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Abstract Long-term oxidative ageing occurs in asphalt pavémehen they are exposed to the ambient environfoeex-
tended periods. This ageing phenomenon is depemaentultiple physical fields, including heat tragrsfoxygen diffusion
from air into interconnected air voids of asphat@ment, oxygen diffusion from air void channelsagphalt mastic inside,
and growth of oxidation products in bitumen. Mosiséng oxidative ageing models were establishedoaupling of limited
physical fields. However, to accurately determine dxidative ageing effect on pavement performatiee is a need to de-
velop a multiphysics model that integrates all ageielated physical fields comprehensively. Thellehge lies in that the
ageing-related physics are circularly dependemg-ilependent and highly nonlinear. This study dged a multiphysics and
time-dependent finite element model that succdgsfuldressed the issues of high nonlinearity armuilEr dependency of ox-
idative ageing in the asphalt pavements.

Specifically, a differential equation-based apptoaas employed to efficiently couple the multipleygical fields into one
integrated model. The multiphysics framework ineldda pavement temperature prediction model andhtegrated ageing
model. The model involved a variety of inputs sastsite-specific hourly climate data, parameter®fidation kinetics of bi-
tuminous binder, volumetric properties of asphakture, thermal and diffusive properties of pavemerterials, and pave-
ment structure. The pavement temperature modelaladated using the pavement temperature profoesifferent climate
regions in the Long-Term Pavement Performance ()TREabase. The integrated ageing model was vetidaging the Fou-
rier-transform infrared spectroscopy (FTIR) datield-aged asphalt cores in the literature. Resshiswed that the model
can accurately predict the change in pavement texnpe profile on an hourly basis and reliably pecethe degree of oxida-
tive ageing across pavement depth for differembate zones.

Keywords: Long-term Oxidative Ageing, Multiphysics Modellin@xidation Kinetics, Oxygen Transport, Heat Transfe

1 Introduction

Bitumen-based construction materials, includingrinous binders and asphalt mixtures, are mairdyl disr the
surface paving of roads and highways. Bitumen igxremely complex compound with thousands of dffe
types of hydrocarbons, paraffins, aromatics, arnghtieenic compounds. These compounds have varidussa
tions, polarity, functional groups, and heteroatoiiifse differing chemical composition of bitumenuks in the
variation of its mechanical behaviour [1, 2]. Exigtstudies demonstrated that the chemical conmiposif bitu-
men changes with ageing, which occurs in two phasesshort- and long-term ageing [3, 4]. Sherit ageing
occurs during the initial construction phase dugdlatilisation, oxidation, and absorption of odgmponents in
the maltenes during mixing. Long-term ageing océurthe pavement service stage and is mainly dukemxi-
dation process. This study focuses on modellingdhg-term oxidative ageing of asphalt materialkjolv starts
after exposing asphalt pavements to the naturat@ment.

Oxidative ageing is the reaction between asphaistitoients and atmospheric oxygen. The Fouriersfoam
infrared spectroscopy (FTIR) test is usually empbbyo identify the change in chemical compositibbitumen
due to ageing. According to existing FTIR studitg oxidative ageing of bitumen causes the formatibcar-
bonyl (C=0) and sulfoxide (S=0) functional groupmgmunds [5-8]. Moreover, the formed carbonyl is muc
greater than the sulfoxides in terms of producintjtia Therefore, many researchers utilised thenfion of car-
bonyl solely to characterise the change in chendoatposition of bitumen in the oxidative ageingqass [7, 9,
10]. They determined the carbonyl area (CA) from BTIR tests to quantify the oxidative ageing dfibien.
While doing so, they found that such a parameter wll correlated to ageing time, ageing tempeeatund oxy-
gen pressure. In addition to changes in chemiaaposition, the rheological properties of bitumemy(eviscosity
and dynamic shear modulus) also exhibit hardeniragacteristics in the oxidative ageing process. fidreening
leads to an increase in these properties so thagphalt material becomes stiffer and more hrittleny labora-
tory and field studies confirmed that the oxidatageing of asphalt materials leads to the degraniaf their
physical, chemical, and mechanical properties. @etgrioration of the materials and distressefiénpavement
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structures eventually resulting in the reductiorpafement durability. Thus, a comprehensive undedshg and
reliable prediction of the oxidative ageing perfamme of asphalt pavements is needed.

There are many existing studies focused on theativiel ageing of asphalt pavements. They can bgaased
into four groups according to the various physiiggds involved in pavement ageing: oxidative kiogt mor-
phology influences, environmental effects on ageémgl ageing effects on mechanical responses.

Oxidative kinetics of bitumen and asphalt: Liu et al. (1996) and Peterson and Harnsberged§JLfbund that bi-
tumen typically oxidises in two stages, a nonlinfet-rate period and a linear constant-rate pei@od.1]. To
quantify this phenomenon, Jin et al. (2011) devedbp two-reaction kinetics model, which could pcetlie CA
of bitumen in various oxidative ageing conditiod8]. Luo et al. (2015, 2019) extended this modgdredict the
stiffness change of aged asphalts in the field 18, They found that the activation energy of adppavement
was comparable to that of bitumen.

Morphology influences on oxidative ageing: Peterson (2009) and Abu Al-Rub (2013) reported tixggen dif-
fuses inside asphalt pavement through the inteexded air voids in the asphalt layer [5, 14]. Loagrvoid con-
tents result in lower oxygen diffusivity, which Wikeduce the degree of oxidative ageing. Yin e{2017) per-
formed the tensile stiffness test on 30 field-ageghalt samples with different air void contentsl d@hen
extracted the bitumen to conduct rheology tesfiitgey observed that less hardening occurred ingpbadt sam-
ple with a lower interconnected air void conter§][1

Environmental effects on ageing: Environmental factors affect oxygen transport diftision as well as pave-
ment temperature profile, which further impactsdative ageing. To predict asphalt oxidation in pagsts, Pra-
paitrakul et al. (2009) developed an oxygen trartspodel, which involved oxygen pressure, oxygencemtra-
tion, oxygen diffusivity, and pavement temperat(ité€]. Jin et al. (2013) found that oxygen diffusyiin
transport media was related to the temperaturevesedsity of the material [17]. Lytton et al. (1998eveloped a
one-dimensional heat transfer model, the Enhanctedjdated Climate Model (EICM), to calculate headuc-
tion in asphalt pavements [18]. He assumed a conttaperature boundary condition (BC) well beldve t
pavement surface. The required climatic inputsuidetl solar radiation, ambient temperature, winc&cdppave-
ment albedo, pavement emissivity, and thermal glifity. Han et al. (2011) improved the predictaecuracy of
the EICM by taking into account the unsteady-sketat flux boundary condition [19]. The modified h&ansfer
model was validated by comparing prediction resoltsieasured temperature data from 29 pavemestait®ss
the United States.

Ageing effects on mechanical responses: Lu and Isacsson (1998, 2002), Wang et al. (20fd)Jing et al. (2019)
found that oxidative ageing increased the compleas moduli and decreased the phase angles ofubatbdi-
fied and polymer-modified bitumen [20 - 23]. Rudarak (2003) reported that oxidative ageing alstréased the
viscosity of bitumen [24]. Existing studies fourttat the field-aged viscosity of bitumen had a geatliacross
pavement depth with a higher value near the pavemeface [3, 12]. This phenomenon indicated a moiferm
ageing process occurred in asphalt pavement, whashattributed to the non-uniform distribution afvement
temperature and air void content across pavemepthd®oreover, many prediction models for the medte
performance of asphalt pavements formulated userfppmance-related material properties were geedrédr
asphalt pavements at various conditions [14, 2b, 26

