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Oxidative ageing and moisture damage are key factors in bitumen degradation and asphalt pavement
deterioration. The effects of oxygen and moisture on bitumen are governed by their transport and reac-
tion processes. This paper provides an overview of theories and concepts developed to describe the kinet-
ics, thermodynamics and mechanisms of transport and reaction of moisture and oxygen within bitumen.
The moisture- and oxygen-induced changes of the physicochemical and mechanical properties of bitu-
men are also discussed. The aim is to summarize literature findings and conclusions and discuss the pos-
sibilities of establishing coupled moisture-oxygen models to be used for long-term pavement
performance predictions.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bitumen, which is the residue from the distillation of crude oil,
has been used widely to construct asphalt pavements for quite a
long time. However, the durability of asphalt pavements can be
significantly compromised by environmental factors that can cause
or accelerate distresses such as raveling, rutting, cracking etc.
Many studies have focused on the mechanisms and factors result-
ing in pavement damage [1–3]. Specifically, it is considered that
moisture transport and oxidative ageing play a fundamental role
in the raveling and cracking of asphalt pavements [4,5]. The ubiq-
uitous presence of oxygen and moisture in ambient environment
demonstrates the need for research of the moisture and oxygen
damage related mechanisms and their effect on bitumen proper-
ties and pavement performance. Quantifying the transport and
reaction processes of moisture and oxygen in bitumen can enable
the prediction of bitumen properties, and in turn of pavement per-
formance. Moreover, the selection of materials with lower diffu-
sion coefficients of oxygen and moisture, can decrease the
damage rate, thus an extension of the service life of a pavement
can be achieved [6,7].
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Water/vapor transport in bituminous mixtures involves convec-
tive flow in the void network of the mixtures and diffusion into the
bitumen and aggregates as indicated in Fig. 1. Water flow in the
voids can be quantified using permeability, which is determined
using Darcy’s law or Fick’s law for different mixture types, where
the mixture type, void content, void distribution and traffic pres-
sure are dominant factors [8,9]. Water in the voids can then diffuse
through the bitumen bulk and interact with the bitumen to cause a
reduction in cohesion (cohesive strength). The bitumen properties
such as the chemical composition and the ageing level govern the
diffusion behavior. With time, moisture can further reach the
bitumen-aggregate interface, compromise the adhesive bond
(strength) and result in bitumen stripping [10]. Overall, the con-
centration gradient required for the diffusion in the bitumen and
at the interface is provided by the water/vapor flow in the voids,
leading to cohesive failure within bitumen and adhesion failure
at the interface. As the concentration of moisture increases, the
failure mode can change from cohesive to adhesive failure [11].
The transport of moisture/water can be regarded as one of the fun-
damental contributing factors to moisture damage [12]. This paper
discusses the moisture diffusion behavior within bitumen at the
micro-scale, including the following consecutive steps: (i) mois-
ture adsorption on the surface, (ii) diffusion into the bitumen film
and, (iii) the clustering at the bitumen-aggregate interface. Many
attempts have been made to formulate the mathematical descrip-
tions about the sorption and transport process in various solid and
liquid matrices such as metals, polymers and petroleum, involving
the transport kinetics and thermodynamic equilibrium state as a
function of temperature, pressure, species etc. In most of the cases,
Fick’s law is used and puts forward continuum and phenomenolog-
ical equations governing the diffusion process. However, the diffu-
sion of moisture in bitumen can show non-Fickian behavior
possibly because of the clustering of water molecules and the
bonding interaction between water molecules and functional
groups of bitumen [13]. Moreover, there is still no standard or uni-
versally accepted method to measure the diffusion coefficient of
Fig. 1. Water transport in asphalt pavement: (a) convective water flow; (
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bitumen. More efforts are still needed to better describe diffusion
of moisture in bitumen.

In addition to moisture diffusion, oxygen (that exists in atmo-
spheric air and hence in the voids of bituminous mixtures) diffuses
into the bitumen and provides an oxygen source for oxidative reac-
tion in bitumen. As a result, the active bitumen components can
react with oxygen and lead to bitumen hardening and embrittle-
ment. Several studies have been performed about the chemical,
physicochemical and mechanical characterization of bitumen after
oxidation [14–17]. The chemical composition of bitumen varies
widely with the crude oil source, and the test data from different
types of bitumen may show dissimilar properties and characteris-
tics. The oxidative reaction in bitumen is primarily dependent on
the bitumen microstructure and chemistry, but also on tempera-
ture, pressure and UV light [18]. The fraction of polar and
strongly-associating groups coming from oxidative reaction in
bitumen changes with ageing time, followed by molecular agglom-
eration and structural rearrangement. The oxidative reaction keeps
consuming the diffused oxygen in bitumen, leading to further dif-
fusion of oxygen. Terminal state can be reached when there are no
more reactants in bitumen and no concentration gradient of oxy-
gen [19]. Coupling of the oxygen diffusion and reaction processes
in bitumen can demonstrate the dynamic oxygen concentration
and reaction kinetics, which can be used in lifetime prediction
[20–22]. Disturbed microstructure and increased polarity of bitu-
men may impede further diffusion of oxygen by denser molecule
distribution and cause a non-Fickian diffusion process.

Moisture and oxygen are two mutually affected factors for
pavement deterioration, which cause continuous degradation of
bitumen. It seems reasonable that moisture transport can be influ-
enced by the oxidative ageing action. The oxidation of bitumen
produces functional groups with high polarity. As a result, more
water/moisture molecules may interact and bond to the molecular
chains and cluster around them, making it thus more complicate to
explain the moisture diffusion phenomenon [23]. What’s more, as
bitumen is suggested to have a colloidal structure where the
b) water diffusion within bitumen; (c) water diffusion mechanisms.
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asphaltenes act as the micelles surrounded by resins, ageing can
disturb this spatial structure and change its physicochemical prop-
erties, which is essentially related to the diffusion path and diffu-
sion rate of moisture [24]. Studies about the effect of moisture
on the ageing process turn to be ambiguous. Some results show lit-
tle indication that moisture can influence the rheological proper-
ties of aged bitumen during ageing [25]. On the other hand, there
are also findings that water can disrupt the colloidal structure of
bitumen and increase the ageing extent [26]. Water may even
intervene in the oxygen reaction kinetics via working with UV light
and bitumen [27,28]. Moisture and oxygen should be considered as
two inseparable species and they both can affect the microstruc-
tural stability and chemical composition of bitumen [26,29]. As
such, also the transport behavior of moisture may be affected by
oxygen through changes in the microstructure and chemistry and
vice versa.

This paper, focusing on bitumen, discusses the transport and
reaction processes and mechanisms of moisture damage and
oxidative ageing, with the aim to explore and explain the coupled
moisture- and ageing-induced damage evolution in bitumen and
bituminous mixtures. In view of the limited papers on diffusion
and coupled moisture-oxygen phenomena in bitumen, literature
studies from other areas, specifically from polymers and petro-
leum, are included to better discuss this topic. The development
of theories and models about the sorption and diffusion kinetics
are introduced, for which detailed testing procedures and parame-
ter determination methodologies are explained. Oxidative reaction
kinetics and analysis are shown and the integration of the diffusion
and reaction processes is elaborated. In order to present, quantify
and explain the transport and reaction phenomena, the changes
in the physical, chemical, morphological and mechanical parame-
ters of bitumen and bituminous mixtures are also considered in
this review. After individually introducing the moisture and oxy-
gen behavior, the issues and challenges to develop advanced mod-
els on coupled moisture and oxygen diffusion–reaction in bitumen
and upscale to bituminous mixture level are discussed. This review
mainly considers the physical and chemical models and mecha-
nisms of transport and reaction of oxygen and moisture in bitu-
men; more comprehensive reviews about the oxidative ageing
properties [14], laboratory ageing tests [15], and mechanisms
and characterization of moisture damage [30,31] are recom-
mended to the readers to further understand ageing and moisture
damage of bitumen and bituminous mixtures.
2. Transport and sorption models and mechanisms

2.1. Definition of transport and sorption

Mass can be transported by molecular motion (diffusion) and
bulk motion of fluid (advection). In this paper, the terms diffusion
behavior and transport directly refer to diffusion transport phe-
nomena, unless explicitly stated otherwise. Diffusion is defined
as the movement of a chemical species from a region of high con-
centration to a region of low concentration. Diffusion behavior can
be interpreted as the kinetic transport process characterized by the
diffusion coefficient. The thermodynamic equilibrium state result-
ing from diffusion can be evaluated by sorption or solubility. In
most cases, diffusion and transport are cited indicating the kinetic
molecular motion, whereas sorption denotes the equilibrium state
[32]. Sorption includes both surface adsorption and bulk absorp-
tion. Adsorption is used to describe the process in which gas mole-
cules are attached to sites on an internal or external surface and
absorption shows the dissolution of gases in the bulk [33].

In bitumen, we mainly focus on the diffusion process of oxygen
and moisture considering their significant effects on bitumen prop-
3

erties and pavement performance. Moisture is the presence of
water in trace amount. In this paper, water and moisture are used
interchangeably. Water molecules are dipolar with hydrogen
bonding. The polar attribute results in the strong interactions of
water and other polar groups in bitumen. Absorbed water may
show three different states: single free water molecule, aggregated
water molecules and water molecules bonded with polar groups of
bitumen (Fig. 1). The clustering of moisture contains both mutual
agglomerates between water molecules and water-polar group
interactions [13,34]. In the case of mixtures, water can cluster at
the interface between the bitumen film and the aggregates. The
cluster phenomenon in this paper indicates the interaction of
water molecules with polar groups in the bulk of bitumen, if with-
out clarification. Limited literature has been published to discuss
the diffusion behavior and mechanisms in bitumen. Therefore, it
is essential to introduce the basic theories about transport and
sorption in order to better understand the diffusion mechanism
of moisture and oxygen in bitumen.

