl), which is ameasure of the severity of
freezing condition during the winter seaséil.is calculated as the summation of daily
average air temperatures over the freezing peff@CA, 1992) Figure 3.12 showsan
example of the calculation of the FI over the winter of 1996/1997 in Beatrice, ON.
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Figure3.12: Determination of the freezing index for Beatrice, Ontario, over the winter of
1996/1997.

According to te TCCA manual of pavement structural desifdG-19, the frost protection

depth should be calculated using a minimumyé&@r average freezing indgXCCA,

1992) Site air freezing index measures should be available from aiditia records,
based on meteorological observations. If not available, Transport Canada allows an

55



estimation to be made from a map of freezing indices providéie ASG-19 manual, as
can be seen iRigure3.13.

Figure3.13: Freezing indices in Canad&CCA, 1992)

Limiting the depth of frosactioninto the subgrade soilsanlimit the potential for frost
heave and thaw weakeninghis is achieved by defining a minimum pavement thickness
and by excavating the soil susceptible to frost penetration preferably to the fuil dept
However, when the lattepproach is not possiblaSG-19 advises that at least 1 should

be excavate(TCCA, 1992) To define if a soil is frost susceptible or n6CCA relies on

the soil gradation. In its classification, the subgrade soil isfromtrsusceptible if it has
less than 10 percent passing the 0.9 sieve.

The equation proposed by TCCA to calculate frost penetration depth is empirical. The
method is based on the results published by Argue & Defiegmie & Denyes, 1974)
which has evaluated 39 sitasross Canadavith 93 observations to predict frost depth in
asphalt surfaced pavements. The calculatbérthe frost penetration depth in asphalt
surfaced pavements according to the Pavement Structural Design Training Manual ATR
021 proposed by TCCA should be done as presented in Eq@&I(TCCA, 1995)

y 0 p o IO 350
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“Y is the minimum thickness of the pavement structure (cm)@sdhe average annual
ar freezing index § 'O gri Another available method to classify the soil frost
susceptibility is theChamberlain Methgdused by the Ministry of Transportation of
Ontario (MTO)(Chamberlain, 1981)rhis method defines the soil according to the material
proportions of sand, silt, and clay as, acceptaidederline,or unacceptable material, as
can be seen iRigure3.14.

60

% Silt (0.05 mm - 0.005 mm)
[ Acceptable Material
: : Note: Limiting grain size values
[ Borderline Material
IR IOOR TNENON (in bracketsy are from [MTO 90]
B unacceptable Material

Figure3.14: Frost susceptibility of soillChamberlain, 1981)

To calculate the frost penetration depth, the MTO uses the empirical curve presented in
Equation3.51.

0 o ug WO 351

0 is thefrost penetratiomepth(cm) and™Ois the freezing indexs(  'Q & « iThis equation
was developed based amean frost depth observations in Ontario highways from 1970 to
1975(MTO, 2013)

The equations to predict frodepthpenetration recommended by the TCCA and the MTO
are both empirical. The main difference relies onrthmnber of sites evaluatedlhe TCCA
method used field data from various locations across Canada, while the MTO relied on
frost depth records from Ontario sites only.

The Minist re des Tr ausespmecharistichpprod@t® predictdé s ( MT
frost depth and frost heave as a function of climate, subgrade soil properties and pavement
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thickness. This analysis method tends to require more detailed site investigation than other
methods, but it has shown through validation procedures to have good nesurdicting
frost penetration depftst-Laurent, 2012)

The MTQ approach is based on th8R modebeveloped in FinlandSaarelainen, 1992)

in which the calculation of the frost depth is basadhe balance of the heat balance at the
frost front. The method accounts for the segregation potential, which is a measure of the
susceptibility of a soil to frost, that could be measured in the laboratory or estimated
through empirical equations. Matakiproperty variables such as dry density, particle
mineralogy, water content and specific surface area are some of the inputs, providing
source for calculation of thermal conductivities, latent heat, and other important material
parameters.

The MTQ usesi 3¢ me whi ch i s a mechani stic softw
performance predictigndeveloped by the NSERC industrial research Chair on the
interaction of heavy loads/climate/pavement of Laval University (Chair i3C), under the

direction of Prof. Dr. Guyporé.

The i3cme software includes a module specific to predict frost penetration and frost heave
as a function of climate, subgrade soil properties and pavement @®8sigrurent, 2012)
(Grellet, Rcthard, & Pérezsonzalez., 2019)In this method, frost penetration depth is
calculated based on a maximum frost heave as threshold design criteria. The method allows
not only the calculations of frost depth of a previously defined pavement structure, but also
the associated frost liftin@rellet, Richard, & PéreGonzalez., 2019)

The input information in the iI3c me software
structure's materials and winigpecific climatic data. The thermal conductivity paesens

can be defined manually, or the user can utilize default values proposed from database.
Geotechnical parameters can also be estimated from default materials. The frost depth
calculations are based on the thermal energy balance at the freezingdrpresented in

Figure3.15.

, surface
dhheaving ™ 0°C L,("C)
z, |grad T. frozen
1]1:
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7 tﬁ, Qf s unfrozen
grad T,

Xm)

Figure3.15: Thermal balance at freezing frq@t-Laurent, 2012)
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The thermal balance (W/m?) relationship at the freezing front is defined according to
Equation3.52 (St-Laurent, 2012)

n "1 n n 352
where

1 n = thermal flux that escapes from the freezing front towards the surface, by
crossing the frozen layers, W/mz2

1 n =geothermal flux, W/m2

1 n =thermal flux generated by the change of phase when interstitial water changes
to ice, W/mz

1 n =thermal flux generated by additional segregation water when ice lenses form,
W/m?2

Equation 3.52 is applied daily with incremental time steps (dt) set to determine the
successive advances of the freezing fldit A s creen shot of the soft
is shown inFigure3.16.

Evolution of temperature and freezing depth Evolution of frost heave and depth
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Frost duration (day) Frost duration (day)
‘ * Surface temperature =  Frost penetration | | + Heave = Frost penetration |
Frost penetration (in m) : 2399 Frost heave (in cm) - 924

Figure3.16. Determination of frost depth and associated heai@ngllet, Richard, &
PérezGonzalez., 2019)

The result is an estimation of frost penetration depth and frost heapsesantedn the
bottom of Figure 3.16. To calaulate frost depth and frost heawbe airsurface transfer
coefficient (nfactor) also needs to be defined. Th&aator is defined as the ratio between

the surface temperature in freezing conditions and the air temperature in freezing
conditions.This vdue depends on the atmospheric conditions (hours of sunshine, cloud
cover, wind, humidity, polltion, etc.), the absorption capacity of the surface layer (albedo,
color, texture, sun exposure, inclination, ori¢iotg etc.) and the thermal regime belowe th
surface.Andersland and Ladanyi proposed typical values for tfector according to the
surface conditions. Theesearchersuggested that for asphalt pavementgalue most
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probably ranges from 0.9 to 0.95, while for concrete pavements this rangd weul
between 0.7 to 0.Andersland & Ladanyi, 2003)

Lastly, when predicting the frost penetration through the MTQ methodologyigtireus

frost index (O'Q needs to be definedOOrepresents an incremented frost index that
accounts for colder than average winters. Them&csoftware offers two options for
determining it. The first option uses an estimate that represents a winter that would
correspond to the average of the threlelest winters over a thirtyear period, according

to Equation3.53.

"00 pp THO0 ¢ M 3.53

"O"Qs the rigorous freezing indgg z 'Q @ wand"0'As the normal freezing indefs

Q wior just freezing index, as previously defined. The second option follows a
probabilistic approach that considers the history of winters for a defirreatip€&or that
purpose, the standard deviation, and the average of the freezing index distribution for a
specified period need to be calculated.

3.6.2 Permafrost Thawing

While southern areas of Canada may benefit from the shortening of the winter season,
northen provinces will likely suffer with increasetifferential thaw settlementrost heave

and a decrease in overall pavement strength due to permafrost thawing and higher number
of freezethaw cyclesFigure3.17 shows a Canadian map that provides the classification of
permafrost based on the proportion of land that is underlain by frozen layers within a given
area. The southern areas in Canada are narlamd by permafrost, while northern areas

are underlain by discontinuous or continuous permafrost layers.

Proportion of land area
underlain by permafrost
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Figure3.17: Permafrost zones of the Canadian permafrost r@omth & Burgess, 2004)

The thawing of previously permanent frozen layers can cause serious damage to pavement
structures due to settlement. Soil strength from ice bondingowiteduced as the ground
water thaws, and this will lead to ground instability and higher incidence of slope failure in
pavementgSmith & Burgess, 2004)The effects of a rise in number of freghaw cycles,

on the other handincludes the accelerated degradation of asphalt concrete materials
(Abreu, 2019)a decrease in asphalt concrete structural capacity such as Marshall Stability
(Ozgan & Serin, 20133nda decrease in tensile strength ratibthe asphalt mixture as a

result of moisturenduced damagggeng, Yi, Wang, & Chen, 2010)

TCCA affirms that an optimum approach for designing pavements over permafrost areas is
to provide a pavement and embankment thickness such that thawing does not reach the
existing insitu subgrade material. Whenever this alternative becomes uneconomical, the
airport pavement design should be based on the bearing strength of the thawed subgrade
soil.

Therefore, the depth of thaw plays an important rol¢hendesign and performance of
pavements located over permafrost areas. A study published by Argue and Q€nyhs
recorded observations tfethaw penetration depth in gravel runways in Car(édgue &
Denyes, 1974)Based on the observations, a relationship betweethetita of thaw and the
thawing index in gravel runways was stablished according to EqugaEid(TCCA, 1995)

A Y@ RS 3.54

Q is the depth of thaw penetration (cm) d@d the thawing index’C-days), calculated as
the summation of daily average air temperatures over the thawing €@atA, 1992)
This equation was used in this study to prediett penetration depth in several airports
over northern regions in Canada.

3.7 Implementation

The solution process to design flexible airport pavements in FAARFIELD was presented in
section2.2.1 The software considerseaCumulativeDamageFactor (CDF) conceptvhich
assumes that the contribution of each aircraft type in a given trafficresults in
accumulated damage for the pavement. The procesddolate the thickness of the layers

is iterative, consisting of 4 main analysis stéf$inputs, including aircraft mix, pavement
structure and materials, and definition of design lif8) mechanistic calculations
(stressdstrairs), (3) calculaton of the allowable aircraft number of departures in the
design period, an(ft) the cumulative damage. If the cumulative damaghkfisrentthan 1,

the thickness of the layers candmjusted and the process goes in a loop until CDF reaches
the optimum vala. This iterative process was illustratedrigure2.9.

Accounting for the ambient conditioms a closeeform software, such as FAARFIELD, is

not possible since the warrent practice does not consider the variation in weather
parameters like tengpature and moisture, as an input for design practidés
consideration of climate variation along the pavement service life is detrimental to
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incorporate climate change predictions in the current design practices, nevertheless, it is not
possible taasessthe damage caused by climate fluctuation in a ckbsed solution.

For this reasonhis research proposes a methodology that enables the structural design of
flexible airport pavements considering climate variations along the year, and climate
change The methodology follows 7 steps that can be incorporated in airport design
practices, the steps being: (1) obtain hourly climatic data, (2) calculate and process the
pavement temperature profile (3) estimate the seasonal asphalt calyosatdc modulus

and the soil Resilient Modulus (4) calculate pavement stresses and strains (5) determine the
number of coverages and allowable departures (6) calculate the Cumulative Damage Factor
(CDF) for rutting and fatigue (7) adjust the layer thicknesses if CDRfereht than 1 and

repeat the process until damage equals 100%se steps will be further discussedhe
following sections accompanied by the results af case studyhat is analyzed under
different climate change scenarig$ieflowchart inFigure3.18 summarizes thessteps.

Hourly climatic data o
» Pavement temperature profile 9
L 'J" - - - === 'i
: Inputs: aircraft mix, pavement Seasonal Dynamic Modulus ! e
| structure, design life of AC and Subgrade |
e —— .I _______________________ I. __________ !
Calculate stresses and strains at critical e
Modify layer oz s
thickness l'
Determine number of coverages and 9
allowable departures
.............. |
For each aircraft:
No o CDF = actual departures/allowable

!

CDF = 2CDF per aircraft ‘

l
1
1
departures : @
1
:
1
1

Optimum pavement layer thickness

Figure3.18: Proposed Solution Process.

3.7.1 Hourly Climatic Data and Pavement Temperature Profile

Obtaining hourly climatic data is the first step in the process. The data necessary in this
phase includeslimatic data (i.e., air temperature and wind speed), meteorological data
(solar radiation), and pavement surface ramiaproperties (i.e., albedo, emissivity, and
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absorption coefficients)Section 5.1 has more information on sources available for
download of thenformation necessary in this phase.

The second step is to determine the pavement temperature prb&léemperature profile

is thepavementemperature gradient at different depths throughout the year, which can be
useful to determine in what state thavpment subgrade is at (i.e., frozen, thawed, or
unfrozen), and the temperature of the AC along the Yider.temperature gradient can be
calculated througla finite control volume methodsing theTemperature Estimate Model

for Pavement Structures (TEMPS)ftware

3.7.2 Asphalt Concrete and Subgrade Modulus

The third step is to determine tbgnamicmodulus of theasphaltconcreteand theresilient
modulus of the subgrade, accordingetach sukseason temperature recofich determine
the dynamicmodulusof theasphaltconcrete, thenodified Witczak sigmoidal function was
usedas previously explained iBection3.3.1 The main model inputs are thealting rate,
temperature, binder and volumetric design information.

To determine the variations in the resilient modulus of the subgradsubseasonthis
researchusesa similar approach to the MEPD@O004) in which an environmental
adjustment factor'Q ) is used to modify the optimum resilient modulis ( ) of the soil

according to variations in moisture and temperatiline procedures to estimat@ were
described in sectio®.3.2

Before moving to the next step, it is necessary to gather information on the aircraft mix and
aircraft characteristicwithin the mix such as the gross taxi weight, tire presspeecent
weight on main gear, tire spacing, number of annual departures and annual growth. It is
also necessary to define the pavement design life and the initial thickness of the layers.

3.7.3 Calculate Stresses amh Strains at Critical Locations

The fourth step is to calculate pavement stresses and strains at critical locEt@ible
pavement design codes typically use the Layered Elastic Design (LED) approach for its
structural analysi§Heymsfield & Tingle, 2019)Some of the available LED based tools for
pavements structural analysis are: HBYER, CHEVRON, DAMA, ELSYM5, BISAR,
EVERSTRESS, and NonPAShe Finite Element Method (FEM) can also be used to
obtain flexible pavementresponses. Some of the available umensional FEM based
tools are thdLLI-PAVE, GT-PAVE and MICHPAVE and some ofhe generalpurpose
threedimensional software are ABAQUS, ANSYS and ADINA. This research used
KENLAYER to obtain pavement respons&s the climate change scenarioslore
information about each method available and the advantages and disadvantagewas$ each
provided in sectio2.3.

3.7.4 Number of Coverages, Allowable Departures and CDF

Step 5 consists in the calculation of number of coverages and allowable departures.
Coverages can be definexs the number of repetitions @fie maximum strain before
failure. More information on the process to calculdte humber of coverages to rutting
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failure were presented in sectioB.3.1 and the equations that describes the number of
coverages for fatigue failurgerepresented in sectidh4.1

Step 6 has the goal of calcuteg thecumulative damagéCDF) caused byach individual
aircraft and to sum up the damage to estimate the total damage of the fleet mix. The
equations and procedures to determine the @Bfedescribed irSection3.3.1

The last step is to check if the total cumulative damage is equal to one. That means 100%
damageor pavement failureat the end of thedesign life. If theCDF is higher than one, the
thickness of the layerseedsto be increased, and if theDF is smaller than one, the
thickness of the layers can be decreased, until an optimal design is reached.