The intensive literature review indicates the nplijisics nature of oxidative ageing of asphalt paus
Specifically, ageing of asphalt materials invol¥ksee multiphysics: 1) chemical oxidation reactiorthe bitu-
men; 2) mechanical responses (e.g., altered viggpand 3) physical environmental processes (heat transfer
and oxygen diffusion) leading to varying environt@rprofiles within pavements. These processesirdhe-
enced by the microstructural morphology includirgplaalt film thickness, pore size and air void disttion.
However, most of the existing studies only focuaé€’dne physics” approach, ignoring the interacéomong the-
se physics, when in fact, the interrelationship®gnthem are circularly dependent in the dynamigiragpro-
cess. For example, oxygen distribution affectsciinemical oxidation of bitumen, resulting in incredssiscosity
and decreased diffusivity, which in turn affectygean distribution and oxidative ageing. Ignoring thultiphys-
ics nature of oxidative ageing leads to simplifizatin modelling, thereby reducing the predictime@racy. Thus,
oxidative ageing of asphalt pavements should beeffextiin a multiphysics perspective, so that theadgic cir-
cular dependencies among these physics are sdivedtameously for an accurate prediction of ageimthe as-
phalt pavements. In addition, the multiphysics niloatgis capable of assessing the influences dédght materi-
al and environmental components on oxidative ageihgsphalt pavements from both physical and chamic
perspectives.
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The multiphysics nature of ageing has been welfadiarised by ageing theories and field measure ohetat,
as shown in the above studies. However, applyiniphysics models in ageing predictions, considgrineir
circular- and time-dependency, is limited due toeorestrictions in Finite Element (FE) modellingic8 re-
strictions include non-user-friendly interfacesgited modelling abilities, and restrictions on dfieconstitutive
models. Additionally, user-defined subroutines mastprogrammed to address different physics simedasly.
Partial differential equation (PDE) based FE madglis a tool that can achieve this objective. Heatsfer, ox-
ygen diffusion, and oxidation kinetics are differgrysical and chemical fields that concurrentlysein pave-
ment ageing. The constitutive equations of thesesiphl fields can be represented as ordinary diffeéal equa-
tions (ODE) or PDE. As a general-purpose FE progi@omsol Multiphysics provides an efficient compiaaal
platform to solve PDEs. It can address the coupdifigcts of different physics, such as the viscst&taasphalt
mixture [27, 28] and the nonlinear elastoplastigragate base materials in the pavements [29].

To address the aforementioned research needsttidig develops a framework for modelling oxidatageing
of asphalt pavements from a multiphysics perspec®pecifically, a series of analytical models Ww#l identified
to quantify the influence of each physics on oxigaageing. An equation-based approach will be eyed to in-
tegrate these analytical models into the Comsoltibhysics software. Subsequently, the integratedntiglel
will be used to simultaneously compute the charfgeach physics during oxidative ageing. The computal
results will facilitate an understanding of thedative ageing mechanism of asphalt pavements. I¥ireldata-
base of physiochemical properties of field-oxidisegphalts will be collected from the existing liemre. Model
validation will be accomplished by comparing sintigda results with field measurements in terms @& #geing
product (the carbonyl area) of bitumen at differ@geing times and pavement depths.

2 Analytical Models for Multiphysics Oxidative Ageing

Oxidative ageing of asphalt pavements is a complexess governed by oxidation kinetics, oxygenuditin,
and heat transfer.

2.1 Oxidative Kinetics Model

Oxidative kinetics of bitumen is characterised lhg formation of carbonyl (C=0) and quantified bg trarbonyl
area (CA) measured from FTIR results. Jin et &11(2 developed a two-reaction kinetics model taljutethe re-
action rate of CA in bitumen [10], as showrEquation 1.

CA = CAtank + (CAO - CAtank)(l - exp(_kft)) + kct (1)
whereCA, .., is the CA of the unaged tank bituméh, is the intercept of the constant-rate line, which unit-
less valuek, andk, are fast-rate and constant-rate reaction constesgectively, in 1/day; ands field ageing

time. The fast and constant rate reaction constgrasidk,. are temperature and binder-source dependent and ca
be predicted using the Arrhenius expression shoviguations 2 and 3.

kf = Af e_Eaf/RT 2)(
ke=A, e~ Eac/RT Q)

whereAr and4, are fast-rate and constant-rate pre-exponentidgbrfgcrespectively, in 1/day,; andE,. are
fast-rate and constant-rate activation energiepemtively, in kJ/molR is the universal gas constant (R = 8.314
J/(mol-K)); andr is the absolute temperature, in K. To considemthaen partial pressure (as a measure of oxy-
gen content)iEquations 2 and 3were expanded tBquations 4 and 5[17].

k; = Ay PeeEar/RT (4)
k, = A P%e~Fac/RT )(5
whereP is the oxygen partial pressure ands the reaction order for oxygen pressure. Thagel: P* andA.P“
are described in In(1/day) units.
2.2 Oxygen Transport Model

The oxygen transported in a pavement structurdearepresented by the rate of oxygen pressuretiwithat any
location within the asphalt layer. The oxygen tgors model is shown iEquation 6, which is a 2 order PDE
[19]. The more aged the bitumen is, the more oxygenbeen consumed; thus, the lower oxygen presgsilitee

in the transport media. Therefore, the equatiors tise CA growth rate to quantify the oxygen constiomprate
as a reducing factor to the oxygen transport pgces

ap co TR 3CA

o = V(fcf.Do VP)- 1% (6)
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h = h,(1 +0.0215 (T — 30)) (7)

whereP is the oxygen pressurg;is the location derivativ{e;—x,%]; D, is oxygen diffusivity in pure bitumen in

m?/s; ¢, is a factor that converts reaction rate of CA te af oxygen consumptio3.f1 x 10~* mol/ml); fcf is
the field calibration factor and a calibration factor the effect of fine matter in the mastic; ani the solubility
constant of oxygen in asphalt, which is a unitheasie. Solubility is a temperature-sensitive par@mand can be
altered for any temperature by usiBguation 7, whereh, is the oxygen solubility in bitumen at a standimeh-
perature of 30 °CH, = 0.0076) [30]. The oxygen diffusion coefficient is a furani of the temperature and the
viscosity of bitumen, as shown Equation 8 [31].

20 = 521 x 1071215y ~055 ®)
T

LSV = e(m+HS.CA) (9)

whereLSV is the low-shear-rate-limiting viscosity (Pa.shigh is a measurement of the rheological propedfes
the asphalt binder when it is undisturbed by extkfarces [31]LSV is temperature- and CA-dependdiis. is
the asphalt hardening susceptibility (In[Pa.s]/@#ich is the change in log-viscosity with respecthe change
in CA, andm is an experimental parameter, which is the infgrad log-viscosity.HS andm are functions of
temperature [31].

2.3 Heat Transfer Model

Fourier's law of heat conduction is used to detamihe temperature profile across pavement deptbhawn in
Equation 10. The thermal diffusivity of each pavement layed éime temperature transfer rate at the bottomeof th
pavement are specified Equations 11 and 1719].

aT _ (9T
ok
= (11)
aT
aly, = constant (12)

wherey is the pavement depth, in metetds the thermal conductivity of the pavement layerW/(m. K); p is
the corresponding material density, in kd/m s the heat diffusivity; and, is the heat capacity in J/(kg. K). This
study assumed that temperature is constant at paneafepths below 3 meters. Moreover, a surface damyrfor
the heat transfer model was defined by Han ef8l 1) [19], which is represented Byguation 13.

Py 2= Qs — Qs+ Qo — Qr — Qe — Oy 13
whereTy is the pavement surface temperature, iry k§ the pavement deptf; is the heat flux due to solar radia-
tion; & is the albedo of the pavement surface (the fractibreflected solar radiationQ, is the down-welling
long-wave radiation heat flux from the atmosphéeis the outgoing long-wave radiation heat flux frdine
pavement surface). is the convective heat flux; ag} is the heat conduction from the surface into theepa
ment; with all heat fluxes expressed in \V§/[7].

3 Development of the Equation-Based Finite EleméModel

The comprehensive oxidative ageing model was deeelaising Comsol Multiphysics software which cotssif

several components, including: (1) model geomégtymodel interfaces, (3) model variables, (4) mg@dgame-
ters, (5) interpolation functions, and (6) useritksd materials properties. Details of each compbaenlisted as
follows.

3.1 Mode Geometry

A two-dimensional geometry was developed in thislgt(Figure 1). The dimensions of the geometry are custom-
ised according to pavement structure and volumenaperties of the asphalt mixture. The geometnysigis of
three main domains: (1) interconnected air chanimethe asphalt concrete (AC) layer, (2) mastictiogafilm
and, (3) underlying pavement layers (base, subdadeubgrade). Herein, the thickness of the mastting film

is defined as the diffusion deptti() which is different from the conventional film thiness, in that it is the bi-
tumen mastic coating film thickness that surroutigs interconnected air channels, not the aggregatecles
[31]. Figure 2 illustrates the idea of diffusion depth, where gety diffuses horizontally in a hollow cylinder from
the air channel along the mastic coating thicktessrds the mastic-aggregate interface. The difusiepth ap-
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proach is more realistic in reflecting the natufehe pavement structure in that the diffusion gfgen into the
mastic occurs via the surface area of the maspoged to air (i.e., surrounding air channels),a&athan that sur-
rounding the aggregate particles. The diffusiortilépdefined irEquation 14[31].

d, = e (14)

Sea

whereV,, is the volume of effective binder (total volumehitfumen in the mix excluding the volume absorbgd b
aggregate), anfl,, is the exposed surface area of binder to the sittesir voids.