2.2. Sorption equilibrium

2.2.1. Surface adsorption
Adsorption and desorption processes are divided into two cate-

gories including physical adsorption and chemisorption. Physical
adsorption resembles the condensation of gases to liquids and is
dependent on the physical force of attraction between the solid
absorbent and the adsorbate gas [35]. Physical adsorption is rapid
and reversible and the adsorption heat should be in the range of
the condensation heat. Chemical adsorption results from the reac-
tion of vapor and surface species [36]. Compared with physical
adsorption, chemisorption is distinguishable by the higher adsorp-
tion heat, suggesting the generation of chemical bonds. At high
temperature, it is possible that chemisorption is observed with
high activation energy whereas the physical adsorption is small
because of low adsorption energy.

Many theories relatable to adsorption isotherms have been
developed based on kinetic motion or energy. The isotherm model
proposed by Langmuir separates the kinetic adsorption process
from adsorption and desorption and concerns the vapor attached
to the surface as monolayer [37]. When the adsorption and desorp-
tion rates are equal and the adsorption is at dynamic equilibrium,
one can get the isotherm equation:

c ¼ C0
Hbp= 1þ bpð Þ ð1Þ

where c is the adsorbed gas concentration, C0
His the Langmuir capac-

ity factor, p is the gas partial pressure and b is the Langmuir affinity
constant. Langmuir fits the Type I (Fig. 2) isotherm curve introduced
by Brunauer [38], while most adsorption processes reveal multi-
layer adsorption which is later illustrated by the Brunauer–Emme
tt–Teller (BET) model. The BET model extends Langmuir’s approach
to multilayer adsorption, which is very common in cases of physical
adsorption [39,40]. Other isotherm models (Freundlich, Redlich–
Peterson, Dubinin–Radushkevich, Guggenheim–Anderson–de Boer
and Radke–Prausnitz isotherm) have been formulated to describe
more complex conditions, such as polar adsorbate, micropore solids,
etc. [41].

2.2.2. Bulk absorption
There are two parameters that control gas sorption and trans-

port including gas solubility and diffusion coefficient. Solubility
here thermodynamically refers to the saturated amount of gas dis-
solved in a solid. When the partial pressure is quite low and the
solute state is similar to ideal gas, the ideal gas law, namely the
Henry’s law, can be used to describe solubility. Henry’s law states
that the saturated amount of gas in a solid is proportional to the



Fig. 2. Isotherm adsorption types (p/p0 is the relative pressure of adsorbate and mass is the adsorbed amount of adsorbate) [38].
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partial pressure of the gas. The mass transfer between different
phases is mainly described by partition coefficients such as Henry’s
constant kD:

c ¼ kDP ð2Þ

where c is the absorption concentration of a gas in solid and P is the
partial pressure of a gas.

It should be emphasized that Henry’s law describes a strict
equilibrium state of no flux through gas–solid interface. As long
as there is a concentration gradient, Henry’s law is violated and
net flux occurs [42]. The Henry’s law applies only to the solutes
of infinite dilution without considering the effect of interaction
between solute and solvent. The Flory-Huggins theory can be used
to indicate the interaction between solute (such as water vapor)
and solvent (such as polymer or bitumen) using water activity
a1, a function of the volume fraction /1of the solute and the
Flory-Huggins interaction parameter v [34]:

a1 ¼ /1exp 1� /1ð Þ þ v 1� /1ð Þ2
� �

ð3Þ

This theory considers that water molecules can interact not
only with the polar groups in the solid phase but with themselves
through hydrogen bonding. Three molecule states are possible
dependent on the composition of solid absorbents and water activ-
ity: single water molecule (without interaction with other water
molecules or the solid phase), aggregated water molecule (water
clustering with each other) and bonded water molecules (bonding
between the water and the solid phase due to its hydrophilicity).
When at lower water activity, the water molecules diffuse into
the solid and interact with the solid molecules through Van de
Waals and hydrogen forces. As the water activity increases, water
molecules begin to cluster via hydrogen force.

Zimm and Lundberg [43] introduced a cluster integral parame-
ter to illustrate the cluster tendency of water molecules in a
polymer:

G11=t1 ¼ � 1� /1ð Þ @
a1

/1

� �
=@a1

� �
P;T

� 1 ð4Þ

where G11 is the cluster integral, t1 the partial molar volume of dif-
fusing species, a1 the water activity and /1 the water volume frac-
tion. When G11=t1 < �1, gas or vapor molecules are more likely to
stay isolated. When G11=t1 > �1, the molecules start to cluster
4

and thus exert more complex effect on the whole sorption and dif-
fusion process.

Brown [44] later combined the Flory-Huggins theory and the
cluster theory to analyze the randomly distributed water mole-
cules and restricted water molecules at the same time with the
cluster number Nc:

Nc ¼ 1þ K1/1 � K1/
2
1 ð5Þ

where K1 is constant and /1the water volume fraction.

2.2.3. Coupled adsorption and absorption
Several mechanisms can contribute to sorption behavior includ-

ing adsorption, absorption and clustering. A dual-mode sorption
model of a gas in a polymer matrix has been proposed including
surface sorption and bulk absorption. Combining the Langmuir-
type adsorption and the Henry’s law for absorption leads to the
equilibrium concentration that can quantitatively be shown as
[45]:

c ¼ kDpþ C 0
Hbp= 1þ bpð Þ ð6Þ

where c is the gas concentration, C0
His the Langmuir capacity factor,

kD is the Henry’s parameter, p is the gas partial pressure and b is the
Langmuir affinity constant.

Moreover, the isotherm sorption of water can show a triple-
mode sorption involving concentration in Henry’s mode, Langmuir
mode and clustering mode as described in the equation below:

c ¼ cHenry þ cL þ ccluster

¼ kDpþ C 0
Hbp= 1þ bpð Þ þ K 0

c kDpsatð Þnpn=n ð7Þ

where c is the gas concentration, cHenry is the concentration from
Henry’s mode, cL is the concentration from Langmuir mode, ccluster
is the concentration from clustering mode, K 0

c is the constant for
clustering, psat is the saturated pressure and n is the mean number
of water molecules per cluster [46].

2.2.4. Factors affecting sorption
Sorption isotherms vary with different gas–solid systems, pres-

sure and temperature. Adsorption isotherms at different tempera-
tures are determined by heat sorption. The constant factor (such as
the Langmuir constant factor) in an isotherm equation can be a
function of temperature and heat sorption via the Arrhenius equa-
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tion. The sorption heat thus dictates whether the adsorbed gas
content increases or decreases with temperature [47].

The saturated bulk absorption content or solubility of gas in the
solid phase usually decreases with higher temperature and
increases with pressure (Fig. 3) [48]. The temperature-dependent
behavior of solubility can be described by the Arrhenius
relationship:

S ¼ S0exp �DH=RTð Þ ð8Þ

where S is the solubility (mol/m-3), DH is the heat dissolution, R is
the universal gas constant (8.314 J/K mol), T is the temperature (K)
and S0is the pre-exponential coefficient. Compared with the rela-
tionship between the sorption fraction and the partial pressure of
diffusing species, a decrease in solubility with increasing tempera-
ture is not applicable in all cases. It depends on the dissolving pro-
cess which can be endothermic or exothermic. In a wide range of
temperatures, the solid matrix may go through structural or chem-
ical changes, which also add to complexity of the relationship
between sorption and temperature. Pace et al. [45] proposed that
the Langmuir capacity factor, C0

H has different equations for differ-
ent temperatures:

C0
H ¼ C0exp �DHh=RTð Þ T > Tg

C0exp �DHh=RTg
� 	

T < Tg

(
ð9Þ

where DHh is the enthalpy of hole formation (increase of microvoids
during transition from glassy state to rubbery state), C0 is the pre-
exponential constant, Tg is the glass transition temperature. More-
over, different gases have varying solubility and the existence of
other gas species in a system can affect the solubility of the target
gas. Svreck et al. [49] showed that carbon dioxide was the most sol-
uble and nitrogen was the least soluble in bitumen among the car-
bon dioxide, methane, and nitrogen gases. Including nitrogen in
carbon dioxide can affect the solubility of carbon dioxide itself as
shown in Fig. 3 [50]. The solubility is also related to the number
of polar groups of materials. Particularly, water solubility has a
complex relationship with the concentration and the position of
polar groups. For example, water solubility has been found to
increase with temperature in epoxy and nanoparticle-
incorporated epoxy composites. This behaviour can be related to
the higher contribution of bound water and the capability of water
to be retained in a hydrothermally plasticized polymer [51].
Fig. 3. The solubility of pure and impure carbon dio

5

2.3. Transport kinetics of sorption

2.3.1. Surface adsorption kinetics
Kinetics determine the evolution of surface adsorption with

time. Pseudo-first-order (PFO) and pseudo-second-order (PSO)
models are commonly used to predict the adsorption process.
The PFO model developed by Lagergren, suggests a rate equation
following the first order mechanism [52]:

dq=dt ¼ k1 qe � qð Þ ð10Þ
where q and qe are the adsorbate (grams of solute per gram of sor-
bent) at time t and at equilibrium state respectively, k1is the rate
constant of first-order sorption, which is a linear function of the ini-
tial concentration of the solute.