In this research, steps 3, 5 and 6 have been implemented in Ryatles for a more
automated process. Python is a genpuapose programming languadleat has been
ranked as one of the most popular programming langwagesding to results orédback
provided by19,696 developersurveyed in 202QJet Brains, 2021)

3.8 Summary

This chapter discussdle research methodologyncluding an overall view of each phase

of thestudyand a detailed explanation of the equations and tools used to perform all types
of analysis proposed in the thesifieresearch methodology was dividedbithree phases,
consisting of (1) data collection, (2) modeling and (3) implementation.

For the data collection, the sources of climate and climate change data used over the
research were identified. The chaptisted equatiors that can translate theffects of
temperature and moistur@ the materials behavior andtructural responsesiirport
pavement transfer functions wedentified, and the concepts of coverage, aircraft wander,
coverageto-pass ratio, and the effects of tandem gears were expldihediodelingtools

and methods used the mechanistic analysigere identified and their role in the design of
airport paementsvasdiscussed

Lastly, ths chapterexplainedthe steps for the implementation of an airport pavement
design methodologyhat can account for climate and climate change paramétkes
proposed process to calculate the thickness of the layeesativie, consisting of 7 main
analysis stepsvhereeachstep of the analysis was detaitbdoughouthe chapter

64



Chapter 4. Mechanistic Analysis

4.1 Case Study 1A380 PEP

To better compare the modeling results from LED and FEA tools, with actestuin
responses, a case study of an international airport in France was considered in this research,
where he Airbus Industry, in partnership with the Service Technique des B&senAes

(STBA) and the Laboratoire Central des Ponts et Chaugk€#C), launchedthe A380
Pavement Experimental Program (PER)eresearcraimedto provide fullscale datdor a

better understanding of flexible pavensstructual behavior against wel bodyaircrafts

for comparison to theoretical simulations. The test facility was built in Toulouse, consisting

of a variety ofsubgradesoil categories for flexible pavementhe field databaseesulted

from an extensive instrumentatiomhe structural esponseof each pavement layer was
generated through strain gauges that were able to measure deflections and elongations
(LCPC/AIRBUS/STBA, 2001)

The results of théd380 FEP were used to develop the transfer functions presetie
airport pavement design softwafdize-Airfield, with the aim toconvert the calculated
mechanistic response values gavement distress (Heymsfield & Tingle, 2019) The
results of these fulbcale tests and AlizAirfield simulations were used in this research to
compare with those from NonPAS, KENLAYER, and the FEM models developed in
ABAQUS.

4.1.1 Material Properties

Considering the materials as being isotropic and linear elastic is very convenient because of
the low rumber of parameters required in the analysis (only the Young modulus and
Poissonbds ratio). Al t hough the wunt-memated gr
elastic behavior, breaking down the untreated granular materials into several sublayers can
make it possible to reproduce the nlimear elastic behavior by a linear elastic model with

a relatively good accuracy. To implement the subdivision of the granular materials in
sublayers, an adjustment was carried out by REd® researchers through sucdess
iterations on the modulus of the maadsi Four (4) structures were built at the test facility,
namely structures A, B, C and D, however, structure A encounpeoftems in its initial
construction, and the tests in this section were discontinued.

Table4.1 presents the layer propertiekstructuresB, C and Dtestedon Toulouse Blagnac
Airport (LCPC/AIRBUS/STBA, 2001) The three structures are composed @8 of
asphalt concrete (AC) in the surface layer, followed byrdof Bituminous Gravel (GB)

in the base course. The third layer is composed of adughty crushed gravel (GRH)
with varying thickness, while the subgrade was constituted of clay materials mixed with
gravel (LCPC/AIRBUS/STBA, 2001) StructureB has the slimmer gravel layer of only
20cm, followed by Structur€, and lastlyStructureD which is the most robust with two
gravel layers summing a total of 1d@.
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Table4.1: Layer thickness and aterial properties. Sourcd:CPC/AIRBUS/STBA, 2001)

Structure B Structure C Structure D
Materials and Moduli Material and Moduli Material and Moduli
thickness (MPa) thickness (MPa) thickness (MPa)
AC 8cm 3000 AC 8cm 3000 AC 8cm 6000
GB 24cm 5000 GB 24cm 5000 GB 24cm 8000
GRH 20cm 80 GRH 60cm 110 GRH 70cm 100
Subgrade 80 Subgrade 50 GRH 70cm 70
100cm 100cm
Substratum 15000 Subgrade 150 Subgrade 60
100cm 200cm
- - Substratum 15000 Substratum 15000

The modulus of the bituminous materials was estimated according ttertiperature

during the tests and the simulator speed, which was approximatemh2 The modulus

values of theAC and GB materials remained the same for both the B and C structures
because the average temperature in the bituminous layers was approxirfGateyn the

other hand, théAC and GBlayers in structure D exhibited higher moduli because the
average temperature of the bituminous materials during these tests were measured to be
123 , which was lower than the other two structufleSPC/AIRBUS/STBA, 2001)

4.1.2 Loading Parameters(A380 PEP)

For the purposeof modeling, ach pneumatic loadvas considered as a uniform static
vertical pressure, applied over a circular area on the pavement surface. It was also
considered that the contact pressure is the same as the inflation pressure of the tire. Two
loading configurations were considered ie #malysis: 1) a tandem axle with dual wheels,

and 2) a tridem axle with dual wheels, resulting in 4 and 6 wheels, respectively. The
weight, pressure, radius and distance between axles and dual wheels are pre3aied in

4.2, and a schematic of the gear configuration of the two loading vehicles is presented in
Figure4.l.

Table4.2: Load description. Adapted fror(.CPC/AIRBUS/STBA, 2001)

Type Weight/wheel | Tire pressure Contact Dual wheels | Axle Spacing
(KN) (MPa) Radius (cm) spacing (m) (m)
4 wheels 232 0.88 28.97 1.12 1.47
6 wheels 239 1.53 22.3 1.40 1.45
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4.1.3 Results: Case Study |

4.1.3.1 Vertical Strains

The vertical compressive strain (in miestrains) measured at the top of the unbonded
granular base and at the top of the subgrade layers are preserabteith3 andTable4.4,
respectively. The tables present the results from-sttdle measurements and the
simulations in Alize, KENLAYER, NonPAS and ABAQUS. The rightmost column of the
tables shows that all four $afare resulted in values close to thesitu measurements.

Table4.3: Vertical strain at the top of the base layer (in m&trains).

Load type 6-Wheel 4-Wheel
Structure type B C D B C D
Measured 1596 1161 836 1301 1024 868
Alize’ 1447 1155 983 1304 1025 882

Results | KENLAYER | 1409 1172 946 1352 1084 900
NonPAS 1419 1171 942 1357 1087 900

ABAQUS | 1492 | 1210 | 1025 | 1375 1080 | 906 | Average
Alize to 9% 1% 18% 0% 0% 2% 5%
measured
KENLAYER | 159, 1% 13% 4% 6% 4% 7%
) to measured
Comparison NONPAS o
on 11% 1% 13% 4% 6% 4% 6%
measured
ABAQUSTtO | 5oy 4% 23% 6% 5% 4% 8%
Measured

*Results published bit CPC/AIRBUS/STBA, 2001)

From the presented results, it can be notedKEEMLAYER had an average difference of

7% when compared to the vertical strains measured at the top of the base, and 6% when
compared to the strains measured at the top of the subgrade. NonPAS, on thamather h

had an average difference of 6% when compared to the strains measured at the top of the
base, and 5% when compared to the strains measured at the top of the subgrade, an average
difference only slightly smaller than what was presenteEBMLAYER.

The analysis performed with ABAQUS considered the pavement to be 6 m wide by 6 m
long and a subgrade depth om6 The mesh elements were finer near the load, starting at a
range of &tm, and coarser in more distant areas. Like the premise adopted in all
axisymmetric numerical models, the structures built in ABAQUS considered the layers
contact to be fully bonded. Regarding the boundary conditions, the structures could move
freely in the vertical direction and were constrained from moving in the horizontal
direction. The deformed shape of structBreinder 6 wheels in ABAQUS®an be seen in
Figure4.2.
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Table4.4: Vertical strain at the top of the subgrade (in mistr@ins).

Load type 6-Wheel 4-Wheel
Structure type B C D B C D
Measured 1162 1612 1061 1202 1327 844
Alize’ 1278 1632 1016 1188 1536 842
KEN
Results
LAYER 1124 1518 976.9 1197 1547 858.6

NonPAS 1139 1518 976 1205 1547 843

ABAQUS 1262 1642 1060 1242 1554 852 Average
Alizeto | 1005 | 196 | 4% 1% | 16% | 0% 5%
measured
KENLAYER | o, 6% 8% 0% 17% 2% 6%
. to measured
Compariso NOnPAS 10
0, [0) 0, 0, 0 0, 0,
measured 2% 6% 8% 0% 1% 0% o%
ABAQUSIO | go 2% 0% 3% | 17% 1% 5%
Measured

*Results published bt CPC/AIRBUS/STBA, 2001)

Figure4.2: Deformed shape of pavement structure B under 6 wheels in ABAQ&s
represent displacement (top) and horizontal strains (bottom) at the top of the pavement.
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The ABAQUS results presented Trable4.3 and Table4.4 show a good fit for most of the
vertical strains considering both the top of the base and the top of the subgrade, with an
average difference of only 8 and 5%, respectiveigrtical strain at the top of the base
layer forstructure D, under thewheel ogie, had a difference of 23%, however, this result

is close to Alize, which predicted strains about 18% higher than the measured values. For
the 4wheels bogie, the strains estimated at the top of the subgrade were 17% higher than
the full-scale values. Blertheless, the predicted vertical strain on the top of the subgrade in
the 4wheels bogie case is coherent with what was estimat€éBENLAYER and NonPAS.

The same results froffiable4.3 andTable4.4 are presented iRigure4.3 andFigure 4.4,
respectivelyto provide a graphic perspective.

It is possible to note fronfrigure 4.3 and Figure 4.4 that the variability of thevarious
modelscan besignificant In Figure4.3 for example structure B under thewwheel vehicle,

the maximum micrestrain is predicted by ABAQUSL492), and the minimum micistrain

is predicted by KENLAYER (1409), a variability of 83 miestrains between the two
pieces ofsoftware. In most cases, the strains predicted by ABAQUS were higher than the
other software. KENLAYER and NonPAS results argproximity in all scenarios, and in
some cases the results were the same. The results from shiwe that the software
predictionswvere somemes lower, sometimesigher than the other software.

1700
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oo Il Lﬂﬂﬂl

B C D B
6-Wheel 4-Wheel

B Measured* mAlizer BKENLAYER ONonPAS mABAQUS

Vertical Strains at the Base Top

*Results published bit. CPC/AIRBUS/STBA, 2001)

Figure4.3: Vertical strain at the top of the base layer (in mistr@ins).
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Figure4.4: Vertical strain at the top of the subgrade (in mistr@ins).

It is important to note that each analysis performed in ABAQUS during this study took

around a couplef hours to converge. This computational time can vary greatly depending

on the machine capacity; however, the time will always greatly exceed the analysis
performed by a layeredlasticbased software using the same processing capacity.

A oneway Analysis of Variance ANOVA) was performed to investigate if there is a
statistically significant difference between the simulated values from Alize, KENLAYER,
NonPAS, ABAQUS, and the field measured verticedro-strains. ANOVA is a statistical

test usedo analyze the difference between the means of more than two groups of data
(Devore, 2011)The null hypothesi$lo in ANOVA indicatesthat thereareno difference

in the population between the means of the individual groups

The ANOVA method assesses the relative size of variance among group means (between
group variancealso called Mean Square for Treatments MSbmpared to the average
variance within groups (within group varian@dso called Mean Square for Error MSis
presented in Equatiohl (Devore, 2011)

o AAOxBAT OMOE AD ARYi 4.1
Qoi 0l v OPE S EBT GAOE Al RO
If the ratio™O is greater than expected blgancethe null hypothesis cebe rejected,

which means that at least one mean is substantially difféman the others. To reaeh
statisticalconclusion, it is necessary to compare the value withthe critical value
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O at acertainU (error leve). Table4.5 andTable4.6 show the results ohe ANOVA

anal ysi s
top ofsubgrade, respectively.

wi t h -setnat0.05 fa the \@nticahiaowstains gp theebase and

Table4.5: ANOVA results for verticaimicro-strains at the base top.

Source Of Val’la'[lon SS df MS Fobserved Fcritical P'Value
Between Groups 9926.4 4 2481.6  0.046733 2.75871 0.995609
Within Groups 1327548.6 25 53101.9
Total 1337475 29

Table4.6: ANOVA results for verticamicro-strains at theubgradeop.

Source of Variation SS df MS Fobserved  Foriicar  P-value
Between Groups 23415.8 4 5854.0 0.072394 2.75871 0.989866
Within Groups 2021567.9 25 80862.7

Total 2044983.8 29

In Table 4.5 and Table 4.6, SSstands for Sum of Squaredf stands for Degrees of
Freedom, ant1S stands for Mean Squark.s possible to note that in bothables’O

is smaller tharO

, therefore the null hypothesis camot be rejected which means that

there are no significant differences in the population betwesmgmans of the individual
groups Alize, KENLAYER, NonPAS, ABAQUS, and the field measured verticatro-

strains.

The P-valueis the probability of obtaining aRobservedratio as large or larger than the one

observedThe P-value probability will besmallert h a n

t he

U

err o005 1 evel

in case the null hypothesis ligjected The P-valuespresented atable4.5 and Table 4.6
are much greater than 0.05, confirming thatrthk hypothesis camot be rejected.

4.1.3.2 Horizontal Strains

The horizontalmicro-strains measured at th®ttom of the bituminousbaselayer during
the full-scale tests are presentedTiable 4.7 along with theresultsof the KENLAYER,

NonPAS and ABAQUSsimulations

KENLAYER, NonPASand ABAQUShad results thawvere very different fronwhat was
measured in the fieJdvith an average difference of 23% for KENLAYER and 24% for
NonPAS and ABAQUS. When compared KENLAYER and NonPAS, it can be noted
that the predicted horizontal strains from ABAQUS were closer to the field measurements
for structure C. WhileKENLAYER led to a difference of 20% and 35%, and NonPAS
resultd in 29% and 36% differences, ABAQUS results were closer with a smaller difference
of 17% and 3%, for the-@&nd 4wheel cases, respectively.
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Table4.7: Horizontalmicro-strains at thé@ottomof the bituminous gravdiase.

Load Type 6-Wheel 4-Wheel
Structure B C D B C D
type

Measureti 303 291 329 224 224 320
KENLAYER 324 348 259 281 303 231
NonPAS 349 376 279 302 305 279

ABAQUS | 228 | 243 | 177 | 214 | 216 | 165 | Average
KENLAYER 1 700 | 2006 | 219 | 26% | 35% | 28% | 23%
to measured
NONPASTO | 1505 | 20% | 15% | 35% | 36% | 13% | 24%
measured
ABAQUSIO | ogop | 1706 | 46% | 4% | 3% | 49% | 24%
Measured

*Results published bt CPC/AIRBUS/STBA, 2001)

For structure B under-wheel bogie, ABAQUS simulations showed good agreement when
compared to the measured horizontal strains, with a difference of only 4%, while
KENLAYER and NonPAS had a difference of 26% and 35% respectively. However, the
results werenot so good in the-@&/heel bogie case, in which ABAQUS had a difference of
25%, whileKENLAYER and NonPAS had a 7% and 15% difference, respectively. Lastly,
the ABAQUS predictions for Structw2 was found to have the biggest deviation from the
in-situ meaurements. The difference from the field measurements was 46 and 49% for the
6- and 4wheel bogie scenarios, much higher than the differences presented by
KENLAYER and NonPAS predictions.