Mastic film

Air channel: (0.4~44mm

Aggregate

Fig. 1 Geometry of the integrated ageing model (nqtlotted to a scale). The domains of the geometryaidentified by
numbers (domain 1: interconnected air channels, doain 2: mastic coating film, domain 3: base layer, @main 4: sub-
base layer, and domain 5: subgrade layer). Domain2as two vertical interfaces, air-mastic interfaceand mastic-
aggregate interface. Aggregate is not included irhe geometry.

Exposed surface area of binder to accessible&gi) (
Diffusion depth(dp)

Aggregate ——

Accessible air

channel » Depth of asphalt
Effective mastic layer @)

film

Zoomed-in cross-section of
asphalt concrete layer Volume of effective binder4,,)

Actual shape . Simplified shape

Fig. 2 Graphic illustration of the diffusion depth of oxygen in the asphalt pavement

The heat transition rate between the different pere layers affects the temperature profile inttpmost layer
(AC layer); consequently, it affects the overalldative ageing process in asphalt. Therefore, tmately simu-
late the heat transfer, the proposed geometrydeslthe entire pavement structure even though lynuglayers
(i.e., base, subbase and subgrade layers) do fiet Bom oxidative ageing.

3.2 Moded Interfaces

This subsection describes the model interfacesuple the analytical models discussed earlier am® integrated
multiphysics ageing model.

3.2.1 Heat Transfer in Solids Interface

The time-dependent pavement temperature profils tise Heat Transfer in Solids interface. This fiates is

commonly utilised to model the heat transfer indsby conduction, convection and radiation, whiah be used
conveniently to simulate the pavement heat trarsfecesses. The basic equation defined by the acdt®omsol
Multiphysics corresponds to the differential foriFmurier’s law (illustrated irfEquation 10) with some added
customised inputs (i.e., heat sources) [28]. Theeg® form of the equation is defined by:
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pCy g—: +pc,u.VT +V.q = Q (15)
q=—-kVT (16)

whereu is the velocity field defined by the transportatimotion sub-node if parts of the model are movinthe
material frame, an@ is the heat source (or sink) measured in YW/Fhe density, heat capacity,,, and thermal
conductivityk are introduced to the model. Since the heat teansferface is held active for all the domains in
the geometry, therefore, the thermal propertiesefich domain are described in material compon&estipn
3.4).

The initial temperature in the geometry {at 0) is set to be the mean annual subsurface soil deatyre
which is measured at a depth of three meters [3%.initial temperature was found to have negligisthort-term
effects on the heat transfer model and no impathemverall ageing model.

The temperature at the lower boundary is considarednstant equal to the mean annual subsurfattesoi
perature. Therefore, the bottom boundary for that transfer interface depends on the climatic regvbere the
road section is located. This assumption providesenarea-specific inputs that can increase theracguwf the
temperature profile. The subsurface soil tempeeatatt different depths are available in the Clinfadel at the
Long-Term Pavement Performance (LTPP) database. dieeoriginally collected from the National Aeroiias
and Space Administration (NASA), for the project dédon-Era Retrospective analysis for Research andidsp
tions, Version 2 (MERRA-2), where the depths ofshbsurface temperatures are available in detail.

The external vertical boundaries of the overallrgetry are considered thermally insulated (no Heatdcross
the vertical borders); thus, the temperature gradieross the boundary is zero. The topmost boynofathe
pavement (which makes up the upper borders foaitheoids and mastic domains) is defined accordingan et
al. (2011) inEquation 13 [19]. This equation is broken down in the currerddel into several general inward
heat flux equations. The convective heat flux @& in the model using the equation:

Qc = (Tair - T) hc (17)

whereT,;, is the air temperature at the road section, inakgh, is the heat transfer coefficient obtained by
Vehrencamp’s empirical equatioBduation 18) and employed by Lytton et al. (1993) and Haale{2011) for
the determination of pavement temperature profijessing the finite difference method [18, 19, 32].

0.3
h, = 698.24 * 1.4 (0.00144 (abs (%)) FUSS, +9.7 5107 x (abs(T — Ty))*™)  (18)

whereU,,inq4 is the wind speed above the road section, in Tp{sandU,,;,4 are hourly inputs, therefore they are
introduced to the model as interpolation functi(me$er toSection 3.3.3.

The down-welling and ongoing long-wave radiatiores @efined as:
Qy— Q. =5.67%1078 % (ac * Ty * —ec x T*) (19)

whereac is the absorption coefficient of the pavement,olhis described isection 3.3.2as a model parameter
which depends on the climatic region, asedis the emission coefficient of the pavement, whisha time-
dependent coefficient; therefore, it is introduge&ection 3.3.3using an interpolation function.

Finally, the heat flux within the pavement at theface is expressed by Fourier’s law:
]
Q= —k= (20)

The heat transfer physics employs the LTPP Climiatel to obtain the site-specific hourly air tempera,
wind speed, solar radiation, albedo and the eniigsialues. Therefore, this model covers more tohe@endent
parameters, such as albedo and emissivity cogfficighich were considered constants or seasonalblas in
the previous pavement profile prediction model [3]ditionally, the previous model calculated theuHy heat
flux on the surface, and then calculated the teatpes profile at different depths by using thetériifference
approximation. In contrast, this model measuregehgerature profile at any point simultaneouslgother im-
provement is that the current model uses the figd@n subsurface soil temperature as a bottom boynalich
is location-dependent and more reasonable, ralizer tising a fixed decline rate or a constant véduall the
climatic regions.

3.2.2 Coefficient Form Partial Differential Equation Interface — Oxygen Diffusion in the Interconnectd Air
Channels (Vertical Diffusion)

Oxygen diffuses from the ambient air into the intemected air channels first, before it spreadstimt bitumen
mass. Therefore, it is imperative to simulate oxyddfusion from the air to the accessible air atels. The weak
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form interface and the coefficient form PDE intedacan be used to simulate oxygen diffusion ireiheoids;
the latter is detailed here. The coefficient forBEPinterface is a general interface that can sohe dependent
variable in up to second-order derivatives in hotie and space [28]. The general form of the equas:

2%u ou

m+daat+V.(—cVu—ocu+y)-i-ﬁ.Vu+au=f (21)
o @
V=155 (22)

whereu is the dependent variable to solve for, dpgc,y, 5, a andf are user-defined coefficients. To utilise the
general form PDE ifcquation 21 to determine oxygen diffusion in the interconndcaér channels as expressed
in Equation 6: u is defined as the partial pressure of oxy@@p,); c is defined as the coefficient of oxygen dif-
fusion in the air voidsI{,,) which is related to the air voids percentagens AC mix;y, B, anda are all substi-
tuted by zero; and,, is replaced by 1. The source tefris expressed by:

c,RT 9CA -
h 0Ot (23)

This interface is held active for the interconndct channels domain only (domain 1Figure 1). The amount
of oxygen in the AC matrix is measured and reprieskhy the oxygen partial pressure, as describ&djiration

6. According toEquation 6, the oxygen consumption rate is inversely proposdl to the CA-growth rate. The
same also applies to the oxygen content in thelainnels; therefore, the carbonyl area considerétis physics
is CA at the air channel-mastic interface, nam@dy. The approximate diffusion coefficiend{,) in the air

channels is obtained from the work of Wen and W@&{.8) by correlatin@,, to the air voids content in the as-
phalt mixture [34]. Thereford),, is a constant that is dependent on the asphalphotrgy. Moreover, the field

correction factofcf mentioned irEquation 6 is given a value of 1 for the diffusion of oxygenthe air chan-
nels.

The initial value for the oxygen partial pressuseconsidered equal to the oxygen pressure in thmBeamair
(0.2 atm), while the initial oxygen partial pressuate (at = 0) is zero. Additionally, since the air channel is
connected to the atmospheric air, the boundaryitondf the oxygen partial pressure at the topnsestace of
the air voids channel is taken to be 0.2 atm attamg. The same applies to the AC-base coursefaaerwhere
the unbound base layer is assumed to be porousatluwing free access of the air to the AC layd]| There-
fore, oxygen partial pressure at the bottom surfamendary of the air voids channels (domain Figure 1)
equals 0.2 atm [33]. When a treated base is usell, & cement or asphalt treated base, acces=etaifris con-
strained, leading to the unavailability of oxygémys, the oxygen partial pressure at any time éllizero. One
additional BC is considered here: the interfacevben the air channel and the bitumen coating seirfaounds
domain 1 from the right side iigure 1). The partial pressure here is interchangeabieueirly dependent) be-
tween the air-channels and the mastic coating.€fbiex, the boundary condition is defined Bg,(= P,), where
P, is the oxygen partial pressure in the AC mastic.