On the other hand, the PSO model assumes the dq=dt is propor-
tional to the available sites on the absorbent and the adsorption
rate is a function of the number of active sites. The kinetics law
is shown as

dq=dt ¼ k2 qe � qð Þ2 ð11Þ
The effective adsorption kinetics can also be interpreted by con-

sidering adsorption rate and desorption rate [53]. The rate equa-
tion is

dq=dt ¼ kac0 1� hð Þ � kdh ð12Þ
where h is the site fraction covered by adsorbate, c0 is the molar
concentration of the solute (the concentration is considered to be
constant with time), ka and kd are the adsorption and desorption
rate constants, respectively.

From equation (12) it can be derived (similar to the from PFO
model):

ln 1� h=heð Þ ¼ �k1t ð13Þ
where h=he ¼ q=qe, and k1 ¼ kac0 þ kd, he is the equilibrium cover-
age fraction.

It can be noted that PSO can fit better than PFO for the sorption
of lower initial concentration of solute [53].

2.3.2. Bulk diffusion kinetics
Diffusion is the process when diffusing species move from a

region of higher concentration to a region of lower concentration
through random Brownian motion. The diffusion process is tradi-
xide in Aberfeldy heavy crude oil at 23 �C [50].
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tionally described by means of the Fick’s law [54]. The Fick’s first
law relates the diffusion flux to the concentration gradient under
steady state:

J ¼ �Drc ð14Þ
where J is the flux diffusing through per unit area per unit time, D is
the diffusion coefficient and c is the concentration of diffusing spe-
cies. The Fick’s second law, as described in Eq. (15), shows how dif-
fusion causes the concentration change with time.

@c=@t ¼ r � Drcð Þ ð15Þ
When the diffusion coefficient is independent of concentration,

Fick’s second law becomes:

@c=@t ¼ Dr2c ð16Þ
An analytical solution of Fick’s law can be obtained by applying

appropriate boundary conditions. When the concentration of gas at
time zero is 0, the gas concentration at the thin film surface is con-
stant and the gas concentration at bottom is zero, the one-
dimensional mathematical solution of Fick’s equation leads to:

Mt=M1 ¼ 1� 8
p2

X1
n¼0

1

2nþ 1ð Þ2
exp

� 2nþ 1ð Þ2Dp2

4h2 t

 !
ð17Þ

whereMt is the weight change at time t,M1 is the weight change at
equilibrium state, h is the film thickness and D is the diffusion coef-
ficient [55].

The thin film method can be used to determine the diffusion
coefficient. Samples are required to have a thin thickness or
monodisperse spherical particles [56]. The thin film sample is
regarded as having the same constant boundary conditions at the
upper and bottom surface of the film by virtue of rapidly establish-
ing sorption equilibrium. When considering the boundary condi-
tion at instantaneous equilibrium, the solution leads to [54]:

Mt=M1 ¼ 4
h

ffiffiffiffiffiffiffiffiffiffiffi
Dt=p

p
ð18Þ

In polymers, Frisch [57] considered three different cases for the
diffusion process based on the dependency of mass change on
time, as described in the Eq. (19):

Mt=M1 ¼ Ktn ð19Þ
where K and n are constants.

- Case I (Fickian diffusion, n = 0.5), when the rate of diffusion is
much less than that of relaxation due to mechanical, structural
modes of polymer-gas system. Sorption equilibrium can be
rapidly established, showing no dependence on swelling kinet-
ics. Mostly the polymer is in a rubbery state when the diffusion
exhibits instantaneous response.

- Case II (n = 1) and super case II (n > 1), in which diffusion is
quite rapid comparing with relaxation time. Slow relaxation
allows no time for structure adjustment and results in swelling
and other structure change.

- Case III, when diffusion and relaxation are comparable and non-
Fickian or anomalous diffusion can occur.

Boundary conditions are fundamental for solving the kinetic
equations of diffusion process. Numerical analysis of diffusion
kinetics requires explicit boundary conditions, particularly the
ones that constrain the concentration variation at the gas/solid or
liquid/solid interface. The most commonly-applied boundary con-
ditions involve constant Dirichlet boundary, time-dependent
Dirichlet type, constant Robin boundary and time-dependent
Robin boundary. The Dirichlet boundary condition that defines
the concentration as constant is the simplest and most used one
6

[58]. It is applicable for most tests with constant concentration
or negligible concentration change. For example, in order to mea-
sure the diffusion coefficient of water, test samples can be either
immersed in the water bath or conditioned in a confined chamber
with specific relative humidity ranging from 0% to 100%. In the first
case, Dirichlet boundary conditions can be applied; however, in the
second case the boundary conditions can be more complicated
when the mass of surface adsorption is comparable with the mass
of bulk diffusion or when an isotherm sorption test is conducted. In
environmental conditions, the partial pressure of moisture and
oxygen varies with days and years, thus the interface concentra-
tion can be recognized as a function of temperature, pressure
and time etc. Etminan et al. took into consideration a complicated
boundary condition including gas solubility, diffusion and surface
resistance to analyze the diffusion kinetics of CO2 in bitumen using
pressure decay method [42]:

�D
@Cg

@z

����
z¼0

¼ k Cg�int tð Þ � Cg z ¼ 0; tð Þ� 	 ð20Þ

where Cg�int is the gas concentration above the gas-bitumen inter-
face, Cg z ¼ 0; tð Þ is the concentration below the interface, k is the
mass transfer coefficient. In this case, Cg�int decreases as pressure
reduces due to gas dissolution. When an interfacial resistance is
present against gas diffusion, a discontinuity of gas concentration
can be formed across the interface, so Cg z ¼ 0; tð Þ is different from
Cg�int . The film resistance cause higher gas concentration at the
interface than the saturation concentration at early time of
diffusion.

2.4. Transport mechanisms

Theories have been developed to analyze the diffusion process
from molecular level to macro level. From a molecular perspective,
the diffusion is no more than the thermodynamic molecular
motion, thus can be inferred from the aspects of molecular dynam-
ics. Diffusion requires spatial space for molecules to move from
one site to another, based on which, free volume theory has been
proposed and applied in many studies in literature.

2.4.1. Molecular dynamics theory
The diffusion coefficient can be determined through the kinetic

process of molecular motion. For the diffusion in liquids, the
hydrodynamic theory and Eyring activated-state theory can be
used to calculate the diffusion coefficient by relating it to some
thermodynamic and physical parameters [32]. Taking into consid-
eration the molecular motion of diffusing gas and solid, as well as
the prevailing intermolecular forces, Flory developed an equation
for the diffusion coefficient of a dilute suspension of spherical col-
loid particles as:

D ¼ kT=n ð21Þ
where k is the Boltzmann’s constant, n is the dilute solution limit,
and T is the temperature..

Similarly, the Stokes-Einstein equation is used for diffusion of
large particles in solvents:

D ¼ kT=6pRl ð22Þ
where R is the mean molecular radius and l is the molecular
viscosity.

As for the diffusion in polymers, the diffusion coefficient is
regarded as proportional to the inverse square-root of molecular
weight M based on the bead-spring chain model and hydrody-
namic interaction between beads models [59]:

D 1=
ffiffiffiffiffi
M

p
ð23Þ
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2.4.2. Free volume theory
Holes or vacancies are required for all types of molecular

motion beyond simple vibrational and rotational states. Molecules
with more freedom of motion compared with solids can be shifted
over a distance of macroscopic scale through holes or interstitial
space, known as free volume. In polymers, the diffusion coefficient
of a gas is correlated to the fractional free volume of the polymer.
By calculating the molecular mobility and jumping units, Vrentas
and Duda [60] derived the diffusion coefficient as follows:

D ¼ D1x1x2

RT
@l1

@x1

� �
T;P

ð24Þ

where x1 and x2 are the mass friction of diffusing gas and polymer
respectively, l1 is the chemical potential of the diffusing species, D1

is the self-diffusion coefficient (diffusion of a species in itself) of dif-
fusing species. For glassy polymers, diffusion mainly appears due to
pre-existing micro pores. As for rubbery polymers, micro pores are
generated by fluctuation of polymer chains. Rubbery polymers
above the glass transition temperature respond instantaneously to
the imposed stress due to diffusion [61]. This elastic response usu-
ally corresponds to a Fickian diffusion behavior [62]. When a poly-
mer is cooled below the glass transition temperature, the free
volume will change and the free volume (void space) in the glassy
polymer is in the range of 0.2% to 10% [63]. Given that polymer
relaxation is time-dependent, the free volume is correlated to time
and thus a non-Fickian behavior is observed from tests. Based on
the estimation of the fractional free volume at various environmen-
tal conditions, free volume is used to predict the diffusion coeffi-
cient of water vapor through glassy polymer films [64] (Fig. 4).
Correlation between diffusion coefficient and free volume in film
samples is found to be step-wise, which can be used to predict
the diffusion coefficient at any given material variable.

Compared with molecular dynamics, the free volume theory
can be applied on experimental data obtained by test measure-
ments. As for more sophisticated cases, molecular simulations
can be used to simulate the diffusion process based on thermody-
namic theories and solubility concepts by means of the Grand
Canonical Monte Carlo method [65].

The diffusion coefficient is a physical constant dependent on
molecule weight, molecule size and other properties of diffusing
gases, as well as solid types, temperature and pressure [66]. Some
primary conclusions can be reached according to the molecular
models and the free volume theory. The Arrhenius equation can
Fig. 4. Schematic diagram of free volume before (left) and after (right) addition of
moisture of an amorphous polymer [64].
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describe the positively exponential dependence of diffusion coeffi-
cient on temperature. The diffusivity or diffusion coefficient of the
gas at a state of infinite dilution is almost independent of the con-
centration and increases with temperature, while at high concen-
tration, the diffusivity is strongly concentration-dependent. The
diffusion coefficient is known to decrease with the increase of
the hydrophilicity of solid matrices due to the immobilization of
water molecules at polar sites. However, the moisture-induced
plasticization may facilitate diffusion. These contradictory factors
denote a complicated water sorption behavior in solid phases with
polar groups [67,68].