Further examining the igitu responses, it can be realized thad thifference can most
probably be due to an inconsistency infiel measured horizontal straife Structure D

In other words, Structure D had a significantly stronger structure as compared to structures
B and C, with thicker gravel layers. Also, theduli of the asphalt layers are considerably
higher in structure D (i.e., 6000 and 80@@a compared to only 3000 and 50@@a from

the other structures). A more robust structure should consequently lead to smaller
horizontal strainshowever, this wasat the case based on the reportediin responses of

the Structure D. Therefore, a significant difference was found between the modeling and
measured values for Structure D. There may be several sources for this discrepancy in the
field measurements, btiis falls beyond the scope of the current study. The same results
from Table 4.7 are presented ifrigure 4.5, to assist with a visual comparison between
software.
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Figure4.5: Horizontalmicro-strains at théottomof the bituminous gravdiase.

It can be seen fronfFigure 4.5 that the variability among the software continued
accentuated among the results of the horizontal rsiteons at the bottom of the
bituminous gravelbase. In structure B under thewBeel vehicle, for example, the
maximum micrestrain is predicted by NonPAS (349), and the minimum rastrain is
predicted by ABAQUS (228), a variability of 121 miestrains between the two software.
Differently from the results of vertical strains, the horizontal strains predicted by ABAQUS
were lower than the other software in all cases. KENLAYER and NonPAS results
continued to be in proximity for most scenarios, with the exception of structurevbed
results.

In order to achieve better results in terms of the horizontal strains, the time dependence of
the bituminous materials would have to be carefully considered in the numerical models.
This becomes especially important for the case of the investifatescaletesting, in

which the visceelastic behavior of the bituminous materials was certainly accentuated due
to the low speed of the applied loads at abdunzh.

A oneway ANOVA was performed to investigate if there is a statistically significant
difference between the simulated values from KENLAYER, NonPAS, ABAQUS, and the
field measured horizontahicro-strainsat the bottom of the bituminous gravel habkable

411showst he results of the ANOVA-sadaa@05ysi s with
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Table4.8: ANOVA results forhorizontalmicro-strainsat the bottom of the bituminous

gravel base
Source of Variation SS df MS Fobserved  Feritical P-value
Between Groups 39251.2 3 13083.7 8.070644 3.098391 0.001018
Within Groups 324231 20 16212
Total 716743 23
It is possible to note ifable4.8 that the'O is greaterthan™O , and that thd>-

valuei s smal | er t han hetefore, tht) nuk ypothesis rejécted) whizit . T
means that theres a significant difference in the population between the means of the
individual groups KENLAYER, NonPAS, ABAQUS, and the field measurbdrizontal
micro-strains.In a case where significant difference is detected among the group means, it

IS necessary to examine what specific pair of group means shows difference.

To compare specific group means, it is necessary to perform post hoc tests, also known as
multiple comparisonsTukey's HonesSignificant Difference (HSD) test is a post hoc test
commonly used to assess the significance of differences between pairs of group means.
When using Turkey $i1SD test it is possible to set the experimemse error rate for the

entire set of comparisongihich is not possible when performing multiplsttdent tests,

for example.

To perform the Turkeyods HSD test, first it
Tukey HSDO , based on the number of groupise degrees of freedom tin the
groups,andthe significance level in thetudentizedrangedistribution. For a number of

groups equal to 4, degrees of freedom within the groups equal #n@Qa significance

level of 0.05,0 Is equal to 3.9589\ext, it is necessary to calculate thekey test

0 for each pair of groups being compared, according to the EqubBidNational

Institute of Standards and Technology, 2002)

: SA NG Cw 4.2
i 060 Qi oﬁ?m?% h

where,

1 df, &f = groupsCand’Oneans

1 - 3 ®Mean Square Error

f 'Oy = harmonic mean of the number of observations in gré@usd ‘QWhen the
sample sizes between the groups are equal, the harmonic mean is simply the
common sample size

Similar to the ANOVA test, the null hypothesis iddicaes that there are no differences in

the population between the means of the individual groups. If the calctlated s

greater than expected by chande ( , the null hypothesis can be rejected, which

means that the meaneasubstantially differenfable49s hows t he resul ts of
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HSD test comparison between each software (KENLAYER, NonPAS and ABA@uE)
the field measured results.

Tabled9: Tur keyds HSD test

Comparison [Fv < | Z0r< ||f4} S K A;c;gif '
KENLAYER vs Measured 0.57 < 3.9585 Accept
NonPAS vs Measured 2.03 < 3.9585 | Accept
ABAQUS vs Measured 4,55 > 3.9585 Reject

According to the results presentediable4.9, there is a significant difference between the
means of the measured values, and the ABAQUS simulatad-strains at the bottom of
the bituminous gravel base, howeviar, the KENLAYER and NonPAS comparison, the
results showed that there was no significant difference between the group means.

4.2 Case Study(NAPTF)

The National Airport Pavement Test FaciliiNAPTF) traffic tests have been widely used
by various researches in the analysis of-lo@ar pavement model@opalakrishnan,
2004) (Kim, Tutumluer, & Kwon, 2009) (Mojarrad, 2011) The test sections were
constructed to generate figtale data to support the investigation of airport pavements
performance subject to new generation airci@ispalakrishnan, 2004)

The field databasesed in this researshkias generated through an extensive instrumentation
that included static sensors and dynamic gages. The structural response instrumentation
included MultiDepth Deflectometers (MDDs), Pressure Cells (PCs) and Asphalt Strain
Gauges (ASGSs), installed withthe pavement sections to measure {matiliced responses
(Gopalakrishnan, 2004)

The software used in this analysis were KENLAYER, NonPAS andP&VYE. Because in
GT-PAVE all parameters must be defined in imperial units, theseotton will present the
material properties in the imperial unit system for consistency.

4.2.1 Material Properties (NAPFT)

The structure analyzed in this study is named MFC, wiklestands for a medium subgrade
strength,F stands for a flexible pavement tymnd C stands for conventional, indicating
that the base and siilase layers are not stabilized. The MFC structure is composed of 5
inches (127 cm) of asphalt concrete layer -401), followed by 8 inche$20.32cm) of
granular base (R09), and 12 inche80.48 cm) of granular subgrade (P154), on the top of

a medium strength subgrade with a CBR of approximately@8palakrishnan, 2004The
material properties of each layer are presentdabie4.10.
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Table4.10: Pavemengeometries andhaterialpropertiesmodified from(Gopalakrishnan,
2004)and(Kim, Tutumluer, & Kwon, 2009)

Pavement . . . Internal ,
Thickness| Eor M Poi s s . . Cohesion L Densi
Layer o o ‘ Ratic Material Properties (psi) F?O(I:no)n (pcf)ty
€g
AC 5 1,199172 0.35 Isotropic and lineaelastic - - 156.0
Nonlinear: Uzan model
Base 8 Nonlinear 0.38 (Esli) K2 | K3 - 11.0 60 158.1
1,4939| 04 | O -
Nonlinear: Uzan model
Subbase| 12 | Nonlinear| 0.38 (:;Sli) K2 | K3| - | 264 44 123.0
1,000.8| 0.64| O -
Nonlinear: bilinear model
Subgrade 94.8 Nonlinear| 0.40 (:;sli) K2 | K3 | K4 13.1 0 90.9
9,108.4| 6.09| 420| 570

4.2.2 Loading Parameters(NAPFT)

Similar to Case Study Each pneumatic load was considered as a uniform static vertical
pressure, applied over a circular aogethe pavement surface. It was also considered that
the contact pressure is the same as the inflation pressure of th@ée¢ileading cart used in

the tests simulated a siwheel dualtridem type aircraft gear configuration, in which each
individual wheel had a load of 40,006 and a uniform tire pressure of 188. Table4.11
presents the details of the loading gear.

Table4.11: Load description. Adapted frorl.CPC / AIRBUS / STBA, 2001).

Type Weight/wheel | Tire pressure Contact Dual wheels | Axle Spacing
(Ib) (psi) Radius (in) spacing (in) (in)
6 wheels 40,000 188 8.23 54 57

4.2.3 Results: Case Study 2

Three pavement responses were analyzed in case study 2: the maximum compressive stress
at the top of the subgradg (, the maximum verticalisplacement at the pavement surface

1 , andthe lorizontalstrain at thebottom of the AC { ). The simulations were performed

in GT-PAVE, NonPAS, and KENLAYER, and the results were compared teséale
measurements. The ftdcale stresses and daspéments, as well as the simulated responses
from ABAQUS were obtained from the study (®fim, Tutumluer, & Kwon, 2009)while

the full-scale strains were obtained from the studyGdpalakrishnan2004) The results

are presented ihable4.12.
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Table4.12: Simulated pavement responsesnpared to field measurements.

_ Qu #e £ (micro-
Analysis Software M |5ra) (mm) strain)

Measured 0.1¢¢ 1.8 310.00*
ABAQUS 0.09 1.65 -
Results GT-PAVE 0.11 1.76 432.78
NonPAS 0.08 5.00 476.55
KENLAYER 0.09 3.99 653.00
ABAQUS to

14% 9% -
measured
GT-PAVE to 7% 3% 40%
i measured
Comparison NOMPAS t
on Ol 70 | 175% 54%
measured
KENLAYER

9% 119% 111%
to measured

"Results published b§Kim, Tutumluer, & Kwon, 2009)
"Results published biGopalakrishnan, 2004)

The results show that all software were quite successful in predicting the maximum
compressive stress at the top of the subgrade. The absolute difference fromsbaldull
measurem@s was about 7% for both GHAVE and NonPAS, while KENLAYER
presented a difference of 9%. It is surprising that the stresses predicted from ABAQUS
(Kim, Tutumluer, & Kwon, 2009)presents a bigger difference of 14%. The bbart
presented inFigure 4.6 (a) shows the maximum compressive stress at the top of the
subgrade for all the software in blue, compared to thesbdé measurements in green,
which overall indicates a good agreement with most of the programs underpredicting the
compressive stress values except for’AVE that tended to overpredict the stress.

The bar chart presented kigure 4.6 (b) shows the vertical displacement predicted by all
software in blue, compared to the fattale measurements in green. Only ABAQUS and
GT-PAVE were able to successfully predict the vertical displacements at the pavement
surface, with an absolute difference of 9% and 3% from the field measurements,
respectively. NonPAS and KENLAYER predicted displacements that are much higher than
the full-scak results, with a difference of 175% and 119% respectively.
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Figure4.6: (a) Maximumcompressive stress at the top of the subgaade(b) naximum
verticaldisplacement ahe pvemensurface (mm)

In a similar way,Figure 4.7 presents the aximum horizontal strain at the bottom of the

AC (micro-strain) predicted by all software in blue, compared to the -dodle
measurements in green. The results reveals th#teaBoftware predictionaerefar from

what was measured in the fieldith a difference of 40%, 54%, and 111% from-BAVE,
NonPAS, and KENLAYER, respectively. This is consistent with the finding from the Case
Study 1, with the reason being probably taee as pointed out earljghat is,to achieve

better results regarding the horizontal strains, the é¢&stic behavior of the bituminous
materials would have to be carefully considered in the numerical models, to account for the
time and temperatureegendency of the asphalt layers.

800
700 111%
600

"Results published b§Gopalakrishnan, 2004)

Figure4.7: Maximum horizontal strain at the bottom of the AC (mistiain)
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4.3 Summary

This chapterdiscussedhe ability of differentcomputationaltools usedfor mechanistic
analysis of airfield pavemers Every software would have certain advantages and
limitations, therefore,when performing mechanistic analysis and design of airport
pavemens, oneshould have in mind the level of accurdbgt needs to be reachad well

as theaffordable computational timeTo this end, two case studies based ondcdle
pavement test sections were simulated and the predicted results were comparibe wit
field measurements. The first case study compared simulations from two layered elastic
software (i.e., KENLAYER and NonPAS), as well as one finite element software (i.e.,
ABAQUS), using a purely linear elastic approadrhe second case study compared
simulations from two layered elastic softwdre., KENLAYER and NonPA$ as well as

one finite element softwaKee., GT-PAVE), using a noflinear elastic approach.

The results from both case studies indicate that KENLAYER and NonPAS can have good
agreement with field measurements when predicting pavement vertical strains and stresses
at the top of the subgrade. However, the calculated vertical displacements could be far from
the field measurements (as demonstrated in Case 2). This indicates thgeted &astic
analysis would be a good alternative to be used in cases where rutting, and consequently the
compressive stress at the top of the subgrade, is the dominant mechanism contributing to
the overall pavement performance.

The results of both castsdiesdemonstrat¢hat ABAQUS and GIPAVE can successfully

predict the compressive stresses as well as the vertical surface displacements. In case study
2, GT-PAVE even outperformed the ABAQUS predictioifis points out thaalthough

the superpositionfgpavement responses can lead to somed@fedrrorwhennonlineariy

of materialgs being considered, ihapproach can stipprovide relativelyaccurate results.

A 2D axisymmetric modelling software can provide relatively accurate results in a much
shorter time as compared to a 3D simulation using a geperpbse software. This
highlights why the former approach is currently more popular in many design applications,
while the latter is utilized mainly iresearch andrhen there is a need to furtherestigate

the effect of loading (i.e., contact area, stress distribution, transient characteristics) or
materials properties.

Lastly, thepredictedhorizontal straingit the bottom of the asphalt mix layer were far from

the field measurements for all software analysis in both case studies; this points out to the
need forproper consideration of the visetastic behavior of the bituminous materiads

both the analytial and numerical models
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Chapter 5: Cumulative Damage Analysis

The 7step methodology proposed $ection3.7 was implemented in the case study of the
Toronto Pearson International Airpoithe proposednethod, howeveGan be applicabl®

any airport, since iguides the designers in a broad way that can be easily implemented in
the design of airport pavements in different locations in the world.

5.1 Data Collection

For the study of theurrentclimate, the data collection includes past hourly temperature
datg solar radiancewind speedand surface albedo. For this scenario, the deda
downloadedfrom the National Solar Radiation Databg®SRD) (National Renewable
Energy Laboratory, 2022)Temperature and wind records are also available at the
Environment Canadaebsite(Govenment of Canada, 2022pwever, he main advantage

of usingthe NSRD is the availability of solar radiance data.

For the climate change scenarios, two main sources were Qk@dite Atlas of Canada
and theWeather MorphClimate Atlas of CanadgPrairie Climate Centre, 2028)as used
to evaluate fro¢thaw conditions while th&/eather Morphwas used to obtain predictions
of future temperature datdo that end, aveb-based application calle@Veather Morph:
Climate Change Weather File Generator w a s to generalehe hourly temperatee
records. The webased application has data availatolemany locationscrossthe world
with combinations ofour gas emission scenarios in three tinogizons 2020s, 2050s and
2080s (Jiang, Liu, Czarnecki, & Zhang, 2019)The data is available at
http://139.62.210.131/weatherGen/

Field datausedto implement to proposed methodology consist of:

1 Bore holesincludingsubgrade material type, gradatiamdPlasticity IndexPl)
1 Aircraft fleet mix annual departures and predicted % growth

All field data was kindly shared by Toronto Pearson International Airport for the purpose of
thisresearch an detailed in the next section.