3.2.3 Coefficient Form Partial Differential Equation Interface — Oxygen Diffusion Inside the Mastic Cat-
ing Film (Horizontal Diffusion)

When oxygen diffuses into the interconnected aameiels, it then spreads into the bitumen masticcandes ox-
idation. The coefficient form PDE interface (exmed inEquation 21) is utilised to simulate the diffusion pro-
cess of oxygen in the mastic phase. Thereforeinteeface is activated in domain 2 (showrFigure 1), which
represents the AC mastic coating film. In thisiifgee, the oxygen partial pressuRg)(describes the oxygen con-
tent by usingequation 6. However c is replaced here by a CA- and temperature-depémagiable O,) accord-
ing to Equation 8, unlike the coefficient of oxygen diffusion in thi ahannels D,,) which was a constant value
and dependent on the structure of the mixturev@inls content-dependent). SinBgis not constant, is intro-
duced to the model as a variabBe¢tion 3.3.). Additionally, since oxygen diffusion is carborgilea dependent
(Equation 6), the carbonyl area considered here is the statyorarbonyl area inside the mastic film (domain 2
Figure 1), namely( CA,). Whereas the field calibration factbef was given a value of 1 because all the AC vol-
umetric properties are available.

The boundary conditions of this interface are d&fims follows. The initial partial oxygen pressisreonsid-
ered to have a small initial value of 0.0001 atnd #he initial rate of oxygen partial pressuredsts zero. Since
the topmost and bottom surfaces of mastic areyfregbosed to the ambient atmospheric air, the axyagetial
pressure at these two BCs is defined as 0.2 amyatime. The BC at the mastic-air channels interfighown in
Figure 1 as a vertical line between domains 1 and 2) imdefas ¥, = P,;,.). Therefore, this interface is circular-
ly dependent on the vertical diffusion of oxygerthe air channels interface. In other words, thgger partial
pressure in the air channels model serves as 8{nfor the oxygen partial pressure in the mastierface.
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Oxygen diffusion within the asphalt layer is a eahtomponent of modelling the oxidation processwidver,
the rate and extent of oxidation are bitumen-sodeg@endent; therefore, the following two model iifatees are
employed to simulate oxidation kinetics. Two diéfet interfaces for the oxidation rate are necessacause it is
also oxygen pressure dependent. Furthermore, giecair channels possess a coefficient of oxyg#asihn dif-
ferent from that in the bitumen mastic, an integfée needed to simulate the carbonyl growth atntlstic-air
channel interface and use it as a boundary conditiothe growth of carbonyl inside the mastic.

3.2.4 Coefficient Form Partial Differential Equation Interface — Carbonyl Area at the Mastic-air Chanrels
Interface

This interface is held active at domain 1 (showRigure 1) to determine the growth of carbonyl at the maaiic
channels interface. The model uses the differefdrah of Equation 1, shown inEquation 24 [17] to predict the
carbonyl area4;).

JdCA;
at

= MRTFOkfe_kft+kc (24)

whereMgrro is the limiting amount of carbonyl formation duethe first-order reaction after hot mix production
It can be obtained by plotting the carbonyl grovate for the short-term and long-term laboratorgdagitumen.
To utilise the general form PDE kquation 21 to determine the carbonyl area at any time abtastic-air inter-
face as inEquation 24 u (in Equation 21) is defined as the carbonyl area at the masticchannels
face(CA;); c,v,B, anda are all substituted by zero, adgl is replaced by 1. The source tefnis expressed by:

f= MRTFOkfe_kft + k. (25)

The initial value forCA; can be obtained by conducting an FTIR scanningaeshe unaged bitumen binder, and
the initial carbonyl rate (at= 0) is defined to be zero. The carbonyl afeh at the BC where the air channels
and mastic meet is made equal to CA in the mastmain CA;,) so that the two domains will have circular de-
pendency (i.eCA; = CA, at the BC).

3.2.5 Coefficient Form Partial Differential Equation Interface — Carbonyl Area in the Asphalt Mastic

The coefficient form PDE interface is employed tmdate the oxidation kinetics inside the mastior(din 2
shown inFigure 1). The model useEquation 24 to predict the growth of CA in the mastic domdiimilar to
Equation 24 that is being used to simulate the carbonyl graattthe mastic-air channels interfaégjuation 26
is implemented to predict the growth of carbonylidtional groups in the mastit4, (domain 2 inFigure 1).

aca _
?b = MRTFOkfe kft"'kc (26)

The initial value (at = 0) is set to be the carbonyl area in the virgin et bitumen. The bitumen-air channels
interface (domain 1- domain 2 interface) is defiasdCA, = CA;) to allow the circular-dependency between the
two carbonyl interfaces.

3.3 Mode Variables, Parameters and Time-dependent Parameter
3.3.1 Model Variables
The following variables are defined:

1- Heat transfer coefficienty(), as defined ifEquation 19. The equation is written in the following format:
h, = 697.33 % (0.000144 * (if (((T/1[K] + T (t)/1[K])/2) == 0,abs(((T/
1[K] + Toir (£)/1[K1)/2) + 0.00001), abs ((T/1[K] + Tair (£) /1[K])/2)))"0.3 *
(Uwina (£)/1[m/s])"0.7 4+ 0.00097 * (if (((T/1[K] — 273.15) — (T (t)/1[K] —
273.15)) == 0,abs(0.00001 + ((T/1[K] — 273.15) — (Tpr(t)/1[K] —
273.15))),abs(((T/1[K] — 273.15) — (T (t)/1[K] — 273.15)))))"0.3)
(27)

2- Oxidation kinetics coefficienték, andk,), as defined ifEquations 4 and 5 Sinceky andk, are oxygen

pressure-dependent; they are defined separatetigdair-channels (domain 1) and mastic (domaias2)

follows:

In the air channels:k; = Ay * (Pg; /101325[Pa])"a * exp(—Eqs/R/T) (28)
k., = A, * (P, /101325[Pa])"a * exp(—E,./R/T) (29)

In the mastic: ke = Af = (P,/101325[Pa])"a * exp(—E.s/R/T) (30)
k., = A, * (P,/101325[Pa])"a * exp(—E,./R/T) (32)
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3- Diffusion of oxygen in the bitumen coefficief®, ), as defined ifEquation 8 and written in the follow-
ing format:
D, = ((5.21E — 12) » (LSV" — 0.55) * T) /1[K * s/m"2]
(32)
4- Low shear rate-limiting viscosit§f.SV), as defined ifcquation 9 and written in the following format:
LSV = exp(m + HS = CA,)
(33)

5- Coefficient of oxygen solubility in the bitume&h), as defined ifEquation 7 and written in the follow-
ing format:
h =h,*(1+0.0215* (T/1[K] — 273.15 — 30))
(34)

3.3.2 Model Parameters

The model parameters include:

1. Geometry dimensions (obtained from the structuealigh specifications of the pavement and the volu-
metric characteristics of the AC mix).

2. Oxidation kinetics constant8rrro,CA,, Ac, Ar, HS, Eqf, E,4c, andm. These parameters can be obtained
by performing laboratory ageing tests (rolling tfilm oven and pressurised ageing vessel testep-rh
logical tests, and FTIR to obtain CA at differegemg stages [31].

3. The oxygen diffusion coefficient in the air voidsamnelgD,,). It can be obtained from the empirical
measurements provided by Wen and Wang (2018) keymdeting the air voids percentage from the mix-
ture volumetric properties [34].

4. The temperature at the bottom of the pavement lamdhttial temperature (at= 0). These temperatures
are considered equal to the subsurface soil tetperat a depth of 3 meters, which is availabléhin
LTPP Climate Tool database for various regions.

5. The field correction factofcf, which is utilised to correct the coefficient afygen diffusion in the
mastic in case there is not enough information abwibinder absorbed by the aggregate and thé exis
ence of fine matter in the mastic.

3.3.3 Interpolation Functions

The interpolation functions are the time-dependamits. They are introduced into the Comsol progbgnables
or files containing the functions in discrete peifi28]. Therefore, they can be generated to intedhe time-
dependent climate inputs needed for the pavemergdrture model. These inputs include the houdpnas of
shortwave solar radiation, air temperature, winelesy emissivity, and albedo values. These hountyaté data
can be obtained from the LTPP Climate Tool forefiit climatic regions.