For bitumen, it will be more challenging to determine the
required parameters in the expressions for diffusion coefficient
due to its complex chemical composition. Nevertheless, these the-
ories can help to understand the mechanisms of oxygen and mois-
ture diffusion in bitumen and the construction of correlation
between diffusion behavior and physicochemical and mechanical
parameters.
2.5. Coupled sorption and diffusion

The kinetic process and equilibrium state are the two main ele-
ments involved in the sorption and diffusion process. Equilibrium
sorption is dominated by solubility and surface adsorption, as
described for example by Henry’s law and Langmuir adsorption.
These dual- and triple- mode sorption processes can be coupled
with diffusion. When sorption is coupled with gas transport (diffu-
sion and advection), sorption equilibrium provides the boundary
and final conditions, and is not directly involved in the partial dif-
ferential equations of kinetic diffusion or diffusion–reaction mod-
els, as shown in Eq. (25) [69]:

@C=@t ¼ @ CH þ CL þ CPð Þ=@t
¼ r � DrCð Þ � dCH=dt � dCp=dt � kaSC þ ks C 0

H � S
� 	 ð25Þ

where C is the gas concentration, CH is the mass concentration
absorbed according to Henry’s mode, CLis the concentration in
Langmuir mode, CP is the concentration of clustering, ka and ks
are absorption and desorption rates, S is the concentration of empty
Langmuir sites, and C0

H is the Langmuir capacity constant.
2.6. Deviation from common theories

For the ideal Fick’s diffusion to be valid, the structural and
physicochemical material variations caused by the diffusion pro-
cess must be negligible and diffusion should occur in the micro-
pores, which in most cases is not representative. Many diffusion
phenomena are of non-Fickian nature; hence the mass change is
initially proportional to the square root of time (fitting for Fick’s
law) and subsequently deviates from the mass-time curve accord-
ing to Fick’s law. Various explanations have been proposed to
describe the abnormal diffusion behavior such as the formation
of hydrogen, the structure heterogeneity, the variation in free vol-
ume, relaxation phenomena, material degradation, glass transition
temperature depression and structure weakness [70,71]. In addi-
tion, the diffusion coefficient and boundary conditions can be
time-dependent or concentration-dependent.

In particular, some authors attempt to explain the moisture dif-
fusion process using a two-phase mode, namely the free phase and
the bonded phase [72]. According to the two-phase mode, a frac-
tion of the diffusing gas is immobilized at some fixed sorption sites
and the remaining fraction can freely diffuse through the bulk. By
adding the two parameters and showing the probability of conver-
sion between the free phase and the combined phase, the diffusion
process can be better modeled. Pereira et al. [73] further elimi-
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nated the restriction that immobilized species cannot diffuse and
regarded it as partially mobile.

Continuummechanics can be also employed to model the diffu-
sion process. Linear viscoelastic models construct the relationship
between diffusion and time-dependent stress response [74]. The
diffusion-relaxation model can used to interpret the abnormal
sorption under the molecular relaxation theory combining contin-
uummechanics and thermodynamics [75]. Starkova et al. analyzed
the abnormal sorption to be related to the delayed free volume
change [51]. The total sorption weight wBH tð Þ is divided into two
parts with one wF tð Þ following the Fick’s mode and the other one
wR tð Þ a delayed response as shown in Fig. 5:

wR tð Þ ¼ w1R tð Þ 1� exp �t=sRð Þ½ � ð26Þ

where w1R tð Þ is the equilibrium weight specified by relaxation and
sR the first-order relaxation time.
3. Transport and sorption of oxygen and moisture in bitumen

3.1. Transport of oxygen in bitumen

Polymers are composed of thousands similar monomers cova-
lently linked to form bonded chains. In contrast with polymers,
the units of bitumen are much more diverse. Compared to poly-
mers, the homogenized molecular weight is relatively smaller
and the molecular weight distribution is wider. The asphaltene
fraction with higher molecular weight and the agglomerates of
molecules through polar associations cause the polymeric charac-
teristics of bitumen. Nevertheless, the bitumen polymeric charac-
teristics can be weakened or disappear with increasing
temperature. Specific research about the transport of oxygen in
bitumen can be conducted combining developed theories from
the polymers area and the unique characteristics owned by bitu-
men. Most studies adopt the Fick’s law and the Arrhenius equation
to deal with the diffusion process in bitumen and bituminous mix-
tures [76,77]. The diffusion coefficient of oxygen in bitumen ranges
in the magnitude of 10�11 to 10�15 m2/s for different types of bitu-
men with different testing methods and conditions (Table 1).

The mass of absorbed oxygen cannot be easily detected by most
mass balances, therefore few research studies have used the gravi-
metric method to determine the diffusion coefficient. The
pressure-decay method is mainly used to determine the diffusion
coefficient of nitrogen, which involves placing a bituminous film
is into a pipet that is filled with nitrogen. After sealing the pipet,
the pressure change is monitored and then used to calculate the
diffusion coefficient via Fick’s law [78]. Instead of the direct mea-
surement of the oxygen diffusion coefficient, the diffusion of nitro-
gen can be used as an analogy, due to their similar van der Waals
Fig. 5. Graphical illustration of diffusion-relaxation model.

8

forces, in order to eliminate the effect of oxygen reaction and mea-
sure purely the diffusion phenomena [79]. The oxygen solubility in
petroleum oils is assumed to be twice than that of nitrogen. By
interpolating data from Blokker and Van Hoorn [80], Dickinson
[81] calculated the oxygen solubility assuming the Henry’ law
and a linear relationship with temperature:

S ¼ 2:0� 10�5 � 1þ 0:0215 T � 30ð Þð Þ ð27Þ
where S is the solubility in kg/L at the temperature T.

Han et al. [82] have used indirect spectroscopic measurements
to determine the oxygen diffusivity. The researchers have depos-
ited bitumen on an premolded aluminum tray with 1.5 mm thick-
ness to get a thin bitumen film. The diffusion coefficient is then
measured by comparing the oxygen reaction rate at the surface
and bottom of known reaction kinetics using Fourier Transform
infrared spectroscopy (FTIR). Oxygen diffusion in bitumen also
shows non-Fickian behavior. The abnormal diffusion of oxygen in
bitumen can be attributed to the fact that a small amount of gas
can dissolve in the fraction with polar groups after the sorption
sites are occupied [79].

3.2. Transport of moisture in bitumen

Gravimetric sorption has been used to study moisture diffusion
and sorption in bitumen, but the transient diffusion and kinetic
adsorption have not been well explained. When using the gravi-
metric method to determine the diffusion coefficient, the difficulty
is to separate the adsorbed species (on the surface of the sample)
and absorbed ones (within the bulk of the sample). By analogy
with the one-dimensional consolidation of soil, a moisture diffu-
sion model in bitumen is introduced where the percentage of com-
pleted consolidation is like the degree of completed adsorption
[85]:

x ¼ x100 1� e�3Dt=t2
� �

þxa 1� e�at
� 	 ð28Þ

where xa is the maximum adsorption on the surface of bitumen
sample, a is the adsorption constant, x100 is the maximum absorp-
tion of bitumen film and D is the diffusion coefficient.

FTIR can identify the peak of water and measure the water
amount via peak area calculation. Vasconcelos et al. [13] proposed
a dual-mode diffusion model for bitumen with Fourier Transform
infrared spectroscopy-Attenuated total reflection (FTIR-ATR). The
partially mobile fraction of moisture is related to the interaction
between water molecules and polar functional groups. Moisture
diffusion is then divided into two parts, one with a higher diffusion
coefficient and the other with a relatively lower diffusion coeffi-
cient. Sorption-desorption cycle process through placing and
removing of a water reservoir on the film surface can increase
the diffusion coefficient with history effects due to microstructure
changes [24]. It can be seen from Table 2 that the value of the dif-
fusion coefficient varies significantly for different experimental
tests. This difference could be attributed to the different choice
of transport models as described in second chapter or the system-
atic errors of different test methods shown in Section 3.3. The
moisture diffusion process can deviate from Fick’s law and show
complex sorption phenomenon, due to water clusters, possible
reaction, disturbed spatial structure of bitumen, etc. More efforts
are indispensable to study the moisture transport in bitumen.

3.3. Test methodologies to determine diffusion coefficients in
bituminous materials

The experimental methods to measure the diffusion coefficient
in bitumen can be classified into two types, namely direct and indi-
rect methods. Direct methods quantify the gravimetric change



Table 1
The diffusion coefficient of oxygen in bitumen and mastics.