5.2 Background onToronto Pearson International Airport

It was showed in sectioris1.1and?2.1.4that there are strong warming and precipitation
trends in the teitories located in the south areas of Canada, therefore, when choosing the
case study, an airport located in the south of Canada was preferred.

Toronto Pearson International Airport@Gsa n ad a 6 s b.Uns2018, the airpoit hagd o r t
50.5million passengers and handk8i2,800flights. The airportprocess over 45 percent of
Canada 6 s anddanmcarry the hpaviest aircrafts in world, such asAnéonow225
(Greater Toronto Airports Authority, 2020)
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To acommodate such a large traffic of people and cargo, Pehesbive runways 3 main

and 2 crosswindand 30 taxiways, constructed of concrete, asphalt or a combination of the
two. Theshortest runwagt the airport hag,744meters long and 61 meters widdile the
longest has3,390 meters long anéd1l meers wide(Greater Toronto Airports Authority,
2020) An aerial view of the airpotan be seen iRigure5.1.

Figure5.1: Aerial viewof the Toronto Pearson International Airp@ational Business
Aviation Association, 2020)

5.2.1 Temperature andPrecipitation Trends

Toronto Pearson Airport (YYZ) has experienced a significantly increment of its lowest and
maximum temperature, reaching a difference of 4.4°C in the past 70(Abaes, 2019) A

clear trendline came seen irFigure 5.2, which presentshe annual maximurpavement
surface temperature for Toronto Airpdhrough the years, from 1950 to 2020, with a
continuing trend up to204Q The figure shows that the annual maximum surface
temperature increased in 1.6°C in the referred period.

Figure5.3 presentshe decennialprecipitation sincel950, atvVancouver(YVR), Montreal
(YUL), and TorontqYYZ) airports Two main conclusions can be taken from this figure,
the first is that those airports receivesignificant amount of precipitation annuallywhat
makes hem moresusceptible to suffer moisture damaged the second is that the annually
precipitation amount is gradually, but consistently, increasing.
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Figure5.3: Decennial Precipitation since 1951 YVR, YUL and YYZ. Modified from
(Abreu,2019)

5.2.2 Soil Data
Considering borehole data provided by the Greater Toronto Airports Authority (GTAA),
the predominant subgrade matenathe airporis Sandy Lean Clay with Gravel. The frost
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susceptibility is low to moderate. The tested soil mdtepeesented 8.8% of gravel, 29%
of sand, 32.5% of silt and 29.7% of clay.

Table 5.1 shows more information about the subgrade soil, such as the plastic and liquid
limit, the percent passing sieve #209 , the grain size corresponding to 60% passing
by weight © and the CBR. The optimum resilient modulus of the subgrade was
constdered as 51.71 MPa.

Table5.1: Subgrade properties at Pearson (source: granted by GTAA).

Soil Type Sandy Lean Clay with Grave|
Plastic Limit (PL) 17.2%

Liquid Limit (LL) 29.6%

Plasticity Index (PI) | 12.4

n 62.1%

(6] 0.066 mm

CBR 5%

According to the soil classification systafefinedin the ASTM D248717, the existing
soil atthe Toronto Pearson airpocan be classified as a leplasticity clay(also called lean
clay). In this case, thassumption of a constant void ratio is acceptadote the equilibrium
degree of saturatiofi{ ) can be calculated through Equat®28.

5.2.3 Traffic

In 2019, 50.5 million passengers travelled through Toronto Pearson airport and about
452,800 flights were handle@GTAA, 2020) In 2020 and 2021 the number of flights
decreased drastically due to the COVID19 pandemidjrigt32,899 and 6,383 movements

in 2020 and 2021 respectively. It is believed that the number of flights will resume its
normal levels in the next few years, and Toronto Pearson Airport will continue to grow in
the long term. For this reason, the traffilormation used in this analysis will be based in

the total movements of 2019, and the growth predictions will be based in the airport master
plan published in 2018 TAA, 2018)

The airport master plan predicts that aircraivements (takeoffs and landings) will grow

at a rate of 1.5%s a high estimatevhile its low estimate predicts growth at a rate of
1.13%. Considering the impact of COVID19 pandemic, the author will assume the lowest
growth rate prediction of 1.13%.

An arport runway design is greatly influenced by the type of aircrafts serving an airport.
To perform the structural design of a runway, first it is necessary to define the aircraft fleet
mix, that is, the percentage of aircraft, by type or category, theategeat the airport.

A presentation given by Kevin Chee in the
seminar showed that the busiest runway of Toronto Pearson Airport in 2017 was runway
05-23, managing 45% of the aircraft movements, and more recemmiation shared by

the Greater Toronto Airports AuthoritfGTAA) with the author shows that runway-23
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continued to have 45% of the total movements in 2019. The movements distribution in the
runways of Toronto Pearson Airport can be sedfigare5.4.

Figure5.4: Flight distribution over airport runway€hee & Ahmed, 2018)

The aircraft fleet miypresented afable5.2 was developed based on the traffic occurred in
2019, according to data shared by the GTAA with the auth@.a common practice to
consider the aircraft wheel load to have a circular contact area with a flexible pavement.
FAARFIELD, however, defines thwheel contact as elliptical, following the guidelines
given by Huang, 199@uang, 1993)in which the contact length is about 1.6 times longer
than the contact widthl'able 5.3 presents the loading characteristics of the most critical
aircraft of the fleet mix, that is, the B7-8D0 ER, as considered by FAARFIELD.

Table5.2: Traffic Inputs.

Aircraft Gro_ss Taxi gzglzﬁures Annual Total
Weight (kg) at 0512 Growth Departures
A320-200 std 73900 7063 1.13 157222
A321-100 std 83400 5679 1.13 126415
B767-300 159665 5301 1.13 118000
Bombardier CL
604/605 21863 3495 1.13 77799
B777-300 ER 352441 3056 1.13 68027
B787-9 254692 2803 1.13 62395
B777-200 248120 3799 1.13 84566
A330-300 std 230900 842 1.13 18743
B787-8 228383 579 1.13 12889
A310-300 142900 772 1.13 17185
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Aircraft Gross Taxi ggg:?tlures Annual Total
Weight (kg) at 0512 Growth Departures

B747-400 397801 245 1.13 5454

B747-400 Belly 397801 245 1.13 5454

A380-800 WV000 562000 105 1.13 2337

é2ﬁ3800 WV000 562000 105 1.13 2337

DHC-7 19867 30830 1.13 686276

B737-800 79242 19706 1.13 438656

CRJ100/200 21636 8552 1.13 190368

Table5.3: B777-300 loading characteristics.

Gross Taxi| Tire Percent | Dual Tire | Tandem Tire Tire Tire

Weight Pressure| GW on | Spacing | Tire Contact | Contact | Contact

(kg) (kPa) Gear (m) Spacing (m) | Width Length | Area
(cm) (cm) (cm?)

352441 1503 0.475 1.397 1.463 38 60.9 182045

5.2.4 Existing Runway Structure

According to the GTAA, the pavement structure from a typical flexible runway in Toronto

Pearson Airport consists of three layers, namely an AC layer & ca® thickness,

followed by a granular base of 8t and a granular stt|ase of 9&m. The materials have

similar characteristics to the standard materials from FAARFIELD as describEgbia

5.4.

A presentation given by Chris Stewar 2010 says that the overall pavement thickness in
Toronto Airport runways has not been updated since 1993, and that the runways were
designed for the critical aircraft at the time, which was the BN Steward says that
newer aircraft such as the B#7200LR/300ER, A34600/600, and A380 are all more
critical for the determination of a suitable pavement structure, and that failure to improve

Table5.4: Typical flexible pavement structure.

Layer Material Thickness €m)
P401P403 HMA 125
P-209 Crushed Aggregate 30
P-154 uncrushed aggregate 90

Sandy Clay Subgrade,d# 51.71MPa

the pavement structure will result in reduced servicg 8fewart, 2010)

The same presentation proposes a new design based on the Transport Canada Manual of
pavement structural design ASKO and FAA in which the AC thickness should be
increased from 18 to 20cm, while keeping the same thickness of the granular layers.
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Even though this was proposed in 2010, information given by GTAA to the author in 2021
says that the flexible runways have not yet been adjusted to meet new large aircraft
requirements.

5.2.5 Asphalt Performance Grade and Asphalt Mix

In the year of 1998, the OntarHot Mix Producers Association, on behalf of MTO/ORBA,
established equivalencies between the asphalt penetration standards and the Performance
Grading(PG). The asphalt grade for the surface course in Toronto Pearson International
Airport was determinedotbe PG 648, however, in 2002, the asphalt grade had to be
elevated to a PG 7B8, to accommodate for the heavy aircrafts operating and the high
temperatures at the airport area. Later, a polymer modified asphalt started to ke used,
increase the stiffess of theasphalt at higher temperatures, mainly to reduce rutting and
shoving problemg§Stewart, 201Q)

Pearson Airport is constantly under small and capi@intenanceperations. The airport
operators announcetthe rebuilding of sections of Taxiway H and the rehabilitation of
Runway 15L/33R entirely, during the year of 20@&reater Toronto Airports Authority,
2020)

An asphalt mixto be usedt one of the taxiways of Toronto Pearsoternational Airport
was collected and analyzed by Abreu. The binderehB& 7628J and the mix usef.2%

of asphalt cemenihe percentage air voids of the mix were found t@eand theVoids

in Mineral Aggregate, VMA (%)ere 16.5. The gradatiorf the aggregates in the asphalt
mix can be seen ihable5.5 (Abreu, 2019)

Table5.5: Asphalt Mix Gradation used in runway of Toronto Pearson International Airport.
Modified from (Abreu, 2019)

Sieve Size % Passing
(mm)
26.5 -
19 -
16 100
13.2 98
9.5 80.3
4,75 54.3
2.36 38.7
1.18 25.3
0.6 17.5
0.3 10.3
0.15 55
0.075 3

A summary of the input required to calculate the dynamic modulus of the mix is presented
at Table 5.6. In this table,f is the loading rate, ¥is the air void content, 3 is the
effective binder content, and ' K representcumulative percent retained on the
standard sieves #%, #3/8, #4, and # 200, respectiMe¢ygranular materials were assumed
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to have similar characteristics to the standard materials from FAARFIELD, therefore, the
base was considered as-2# Crushed Agregate and the stiase as a-B54 uncrushed
aggregate.
Table5.6. Input parameters to estimake ACdynamic modulus master cutve
Parameter J(Hz) Va(%) Voet(%) z (%) z (%) zZ (%) Z (%)
Value 4.3 3.9 12.6 0.00 19.70 45.70 3.00

5.2.6 Freezing indices

As explained in sectior3.6.], the freezing indexFl) is a measure of the severity of
freezing conditions during the winter season. It is calculated as the summation of daily
average air temperatures over the freezimipdd TCCA, 1992) A publication from 1973
shows that the freezing index for the region of Toronto, based on the period of 1931 to
1960,wasapproximately500 degreealays (F) Figure5.5).

\“?—/

¢ 'W»’Wﬁm
\C&s

50K L/W .‘..'/

Figure5.5: Normal freezing index in degrekays, based on the period 1931 to 1960.
Modified from (Boyd, 1973)

Data collected from the Climate Atlas of Canada shows that the average freezinmindex
Toronto region from the year of 1950 2003 corresponded t@67.1 degreedays (F)
however, more recent data presents a freezing index of 406.35 for the period of 2003 to
2013 (Prairie Climate Centre, 2020The historical records per year, as well as the FlI
prediction trend according to the gas emission scenario 8.5 is presefigdrie5.6.
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Figure5.6: Freezing degredays in the municipality of Toronto: historical values and
future prediction

According toFigure 5.6, if climate warming continues its trend, the freezing index will
continue to decrease in Toronto regidipredictions becomeeality, in the next 20 years
the municipality of Toronto will experience a Fl close to 200 dedesss.

5.3 FAARFIELD Design

The hot mixasphalt standard material in FAARFIELD is thd®1/403. This material has a

fixed modulus value preet in the program at 1379 MPa (200,000 Psi). The manual affirms
that this modulus was conservatively chosen and corresponds to a pavement temperature of
approximately 32°QFAA, 2016) therefore, the software considers that &@ would

perform as it was under 32°C all year long.

To estimate a modulus that would be more coherent witA@edescribed in th&ection

5.2.5 the modified Witczalsigmoidal functionpresented at Equatidh13 was used. The

main input necessary to calculate the modulus consisted of the asphalt mix gradation,
Performance Grade (PG), initial air voids, effective asphalt content, aircraft characteristics
such as tire pressure, weight and speed, and lastly, temperdtareestiltigp modulus of

the hot mix asphalt at 32°C is 17RPa, which is 25% higher than the stand AC stiffness
used in FAARFIELD.

The required data for the design in FARFIELD consists of the soil resilient modulus or
CBR, the layer materials and traffic, all of whiwere definedn sectionss.2.2 5.2.3 and
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5.2.4 Table5.7 presents theesultingthickness of the pavement layers for a design life of
20 years, as well as the modulus and Poisson ratio attributed in FAARFIELD.

Table5.7: Pavement Desigperformed inFAARFIELD.

No. Type Thickness €m) | Modulus (MPa) | Poi s son
1 P-401 HMA Surface 304 1721 0.35
2 P-209 Crushed Aggregate 30 485.21 0.35
3 P-154 Uncrushed Aggregate | 90 138.61 0.35
4 Subgrade - 51.71 0.35

The pavement design in FAARFIELD shows the need fopee robust structure than what

is currently in place, since when maintaining the base anebasd layer thickness
constant, the AC was X¥cm thicker than the present layer. The CDF results points out
that the B777300ER airplane brings 99% of the ray damage contribution, while the
B787-900 had a contribution of 1%, and the rest of the mix had neglectable contribution to
the rutting damageTable 5.8 presents the cumulative rutting and fatigue CDF of the
aircraft fleet mix from FAARFIELD, and its respective P/C ratio.

Table5.8: Cumulative CDF from FAARFIELD.

N Rutting CDF | YUY | Fatigue cpF | F2tI9Ue
ircraft o P/C o P/C
Contribution ) Contribution )
Ratio Ratio
A320-200 std 0 1.08 0.08 1.91
A321-100 std 0 1.08 0.09 1.84
B767-300 0 1.06 0.08 1.02
Bombardier CE 0.00
604/605 0 1.21 ' 2.31
B777-300 ER 0.99 1.04 0.18 0.72
B787-9 0.01 1.03 0.16 1.14
B777-200 0 1.04 0.06 0.75
A330-300 std 0 1.03 0.03 1.06
B787-8 0 1.04 0.03 1.04
A310-300 0 1.08 0.01 0.95
B747-400 0 1.06 0.01 0.96
B747-400 Belly 0 1.06 0.01 0.96
A380-800 WV000 0 1.04 0.00 1.06
A380-800 WV000 0.01
Belly 0 1.03 ' 0.78
DHC-7 0 1.22 0.01 2.33
B737-800 0 1.09 0.30 1.84
CRJ100/200 0 1.2 0.00 2.22
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5.3.1 Validation of Python Codes

The equations described in the methodology section to calculate rutting and fatigue damage
were implemented in Python codes, developed by the author. To verify the damage codes,
the author performed the calculation of the CDF caused by the-BXY'ER undethe

same circumstances considered in FAARFIELD. The first part of the verification process
was to certify that the P/C values for the B-B00D ER were the same as presentebaible

5.8 (that is, 1.04 for rutting and 0.72 for fatigue). To that end, the aircraft wander was
defined as 178.8 cm, the lateral distance from the centerline of the runway to the centerline
between the tires was considered a8.54cm, and other aircraft characteristics were
defined according tdable5.3, which resulted in P/C values of 1.036 and 0.716 for rutting
and fatigueyespectively. The P/C values resulting from the Python codes, when rounded,
are essentially equal to FAARFIELD.