3.4 Material Properties

Heat transfer in the pavement depends on the themoperties of the pavement materials. Therefthre thermal
characteristics of the pavement layers are intreduo the model in this section. The inputs forhetayer (for
each domain irrigure 1) include thermal conductivity, density and hegbawty. The thermal properties of the
air channels (domain 1) and the mastic coating (domain 2) are similar as they both represent@idayer in
the heat transfer interface. The sensitivity agaificance of each parameter on the pavement teahperpredic-
tion model were assessed in previous studies. dtfauand that the thermal diffusivity of AC, whick @ term that
combines thermal conductivity, density, and heglciy Equation 35), had negligible effects on model accura-
cy if it was kept in the range of 4.4 — 6.4 x'1®%/s [19, 35].

=k
K= s (35)
Due to the lack of field measurements, the thepmaperties of the pavement layers were collectenhfihe liter-
ature [36-47], and the current study employed tleamvalues of those obtained from the literatliedle 1 lists
the thermal properties used for each pavement iaytitis study. There is no evidence of significahinges to
the thermal properties of asphalt pavement upoimgdé3]; therefore, the materials thermal propertare kept
constant.

Table 1. Thermal properties of pavement layers useit this study



Pavement layer Thermal conductivi- Heat capacity, Density, p,

ty, k (W/m.K) ¢p (J/kg.K) (kg/m®)
Asphalt concrete 2.3 960 2450
Base and sub- 15 805 2350
base
Subgrade 1.7 1100 2200

428
429 4 Validation of the Pavement Temperature Model

430 The temperature profile of the pavement plays al vile in the oxidative ageing process. When #mepierature
431  increases, the diffusivity of oxygen in the masticreases, and oxidation accelerates, which subsgligueads to
432  more oxidative ageing in the pavement. Similarlpew the temperature drops, the bitumen in the dtspiteture

433  will suffer from a temporary physical hardeningcfiease in viscosity), which blocks or decreasedatiin of the
434  pavement, leading to a slower oxidative ageing rEterefore, it is crucial to ensure the accurdape predicted
435  temperature profiles.

436 Since the time-dependent heat transfer interfasedependent of the other physics of ageing, itliamun and
437  validated individually before combining it into tivgegrated ageing model. The LTPP database cantiagnhour-
438 ly field temperatures of 82 road sections in déferclimate regions across the United States. ighe tempera-
439  tures were collected using thermistors installedifiérent pavement depths, and the collected degaavailable
440  for specified time intervals.

441 This study selected three road sections from diffeclimate regions, including (1) road section14®8 in
442  Lamar, Texas, USA (in wet, no freeze region); 3d section 27-1028 in Otter Tail, Minnesota, USAwWet,
443  freeze region); and (3) road section 16-1010 ahtd USA (in dry, freeze regiorffigure 3 shows the location of
444  the selected sections, amdble 2 contains the structures of the road sections. Thdigted pavement tempera-
445  ture profiles were compared against the hourly ndet temperatures from five thermistors installeditierent
446  pavement depthJable 3 lists the depths of the thermistor locations messdrom the surface of the pavement
447  for road sections 48-1068, 27-1028 and 16-1010.
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449 Fig. 3 Distribution map for the selected road seatins to predict the pavement temperature profiles
450 Table 2. Pavement structures of identified LTPP sdions
Layer description Layer code Layer type Representative thick-
ness (mm)
Road section 48 — 1068 in Lamar, Texas
Asphalt overlay AC asphalt concrete layer 80
Original asphalt layer AC asphalt concrete layer 198
Base layer GB unbound (granular) base 152
Subbase layer TS bound (treated) subbase 203
Subgrade SS subgrade (untreated) N/A

Road section 27- 1028 in Otter Tail, Minnesota
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Asphalt overlay AC asphalt concrete layer 41
Original AC layer AC asphalt concrete layer 51
AC treated base layer AC asphalt concrete layer 152
Subgrade SS subgrade (untreated) N/A
Road section 16-1010 in Idaho
Asphalt overlay AC asphalt concrete layer 132
Original AC layer AC asphalt concrete layer 145
Base layer GB unbound (granular base) 137
Subgrade SS subgrade (untreated) N/A

Table 3. Location of thermistors for identified LTPP sections
Thermistor identification number  Depth from the pavement surface (m)
Road Section 48-106&h Lamar, Texas

0.025
0.128
0.232
0.321
0.397
Road Section 27-1028 in Otter Tail, Minnesota
0.025
0.115
0.205
0.623
0.696
Road Section 16-1010 in Idaho
0.023
0.13
0.25
0.34
5 0.42

g W|N (k

g w|N |k

Alw (N (P

In addition to the pavement structure, the houmryemperatures, wind speed, short-wave solar tiadigalbe-
do, and emissivity were collected from the LTPPatlase and incorporated into the temperature prediotod-
els. Optimised absorption coefficients were emploipe region. For road sections 48-1086, 27-1028, B+
1010, Han et al. (2011) proposed the following aptson coefficients: 0.7, 0.75, and 0.7, respetyiy&9]. The
mean subsurface soil temperatures obtained from RE=R were 17, 5.3 and 6G for road sections 48-1068,
27-1028, and 16-1010, respectively. These subsurad temperatures were considered the bottom dsoryn
condition for the temperature prediction model&vrius studies regarded temperature as a consthrd (33.5
°C) or changing at a constant rate for depths belvee meters [19]. Therefore, using actual siteeHje soil
temperatures is expected to provide greater acgueapecially for deeper pavement layers.

Figures 4 5, and6 compare predicted hourly pavement temperaturds fieikd-measured temperatures at dif-
ferent pavement depths over time for road sectt84068, 27-1028 and 16-1010, respectively. Thapeds
show that predicted temperatures at various pavedegths are comparable to those measured indlie Baily
temperature variations are reduced as pavemerth depeases. For validation purposes, the modete we for
a minimum of one year to capture the temperatuediption in all seasons. The time interval is ddsonded by
the availability of field measurements in the LT&@®Rabase. The mean absolute error (MAE) is measuréde
pavement depths for each road section and defailedures 4-6
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Fig. 4 Predicted and field-measured temperatures faoad section 48-1068 in Lamar, Texas, USA, for anyear (January 1994-
December 1994) at depths of 0.025, 0.128, 0.23320,, and 0.397 m, respectively, measured from tharface of the pavement

with the mean absolute error (MAE) at different deghs.
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Fig. 5 Predicted and field-measured temperatures faoad section 27-1028 in Otter Tail, Minnesota, U8, for the time period
(March 1996-June 1997) at depths of 0.025, 0.115205, 0.623, and 0.696 m, respectively, measuredr the surface of the
pavement with the mean absolute error (MAE) at diférent depths.
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Fig. 6 Predicted and field temperatures for road setion 16-1010 in Idaho, USA, for the time period (Gtober 1993-March

1995) at depths of 0.023, 0.137, O.

25, 0.349, a0 m, respectively, measured from the surface tfe pavement with the
mean absolute error (MAE) at different depths.

The maximum mean absolute error (MAE) values 028@ and 6.27 °C were encountered close to the-pave

ment surface at 0.025 m and 0

.023 m in the colkgle) regions (Minnesota and Idaho), and the aragrmore

distinct in the winter season. Thus, the error likedy caused by using empirical parameters forhibat transfer
equation, specifically the heat conduction coedfitibetween the pavement surface and thehgjr These pa-

rameters were obtained by ex

perimental tests uithbal conditions where the surface temperaturevigys

higher than the air temperature with a variancgeanf 6.3 to 26 °C [32]. Field conditions do novays match
this assumption. For example, in regions susceptibfreezing, the air temperature is higher thavement tem-
perature during the winter season. This causestheansfer from the air to the pavement, notapposite direc-

tion (pavement to air). Physical

lly, the heat comiducrate is assumed to be the same regardledseabtite of

heat transfer (air to/from pavement surface); hawethere are no data to support this assumptionetteless,
the model appears to have sufficient accuracyjoudaitly for ageing prediction purposes where ageancurs at

high temperatures and stops when the temperatdosvjswhich suggests that the small divergencendudold
seasons will not affect oxidative ageing.