Bitumen type Method Temperature
(�C)

Diffusion coefficient
(m2/s)

Reference

PEN 40/60 Pressure decay method 50 5 � 10�15 [83]
PEN 70/100 50 8 � 10�15

AAK1 Electrodynamic balance 21 1.00 � 10�11 [79]
40 0.15 � 10�11

60 0.42 � 10�11

PEN 180/200 Derivation from viscosity through equation (D, T, g) 50 1.83 � 10�10 [20]
Alon 64-22 Ageing difference between film (1.5 mm) surface and bottom using FTIR, calculated by

diffusion-reaction equation
59 1.20 � 10�11 [82]
75 4.42 � 10�11

88 2.64 � 10�10

Alon 64-22 + 10%
filler

59 8.60 � 10�12

75 3.90 � 10�11

88 2.16 � 10�10

AAC-1 Ageing for a film (0.4 mm) calculated by diffusion–reaction equation 70 6.0 � 10�11 [84]
AAK-1 70 1.7 � 10�11

Virgin + RAP
bitumen

Derivation from shear modulus through equation (c, D, G*) 64 4.88 � 10�11 [76]

PEN 70/100 Ageing comparison between films of various thicknesses, aged to equilibrium time, Fick’ law 50 2.43 � 10�13 [19]
100 5.13 � 10�13

Table 2
The diffusion coefficient of moisture in bitumen, bituminous mastics and mixtures.*

Bitumen type Method Diffusion
coefficient
(m2/s)

Reference

AAC-1 FTIR-MIR method, liquid
water

1.40 � 10�14 [86]
AAD-1 2.50 � 10�14

AAK-1 3.31 � 10�14

AAD-1 Gravimetric method,
sorption balance

1.33 � 10�9 [85]
AAM-1 4.83 � 10�9

AAD-1 ElS, thin film on
aluminum plate

4.19 � 10�17 [87]
AAK-1 2.94 � 10�17

AAM-1 1.54 � 10�17

Bitumen + limestone
(<19 mm)

Gravimetric method,
evaporation process

3.45–
5.67 � 10�10

[5]

PG 70–22 + diabase
(<4.75 mm)

Gravimetric method,
climatic chamber

2.54 � 10�10 [8]

AAB Dual-phase diffusion
coefficients, FTIR-ATR
measuring absorbed
water amount

1.50 � 10�17 [24]
AAD 1.62 � 10�17

ABD 5.20 � 10�17

PEN 40/
60 + limestone
(<1mm)

Gravimetric method,
climatic chamber and
desiccator jar
environment

2.59 � 10�12 [88]

PEN 40/60 + granite
(<1mm)

2.44 � 10�12

PMB + limestone
(FAM)

Gravimetric method,
climatic chamber

0.72–
1.06 � 10�10

[89]

* PMB: polymer modified bitumen; FAM: fine asphalt mixture; EIS: Electro-
chemical Impedance Spectroscopy.
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with time, while the indirect methods mainly measure one or more
parameters correlated and altering with the diffusion process such
as the volume swelling and the spectroscopy absorbance. Indirect
parameters exhibiting the diffusion process include pressure,
interface velocity, magnetic field strength or the volume change
of the solute [90].
3.3.1. Gravimetric method
Gravimetric techniques (Fig. 6), which directly monitor the

mass change with time, have been frequently used to investigate
the sorption and diffusion kinetics [79,85,88]. The test sample is
placed in the chamber with controlled temperature, partial pres-
sure and concentration of the diffusing species and instantaneous
mass change data are collected. Mass change can be measured with
a balance of high resolution of 0.1lg [91,92].
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3.3.2. Pressure decay method
The pressure-decay method is mostly used in petroleum indus-

try to test the diffusion coefficient of gas in heavy oil and bitumen
at high pressure, since the mobility and recovery of bitumen can be
improved and the viscosity can be reduced with the injection of
these gases. There are two experimental pressure boundaries with
different analytical models to get the diffusion coefficient and
equilibrium solubility (Fig. 7). The first method involves measuring
the pressure decrease in a confined space with gases diffusing into
the bulk of the sample and estimating the diffusion coefficient
through numerical models. The second method requires that the
sample is placed in a cell overlaid by a gas cup and the constant
pressure inside the cup is achieved by continuously supplying
the depleted gas into the cap [50]. The Fick’s second law and the
mass balance equation are needed to analyze the mathematical
model of diffusion based on the pressure-decay model. The for-
ward problem analysis involves the infinite-acting model, when
the gas does not reach the bottom, and finite-acting model when
the infinite-acting boundary in not valid [90,95]. An inverse solu-
tion methodology involves using the results of actual observation
to optimize the parameters characterizing the system [96]. One
challenge for the pressure-decay technique is to establish the
boundary condition between gas and solvent interface. Research
shows that there exists mass transfer resistance at the interface
which may affect the analytical results because of different bound-
aries [97].
3.3.3. Chemical composition method
Fourier transform infrared-attenuated total reflection (FTIR-

ATR) spectroscopy can be used to study sorption kinetics in situ
[75,99–101]. A sample is casted on the ATR crystal prism and then
the diffusing gas is loaded above it. Vasconcelos et al. [13] used
FTIR-ATR to measure the diffusion coefficient in bitumen by mon-
itoring the spectra change related to water. All stretching bands
associated with water at each time point are integrated to get
the absorbed water content. The spectra absorbance is propor-
tional to the total instant mass increase within the film. The water
reservoir is loaded over the bitumen film and data are collected for
15 days to see the diffusion process. FTIR-ATR cannot only detect
the absorption kinetics but the chemical reactions during the diffu-
sion process. The penetration depth of evanescent wave is a func-
tion of the angle of incident light, wavelength of light and the
refractive indices of the crystal (Fig. 8). For bitumen the penetra-
tion thickness is about 0.5-1lm [13]. Thus the overall water



Fig. 6. Schematic of dynamic vapor sorption apparatus [93,94].

Fig. 7. Schematic of pressure decay cell (a) pressure decay (b) constant pressure
with gas make-up (s(t) is the position of the gas-oil interface at time t) [42,98].

Fig. 8. Schematic diagram of ATR for diffusion experiment [102].
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absorption refers to the sample regions within this depth. Since the
absorbance of FTIR-ATR is proportional to the mass absorbed, the
method fails to reveal the real mass absorption.
10
Nuclear reaction analysis (NRA) can be used to obtain the con-
centration of chemical elements along the depth of a solid film.
NRA can release d+ ions to the sample and interact with the deu-
terium of D2O diffused into the bulk, thus measuring the moisture
content [103]. The moisture content is shown as a function of film
depth. Low-field Nuclear Magnetic Resonance (NMR) is utilized for
monitoring the diffusion process of organic solvents in heavy oil or
bitumen [104]. Solvents such as heptane and kerosene are placed
on the top of heavy oil/lake bitumen, then the whole container is
sealed. The relaxation spectra of heavy oil or bitumen are distinctly
different from those of the solvents, so the concentration of the sol-
vent in the mixing area can be calculated according to the spectra.
3.3.4. Volume change method
Diffusion in most cases will result in volume swelling, which

can be used to test the diffusion coefficient. An interferometric
equipment is used to measure the swelling process caused by
water absorption. The film thickness is measured with the elec-
tronic speckle pattern interferometry (Fig. 9). The diffusion coeffi-
cient is calculated using the evolution of film thickness in humidity
between 50% and 90% [105].

Yang et al. [106] used the pendant drop volume analysis
(DPDVA) to study the diffusion coefficient and volume swelling
of carbon dioxide, methane, ethane and propane in Lloydminster
heavy oil under high pressure. A pendant oil drop inside a pressure
cell is formed surrounded by a diffusing gas at specified pressure
and temperature. The volume change is captured through digital
imaging and the diffusion coefficient is related to the volume
change.

Indirect methods can display the continuously evolving diffu-
sion process whereas the specific equilibrium mass absorption is
indispensable to the numerical solution of diffusion equations,
which can be measured from gravimetric tests or calculated based
on solubility models. Different methods are proposed based on the
various mechanisms of the diffusion process. Comparing diffusion
data from different measurement methods can compensate for
their individual insufficiencies, when attention should be placed
on the boundary and testing conditions of the individual methods.



Fig. 9. Set-up to measure the volume change due to diffusion [105].
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3.4. Upscaling of oxygen and moisture transport

The addition of fillers (as in the case of bituminous mastics)
may change the microstructure, density, relaxation time, glass
transition temperature, specific heat and affinity for moisture. In
many cases, fillers can profoundly change the sorption path of
polymers and bitumen. Fillers can decrease the diffusion coeffi-
cient but their actual effect on the sorption process is complicated
by the filler type, filler shape etc. For instance, incorporating nano-
fillers into epoxy practically depresses the diffusion process and
cause a decrease in the diffusion coefficient. However, these effects
gradually decline and finally disappear at higher temperature. In
this case, the tortuosity resulting from nano-fillers is counterbal-
anced by the higher activity and mobility of the host polymer [51].

Han et al. [82] compared the oxygen diffusion coefficient of
mastics with varying filler fractions. The diffusion coefficient is
observed to decrease with the increase of the filler volume fraction.
This dependence on volume fraction of filler is in accordance with
the Maxwell and Raylegih model (analogy to thermal conductivity)
for the matrix containing suspensions of spherical particles:

keff
k0

¼ 1þ 3£=
k1 þ 2k0
k1 � k0

�£
� �

ð29Þ

where keff and k0 are the diffusion coefficient of mastic and bitumen
respectively, k0 and k1 are constants,£ is the volume fraction of fil-
lers. Wen et al. [6] developed a two-chamber diffusion apparatus to
measure the diffusion coefficient of compacted bituminous mix-
tures. It appears that the oxygen transport in mixtures is controlled
by the air voids phase along with the characteristics of air voids. The
diffusion coefficient for the specified mastics and aggregates was
constant, while the different mix design method created different
void content and distribution, which provided different gas flow
path and thus very different diffusion coefficient values for the var-
ious bituminous mixtures.