The same structural conditions definedrable5.7 were used to obtain stresses and strains
through KENLAYER (circular tire contact) and ABAQUS (circular and elliptical tire
contact). The model in ABAQUS was built using a mesh ain8hear the loads and 8t

in the rest of the model; the cootdbetween layers was defined as rough, and the model
dimensions were 12x12 meters wide, by 13.80deep (the subgrade beingrhleep). A
boundary condition was defined at the lateral walls of the simulated pavement elements
which prevents it from movin@ the horizontal direction but letting it free to move in the
vertical direction. The bottom of the subgrade element was constrained from any
movement. This type of boundary condition is usually imposed to represent the
confinement of the soilFigure 5.7 shows the subgrade divided in half for a better
perspective (ZY view), with contours in deformed shape, colors representing the
compressive strains.

Figure5.7: Compressive Strains at Subgrade Top in ABAQUS.

The results of compressive strains at the subgrade top and tensile strains at AC bottom for
both ABAQUS and KENLAYER are presentedliable5.9.
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Table5.9: Pavement responses.

Compressive Tensile Strain
Software Tire contact Strain at
at AC bottom
subgrade top
KENLAYER | Circular 0.001280 -0.0003799
ABAQUS Circular 0.001282 -0.0002959
ABAQUS Elliptical 0.001280 -0.0002886

The results for compressive strains at the subgrade top were very similar for both
KENLAYER and ABAQUS, with almost no difference between the strain of circular and
elliptical contact areas (0.15% difference). However, émsite strains at AC bottom from

the two models with circular contact area from KENLAYER and ABAQUS presented
results with a 28% difference. The difference between circular and elliptical contact shape
in ABAQUS wasonly 2.5%.

FAARFIELD uses the Layered &dtic Design (LED) to obtain the pavement critical
strains.Generally, when LED is used for flexible pavement design, it is assumed that each
tire has a circular contact area, because of its axisymmetric n;Most. LED tools
available only enable the useto consider the contact area between tire and pavement as
circular. FAARFIELD, however, considers the contact area to be elliptical. Because the
author could not have access to a LED based software that would allow for modeling an
elliptical contact are, KENLAYER was used instead.

The critical pavement responses were then used to estimate the number of coverages to
failure. The CDF was calculated considering the B30@ ER number of departures of
68,027 in a 2§/ear design period. The results of thenclative rutting damage over the
design period can be seerFigure5.8.

1
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Subseason
Figure5.8: Rutting Damage at Validation Phase.

As previously mentioned, FAARFIELD attributed a cumulative damage of 0.99 for the
B777-300 ER over the design period. The calculations implemented in Python resulted in a
damage of 0.9 fothe same aircraft, that is, a difference-@¥. The author attribute the
difference in the results to the tire contact shape, which were assumed as circular instead of
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elliptical. Despite the limitations in duplicating FAARFIELD procedures, thansfer
functioncodes implemented in Python were considered satisfactory.

5.4 Current Climate

The first step to perform an analysis that considers the climate variations abtein

hourly climate data and testimatethe pavement temperature gradient along theement

depth. To that end, 10 years houpgst climate data was downloaded from the National
Solar Radiation Database (NSRDyiginated fromthe nearesstationto Toronto Pearson
International Airportranging from the years of 2010 to 20(Mational Renewable Energy
Laboratory, 2022)The 10year data was averaged to correspontl-yearhourly records

The data obtained on the website was the air temperature, wind speed, solar radiance and
albedo at the Toronto Pearson Airport site. To determine the pavesraperature
gradient, the finite control volume method was used though TEMPS.

5.4.1 Pavementtemperaure profile

Temperature affects both unbound and bound materials strength. In bonded materials such

as asphalt concrete, temperature has a high correlation with the stiffness, because of the
viscoelastic properties that asphalt presents, howewasatplays an important role in the

behavior of unbonded layers. For exampl@nglar layers can be susceptible to freezing,

and this is followed by a great increase in the material modulus. However, when the layers
thaws, it can lead to a drastic deceeasthe modulud-or this reason, a model that predicts

the temperature of the pavemdayers in different depths is necessary for accurate
computations of the material 6s modul us throu

In general, temperature prediction models for pavesnesm be divided in three categories
analytical, numerical, and empirical. The analytical and numerical models usually are
developed considering the heat conduction under certain boundary conditions, while the
empirical models are based on statisticallgsis(Chen, Wangb, & Xie, 2019)

There are a number of methods available to accomplish the prediction of the pavement
temperature, including the Asphalt Institute (Al) model, the Ldoagn Pavement
Performance (LTPP) model,hé American Association of State Highway and
Transportation Officials (AASHTO) model, the Mechanistic Empirical design model,
among many others. The model assumptions, analysis parameters, solution methodology
and application areas in those methods cay significantly.

The LongTerm Pavement Performance (LTPP) program was one of the pioneer research
projects on pavement temperature prediction. The strategic highway research program
(SHRP) established the LTPP program on approximately 2,500 sites thubugbdh
America, in order to capture a broad range of pavement types and climatic conditions
(Diefenderfer, AlQadi, & Diefenderfer, 2006) The SUPERPAVE binder selection
procedure is based on the LTPP models for the loweshighest temperatures expected at

a job (Mohseni, 1998) The LTPP model, however, is limite predicting the AC
temperature only, excluding the other pavement layers.
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The MEPDG(2004)uses the ClimatiMaterialsStructural CMS) model, developed at the
University of Illinois. This is a ondimensional heat transfer model used to determine frost
penetration and temperature distribution in the pavement system. The inputs considered are
the heat capacity of the pavement matsridhermal conductivity of the pavement
materials, pavement surface absorptivity anaissivity, air temperature, wind speed and
incoming solar radiatio(ARA, Inc., ERES Consultants Division, 2004)

Even though thisnethod provides good predictions of pavement temperature, it does not
illustrate the physics of heat transfer adequately due to the assumption of astitady
surface and constant bottom boundary conditions. Another limiting factor is that the solar
radiation is estimated from a regression equation, even though it can easily be obtained
from reliable sources, such as tNational Solar Radiation Databa@dSRDB) (Alavi,
Pouranian, & Hajj, 2014)

An alternativemethodto predi¢ the pavement temperature profile the finite control
volume methodThe method can be easily implemented through the software TEMPS
Temperature Estimate Model for Pavement StructurE8PS is a software that forecasts
hourly temperatures at any depin a pavement structuréarough the Finite Control
Volume Method (FCVM)(Liu, 2020) This modelprovides agood understanding of the
heat energy balanage the system.

The inputsused in TEMP&re very similar to the onesagin the MEPDG2004)climate
model,includingclimatic data (air temperature and wind speathteorological data (solar
radiation), and pavement surface radiatmoperties (albedo, emissivity, and absorption
coefficients)(Alavi, Pouranian, & Hajj, 2014)

Albedo can be defined as the reflectivity of the pavement at solar wavelengths, and it can
play an important parh the pavement temperatur&€he higher the albedo, the higher is the
reflected energy back to its surroundingtherefore less energy isab®rbed into the
pavemen(Gui, Phelan, Kaloush, & Golden, 200TheNational Solar Radiation Database
provides both hourly solar radiation and surface albedd,the valus can be used to
predict pavement temperature profile.

The emissivity of a surfacepresents the ratio of the radiation emitted by the surface at a
given temperature to the radiation emitted by a blackbody at the same temp&eangel,
2003) This parameter depends on the pasetrcolor, texture and temperature, and for
asphaltic materials a typical value can be considered as(8d@8imanian & Kennedy,
1993)

Similar to emissivity, the absorption depends on the pavement color, texture and
compositian, and it correlates with the amount of available solar energy that is absorbed by
the pavement surface. Absorption and emissivity usually present very similar values and
sometimes can be identig@olaimanian & Kennedy, 1993jor a level three type project,

the MEPDG(2004) classifies the absorption of flexible pavements as follGdRA, Inc.,

ERES Consultants Division, 2004)
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1 Weathered asphalt (gray): 0.8@.90
1 Fresh asphalt (black): 0.900.98

Specific heat capacity can be defined as the amount of heat that must be added or removed
from a unit mass of asphalt concrete to change its temperature by one (légrera &

Luca, 2006) The study ofMrawira & Luca(2006)found valuesof specific heat capacity

that range fron®40 to 2000 J/kg*K, while the MEPD@004)recommends using a range

that varies fron9211 t01674.72J/kg*K.

Thermal conductivity can be defined as the rate at which heat energy is tranateassl
theunit area of a materiallhe research dbui et al.(2006)obtained values varying from
0.6 to 2.6 W it °C! (Gui, Phelan, Kaloush, & Golden, 200®jrawira and Lucabtained
results ranging from 1.7 to 2.1 W m°C?! (Mrawira & Luca, 2006) while the
MEPDG (2004) recommends a narrower range, fron76to 1.40 W mt °C? for asphalt
concrete materials.

The work of Khan et a2009)presentsypical values othermoephysical parameters far
pavement base, stiiase, and frostusceptible soil. Theresearchersseparated the
conductivity in thawed and frozen periods, as presentdalite 5.10 (Khan, Mrawira, &
Hildebra, 2009)

Table5.10: Thermophysical parameters of pavement layensdified from(Khan,
Mrawira, & Hildebra, 2009)

. Thawed Frozen Heat Water content
Dry Density - - ; frozen/thawed
Layer (kg/m?) conductivity | conductivity | capacity (decimal
9 (W/m K) (W/m K) (J/kg K) !
fraction)
Crusged gravel | 5339 3.63 3.83 1038 0.05
ase
Crushed gravel | /¢ 3.98 4.15 1131 0.04
subbase
Subgrade 1550 1.20 2.00 710 0.04

The parameters used to determine the pavement temperature gradient in this thesis are
presented inrable5.11 and Table 5.12. The material properties agree with the literature
reviewed above, and tisairface albedo was obtained through the NSRD and averaged per
month, as presented Trable5.12. Lastly, emissivity and absorption were both considered

to be 0.93.

A print screen from TEMPS showing the materials definition can be sdggure5.9, and

the climatic data input is showed Kigure 5.10. The surface characteristics, inding
albedo, emissivity and absorption are presentefligmire 5.11. The pavement structure
definition was done according fable 5.7, and a print screen of this step on TEMPS is
presented ifrigure5.12. The last step is the mesh generator, which was defined as having a
spacing of Itm.
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Table5.11: Material Properties.

Material Identifier Spctza;:gg:c:;lfat Conductivity | Density
o] 3
Type Color (J/kgPK) (W/m°K) (kg/m?)
AC Black 1298 1.08 2374
Base Gray 1038 3.63 2330
Subbase Gray 1131 3.98 2446
Subgrade Gray 710 1.2 1550
Table5.12: Surface Albedo.
Month Albedo | Month | Albedo | Month Albedo
January 0.72 May 0.16 Sept 0.16
Feb 0.75 June 0.16 Oct 0.16
March 0.41 July 0.17 Nov 0.27
April 0.20 August| 0.16 Dez 0.51
vm Run  Help -
&0 @

I’ Material Type [ 1) * Add & Delete % Insert B u
' i HortferCoor:. [B . S5 Material Type  Identffier Color  Specific Heat Capacity (J/kg'K):  Conductivity (W/m°K): Density (kg/m?):
_j; i s Specfic Heat Capacty (Vkg'K) Ja < ot Tt e s
Cotety 0 L
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Figure5.9: Pavement material properties inputs in TEMPS.
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Figure5.11: Surface Characteristic input data in TEMPS.
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Figure5.12. Pavement structure input data in TEMPS.

The results of the temperature profile simulation in TEMPS can be s€egune5.13,
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Figure5.13: Pavement temperature profile simulation in TEMPS.

98




Figure5.13 indicatesthat the maximum temperature at a depth oflis of 44C and that

the temperature gradient varies within the pavement depth. From the months of March
through July, the pavement surface layers often presdngher temperatures than the
lower layers, and in those months, temperature decreases with depth, while in the months of
AugustthroughFebruary, this is not necessarily true. It is also important to point out that
the surface temperature layers varptwithin a short period of time during most part of

the year, however, it seems to be more stable during the winter.

5.4.2 Bitumen Viscosityand Loading Rate

Bitumen viscosity is dunction of temperature and loading rafée effect of loading rate

can be estimated considering a sinusoidal loading, with frequ€royrepresent the cyclic
application of dynamic loads on pavements. The duration of the load on a pavement
depends on the aircraft speéd,and the tire conti radius,® (Huang Y. H., 2004)as
previouslydiscussedn Section 3.3.1

In the FAARFIELD design performed in Semti5.3 it was showed that the most critical
aircraft amongst the aircraft fleet mix is the B7300 ER.Table5.8 shows that the aircraft
was responsible for 99% of the rutting damage contributton.this reason, all analysis
performed forward in this thestonsides the B777300 ER only.To calculate the loading
frequency’Q a typicalaircrafttaxiing speed o080 km/h was used. The ti@rcular contact
areawas considered to have madiusof 24.07cm, based on the weight and tire pressure
described inTable5.3. The loading frequency of the B777 at this speed was calculated as
0.46 Hz. Thebinder and volumetric desigmarameters used to estimate the AC modulus
weredefined in Sectio®.2.5

To determine the correct viscosity of the pavement bindher,effect of agingmust be
considered. The two main csiderations arethe aging that happens during
mixing/compaction, and the aging during the long terrsiin. The viscosityalso muste
adjusted for different air void contents and as a function of the daptiording to the

Global Aging System (GAS) motproposed by the MEPD®@004) the aged viscosity at

time t and depth z can be calculated as a function of the mean annual air temperature, the
original bi nder viscosi t yindaerviscasi® All equationst i a |
to calculate bindr viscosity and loading frequency were presemtestction3.3.1

The shorterm aging igdlependent on theriginal viscosity, cPthemix/lay-down viscosity,

and thehardening ratioThe hardening ratio has the purpose of adjusting the model for a
particular asphalt tendency to age during mixing, hauling and compa(fEamar,
Harnsberger, Thomas, & Wiser, 2008d consider the hardening ratio, a hardermadeis
used.The hardening code valuesry from -1, representing a good to excellent resistance
to hardening, to +2, representing a pé@rdening resistancézor the casestudy, the
hardeningcodeused is Owhich represerd anaverage expected hardening ratio.

The longterm agingis calculated considering theean annual air temperatube® ¢) the
current temperature, and the time in monffise 0 & @for Pearson International Airport
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was obtained fronthe 10 years hourly past climate data downloaded from the National
Solar Radiation Database (NSRE9nging from the years of 2010 to 2019

The viscosity also must be adjusted according to the percentage air voids in the AC mix and
the air void change with time. This is done through an adjustment f&tavhich is a
function of the air voids at the time of intere$he initial air voids m the case study is

3.9% Lastly, he aged viscositis also a function of the layer depth,

The mix/lay-down viscosity —  and the final viscosity- ; adjusted according to the

percentage air voids and depttepresented imable5.13, for a variety oftemperaturesat
thedeptts of 6.3 cmand 15.2 cm.