Using the empirical equation proposed by Vehremréagyuation 17)[32] in freezing conditions causes the
heat transfer coefficient due to conducti@p)(to drop, which creates a divergence between giedliand meas-
ured temperatures during the winter season (shav#igure 7) and causes an MAE of more than 12 °C. There-
fore, a limitation is proposed for the heat conaucequation so that if the difference in tempematoetween the
air and pavement surface exceeds -4 °C, it willcaoise the heat conduction to drop radically (asvehin Equa-
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tion 36). This constraint is done to ensure a certainllef/deat conduction is achieved even during tleeZing
condition, a condition which the empirical condaatiequationEquation 17) did not cover.

Qc = (lf (Tair(t) - T) > —4,—4, (Tair - T)) hc (36)
30
measured
25
--------- Qc (Equation 17)
20
Qc (Equation 36)
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Fig. 7 Divergence between predicted and measuredt@eratures before and after applying a minimum limt to h,
5 The Integrated Ageing Model

Two road sections were selected to run the intedrageing model: US277 and US83, both located iag,e
USA. These sections were chosen in two differamate regions and due to the availability of thel@ayl Area
(CA) values in the binder at different ageing pédsiowhich will be used to validate model predicsioAgeing da-
ta were collected from the Federal Highway Admiaion (FHWA) reports [31]. In addition to CA, pregies of
binders, mixtures, and pavement structures wereralsorded. Aged binders were extracted and reedvieom
field-aged cores that were sliced into severalgsesith a thickness of 12.7 mm and then testedyUsinR to de-
termine CA values [17, 31, 33Table 4 shows general information of the mixture and bingees as well as the
environmental zones for these sections [17, 31, B&le 5 lists the oxidation kinetics and viscosity haraeni
properties of the virgin binder&igure 8 illustrates the pavement structures for road sestldS277 and US83
[48, 49].

In addition to setting up the geometry for the ageinodels, the pavement structure is also employecsti-
mate the coefficient of oxygen diffusion in the elirannelsB,,). To do so, a set of experimental data comparing

2
measuredD,, with accessible air voids (AAV) percentagd®,§ (%) =3x107*AAV% — 14 X 10™* R?* =

0.6014) was employed to form an estimation of thg values [34]. Since AAV% is recorded in FHWA report
(Table 4), the coefficients of oxygen diffusion in the irdennected air channels for road sections US277 and
US83 were calculated by regression to be 3.79% d®¥/s and 3.68 * 18 cn/s, respectively. Whereas, other
volumetric properties such as the mean radiusrof@ds and diffusion depths were available forda@ctions
US277 and US83 and employed as the thicknessesrfohannel (thickness of domain 1Rigure 1) and mastic
film (thickness of domain 2 iRigure 1), respectively.

Other inputs for the model include hourly climatgal(air temperatures, wind speed, shortwave sathation,
albedo, and emissivity) obtained from the Climat®lTin the LTPP database. The ageing models canrbéor
any duration; however, for model validation purmosethe current study, the durations were limaedording to
the availability of field carbonyl data. Therefoteurly climate data were collected for July 20QBnuary 2012
for road section US277 when the last coring sam@s extruded in January 2012. Whereas, for roatiosec
US83, hourly climate data were collected for JUW@& — November 2011. Since the selected road sectice lo-
cated in different environmental regions, the apson coefficients ¢c) will differ. Absorption coefficients were
obtained from the environmental parametric studydemted by Han (2011) [33], with values of 0.75 &nd for
road sections US277 and US83, respectively.



533

534

535
536

537
538

539

540
541
542
543

544

545
546
547
548
549
550
551
552
553
554

Table 4. General Information on mixture and binder types used for road sections US277 and US83 [17, 29, 33]

Road Section - Environmental ~ AC cores thickness  Binder PG (modi- AAV Construc-
Location zone (mm) supplier fier) (%) tion date
us277 - Dry-Warm 76.2 Valero- 70-22 (SBS) 7.27 2008

Laredo, Texas type C

US83 - Childress, Dry-Cold 50.8 SEM- PG 70-28 7.7 06/ 2008
Texas Type D

Table 5. Oxidation kinetics parameters for road sedbns US277 and US83 [17, 19, 31, 33]

Road  AP*  AfP~ HS m CA, CAgrro fcf Mgrro Eqf Eqc
(CA/Day’ (CA/Day) (1/CA) (In(Pa.s)) (kd/mol)  (kJ/mol)

Us277 3.26 3.27 3.970 5.84 0.826 0.740 1.2  0.05 75.4 103.8
*1013 *1010

Uss3s  1.03 3.34 4.53 7.89 0.594 0.814 12 0.12 49.1 725
*10° *107

AC surface course— type C (76 mm) HMA course—type D (76 mm)

2 A AN A LS AR AN A HMA — type A (100 mm)
v Cement-treated base (300 mm) S i =D SW A Siloe

Flexible base (rubblised) (250 mm)
Flexible base (150 mm)

Subgrade (3000 mm) Subgrade (3000 mm)

(a) (b)

Fig. 8 Pavement profiles of (a) Road section US2#YLaredo, Texas, USA; and (b) Road section US83 @hildress, Texas,
USA.

6 Results

After developing the equation-based modelling frewmk for oxidative ageing of asphalt pavements eoitect-
ing all climatic data, binder properties, and pagatrstructure inputs, two pavement models were Data were
collected for every one-hour interval, with outputsluding the pavement temperature profile, phigygen
pressure in the air channels, partial oxygen pressside the mastic, and the carbonyl area witgnmastic.

6.1 Pavement Temperature Profile

The heat transfer in solids interface predictedepaent temperature at any depth across the pavenefile.
Outputs for each hour at any location within thegraent structure were obtained and employed simedtasly

in the other interfaces (i.e., oxygen diffusion axitlation kinetics). The temperature profile isree-way process
which means it is not affected by the oxygen pnesslistribution or the carbonyl area growth withie pave-
ment structure; however, it plays a significaneroh the pressure distribution and the growth ehtbe oxidation
products.Figure 9 shows temperature change plotted against timeofdt section US277 at different depths of
the AC layer and the temperature variation with dgpth at different time intervals. Since the toptagers are
closer to atmospheric seasonal changes, tempesatithe surface show more seasonal variation ttiage in
deeper layers. Additionally, the daily temperatumeiation between daytime and nighttime is morenptmced at
the pavement surface than at greater depths.



555
556

557
558
559
560

561

562
563
564
565
566
567
568
569
570

571
572
573
574
575
576

577
578

579
580
581
582

583
584
585
586

®
S

Temperature (°C)

— surface AC
0 20 40 60 - i
70 —1/2 AC AG surficeo A N A Aug-08 day time
8 60 ”M bottom AC d 001 | i --------- Aug-08 night time
s 50 [ ’“ g Oct-08 day time
% 40 £ 003 | " Oct-08 night time
2 30 \”‘N‘ £ 4 )
5 f\, 3004 1 | : Jan-09 day time
) ]
& 20 % 0.05 1 .’ -1 I @ e Jan-09 night time
10
0.06 1 a Mar-09 day time
0 - bott9d7 1 ' = = = Mar-09 night time
Jul 2008 Sep ZOOS Oct 2008 Dec 7008 Feb 7009 Mar 2009 May 2009 Jul 2009 AC bottom ghttt

Time (month, year)

(a) (b)

Fig. 9 Temperature profile for road section US277located in Laredo, Texas, USA. (a) Temperature plééd against time at
three AC depths (surface, ¥2 AC, and bottom of AC ger) for a duration of one year. (b) Temperature pofile for the AC layer
at four different times throughout the year. Winter and summer seasons are highlighted with blue andeflow colours, respec-

tively.

6.2 Partial Oxygen Pressurein the I nterconnected Air Channels

The accessibility and distribution of oxygen withie pavement play a vital role in the rate of axik ageing of
asphalt pavement. Without a continuous supply giger from the surrounding atmosphere into interected
air channels and then to the bitumen in the mdistig the oxidation process will stop. The coefint of oxygen
diffusion in the air channels is a constant vahet depends on the percentage of air voids, wheheasoeffi-
cient of oxygen diffusion in the mastic is a functiof CA and temperature. While the coefficienbrfgen diffu-

sion in the air channels is approximately 1000 sirgeeater than that in the mastic, oxygen distidiouin the air
and the mastic are circularly linked. Oxygen in éirechannels is supplied by the ambient atmosplaem it will

be consumed by the binder in the asphalt mastida@o&idation; therefore, more oxygen will trangpmom the
air into the air voids and then into the mastic.