The gravimetric method is mainly used to analyze the transport
process of moisture in mastics and bituminous mixtures. Fick’s law
is mostly used to determine the transport rate. The transport rate is
dependent on the type of bitumen, filler and aggregate and the
void characteristics of bituminous materials [107]. Mastics with
limestone and granite aggregates (or fillers) demonstrate different
diffusion rates and equilibrium sorption mass. Bituminous mastics
with limestone have higher transport rate, while granite mastics
have a high equilibrium sorption amount [88]. It is therefore of
importance to study both the transport kinetics and the equilib-
11
rium sorption state. Except for Fick’s law, the dual-mode model,
the Langmuir diffusion model and the time-variable diffusion
model are also referred to explain moisture transport behavior in
fine bituminous mixtures (a mixture of bitumen, filler and aggre-
gate passing the sieve of 1.18 mm or 2.36 mm) [108,109]. The ani-
sotropy of the diffusion coefficient needs to be considered for the
anisotropic distribution of air voids and aggregates [110]. Logically,
bituminous mixtures present higher moisture diffusion coeffi-
cients than that of the bitumen as shown in Table 2, as bituminous
mixtures have more micro-voids for moisture to diffuse. Inter-
connected voids in bituminous mixtures also provide direct paths
for moisture to flow through. This convective flow is incorporated
into the overall transport process, therefore much higher diffusion
coefficient can be expected.

4. The oxygen- and moisture- reaction in bitumen

4.1. Oxygen-bitumen reaction

4.1.1. Mechanism of oxidation
Bitumen oxidation is the chemical reaction between oxygen

and active components in bitumen. Oxidation results in bitumen
hardening and brittleness and the deterioration of its relaxation
properties, which are manifested in the field by increased propen-
sity of cracking and pavement failures. The reaction process in
bitumen is essentially dependent on the process of oxygen diffu-
sion into pavements, namely the reaction kinetics with tempera-
ture, the reaction rate, the concentration of reactants and the
oxygen interaction with active chemical groups. The main perceiv-
able changes of FTIR data from aged bitumen are the peaks and
areas indicating the carbonyl and sulfoxide groups; hence in liter-
ature the discussions about oxidation are mainly on these two
chemical functional groups. Oxidative reaction is generally divided
into a fast reaction and a slow reaction stage. The fast reaction
mainly occurs during production and construction. At initial state,
the highly reactive hydrocarbons react with oxygen to yield
hydroperoxide, which is at least 50 times more active than the
slow hydrocarbon reaction. The hydroperoxide is quite unstable
and can decompose and react with alkyl or aryl–alkyl sulfides to
produce sulfoxides. This decomposition may also accelerate the
long-term reaction. The slower oxidative reaction fundamentally
imposes the long-term deterioration of bitumen [111] (Fig. 10).
The long-term reaction is suggested to be a classic free-radical
chain involving oxidation at the benzyl-carbon mainly in the polar



Fig. 10. The oxidation mechanism of bitumen [111].
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aromatics fraction. The side chains of those highly condensed aro-
matic ring systems are likely to be oxidized to form ketone groups
[112]. The association forces between polar aromatics fractions are
strengthened with the formation of more chemical functional
groups to their molecular structure. This leads to the increase of
the size of molecular agglomerates in bitumen when exposed to
oxidation [113]. More attention is therefore put on the long-term
reaction of carbonyl generation. Apart from the reaction exerted
by oxygen, other gases like nitric oxides, ozone and soluble oxi-
dants such as HNO3, H2SO4, H2O2 can also promote ageing [114].
The oxidative ageing of bitumen is highly dependent on the bitu-
men structure, compositions and weather conditions [115], which
influence the diffusion rate and reaction kinetics.
Fig. 11. The kinetics of functional group formation and viscosity change for AAB-1,
Pressure Aging Vessel (PAV) aged at 80 �C, 2.03 MPa [120].
4.1.2. Kinetics of oxidation
Various types of bitumen overall exhibit similar kinetics with

ketones and sulfoxides formed at different rates as shown in
Fig. 11. The oxidation of bitumen can be regarded as the sum of
two different reactions. One is fast and usually ends in the short-
term as the reactants are rapidly exhausted [14,83,116,117]. The
other is slow and keeps a steady reaction rate in the long-term.
The oxidative reaction rate is supposed as first order for oxygen
and active reactants concentration in bitumen [81]. The formation
12
of sulfoxides goes fast at the beginning and slows down to equilib-
rium as the reactants are nearly fully depleted while the formation
of ketones is much slower and tends to keep constant for a longer
time. Petersen proposed an expression relating the viscosity to two
concurrent reactions based on the concept that the fast-reaction of
sulfoxide is of first order and the slow-reaction of carbonyl is con-
stant [20,118,119]:
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P ¼ Ps þ Pf ¼ Pf1 1� e�kf t
� 	þ Ps1kst ð30Þ

where Pf1,Ps1, kf and ks are the constant; P is the oxidation prod-
ucts concentration, and Pf1 and Ps1 are the ultimate oxidation pro-
duct concentrations for fast reaction and slow reaction respectively.

The oxidation kinetics of bitumen is mainly affected by temper-
ature, pressure and UV light [121]. Some bitumenmay show differ-
ent ageing kinetics with temperature. For examples, a slower
reaction rate is displayed at lower temperature (60 �C) and a higher
reaction rate at higher temperature (130 �C) for some bitumen
types. For other bitumen types, the rate keeps constant in rela-
tively small temperature ranges. An explanation is that the col-
loidal structure of bitumen changes with temperature. Thus the
oxidation diffusion rate is correspondingly altered, which in turn
leads to inconstant oxidation rate [112] (Fig. 12). In general, the
reaction rate can be linked to temperature through the Arrhenius
equation [117]. By considering bitumen ageing to be an irreversible
first order reaction and relating it to temperature via Arrhenius
equation, a kinetic model can be obtained with viscosity in place
of product concentration [122]:

lng ¼ lng0 þ Atexp �Ea=RTð Þ ð31Þ
where g is the viscosity of aged bitumen, g0 is the viscosity of orig-
inal bitumen Ea is the activation energy and A is the pre-exponential
constant. It has been determined that activation energy is depen-
dent on pressure and temperature, and varies with bitumen compo-
sition [116]. Oxidative reaction at higher temperature or pressure
could be misleading since the activation energy could vary from
64 to 109 kJ/mol and reaction order from 0.25 to 0.61 in case of oxy-
gen pressure [123]. In the existence of sunlight, the oxidation can be
accelerated within a depth of 10 to 60 mm, in consideration of the
penetration depth of UV light, which is similar to the recommended
optimum film thickness of bituminous mixtures [124]. As the hard-
ened aged surface of bitumen inhibits the diffusion of oxygen, the
bitumen underneath is therefore less aged [125].

4.1.3. Oxidative reaction in polymer modified bitumen
Polymers such as styrene–butadienestyrene (SBS), ethylene

vinyl acetate (EVA), polyolefin and rubber have been widely used
to improve the mechanical properties and pavement performance
Fig. 12. The Petersen model of bitumen oxidation in terms of temperature, the different
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of bitumen. Here we mainly focus on SBS modified bitumen. The
ultimate ageing kinetics of PMB is determined by the ageing of
the base bitumen, the degradation of polymer and the intermolec-
ular associations between each other [126,127]. PMB shows
slightly different reaction process compared to pure bitumen and
polymers. The activation energy of the base bitumen will increase
with ageing evolution. For PMB, it will initially decrease and then
increase due to the degradation into smaller molecules and the
network structure failure [127]. SBS individually is prone to scis-
sion, crosslinking and hardening due to the sensitivity of the dou-
ble bonds in butadiene [128]. The main products of PMB ageing
process are low molecular weight polymers coming from chain
scission and reaction products from radical-bitumen reaction
[129], while pure polymer shows more cross-linking. SBS decom-
position is more sensitive to low molecular weight substrate such
as aromatic oil and is restrained by high asphaltene content
[127,130]. Compared with base bitumen, PMB has higher activa-
tion energy and lower reaction rate, which explain its anti-ageing
properties [131], when the SBS copolymer acts as antioxidant to
protect the bitumen components from ageing [63]. Both polymeric
degradation and bitumen stiffening are responsible for the oxida-
tion ageing of PMB.
4.2. Reaction of moisture in bitumen

There are limited papers dealing with the possible reaction
between moisture and bitumen. Some researchers show detectable
change of chemical components in bitumen conditioned by mois-
ture [132,133]. Chemical properties are changed after moisture
conditioning, including functional groups related to ageing and
other components such as aromatic and methylene [134]. In most
cases, it has been hypothesized that the oxygen that may exist in
moisture reacts with the active components in bitumen. In partic-
ular, the effect of moisture on the deterioration of adhesive and
cohesive strength is more significant than a possible chemical reac-
tion. It is suggested that a long-term moisture environment can
lead to structure failure of bitumen due to the infiltration of mois-
ture molecules into bitumen matrix and the intermolecular associ-
ations between water molecules and bitumen components.
kinetics are related to the accessible oxidation sites in specific temperature [112].



Table 3
Summary of bitumen properties affected by oxygen and moisture behavior.

Classification Methods/
Parameters

Oxygen effect Moisture effect

Physical and
chemical
properties

SARA
fraction

Increase of asphaltene
content and decrease on
aromatic content

–

Chemical
composition

Increase of carbonyl and
sulfoxide content

Perceivable
variation

Viscosity Increase with ageing;
Decrease with the
oxygen diffusion;
Diffusion coefficient
inversely related to
viscosity.