Table5.13: Bindermix/lay-downviscosityandfinal viscosity at different temperatures

z=6.3cm z=15.2cm
Temperature

t « MPoise |t 4 MPoise| £ MPoise | t & MPoise
-10 2.13E+09 1.39E+06 3.42E+05 5.20E+06
-5 1.82E+08 8.05E+04 5.76E+06 1.64E+05
0 1.11E+04 1.22E+04 1.11E+04 1.61E+04
5 2.40E+03 2.48E+03 2.40E+03 2.76E+03
10 5.79E+02 5.86E+02 5.79E+02 6.09E+02
15 1.55E+02 1.55E+02 1.55E+02 1.56E+02
20 4.53E+01 4.52E+01 4 53E+01 4.49E+01
25 1.44E+01 1.44E+01 1.44E+01 1.42E+01
30 4.95E+00 4.93E+00 4.95E+00 4.86E+00
35 1.82E+00 1.82E+00 1.82E+00 1.79E+00

40 7.17E01 7.15E01 7.17E01 7.07E01

45 2.99E01 2.98E01 2.99E01 2.96E01

50 1.32E01 1.32E01 1.32E01 1.31E01

55 6.11E02 6.11E02 6.11E02 6.09E02

60 2.97E02 2.97E02 2.97E02 2.97E02

It is possible tonote from Table 5.13 that the binder viscosity is highly affected by
temperaturevariations For exampleat -10°C at the depth of 6.3 cm; ; was equal to
1.39E+06 while at 60°C it was equal t02.97E02. It is also evident that the depth
considerechas some impact in the binder viscositythe cases of very low temperature,
however, the viscosity was little influenced by the depth in higher temperature cases.

5.4.3 AC Modulus

To detemine thedynamicmodulus of theasphaltconcretein the case stugythe modified

Wi t c zsgrkodal function was usea@s presented in Equati®il3 . The main model
inputs are the loading ratbinder viscosityand volumetric design informatioA. summary
of the inpus required to calculate theesphalt concrete modulasepresented ifable5.14.
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Table5.14: Input parameters to estimate the dynamic modulus master curve.

Parameter Descriptbn Value Units
- Binder viscosity Varies | MPoise
Q Loading rate 0.46 | Hz
Va Initial air void content 3.9 | Percent by total mixture volume
V peft Effective asphalt content 12.6 | Percent by total mixture volume
8 Cumulative percent retained ¢ 0.00 | Cumulative percent by weight of aggregate
Yasieve
Cumulative percent retained ¢ 19.70 | Cumulative percent by weight of aggregate
3/8 sieve
8 Cumulative percent retained ¢ 45.70 | Cumulative percent by weight of aggregate
#4 sieve
Percent passing #200 sieve 3.00 | Cumulative percent by weight of aggregate

In FAARFIELD, the stiffness of the defautC materialis predefinedas1380MPa. This
modulus has been chosen corresponding to a pavement temperature of approximately 32
accordng toEquation5.1, defined by Witcak, 1989 (Loizos, Armeni, & PI, 2017)

a € O P® 0 @ L BT TT @ TZTYX T TT TT TT X 2T T T 51

WhereO is the asphalt modulyd( psi) and T is the asphalt temperature in Fahrenheit.
A comparison of the AC modulus resulting from the methodology utilized by FAARFIELD
andthemo di f i e d siyvhoidat fmnatiordsed by the MEPD@&2004)is presented in
Figure5.14.

Modi fied Wi Modi fied Wi
—FAARFIELD —FAARFIELD
40000 5000
35000 4000
__ 30000 .
S 25000 & 3000
= 20000 2
x 15000 1, 2000
10000 1000
5000
0 0
-20-10 O 10 20 30 40 50 60 20 30 40 50 60
Temperature Temperature

(@) (b)
Figure5.14: Effect of temperature in the AC mix stiffngsg temperature range from
20to 60 (b) temperature range from 20 to 60

In the comparison presented Figure 5.14, the resultsfrom themo di fi ed Wit cza
function were calculated according to the parameters define@able 5.14, with an AC
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mix that is one month old, at a depth of 6.3 cm. It can be riciedFigure5.14, parts (a)

and (b),that thehighest the temperature, the lowest is the material stiffness. It is evident
from Figure 5.14 (a) that the modifiedWi t c zfunéti@ngesults insignificantly higher
modulus for the temperatures ranging fre2f to OC, and that the difference between the
models narrows after’G.

The equations described in the methodol&gpction3.3.1to calculatethe AC modulus
were implemented in Python codes, developed by the autliith the codes, it was
possible to estimate hourly records of #h€ dynamic modulus according to the hourly
temperature value§or the incremental damage calculations of rutting and fattheé\C
modulusneeds to b@rocessedavithin every monthTo that enda normalized functiois
estimategdbased on the mean value and standard deviation from the dataset.

The modulus distribution curvewas divided into five subseasons,each sulseason
representing 20% of the frequency distribution. This is accomplished by determining the
temperatures corresponding to standard normal deviaté28f16,-0.5244, 0, 0.5244nd
1.2816, which correlates to 10, 30, 50, 70 and 90% accumulated frequencies within a given
period as presented dyigure5.15.

Sub-season

records
— Probability

Function

Probability Density

-1.2816 -0.5244 0 0.5244 1.2816
AC Modulus

Figure5.15: Modulus distribution per month.

It is important to note that each ssbason also represents 20% of the monthly trafhe.
results of the AC modulus distribution per subseasonusing the 10-year average
temperaturelatasefrom 2010 to 201%re presented ihable5.15.

The maximum resilient modulus calculated was 28,271, in the month of December, sub
season 60, while the minimum resilient modulus was 1,026, in the month of July, sub
season 31. Analyzing the data in this format allows for considering extreme temperature
events and its effect on the material modulus, however, pondering for a lower frequency.
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This results in a more accurate prediction of the performance compared to using a constant

modulus over the year.

Table5.15: AC modulus per subeason.

Sub- AC Sub- AC
season # Month | z-value | Modulus season # Month | z-value | Modulus
(MPa) (MPa)
1 Jan | -1.2816| 15736 31 Jul -1.2816| 1026
2 Jan | -0.5244| 16694 32 Jul -0.5244| 1605
3 Jan 0 17358 33 Jul 0 2005
4 Jan 0.5244 | 18022 34 Jul 0.5244 | 2406
5 Jan 1.2816 | 18981 35 Jul 1.2816 | 2985
6 Feb |-1.2816| 16687 36 Aug |-1.2816| 1203
7 Feb | -0.5244| 18560 37 Aug | -0.5244| 1781
8 Feb 0 19857 38 Aug 0 2181
9 Feb 0.5244 | 21154 39 Aug 0.5244 2581
10 Feb 1.2816 | 23028 40 Aug 1.2816 | 3159
11 Mar | -1.2816| 8701 41 Sep |-1.2816| 1813
12 Mar | -0.5244| 11902 42 Sep |-0.5244| 2538
13 Mar 0 14118 43 Sep 0 3040
14 Mar 0.5244 | 16335 44 Sep 0.5244 3542
15 Mar 1.2816 | 19535 45 Sep | 1.2816| 4267
16 Apr -1.2816| 4636 46 Oct | -1.2816| 3518
17 Apr -0.5244| 6816 47 Oct | -0.5244| 4846
18 Apr 0 8326 48 Oct 0 5765
19 Apr 0.5244 | 9836 49 Oct 0.5244 | 6684
20 Apr 1.2816 | 12016 50 Oct 1.2816| 8012
21 May |-1.2816| 2063 51 Nov | -1.2816| 7973
22 May -0.5244 3451 52 Nov -0.5244| 10749
23 May 0 4413 53 Nov 0 12671
24 May 0.5244 5375 54 Nov 0.5244 | 14593
25 May 1.2816| 6763 55 Nov 1.2816 | 17368
26 Jun | -1.2816| 1349 56 Dec | -1.2816| 19126
27 Jun | -0.5244| 2204 57 Dec | -0.5244| 21828
28 Jun 0 2796 58 Dec 0 23698
29 Jun 0.5244 | 3387 59 Dec 0.5244 | 25569
30 Jun 1.2816 | 4242 60 Dec 1.2816 | 28271

5.4.4 Subgrade Modulus

Changes in temperature and moisture can influence the subgrade soil resilient modulus.
Such variations can be estimated using an adjustment factorntiéitplied by the
optimum resilient modulus, can result in a stiffness that is specific for eacdeasbnThe
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detailed steps to obtain thewil resilient modulusvere described in Sectidh3.2 and the
equations were implemented in Python codes, developed by the author.

5441 Number

o f hours el apsed

material to recovery .

of hours
At the end of the winter season, when the soil temperature starts to reach positive values,
the frozen water present in the pavement layers, as well as theasnomulated over the
season, begins to melt. When this happens, the subgrade soil stiffretieaitiyalecreases.
With time, thethawed materialstart recovering to an equilibrium stateat is mainly
dependent on thRecovery Ratio (RR)a variable that is directly correlated to tmember

s ,i andc teenuintieraoiviourg reqsaireda fortthe d

el apsed

since

t hawi

As explained in SessioB.3.2 the recovery periodY is determined byhe percentage of
fines and the solil plasticity index (PIn the case study of Toronto Pearson International
Airport, the plasticity index (PI) is equal to 12.4, and the percentage passing #200 sieve is

62.1%, as defined ifable5.1. ThereforeD

Themu mber of

hour s

z) "0 x& and"Y p ¢ days.

e | a p s ean importamt eariablé thedflects g
the subgrade state, that i5,the subgrade is frozemecovering,or unfrozen The hourly
temperature records defined for each day, time, and @epthsed to calculatéd. If the
temperature at aertain moment and depth is below zero, théhjs equal to 0. If the
temperature is above zero, théfg will be equal to the number of hours elapsed since
unfrozen conditions started.

For the incremental damage calculations of rutting and fatijdieeeds to bgrocessed
within every month Knowing the hourly records ofYo for eachmonth a normalized
function is estimated based on the mean value and standard deviation from the dataset.
Similarly to the sectioning process of the AC modulheYd monthly distributioncurveis
divided into five subseasons, representing 20% of the frequency distribution. This is

accomplished by determining t@ recordscorresponding to standard normal deviates of
1.2816,-0.5244, 0, 0.5244, and 1.2816, which clates to10, 30, 50, 70 and 90%

accumulated fquencies within a given periofin example ofhe esults of the quintil&o
distributionat 1 cm depth and at50 cm depthfrom the subgradesurfaceare presentedn

Table5.16.

Table5.16: Quintile Yo distribution atl cmand B0 cm depthfrom subgrade surface

Yatlcm Yt 150cm
Sub-season #| Month z-value Depth Depth
1 Jan -1.2816 0 0
2 Jan -0.5244 0 0
3 Jan 0.0000 0 0
4 Jan 0.5244 0 0
5 Jan 1.2816 0 0
6 Feb -1.2816 0 0
7 Feb -0.5244 0 0

104

ng st

(et )

start

-

C



Yatlcm Y aat 150cm
Sub-season #| Month z-value Depth Depth
8 Feb 0.0000 0 0
9 Feb 0.5244 0 0
10 Feb 1.2816 0 0
11 Mar -1.2816 0 0
12 Mar -0.5244 0 0
13 Mar 0.0000 0 0
14 Mar 0.5244 0 0
15 Mar 1.2816 0 0
16 Apr -1.2816 14 0
17 Apr -0.5244 164 0
18 Apr 0.0000 267 0
19 Apr 0.5244 371 0
20 Apr 1.2816 521 0
21 May -1.2816 717 27
22 May -0.5244 880 184
23 May 0.0000 993 293
24 May 0.5244 1105 402
25 May 1.2816 1268 559
26 Jun -1.2816 1458 754
27 Jun -0.5244 1616 912
28 Jun 0.0000 1725 1021
29 Jun 0.5244 1833 1129
30 Jun 1.2816 1991 1287
31 Jul -1.2816 2181 1477
32 Jul -0.5244 2344 1640
33 Jul 0.0000 2457 1753
34 Jul 0.5244 2569 1865
35 Jul 1.2816 2732 2028
36 Aug -1.2816 2925 2221
37 Aug -0.5244 3088 2384
38 Aug 0.0000 3201 2497
39 Aug 0.5244 3313 2609
40 Aug 1.2816 3476 2772
41 Sep -1.2816 3666 2962
42 Sep -0.5244 3824 3120
43 Sep 0.0000 3933 3229
44 Sep 0.5244 4041 3337
45 Sep 1.2816 4199 3495
46 Oct -1.2816 4389 3685
47 Oct -0.5244 4552 3848
48 Oct 0.0000 4665 3961
49 Oct 0.5244 4777 4073
50 Oct 1.2816 4940 4236
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Yatlcm Yt 150cm
Sub-season #| Month z-value Depth Depth
51 Nov -1.2816 5130 4426
52 Nov -0.5244 5288 4584
53 Nov 0.0000 5397 4693
54 Nov 0.5244 5505 4801
55 Nov 1.2816 5663 4959
56 Dec -1.2816 5853 5149
57 Dec -0.5244 6016 5312
58 Dec 0.0000 6129 5425
59 Dec 0.5244 6241 5537
60 Dec 1.2816 6404 5700

It is possible to note frorable5.16 thatat a depth of 1 cm from the subgrade surface, the
thawing process started early April, while at a depth of 150 cm, the thawing process started
early May.

5.4.4.2 Equilibrium degree ofsaturation

The subgrade is usually in the optimum moisture content with small variations bellow or
above, during the construction period. However, after some time, the moisture content
tends to change in the direction of a degree of equilibrium, whichd deeilreached in
months or years of operatiog@hao, Ma, & Zhang, 2018)The euilibrium degree of
saturation’yY  is computedn MEPDG (2004)using thematric suction 'Q, and the soil

watercharacteristic curvé€SWCC) as previously explained in Secti8rs.2

The matric suction'@ can be defined as the capillary pressure of the(isei] O O ,
where O is the poreair pressure an® is the pore water pressure). The soil suction
depends mainly omoil index properties, such @ andd ‘Gndclimatic factorssuch as

t he T h o r NMoibtwe lindexe §T811). The TMI encompasses the following
environmental factor€&apata, Yugantha, & William, 2009)

Annual precipitation
Potential evapotranspiration
Deficit of water

Runoff of water

=4 =4 -4 -4

The MEPDG (2004) presents the matsiection as a function of thgroundwater table
(GWT) depth and thanit weight of water, as presentedEquation3.39, however, liis is a
simplistic consideration, since the soil suction can depend on many other fa&peta,
Yugantha, & William, 2009)

The GWT can be defined as the level in the ground above which pores are unsaturated, and
below which pores are satited. TheGWT level moves up and down over the year due to
variations in rainfall, evapotranspiration and pumping of w@isnpson, H., 2015)The

GWT level to be used in thematric suctioncomputation can be either the bestimate of
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the annual average depth or a seasonal average depth, in case a clear pattern of variation
can be seen among thnitoring wellsstations

For the case studgf Toronto Pearson Airpgrthe optimumdegree of saturatiofY is
equal to 87.1%.Y does not change with variations in theatric suction since itis a
function ofthe Plasticity Index and the percent passing number 200 sieveqifierium
degree of saturatiotY , on the other hand, is highly affted by changes in theatric
suction Changes in the airport soil saturatiohn according to the matric suction are
presented ifrigure5.16.
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Figureb5.16: Variation in hedegree of saturatiomith matric suction

Matric suctionis thesoil capillary pressure. The smaller tepillary pressure, thaigheris
the soil ability toretainwater. Therefore, smaller matric sucsowill lead to higher degree
of saturationn the subgrade soil

5.4.4.3 Environment Adjustment Factoand SubgradeModulus

The pavement subgrade modulus is highly influencedchgnges intemperature and
moisture levelsTo determinesuch variationsthis researclusesa similar approach to the
MEPDG (2004) in which an environmental adjustment fact@® () is used to modify the
optimum resilient modulusb( ) of the soil according to variations in moisture and

temperaturever time, as presented in Sect®B.2of this thesisThe resilient modulus at
any given pend can be expressdy Equation3.24, which is presented below @emore
time (ARA, Inc., ERES Consultants Division, 2004)

b5 0 20
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The 'O factor adjusts theoil optimal resilient modulus for three main conditions: (1)
frozen materials™Q , (2) thawed materials recovering to an equilibrium sta®e, ((3)
unfrozen, fully recovered materials or materials that were never frd2en

The number of hours elapsed since thawsigrted Yo is directly correlated tcthe
environment adjustment facté® . If the temperature at a certain moment andtiuép
below zero, thenYo is equal to 0 and the frozen fact® is used to estimate the soil
resilience. If the temperature is above zero, thényill be equal to the number of hours
elapsed since unfrozen conditions started. In this ca¥®,ig bellow 120, the recovering
factor "O will be applied,while if Yois above 120, the unfrozen fact@ will be used to
estimate the resilient modulus of the subgrddes adjustment facto©O along the year
for the Toronto Pearson Airport isgsented aFigure5.17, consideringmatric suctios of
49kPa and 293 kRa

3.00

eoocceccsscscse, Suction 1 = 49 kPa

2.50 e— Suction 2 = 293 kPa

2.00

= ®
E 1.50 ...oooooooooooooooooooo

1 B OO ...

0.50

0.00

0 5 10 15 20 25 30 35 40 45 50 55 60
Subseason

Figure5.17: EnvironmentalAdjustmentFactor.