Figure 10 shows the partial oxygen pressure distributiothim air channels (domain 1 Fgure 1) for road
section US277 over a period of 3.5 years. As exgitethe oxygen pressure varies between 0 — 0.2aatthe ox-
ygen pressure in the atmosphere is 0.2 atm. Thgeoxpartial pressure is low with high daily vacat during
the summer season because the surrounding mastiaro@s more oxygen in the oxidation process in semmim
contrast, the oxygen pressure is high with lowydadriations in the winter because the oxidatiae iia low in
this season due to low temperatures. Similar patterere observed for road section US83.

Oxygen partial pressure in the air channels, P, (atm)

AC surface

0.05 0.1 0.15 0.2
02 = 0.00E+00 > . j
goas 1.00E-02
.
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@ e surface AC ~ 2-00E-02 1
S 0.14 U Y A N (RRIEEE Oct-08
g 1/4AC & 3.00E-02
3 0.12 p=4 Jan-09
5 12AC g
s 01 3 4.00E-02 4 - = = March-09
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Fig. 10 Oxygen partial pressure distribution in theair channels for road section US277, located in ltado, Texas, USA. (a)
Oxygen partial pressure in the air channels plottechgainst ageing time at different AC depths (surfag, ¥ AC, ¥2 AC, % AC,
and bottom of AC layer). (b) Oxygen pressure in thair channels against depth of AC layer at differenfield ageing times.
Winter and summer seasons are highlighted in blueral yellow colours, respectively.

In this model, oxygen can diffuse freely from theiato the interconnected air channels from bdih topmost
surface and the bottom of the asphalt layer, assyithie base material is crushed stones of highsfigrd here-
fore, complete access of oxygen into the paveneassumed [33, 34]. Consequentijgures 10 (a)and (b)

show that the oxygen pressure in the middle of&@idayer (1/2 AC) is low and it becomes higherts top and
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bottom of the AC layer due to the boundary condgicthis forms a clear C-shaped curve across thenpant
depth. This observation is consistent with the @xydistribution in the field observed by Wang et(2014) [21].

Although the oxygen movement is two-dimensionak tlu therelatively high diffusivity of oxygen in the air
channels, there is no clear difference in the oryggrtial pressure in the horizontal direction {pedtion) within
the air channels domain (domain 1Figure 1). However, there is a considerable differencéhantertical direc-
tion as oxygen was supplied from the top and botiarfaces of the AC layer. For this reason, thisrface is re-
ferred to as theertical diffusion of oxygen in the interconnected air ahais.

6.3 Partial Oxygen Pressurein the Asphalt Mastic

When exposed to oxygen and high temperatures,itilneaén in the asphalt mastic will suffer from oxiida. As a
result, it will consume the oxygen that diffusetbithe mastic. When the temperature is low, thelation pro-
cess will be halted as the energy required toait@toxidation is not reached; therefore, the oxygéhnot be
consumed, and the oxygen pressure will increaskeeirmastic due to continuous oxygen diffusion i@ thastic.
Figure 11 shows the oxygen pressure distribution in the al$phastic (labelled as domain 2Rigure 1). Figure
11 (a) shows that the oxygen pressure in the masticvigllthe same pattern as that in the air chanfédgi(e
10) but with lower oxygen pressures in the mastidsT$ reasonable as the oxygen from the air difukeough
more steps to reach the mastic and oxygen is coeloy the oxidative reactions. As showrigure 11 (b), the
oxygen pressure in the mastic forms a C-shapedeauhere the middle AC layer (1/2 AC) has low oxygees-
sure, while the top and bottom surfaces of the &@t have much higher oxygen pressures as thesxaosed to
atmospheric air pressure. The oxygen pressurerntewis consistently higher than in summer as oryigecon-
sumed due to severe oxidation in summer.
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Fig. 11 Oxygen partial pressure distribution in themastic for road section US277, located in Laredd,exas, USA. (a) Oxygen

partial pressure in the mastic plotted against ageiy time at different AC depths (surface, ¥a AC, Y2 AC¥ AC, and bottom AC

layer), at points located at 1/3 the mastic thickres. (b) Oxygen pressure in the mastic plotted aganhdepth of AC layer at dif-

ferent time intervals for points located at 1/3 themastic thickness. (c) Oxygen partial pressure digbution in the mastic plot-

ted against width of mastic coating film at different field ageing times at 1/3 AC depth. Winter and smmer seasons are high-
lighted in blue and yellow colours, respectively.

Since the coefficient of oxygen diffusion inside tmastic is low, the oxygen pressure distributiath lve non-
uniform along the mastic film thickness at any timeerval (whert > 0). As shown irFigure 11 (c) the oxygen
pressure is higher at the air-mastic interfacedegteases horizontally along the mastic thicknessutd the mas-
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tic-aggregate interface. The non-uniform distribntof the oxygen pressure along the film thickresggests that
the carbonyl area growth will follow a similar path even if the temperature is constant acrossntsic film
thickness.

Moreover, the coefficient of oxygen diffusid@n is inversely proportional to the carbonyl contea {|lustrated in
Equations 8and9). Therefore, it will decline with ageing time, stsown inFigure 12 This suggests that oxygen
diffusion will limit the oxidation process gradualvith progressive ageingrigure 12 also shows that the coeffi-
cient of oxygen diffusion changes periodically wi#mperature due to the fact that oxygen diffugiintthe mas-
tic is highly associated with the viscosity of thieader, which is affected by temperature and oxigatardening.
Therefore, neglecting the ageing effect, the oxydifasivity would be expected to be higher in suerndue to
low apparent viscosity and lower in winter whenthapparent viscosity is high. However, when congigethe
ageing effect, as shown Figure 12, the coefficient of oxygen diffusion decreasesummer due to the increase
in CA and maintains a relatively constant valuarywinter due to the lack of oxygen consumption.

— surface AC
—1/4 AC

1/2 AC
——3/4 AC
= bottom AC

9E-12

8E-12

7E-12 1

6E-12 1
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2E-12 T T T T T T
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Coefficient of oxygen diffusion in the mastic, D, (m*/s)

Time (month, year)

Fig. 12 Coefficient of oxygen diffusion in the magt plotted against ageing time at different AC degis (surface, ¥ AC, % AC,
¥% AC, and bottom of AC layer) for road section US27, located in Laredo, Texas, USA. Points are load at 1/3 the mastic
thickness. Winter and summer seasons are highlighdein blue and yellow colours, respectively.

6.4 Carbonyl Area at the Air Channels-Mastic I nterface

The bitumen at the air-mastic interface is in dilantact with the oxygen in the air channels; ¢fane, it experi-
ences more ageing than the bitumen at the samangawelepth inside the mastic film. Carbonyl prothreciat
this location depends on the oxygen pressure imithehannels. Therefore domain 1 (illustratedrigure 1) was
employed to measure CA at the air channels-mastizface. Results for the CA growth with time afetent
depths are shown iRigure 13(a) The growth pattern of the CA was affected by betmperature and oxygen
pressure changes, displaying a faster growth nasemmer and a slower (or zero) growth rate inevirit his be-
haviour is attributed to the accelerated oxidatioe to high temperatures in summer, leading t@fagtneration
of carbonyl. Moreover, carbonyl growth declineshafield ageing time, as a result of decreased axytifusivi-
ty due to the increase in CA and oxidation hardgminthe masticFigure 13 (b) shows that the CA pattern with
depth forms an unsymmetrical C-shaped curve wighdii CA values at the surface and the bottom oAtbday-
er and lower CA values in the middle of the AC laykhis pattern follows that of the oxygen presdistribution
in the air channels but with slightly higher CA wat at the top surface than at the bottom duegioehisurface
temperatures that result in higher oxidative remstiFigure 13 shows that, compared to deeper asphalt layers,
the AC surface layer ages severely due to high ¢éeatpres and complete availability of oxygen.
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654 Fig. 13 Carbonyl area at the air channels-mastic ierface for road section US277, located in Laredd,exas, USA. (a) Carbon-
655 yl area plotted against ageing time at different AQlepths (surface, ¥ AC, ¥2 AC, ¥ AC, and bottom of @ layer). Winter and
656 summer seasons are highlighted in blue and yellowlours, respectively. (b) Carbonyl area plotted agast depth of AC at dif-
657 ferent ageing times.