Decrease with
moisture
infiltration due
to plasticization;
Diffusion
coefficient
inversely related
to viscosity

Morphological
properties

AFM Number and size change
of the image
characteristics related to
asphaltene and resin

‘‘Nano-bumps”
on the
characteristic
‘‘bee” structures

SEM Evolution in the fibril
microstructure

–

Mechanical
properties

Complex
modulus

Increase with ageing –

Cohesion Increase with ageing Decrease in
water

Adhesion – Decrease in
water
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4.3. Coupled diffusion and reaction process

Diffusion and reaction are two main contributors in bitumen
ageing. Diffusion controls the oxygen distribution of bitumen and
thus affects the oxygen reaction rate. Based on the Fick’s second
law and the reaction kinetics of oxygen, the mass equation can
be obtained [135]:

@CO2=@t ¼ Dr2CO2 � rO2 ð32Þ
where CO2 is the concentration of oxygen, rO2 is the reaction rate of
oxygen.

When the oxidative reaction is divided into fast-reaction and
slow-reaction, the equation can be written as [20]:

@CO2=@t ¼ D @2CO2=@
2x

� 	� kf Pf1 � Pf

� 	
CO2 � ksPs1CO2 ð33Þ

wherex is the depth in the bitumen film, Pf1, Pf , Ps1 are constants.
Oxygen reaction during diffusion process is contributing to the

deviation from the classical Fick’s law. Reaction changes the origi-
nal material microstructure and the chemical properties, and also
continuously consumes the reactant gases, resulting in a complex
concentration gradient change [136,137]. The diffusion process
can also be delayed by the hardening of bitumen with ageing
[22]. For example, in the case of concurrent diffusion and reaction,
the microstructure and chemical components can be a function of
the reaction degree and the position and thus have an impact on
the diffusion process.

On the other hand, the diffusion coefficient can be hypothesized
as a function of the advancement of reaction when reaction affects
the diffusion process [138]:

D T;Yð Þ ¼ bD Yð Þ � exp �Ea Yð Þ=RTð Þ ð34Þ

where Ea Yð Þ is the activation energy of transport mechanism. bD Yð Þ
and Ea Yð Þ are functions of product Y, in which bD Yð Þ ¼ D0 þ D1 � Y ,
Ea Yð Þ ¼ Ea0 þ Ea1 � Y .

When two diffusive species are involved in the diffusion–reac-
tion system and their diffusion process is mutually influenced,
the coupled equation can be [139]:

@cA=B að Þ
@t

¼ @

@x
D a; eA=B; cB=A
� 	 @cA=B að Þ

@x

� �
� R að Þ

cB=A ¼ cB0=A0 1� að Þ ð36Þ
where A, B are two species, a is the reaction degree, e is the volume
fraction of A/B, cB0=A0 is the initial concentration of A/B.

As stated before, the coupling of sorption and diffusion can be
very tricky when dual- or triple- mode of sorption and the non-
Fickian diffusion behavior appear in the sorption and diffusion pro-
cess. If then also the reaction is involved, more parameters have to
be determined, in order to analyze the coupled sorption, diffusion
and reaction processes. Due to the simultaneous diffusion and
reaction of oxygen in bitumen, the diffusion coefficient cannot be
exactly determined without being able to separate the diffusion
and reaction. The same situation exists in the surface sorption
and bulk diffusion. It is difficult to measure separately the surface
sorption or the bulk diffusion. Hence, the coupling of sorption, dif-
fusion and reaction is necessary.

5. Moisture and oxygen effects on bitumen properties and their
relation to transport processes

Many tests can be used to analyze the bitumen properties under
the effect of oxidative ageing and moisture diffusion including
Fourier Transform Infrared spectroscopy (FTIR) [140], chromatog-
raphy [141], differential scanning calorimetry (DSC), X-ray photo-
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electron spectroscopy (XPS), nuclear magnetic resonance (NMR)
[142], dynamical mechanical analysis (DMA) etc. An overview of
the bitumen properties affected by moisture and ageing is given
in Table 3. Based on these tests, various parameters and indices
have been proposed over the years to characterize the effects of
moisture diffusion and oxidative ageing on polymer, bitumen
and other organic matrixes. Constructing relations between chem-
ical, physical and mechanical properties helps to get a better
understanding of bitumen and its application as construction
material. The oxygen- and moisture-induced ageing can be deli-
cately predicted according to their transport behavior [8]. How-
ever, the direct identification of diffusion coefficients can be
lengthy due to the slow diffusion process with the magnitude to
be around 10�8 m2/s to 10�12 m2/s in bitumen and polymers.
Research has been done to develop equations providing correla-
tions between diffusion coefficients and chemical, physicochemical
and mechanical parameters [50,143].

5.1. Physical and chemical properties

5.1.1. Chemical structure
Corbett [144] developed the widely used SARA classification

method, which includes the saturates, aromatics, resins and
asphaltenes fractions, based on the method of elution-adsorption
liquid chromatography on active alumina with solvents of increas-
ing polarity and aromaticity. Asphaltene is a heterogeneous macro-
molecular fraction, soluble in toluene but insoluble in alkanes. A
small fraction of asphaltenes in bitumen can significantly increase
the stiffness and mechanical properties [145]. Oxidative ageing
generally results in the decrease of the aromatic content and the
increase of the asphaltenes content, therefore it appears that aro-
matics generate resins and subsequently resins become asphalte-
nes [146]. The saturates normally remain stable with the ageing
process except for in the case of volatile evaporation. Based on
the SARA method, parameters relatable to the ageing levels have
been proposed to evaluate bitumen properties [147]. The modern
colloidal structure of bitumen depicts the asphaltenes as the
micelles distributed in the aromatics fraction with resins as a sur-
factant to prevent the precipitation of asphaltenes [148,149]



Fig. 13. A simplified view of the colloidal structure of bitumen: the asphaltenes
micelles are pictured as spherical to illustrate the concepts of solvation layer (resin
shell) and effective volume. The oily dispersion medium is called the maltenes
[149].
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(Fig. 13). Oxidative ageing has a minor effect on the creep recovery
of individual maltenes and asphaltenes and reveals more obvious
influence on that of the samples prepared by blending maltenes
and asphaltenes. It seems that ageing appears to exert more influ-
ence on the microstructure instead of composition evolution [150].
NMR is an effective tool to provide structural information of
organic molecules and to identify and quantify the distribution of
carbon and hydrogen atoms in different chemical environments
[151]. During laboratory oxidation using Rolling Thin Film Oven
Test (RTFOT) and Pressure Aging Vessel (PAV), the existence of iso-
merization and dehydrogenation and the constantly increased
extent of compactness and ring condensation with the loss of sub-
stituents from aromatic carbons has been reported [142].

Moisture diffusion can also affect the chemical structure of
bitumen. The cycled sorption and desorption of moisture in bitu-
men shows history trace and microstructure change illustrated
by different diffusion coefficient at different cycles [24].

Except for the concept of colloidal structure, bitumen can be
interpreted as a solution composed of different molecules with dif-
ferent molecular weight [152]. The continuum of polarities and
weight of molecules is necessary for the stability. In this case,
resins can act as a stabilizer because of the necessary polarity
range to keep all fractions in balance. One widely used theory to
deal with the solution system is the Hansen solubility theory.
The Hansen solubility consists of three elements including disper-
sive forces (D), hydrogen bonding (H) and polar interactions (N)
(Fig. 14). Dispersive forces (D) are weak intermolecular interac-
tions and aged bitumen has lower D value [29]. Polar and hydrogen
Fig. 14. Strength of intermolecular interactions between virgin bitumen
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interactions are responsible for the association and immobility of
these molecules. The difference of polar interaction between aged
and unaged bitumen is more discernible for field-aged bitumen,
possibly due to the appreciable effect of UV on the polarity. Rede-
lius [153] used turbidimetric titrations to get a 3D diagram of Han-
sen solubility of bitumen, which is more realistic and useful.
Different components may be in metastable stage and disturbance
such as after oxidative ageing, and blending can lead to spatial
rearrangement, which can be predicted by this model. Bitumen is
composed of molecules of continuously distributed molecular
weight. The polarity, aromaticity and solubility have been fre-
quently used to illustrate bitumen properties which are related
to Hansen parameters.

It is shown that samples blended with two compatible poly-
mers have faster moisture diffusion [154]. Bitumen, as a complex
substance with diverse chemical compounds, shows complex dif-
fusion. The diffusion behavior in different polymer modified bitu-
men may be relatable to the solubility. As the solubility is closely
linked to the microstructure characteristics, the solubility parame-
ters indicating the colloidal stability of bitumen may be used to
study the colloidal structure change due to coupled moisture and
ageing effects.

5.1.2. Chemical composition
FTIR [155] is an easy and quick method to quickly determine

the chemical components of test samples. Due to the capture of
oxygen into bitumen the compounds containing oxygen, especially
compounds carrying carbonyl, sulfoxides as well as hydroxyls,
increase with ageing. FTIR is widely used to measure the amount
of these functional groups [156]. The aliphatic structures are a
determining factor for the differentiation of short-term ageing
and the content of oxygen compounds is predominant in cases of
long-term ageing in terms of FTIR spectra [157]. Many researches
use FTIR to illustrate the ageing level instead of viscosity, in view
of the correlation between viscosity and functional group genera-
tion [117,158].

In contrast, minor chemical changes due to moisture diffusion
have been perceived by FTIR. It is described that moisture may
act as a solvent to take away some polar components in bitumen,
thus changing the chemical composition [125]. Increased surface
concentration of polar groups is found from FTIR data when under
moisture condition [132,133], but it is not enough to conclude
whether the change comes from the oxidative reaction or the reac-
tion between moisture and bitumen. The artifacts or the errors
from the experimental methodology may also be a reason for the
inconclusive data.