Figure5.17 showsthat™O is constant at 2.7 during tiseibseasons 1 to6l that is, from
January until theend of March That happens because the subgrade soil is frdaeng

this time therefore, the resilient modulus is higher than the optimum resilient modulus. As
soon as the subgrade temperature reaches positive Vv&luedgecreases drasticallirhis
represents thperiodwhen the ice is melting, and the subgrade is completely so#\est.

that, there is a recovery perititat starts at subeason 22 until approximately sabason

40, which is equivalent to the monthef May through AugustFinally, whenthe soil has
completely recoveredO reacles a constant valyestarting at suseason 2 until 60,
which representshe months oSeptembeto December
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The recoveringadjustment factors correlated to thenatric suctionIn the case in which

the suctionis at49 kPa the recovery perio© reaches lower values when compared to
the suction of 293 kPa. Soils with higher matric suction have a smother recovery when
compared to low sudhn soils.

The subgradeoptimum resilient modulus wagefined as51.71 MPaaccording to the soill
type and CBR tests, as presented in Se&iar2 The environmental adjustment factor was
multiplied to theoptimum resilient moduluso find the average stiffness of the subgrade
soil per subseason, considerirthe matric suctions of9kPa and 293 kRarhe results of
the seasonal modulesan be seen imable5.17.

Table5.17: Subgrade Modulus.

Sub- 1 (MPa) - 1 (MPa) -
season | Month i ~ k)Pa |>( kg’a
1 Jan 138 138
2 Jan 138 138
3 Jan 138 138
4 Jan 138 138
5 Jan 138 138
6 Feb 138 138
7 Feb 138 138
8 Feb 138 138
9 Feb 138 138
10 Feb 138 138
11 Mar 138 138
12 Mar 138 138
13 Mar 138 138
14 Mar 138 138
15 Mar 138 138
16 Apr 134 134
17 Apr 84 84
18 Apr 49 48
19 Apr 49 48
20 Apr 50 49
21 May 33 31
22 May 36 33
23 May 37 34
24 May 39 35
25 May 41 37
26 Jun 44 38
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Sub- 1| (MPa) - 1| (MPa) -
season | Month i ~ k)Pa |>( kI)Da
27 Jun 47 40
28 Jun 48 41
29 Jun 50 42
30 Jun 52 43
31 Jul 55 45
32 Jul 57 46
33 Jul 59 47
34 Jul 61 49
35 Jul 63 50
36 Aug 66 53
37 Aug 69 58
38 Aug 71 61
39 Aug 73 65
40 Aug 75 71
41 Sep 76 76
42 Sep 76 76
43 Sep 76 76
44 Sep 76 76
45 Sep 76 76
46 Oct 76 76
47 Oct 76 76
48 Oct 76 76
49 Oct 76 76
50 Oct 76 76
51 Nov 76 76
52 Nov 76 76
53 Nov 76 76
54 Nov 76 76
55 Nov 76 76
56 Dec 76 76
57 Dec 76 76
58 Dec 76 76
59 Dec 76 76
60 Dec 76 76

In the analysis,hte minimum modulus of the subgrade was approxim&élyMPa and
33 MPa, formatric suctionst293 kPa and 49 kPegspectivelyThe calculatednodulusof
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the subgrade and AC, as wellthse standard modulus for the base and-babe layersvere
usedto obtain the stresseandstrainsat critical locations in the pavemenand ultimately to
estimate damage.

5.4.5 Pavement Responses

According to Burmisteros theory, flexible
each layer being homogeneous, isotropic, and linearly elastic with an elastic modulus E and
a Poisson ratio (Huang Y. H., 2004)To catulate the stresses and strains in a structure
utilizing the layered elastic analysis (LEAhe main inputs are:

1 The pavement design characteristics, that is, the nuamgethicknessf thelayers,
and the material properties, such asdfastic modulug& and Poisson ratio.
1 Theloadingcharacteristicancludingweight, tire pressure and tires configuration.

As a continuation of the case study of Toronto Pearson International Aifpedesign
characteristicsised in this analysis avedefinedaccoding to Table5.7, andit consists of
an AC layer of 3@t cm, a granular base of 3fn, a granular subase of 9@m on the top
of the subgrade. The AC and subgrade modulusesaccording to the temperature and
moisture conditionsas presented ihiable5.15 andTable5.17. Theloading characteristics
were defined according to the critical aircraft, the B300 ER with the aircraft attributes
presentedin Table 5.3. The computer progranmusedto obtain the pavement critical
responsesvasthe KENLAYER. The software is LEA based, and it considers theihapd
conditionto be applied in a uniform circular area.

In order b computerutting damagepne needs to measuitee critical responses at the top

of the subgrade sogiand to compute fatigue damage, the responses are measured at the AC
bottom To account fothe effect of aircraft gears in tandenhe extremumstrainrecords

must be computedo estimatedamageat the critical offset w (rhe effectthat tandem
aircraft geargan have in the damage calculations ugther explained irbection3.2

To determine the extreme strains at critical locations, the pavement strains along offset
were plotted considering the offset y at 0, 34.926 69.85. A schematic of tH&777-
300ER wheel spacing is presentadFigure5.18.

Because the total pavement structure of the case study iq1tB€4 m), there is only one
extreme compressive strain record at the subgrade top. The maximum compressive strain in
this case was measured at the location (146.3, 69.85), represented by the rdeigioein

5.18. The results of the compressive strains along the x axis are preseigareb.19.
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Figure5.19: Compressive strains at subgrade top.

The tensile strains at the AC bottom, on tiieer hand, have 3 extreme poiateng the X
axis, each one located at the wheel centde results of the tensile strains along the x axis
are presented iRigure5.20.
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Figure5.20: Tensile strains at AC bottom.

For the tensile strains, the maximum responses happenedyatfteet 0.In this offset, he
middle peakwas the maximum strain record, whithe first and laspeakswere the
minimum extreme recordsTable 5.18 presents the maximum compressive strain at the
subgrade top, as well as the maximum and minimum tensile strains aCthettém, for
each sukseason.

Table5.18: Pavement critical strains per ss&ason.

Sub- Comp Max Tepsile Min Tepsile
season Month Strain Strain Strain
& te te

1 Jan 5.03E04 -1.42E04 -1.38604
2 Jan 4.99E04 -1.38E04 -1.33E04
3 Jan 4.96E04 -1.35E04 -1.30E04
4 Jan 49304 -1.32E04 -1.28E04
5 Jan 4.88E04 -1.28E04 -1.24E04
6 Feb 4.99E04 -1.38E04 -1.33E04
7 Feb 49004 -1.30E04 -1.26E04
8 Feb 4.84E04 -1.25E04 -1.21E04
9 Feb 4. 7904 -1.21E04 -1.17E04
10 Feb 4.71E04 -1.15E04 -1.11E04
11 Mar 5.43E04 -1.94E04 -1.91E04
12 Mar 5.24E04 -1.65£04 -1.61E04
13 Mar 5.12E04 -1.51E04 -1.46E04
14 Mar 5.01E£04 -1.39E04 -1.35E04

113



Sub- Comp Max Te_nsile Min Te_nsile
season Month Strain Strain Strain
& e e
15 Mar 4.86E04 -1.26E04 -1.22E04
16 Apr 5.86E04 -2.65E04 -2.62E04
17 Apr 8.18E04 -2.29E04 -2.25E04
18 Apr 1.17E03 -2.23E04 -2.17E04
19 Apr 1.14E03 -2.06E04 -2.00E04
20 Apr 1.09E03 -1.88E04 -1.82E04
21 May 1.68E03 -3.67E04 -3.65E04
22 May 1.55E03 -3.21E04 -3.17E04
23 May 1.47E03 -2.95E04 -2.90E04
24 May 1.41E03 -2.73E04 -2.67E04
25 May 1.33E03 -2.48E04 -2.42E04
26 Jun 1.45E03 -3.93E04 -3.94E04
27 Jun 1.35E03 -3.60E04 -3.58E04
28 Jun 1.30E03 -3.37E04 -3.34E04
29 Jun 1.25E03 -3.17E04 -3.13E04
30 Jun 1.19E03 -2.92E04 -2.87E04
31 Jul 1.27E03 -4.05E04 -4.11E04
32 Jul 1.20E03 -3.85E04 -3.85E04
33 Jul 1.16E03 -3.68E04 -3.66E04
34 Jul 1.12E03 -3.50E04 -3.48E04
35 Jul 1.08E03 -3.27E04 -3.24E04
36 Aug 1.10E03 -4.04E04 -4.06E04
37 Aug 1.04E03 -3.78E04 -3.77E04
38 Aug 1.01E03 -3.59E04 -3.58E04
39 Aug 9.78E04 -3.41E04 -3.39E04
40 Aug 9.44E04 -3.18E04 -3.16E04
41 Sep 9.64E04 -3.77E04 -3.76E04
42 Sep 9.45E04 -3.43E04 -3.41E04
43 Sep 9.35E04 -3.23E04 -3.20E04
44 Sep 9.25E04 -3.05E04 -3.02E04
45 Sep 9.13E04 -2.84E04 -2.80E04
46 Oct 9.26E04 -3.06E04 -3.03E04
47 Oct 9.04E04 -2.69E04 -2.65E04
48 Oct 8.91E04 -2.50E04 -2.45E04
49 Oct 8.78E04 -2.34E04 -2.29E04
50 Oct 8.62E04 -2.15E04 -2.10E04
51 Nov 8.62E04 -2.15E04 -2.10E04
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Sub- Comp Max Te_nsile Min Te_nsile
season Month Strain Strain Strain
& o e

52 Nov 8.32E04 -1.87E04 -1.81E04
53 Nov 8.13E04 -1.72E04 -1.67E04
54 Nov 7.95E04 -1.60E04 -1.55E04
55 Nov 7.72E04 -1.47E04 -1.41E04
56 Dec 7.59E04 -1.40E04 -1.34E04
57 Dec 7.40E04 -1.30E04 -1.25E04
58 Dec 7.27E04 -1.25E04 -1.20E04
59 Dec 7.15E04 -1.20E04 -1.15E04
60 Dec 6.99E04 -1.14E04 -1.09E04

5.4.6 Cumulative Damage

5.4.6.1 Coverages and Coverage-Pass Ratio

The failure models in FAARFIELD connect a calculated structural response to the number
of coverages the pavement can carry. For flexible pavemeatstrtittural responseare

the extremevertical strais at the top of the subgraded theextremehorizortal strairs at

the bottom of the asphalt concrete lay@overage can be defined as the number of
repetitions ofan extremestrain. Because of aircraft wander, the number of coverages can
differ from the number of passes, therefore, it is necessary tolaialcthe Passto-
Coverage (P/C) ratio.

The number of coverages totting failure depends only on thextremevertical strais at

the top of the subgradaccording to EquatioB.1. The number of coverages to fatigue
failure, on the other handjepends not only on the extreme tensile strains, but on the
flexural stiffness of the HMA, and the volumetric parameters of the asxgiven in
Equations3.3 and3.4.

To calculate the number of rutting and fatigue coverages, the strains we@nedd
according toTable 5.18. The flexural stiffness of the mix used is the default value from
FAARFIELD, and it is equal te,136.85MPa (600,000psi). The volumetric parameters
were defined in Sectiod.2.5 The number of coverages to failure for rutting and fatigue are
presented ifable5.19.

Table5.19: Number of coverages to failure.