658 6.5 Carbonyl Areain the Asphalt Mastic

659  Predicted carbonyl growth in the asphalt mastidingdfilm is compared with field measurements foad sec-
660 tions US277 and US83 iBection 7 while predicted results for road section US27F @etailed hererigure 14
661 (a andb) shows that the carbonyl growth in the mastic foeidhe same pattern as that at the air-masticfater
662  namely, the carbonyl grows quickly in summer duditth temperatures but increases at a very sloreay rate
663 in winter. The carbonyl area at the surface antbbois higher than that in the middle due to highgen availa-
664  bility at the surface and bottom, leading to thehaped curve of the carbonyl profile along the psamet depth,
665 as shown in Figure 14 (b). The CA values in théhalkpmastic are much less than those at the aitieriaterfac-
666 es, at the same pavement depth, although theytheveame temperature profile. This observation shibwat the
667  availability of oxygen constrains carbonyl growth.

668 Figure 14 (c)shows the carbonyl area across the mastic cofitimghickness at a certain depth of the AC lay-
669 er (1/3 AC depth). CA is not produced equally asrtiee width of the mastic coating film but decreagaickly
670 along the film thickness moving away from the amsgtic interface. This observation is particularypbrtant
671 when calculating the average carbonyl area at @inepavement depth. As shown in the simplifiednaéstic
672  structure inFigure 2, the perimeter of asphalt mastic surrounding thetznnels is much less than that in contact
673  with the aggregate. This materials distributionudtidoe considered when calculating the averageocgtlarea at
674  a certain pavement depth.
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Fig. 14 Carbonyl area in the mastic €4,) for road section US277, located in Laredo, Texa&lSA. (a)CA, plotted against age-
ing time at different AC depths (surface, ¥4 AC, ¥2 &, ¥ AC, and bottom of AC layer), at points locatedt 1/3 the mastic
thickness. Winter and summer seasons are highlighden blue and yellow colours, respectively. (b) Cdoonyl area in the mas-
tic plotted against depth of AC layer at differenttime intervals. Points are located at 1/3 the mastithickness. (c) Carbonyl ar-
ea in the mastic plotted against thickness of masttoating film at different field ageing times at 13 AC depth.

7 Field Validation of the Ageing Prediction Model

To verify the ageing predictions model, predictedbonyl area values were compared with measurenoé tibe
binder extracted from field cores. The FHWA repatisw that the cores were obtained from field sestiat var-
ious ageing intervals. Cores were assembled argisaabafor air voids percentage and accessibleaitsvby us-
ing air voids determination procedures and X-rayS€ans; then binders were extracted and recovereddliced
asphalt concrete samples at different pavementhdefihe recovered binders were then analysed fiolatian
products, specifically the carbonyl area using ETIIRis process is illustrated Figure 15[17, 31, 33].

— - — == FTIR and DSR
tests

Air voids determination (i.e.,
CoreLok, SSD) and analysis
Extruded field core and (1.e., x-ray CT scanning,

sliced into 5 layers image analysis) for each layer

¥
12 7‘mm
f—
12.7 mm

Ay
127 mm
—
12.7 mm
"
12.7 mm
N

Binder extraction
and recovery

Fig. 15 lllustration of field sample extraction andbinder recovery processes

The measured CA at a specific pavement depth @varall representation of the carbonyl contentthefsliced
asphalt samples at the specific pavement dephnkcessary to calculate the average CA from theehpredic-
tions at the specific pavement depth to compawétit the measured CA for model validation. There are two
factors to consider when determining the averageipted CA at any depth of the AC layer: (1) Thggen dif-
fusion depth is employed based on the model itistt inFigure 2 such that oxygen diffuses horizontally in a
hollow cylinder from the air channel along the n@sbating thickness toward the mastic-aggregatsface; (2)
The carbonyl area is decreasing and non-uniforridiriduted across the mastic film thickness (asashn Fig-
ure 14 (c). Therefore, the volumetric integration lguation 37 was adopted to calculate the average predicted
carbonyl area at a certain depth.
frljzir 2mCA(r) rdr
CAy == ey

(37) )

whereCA, is the average predicted carbonyl area at a oedepth of the AC layer (y[;A(r) is the predicted
carbonyl area at a radius of (r)is the radius calculated from the centre of thechannels, the minimum radius
would be the radius of the air channetg,(), and the maximum radius would be the radius ofainechannels
plus the oxygen diffusion depth) in the mastic coating film, i.eR = ;- + dp.

The average predicted carbonyl area was obtaireéafch sliced AC sample at different pavement depth
ing Equation 37 and compared against the field measureméigsire 16 shows a comparison between the pre-
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dicted carbonyl content and the carbonyl conterdasueed in the field for cores recovered at the Wpath. The
field data seem to have unsystematic patterns athespavement depth; for example, the field messeants of
CA for road section US277 form an S-shape acraspdvement depth. Nonetheless, in general, thererisan-
ingful agreement between the field measurementstangredicted values obtained by the comprehernsiida-
tive ageing models, and the predicted carbonylilerahows a consistent increase with ageing yedrart-
shaped curve along the pavement depth.
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Fig. 16 Comparison between the carbonyl area of rewered field cores and the predicted carbonyl arein the mastic
(CA,) obtained from the proposed oxidative ageing modgl(a) for road section US277 in Laredo, Texas, USAH) for
road section US83 in Childress, Texas, USA.

8 Conclusions

This study proposes an equation-based multiphysadel to predict oxidative field ageing in asphgdtrements.
The model predicts the pavement temperature prafike oxygen pressure distribution in the accessiini chan-
nels, the oxygen pressure distribution in the alsphastic coating film, and the carbonyl area gtowithin the
mastic coating film across pavement depth for ttmeenore service years. The model requires locatjatific
hourly climate inputs, oxidation kinetics inputstaibed from ageing, rheological and chemical latwyatests,
and mixture volumetric properties derived from rdesign specifications.

The proposed comprehensive ageing model was vadldaging field measurements of the oxidation prtduc
(the carbonyl area) for two road sections located@axas, USA. By comparing the predictions with thebonyl
area from field samples collected by the FHWA,¢baclusions are summarised as follows:

1. The model can effectively address the circular ddpacy among ageing-related multiphysics (i.e.f hea
transfer, oxygen diffusion, and oxidation kineticBDE-based FEM can reliably predict annual hourly
profiles of temperature, oxygen pressure, and ¢xidgroducts growth across the pavement deptdifin
ferent climate zones.

2. The model overcomes some of the encountered umetain oxidative ageing prediction. For instance
it relays more on site-specific climatic data, sashalbedo, emissivity, and subsurface soil tentpers;
and it doesn’t require field calibration factfrf to calibrate oxygen diffusion process in pavembture-
over, the heat transfer model was calibrated tdipréemperature profile in regions susceptibldrémz-
ing.

3. Oxygen pressure within the asphalt structure fratiyechanges due to seasonal and daily temperature
variation, and it is affected by the oxidation prss. Oxygen pressure becomes low with high daily
flocculation during summer because asphalt masfis aand consumes more oxygen when subjected to
high temperatures. In contrast, oxygen pressur@rbes high with low daily flocculation in winter,
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because there is a low oxidation rate in this seds® to low temperatures. This unique behavioonot
be observed without using circular-dependent moytiics model.

4. Design and materials selection of pavement dirdotlyacts the severity and extend of oxidative agein
For example, carbonyl area distribution takes Gpstlacurve along AC depth (high oxidation rate @t to
and bottom boundaries), in case there is freecaessibility though the underlying layer. If thedenlying
layer is inaccessible to air, such as cement/aspiealted base, carbonyl area will be high at AGase
and low at bottom. Not to forget that this pattésralso affected by temperature profile, which esus
irregular or different carbonyl area distributioatigrn along pavement depth. Another example on the
impact of pavement structure on oxidative ageinthéseffect of interconnected air channels. Presefc
accessible air channels is proportional with oxatatate (i.e., the higher the radius and numbeaiof
channels, the higher the exposed surface areagifota air, and the higher the ageing rate).

5. There has been a long debate regarding the unifpiand distribution of oxidative ageing productsra
pavement depth. Modelling results in this study psup that oxidative ageing is non-uniform and
decreasing in general across pavement depth becdausehighly sensitive to oxygen pressure and
temperature profiles.

Future studies will cover the effect of climate ioey oxidation kinetics, pavement structure, anddbr
modifiers on the severity of oxidative ageing irplaslt binders. The proposed model will be coupldth w
mechanical performance models to predict the mechbresponse of asphalt pavements under the imfrief
long-term oxidative ageing.
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PDE-based FE model is devel oped to predict oxidative ageing of asphalt pavements.
The model effectively addresses the circular dependency among ageing multiphysics.
Temperature profile prediction model is modified to be location-dependent.
Oxidative ageing is non-uniform (decreasing) along asphalt pavement depth.

Oxygen distribution in pavement changes with CA content and temperature.
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