Fatigue Fatigue

Ruttin Coverage Coverage

Sub-season| Month Covera%e (Maxg (Min 9
Strain) Strain)

1 Jan 1.00E+25 5.28E+07 6.03E+07

2 Jan 1.00E+25 6.03E+07 7.15E+07
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Fatigue Fatigue
Sub-seasonl  Month Rutting Coverage Cove_rage
Coverage (Max (Min
Strain) Strain)
3 Jan 1.00E+25 | 6.67E+07 7.95E+07
4 Jan 1.00E+25 | 7.40E+07 8.54E+07
5 Jan 1.00E+25 | 8.54E+07 9.89E+07
6 Feb 1.00E+25 | 6.03E+07 7.15E+07
7 Feb 1.00E+25 | 7.95E+07 9.18E+07
8 Feb 1.00E+25 | 9.53E+07 1.11E+08
9 Feb 1.00E+25 | 1.11E+08 1.29E+08
10 Feb 1.00E+25 | 1.40E+08 1.65E+08
11 Mar 1.00E+25 | 1.25E+07 1.34E+07
12 Mar 1.00E+25 | 2.63E+07 2.95E+07
13 Mar 1.00E+25 | 3.97E+07 4.64E+07
14 Mar 1.00E+25 | 5.83E+07 6.67E+07
15 Mar 1.00E+25 | 9.18E+07 1.07E+08
16 Apr 1.00E+25 | 2.94E+06 3.10E+06
17 Apr 1.00E+25 | 5.78E+06 6.27E+06
18 Apr 9.39E+05 | 6.53E+06 7.41E+06
19 Apr 2.85E+06 | 9.43E+06 1.08E+07
20 Apr 1.92E+07 | 1.44E+07 1.67E+07
21 May 1.71E+03 | 6.51E+05 6.67E+05
22 May 445E+03 | 1.21E+06 1.28E+06
23 May 8.88E+03 | 1.79E+06 1.94E+06
24 May 1.87E+04 | 2.56E+06 2.84E+06
25 May 6.39E+04 | 3.99E+06 4.47E+06
26 Jun 1.39E+04 | 4.74E+05 4.69E+05
27 Jun 5.02E+04 | 7.12E+05 7.30E+05
28 Jun 1.26E+05 | 9.66E+05 1.01E+06
29 Jun 3.50E+05 | 1.28E+06 1.36E+06
30 Jun 1.87E+06 | 1.88E+06 2.03E+06
31 Jul 2.96E+05 | 4.12E+05 3.85E+05
32 Jul 2.30E+06 | 5.21E+05 5.21E+05
33 Jul 1.14E+07 | 6.43E+05 6.59E+05
34 Jul 7.23E+07 | 8.11E+05 8.32E+05
35 Jul 2.29E+09 | 1.11E+06 1.16E+06
36 Aug 3.74E+08 | 4.17E+05 4.08E+05
37 Aug 5.01E+10 | 5.68E+05 5.75E+05
38 Aug 7.24E+02 7.21E+05 7.30E+05
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Fatigue Fatigue
Sub-seasonl  Month Rutting Coverage Cove_rage
Coverage (Max (Min
Strain) Strain)
39 Aug 8.09E+02 | 9.15E+05 9.40E+05
40 Aug 9.30E+02 | 1.26E+06 1.30E+06
41 Sep 6.40E+02 | 5.75E+05 5.82E+05
42 Sep 8.01E+02 | 8.90E+05 9.15E+05
43 Sep 9.05E+02 | 1.18E+06 1.23E+06
44 Sep 5.76E+03 | 1.53E+06 1.60E+06
45 Sep 1.39E+28 | 2.13E+06 2.28E+06
46 Oct 2.32E+21 | 1.51E+06 1.58E+06
47 Oct 6.22E+38 | 2.74E+06 2.94E+06
48 Oct 1.00E+25 | 3.85E+06 4.23E+06
49 Oct 1.00E+25 | 5.23E+06 5.78E+06
50 Oct 1.00E+25 | 7.74E+06 8.63E+06
51 Nov 1.00E+25 | 7.74E+06 8.63E+06
52 Nov 1.00E+25 | 1.48E+07 1.72E+07
53 Nov 1.00E+25 | 2.17E+07 2.49E+07
54 Nov 1.00E+25 | 3.04E+07 3.52E+07
55 Nov 1.00E+25 | 4.50E+07 5.46E+07
56 Dec 1.00E+25 | 5.64E+07 6.91E+07
57 Dec 1.00E+25 | 7.95E+07 9.53E+07
58 Dec 1.00E+25 | 9.53E+07 1.15E+08
59 Dec 1.00E+25 | 1.15E+08 1.40E+08
60 Dec 1.00E+25 | 1.46E+08 1.80E+08

The numberof coverages and the number of passedifferent due to aircraft wander,
therefore passes and coveragesistbe related through thHe/P ratio.The steps to calculate
the C/P ratio were discussed in Sectioh The characteristics of the B7#800 ER used to
obtain theC/P ratioare presented diable5.20:

Table5.20: Aircraft parameters to calculate the C/P ratio

Aircraft Characteristics
Aircraft Wander 1.788m
Tandem Tire Spacing 1463 m
Dual Tire Spacing 1397 m
W 5485 m

Wherew is the lateral distance from centerlinetioé runway to the centerline betwetre
tires.When computing the C/P ratio, the pavement is divided into@#itudinalstrips('Q
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10-inch-wide. The C/P ratio must be computed for each strip ofsgtwhich consists of
the distance from the runway centerline to the center of &rip

The final value of 670 will be the summation of the coveratgepass ratio for all
extreme strains. For example, it was showedFigure 5.18 that there weresix extreme
strains at the bottom of the AC, located under each aircraft whetis situation 670

should becalculated for the wheels in the lefthd multiplied by 3to account for the 3
wheels in tandem, and again calculated for the wheels in the right, and multiplied by 3.
Finally, 670 will be the summation of the probabilities calculated for the left and right
wheels The results of the faue 670 ratio is presented iRigure5.22.

Distance betweer Inner Tires
1.60 dual tires Exterior Tires
1.40 Sum of All Tires
= 1.20
o
O 1.00
¢ 0.80
=
= 0.60
L
0.40
0.20

0.00 *
0 2 4 6 8 10 12

Distance from runway centerline (m)

Figure5.21: Fatigue 670 ratio for a B777300 ER.

It can be noted irfFigure 5.22 that the maximum&70  for all tires is equal to 1.4. The
calculation procedure for the rimfy 670 is more simplified, since there was only one
extremestrain measured at the top of the subgrade. The results of the rdtfibg are
presentedn Figure5.22. In this case, the maximundf0 was equal to 0.96.
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Figure5.22: Rutting 670 ratio for a B777300 ER.

5.4.6.2 Cumulative Damage Factor

The Cumulative Damage Factor (CDF) is #mmount of the structural fatigue life of a
pavement that has been consupaed t is expressed through the ratio of the applied load
repetitions by the allowable load repetitions to fail(dé Shafabakhsh & Kashi, 2015)
The cumulative damage caused by an aircraft mix is defined as presented in EqBi&tions
and3.8 (Tuleubekov, 2016)yepeated below:

600 O z0 20w

owQ iz

Where & = number of aircraft types in the traffic mijk = total number of passes of
aircraft A per subseasonO(w)Qs the damage computed the offsetw,; is the total
number of extremum points of strakgare theextremestrain values, C is the number of

coverages according to Equati@r, and s:is a factor characterizing th&" extremum
strains

In the case study, thB777-300 ER 670 for the rutting and fatigue criteria were
calculated inSection 5.4.6.1 and they are equal to 0.96 and 1.4 respectivdie total
number of passes tfie B777300 ERper subseason) is equal to 58The matric suction
was considered to be 293 kHéue extreme strain valueis were presented ifable5.18,
and thenumber of coverageger extremestrain0d - was presented iffable 5.19. The
results of therutting and fatigued ‘O "@re presented inFigure 5.23 and Figure 5.24,
respectively considering the proposed methodology versus FAARFIBEQure 5.23 (a)
andFigureb5.24 (a) illustrate the damageverone year60 subseasonsyvhile Figure5.23
(b) andFigure5.24 (b) show the estimated damameer 20 years.
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Figure5.23. Cumulative utting damage (apverone year (bpvertwenty years.
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Figure5.24: Cumulative atigue damage (averone year (bpvertwenty years.

It is possible to notice frorRigure5.23 (a) that the most significant rutting damage occurs
during the suiseasons 20 to 30, which are equivalent to the months of May and June. The
total damage caused by the B7300 ER over th0-year period is of 55, compared to

0.99 from FAARFIELD, therefore, theutting damage predicted from the proposed
methodology is57% higher than the predicted damage from FAARFIELDhe
considerations of the current climate result in a shorter service life than FAARFIELD of
about7 yearsdue to the increased rutting damage

In terms ofthe fatigue damage, it can be noted fréiigure 5.24 (a) that the most
significant damage occurs during ssgasons 20 to 45, which are equivalent to the months

of May until middle September-igure 5.24 (b) shows that the total fatigue damage
estimated through the proposed methodology is lower than what is proposed by
FAARFIELD; the software indicates that the total fatigue damage caused by the8&¥77

ER over the 2§ear period is 0.12, while in the proposed methodology is ofl0.Dbis

can be mainly attributed twvo reasons: first, because the damage during the cooler seasons
is very low, considering that the pavement layers are frozen and tleenefoy stiff during

this period; second, because the proposed methodology considered the specific
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characteristics of the asphalt mix, such as the percentage air voids and the effective asphalt
content, which are superior to the default values considarEAARFIELD, lowering the
total fatigue damage.

5.4.7 Thermal-induced Fatigue Damage

Daily temperature fluctuation can have an impact on fatigue crackingas$essthe
possible effects demperaturenduced fatigue damagthis research usehe methodology
proposed by Islam, which was previously explained®attion3.4.2 (Islam, 2015) The
application of thanethodfollowedeightstepsaspresented below

1. The first step in this procesgasto take the average temperature pemth at the
top of the AC layer. To that end, the temperature predictions from TEMPS were
used, as described in Sectd.], at a depth of 1 cm below tpavement surface

2. T h ewvallk for each month was estimated through Equaié8 and it mainly
depends on the average temperature determined in step 1.

3. Prediced the maximum temperatureo  and the minimum temperatute  at
the top of the AC. Calcdated the average temperature fluctuation for that period

YY @ O .
4. Determineg the thermal strain, | z WY
5. Determin@ the stiffness of ACusing the MEPDG(2004) sigmoidal function,

considering the average temperature calculated in step 1.

6. Prediced the allowable number of load repetition for temperature fluctuations
(Equation3.46), which mainly depends on the thermal strain and AC stiffness as per
steps 4 and 5, respectively.

7. Determinel the damage ratio for thermal fatigue damégguation3.49).

8. To obtain the temperaturenduced fatigue damagéD, the damage ratio
¢T0 was multipliedby a shift factor of 0.004 which according tdrable 3.6 is
suitable for AC layer thickness greater tharl&é@m.

The resultdrom each step angresented imable5.21. The annual damage is equal to the

sum of the monthly damage (sum of column 8), and it is equal to 0.02%eMiperature
induced fatigue damagealculated for 20 years is equal to 0.59. THdcalate the total
fatigue damage, theemperaturenduceddamage must be summed to the loatliced
damage. In the case of the Current Climate scenario, the total fatigue damage is equal to
0.051+0.59=0.64.

The damage of 0.64 is greater than the 0.13udatidamage calculated by FAARFIELD.
Even though the fatigue damage has significantly changed when considering temperature
fluctuation stress, the pavement design would still be governed by rutting damage, since the
calculated fatigue damage is smaller thah
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Table5.21: Steps to obtain themperaturenduced fatigue damage

1) 2 | () (4) ©) (6) () (8)
Month | Av. temp ) Av. | Thermal | Av. Mr J] . . 7l

(°C) oF | strain, £ | (Psi) m
1 -4.1 21.07| 3.0 64.1 2516947 9774| 31 | 3.17E03 | 1.27E05
2 -3.6 21.27| 4.0 84.7 |2879283|3531| 28 | 7.93E03 | 3.17E05
3 2.8 23.59| 9.2 | 217.3 |2,047138| 157 | 31 | 1.98E01 | 7.91E04
4 10.6 | 25.74|/13.6] 349.1 |1207313]| 38 | 30 | 7.92E01 | 3.17E03
5 20.2 | 27.38/16.4| 4494 | 639887 | 21 | 31 | 1.50E+00] 6.01E03
6 26.8 |27.87|17.1| 4775 | 405350 | 20 | 30 | 1.48E+00] 5.93E03
7 31.6 [27.89]17.2] 479.9 | 290785 | 23 | 31 | 1.36E+00| 5.43E03
8 30.2 [27.91]15.9| 445.2 | 316202 | 29 | 31 | 1.08E+00] 4.34E03
9 25.0 |[27.78/13.3] 369.8 | 440861 | 47 | 30 | 6.35E01 | 2.54E03
10 158 [26.76] 9.1 | 242.6 | 835925 | 156 | 31 | 1.99E01 | 7.97E04
11 7.0 24.82| 5.9 | 146.9 |1,837236| 634 | 30 | 4.73E02 | 1.89E04
12 1.1 23.00| 3.3 75.2 | 3436280 4964| 31 | 6.24E03 | 2.50E05

5.4.8 Assumptions in Current Climate Scenario
Most data used to run the current climakt@mage analysigriginates fromfield data
granted by the GTAA. The main dataedto implement the proposed methodolagy

1 Bore hole data, including subgrade material tgpagdationandPI
1 The current pavement structure, including material types and layer thickness
9 Traffic data that includes annual departures and predicted % growth

Specific aircraft information, such as tBeoss Taxi Weight and wheel spacingrefound
in the aircraft manuals, widely available onlika/en though the majority of theputsused
in the analysis ere based on fielddatg some assumptions had to be matlee main
assumptionsire

#Temperature gadient:

1 All material propertyparameters used to determine the pavement temperature
gradient were assumed based on the literature, as presemtdulad.11

#AC Dynamic Modulus

1 The aircraft speed was set at 30km/h, representing a typical taxiing speed

1 The hardening code was set at zero, which repreaardagerage expected

hardening ratio of theihder
1 The depth (z) to obtain the binder viscosity was set at 6.35 cm (2.5 inches)

#Subgrade Stiffness
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I The matric suction at the current climate scenario was assumed to be at 293 kPa.
Direct measurements of the matric suction are recommended

#FAARFIELD Design

1 Inthe FAARFIELD design, the baseaterialwas considered as aZ®9 Crushed
Aggregate and the stiiase as a-B54 uncrushed aggregate

#Fatigue Damage

1 The flexural stiffness of the AC mix was set at 4136.85 MPa (600,000 psi)
9 The aircraft wander was s&t178.8 cm

1 The tire contact width was set at 38 cm, which is the same contact width proposed
by FAARFIELD for the B777300 ER aircraft

#Rutting Damage

i The aircraft wander was set at 178.8 cm

1 The tire contact width was set at 38 cm, which is the samtact width proposed
by FAARFIELD for the B777300 ER aircraft

5.5 Climate ChangeScenarios

Four climate change scenariegere analyzedunder the proposed methodolodiiey are:

Temperature Increaskpwer Matric Suctiorand two Flooding Event&ach scenario was
compared to the cumulative damage resulting from the Current Clanalgsis and the
results from the standard FAARFIELD analysis.

5.5.1 Temperature Increase

There are a few mathematical methods to project future heeaamong whichthe
morphing methoa@ouldbenamed a®ne of the most weknownapproachesA web-based
application callediWeather Morph: Climate Change Weather File Genavatoc an be usec
to generate hourly future weather data for many locaaonssshe world considering four
gas emission scenarios in three tihwizons 2020s, 2050s and 208(Siang, Liu,
Czarnecki, & Zhang, 2019)n this research he temperature increase scenario used data
available ahttp://139.62.210.131/weatherGeunhder gas emission scenario RCP 8.5 in the
year of 2050Thematric suctiorwas setat 293 kPaCombining the proposed methodology
with this hourly daaset, acomparison of the rutting and fatigue damage caused by the
B777-300 ER was made, as presentedn Figure 5.25 and Figure 5.26, considering the
proposed methodology versus FAARFIELD.

123


http://139.62.210.131/weatherGen/

—FAARFIELD —FAARFIELD
Temperature Increase Temperature Increase
Current Climate Current Climate
0.12 2.5
g Q
g 0.1 > 2
£ | g
g 008 815
(@]
g 0.06 g, .
5 0.04 / b=
(ne >
0.02 0.5
O -/ 0 I

0 10 20 30 40 50 60 0 300 600 900 1200
Subseason Subseason

Figure5.25: Cumulative utting damage (ajverone year (bpvertwenty years.
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Figure5.26: Cumulative atigue damage (ayverone year (bpvertwenty years.

As indicated byFigure5.25, the totalcumulativerutting damage at the end thie 20 years
would be 195 underthe Temperaturéncreage scenarioascompared t@ damage value of
155 from the Current Climate scenamging the proposed methodology 0.99 according
to the traditionalFAARFIELD method Therefore, wheronsidering the potentiaicreas

in temperaturedue to the climate changeutting damagecan be25% higher than the
Current Climate scenario, an87% higher thanthe conventional design through
FAARFIELD, which implicates in a shortening of the service lifetha# flexible airfield
pavement byaboutl0 years.

Figure5.26 (b) shows that the total fatigue damage under the temperature increase scenario
is 0.023, compared to 0.@H8 from the current lanate scenaripor 0.12 according to the
FAARFIELD method Even though the total fatigue damage predicted by the proposed
methodology is still smaller than FAARFIELD, its value increased in 43% compared to the
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