5.1.3. Viscosity
Viscosity is one of the most important criteria to evaluate the

fluid properties of bitumen and is significantly dependent on the
ageing extent and the ingress rate of gases into bitumen. The vis-
and (a) artificially aged bitumen and (b) field-aged bitumen [29].
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cosity can be directly estimated from tests such as DSR and vis-
cometer. Oxidative reaction increases the content of polar groups,
which lead to condensed aromatic ring components to agglomer-
ate and evolve into the asphaltenes fraction, thus increasing the
viscosity of bitumen. In polymers, gas diffusion can mainly lead
to plasticization, followed by weakening of its mechanical proper-
ties. Similarly, as oxygen is absorbed, the bitumen structure loos-
ens, making it easier for gases to diffuse. This leads to the
plasticization of the bitumen together with the swelling of the
samples [79].

Oxygen diffusion in bitumen can be correlated to viscosity. Sch-
midt proposed an equation for the diffusion coefficient of carbon
dioxide in bitumen as [50]:

Dg0:16=T ¼ 2:04� 10�12 ð37Þ
where g is the bitumen viscosity, R is the ideal gas constant and T is
the temperature.

By taking the diffusion coefficient of oxygen as 1.5 times higher
than that of nitrogen and referring to the Fujita equation, the diffu-
sion coefficient of oxygen can be determined by the following
equation [20]:

logD ¼ �12:3083� 0:3351 loggð Þ þ log RTð Þ ð38Þ
Han et al. [82] also proposed the relationship between diffusion

coefficient, viscosity and temperature:

D=T ¼ 5:21� 10�11 gð Þ�0:55 ð39Þ
The viscosity not only evolves with ageing time and character-

izes the ageing properties of bitumen, but changes with moisture
diffusion. Bitumen shows lower viscosity in the existence of mois-
ture [159]. It can also be used to determine the sorption parame-
ters of diffusing gas.

5.1.4. Other parameters
Other parameters related to the diffusion and reaction of mois-

ture and oxygen in bitumen include the glass transition tempera-
ture, crystallinity, density, hydrophilicity etc. These parameters
can be mutually affected with a certain correlation. Moisture
absorption in bitumen can cause plasticization, lower glass transi-
tion temperature (Tg) and a reduction of the mechanical strength. It
is noteworthy to mention that during the evolution of microstruc-
ture and chemical composition with ageing process, the glass tran-
sition temperature shows relatively small changes. In general,
crystallinity can reduce the diffusion coefficient compared with
the corresponding amorphous polymers [154]. The volume con-
traction occurs when temperature decreases. The fastest rate
ranges from 20 �C to 80 �C, which may be consistent with the crys-
tallization kinetics in bitumen [160]. Therefore, there could be a
certain correlation between the diffusion parameters and the crys-
tallinity of bitumen. Moreover, density can reflect the free volume
between the molecules of the solid matrix, thus it can also be
related to the diffusivity and solubility. Hydrophilicity is also found
to be suitable as a predictor of diffusion in polymers. The formation
of hydrogen bonds of water in specific chain sites in polymers can
affect the diffusion parameters and solubility. Increasing
hydrophilicity helps in decreasing the activation energy required
for water diffusion and facilitates water molecules to overcome
the attractive forces among themselves [23,161].

5.2. Morphological properties

5.2.1. Atomic force microscope
Oxidative ageing and moisture ingression may leave some per-

ceivable change on bitumen surface that can be detected by atomic
force microscope (AFM) and scanning electron microscope (SEM).
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In particular, AFM can be used to explore the surface topography,
phase separation along with mechanical properties including vis-
cosity, stiffness, adhesion, and friction [162]. Bitumen displays
the obvious ‘‘bee” microstructure consisting of hills and valleys
at the center of wax crystallite in AFM imaging [163]. The surface
microstructure shows some physical and chemical properties con-
nected to the macroscopic properties of bitumen.

During oxidative ageing, number and size changes of the image
characteristics related to asphaltenes and resins can be seen in
AFM images [164]. The asphaltene micelles can be detected in
topographic and phase imaging through AFM, which gradually
connect with each other during the ageing process [165]. The
AFM images can also be used to calculate the fractal dimension
Df, which indicates the amount of spatial space occupied by the
chemical chains of bitumen due to its degree of roughness and
irregularity [165]. The fractal dimension exhibits the increased
structure compactness with ageing evolution, which in another
way, can be reached from the images of fluorescence microscopy,
especially for polymer modified bitumen [166].

Pressure, bending or tension originating from water exposure
can lead to the spread of material and some weakest points on
bitumen surface. AFM images of bitumen exposed to water shows
‘‘nano-bumps” on the characteristic ‘‘bee” structures on the surface
microstructure [132] (Fig. 15). It is hypothesized that nano-bumps
are the para phase resins, which absorb water and seep up from
underneath the ‘‘bee” structure via the pinhole effect.

5.2.2. Scanning electron microscope
SEM produces images of a particular area of samples with a

focused beam of electron to get the surface structure at micro
meter to nanometer scale. Compared with SEM, environmental
SEM allows for the change of environmental conditions such as
pressure, temperature and gas composition, suitable for observing
viscous bitumen at high vacuum [167]. A typical network of fibrils
can be observed related to the bitumen microstructure. A revealed
evolution in the fibril microstructure with ageing process demon-
strates the relationship between the fibril microstructure and the
bitumen properties [168,169]. As bitumen is gradually oxidized,
the fibrils are more numerous, organized and densely packed
(Fig. 16).

Williams et al. used environmental SEM to study the water pen-
etration in bitumen [170]. The ESEM images clearly show the strip-
ping of bitumen layer from the aggregate surfaces after freeze–
thaw cycling and the traces of water penetration into bitumen.

In spite of some promising studies about the application of AFM
and SEM in observing the morphology of bitumen under the effect
of ageing and moisture ingression, the mechanism of the charac-
teristics of the morphological images is not clear and the quantita-
tive relationship between image parameters and bitumen
properties has not been established. The limited knowledge on
the correlation between morphology and ageing and moisture
damage requires further research toward standard test procedures
and evaluation methods.

5.3. Mechanical properties

Master curves are widely used to represent the viscoelastic
properties of bitumen over a wide range of temperatures and fre-
quencies. Complex modulus at different temperature with same
frequency range can be shifted at a value aT based, for example,
on the WLF equation to get master curve. From the rheological
tests and the master curves, the main parameters utilized include
the complex shear modulus G*, the phase angle d (the viscous
response lag), the storage shear moludus G’ (elastic energy), the
loss shear modulus G’’(dissipated energy), and the cross-over tem-
perature (Td¼45o , fatigue cracking) from the frequency/temperature



Fig. 15. AFM height images of bitumen samples (a) before and (b–f) after soaking in water at room temperature (22 �C) for one hour to 10 days. Scale bar applies to all images.
The false color height scale is 35 nm for (a–c) and 50 nm for (d–f) [132].

Fig. 16. ESEM images of original with secondary electrons (SE) (a) and backscatter electrons (BSE) (b) modes and oxidized bitumen with SE (c) and BSE (d) modes at 1000x
magnification [169].
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sweep DSR tests, whereas the creep stiffness S, the relaxation
parameter m and the critical temperature DTc can be obtained
from the Bending Beam Rheometer (BBR) test [171]. Complex mod-
ulus normally increases and phase angle decreases with ageing
time due to the higher asphaltenes concentration in bitumen
[172]. It is shown that PAV ageing increases the pull-off tensile
strength [11]. The cohesion force of bitumen increases with ageing
time due to the asphaltenes association. The adhesion increases
initially and then decreases, which could be the wettability result-
ing from the polar products [173]. The Huet model is proved to be
more adaptable in modeling the constitutive equation of ageing
bitumen, where the values of key parameters is dependent on
the reaction progress [19]. A microstructural model of bitumen is
proposed considering the micro structural changing with ageing.
Different SARA components and their changes with ageing have
different contribution to the mechanical properties and they are
homogenized considering the micelle structure to get the creep
compliance of bitumen [174].

Some compounds in bitumen are found to be soluble in water
and are removed away [175], leading to the increase of asphaltene
content. As a result, the complex modulus and the fatigue factor
increased and the phase angled decreased [176]. Cohesion and
adhesion failure are the two main failure modes in bituminous
mixtures [11,177]. As the moisture content increases [11] and tem-
perature decreases [178], the failure gradually converts from cohe-
sive to adhesive. Moisture damage can be affected by the air void
structure, bitumen type, moisture level and other mixture-
related properties simultaneously. Efforts have been made to dif-
ferentiate the parameters related to mixture damage and study
the fundamental binding properties of bitumen. Bitumen cohesion
can be measured using the tack test [179] and the cohesion test
[180], showing the decrease of tack factor in wet conditions. The
surface energy method (SFE), the pull-off test such as pneumatic
adhesion tensile test (PATTI), etc. have been developed to evaluate
the adhesive bonding of bitumen-aggregates systems [181,182].
The values of SFE and pull-off tests show a strong relationship.
The pull-off strength decreases after wet conditioning [183]. A
modified DSR test was set to evaluate bitumen-aggregate interac-
tion under water conditioning. The linear viscoelastic complex
modulus tested at higher shear stress decreases after wet condi-
tioning [184].
5.4. Mutual relationship of different parameters

Although the individual parameters can describe typical charac-
teristics such as the ageing level and moisture resistance, it is often
unsuitable or not fitting for various bitumen types from different
sources and with different manufacturing processes due to the
molecular heterogeneity and steric complexity. The quantitative
comparison between the various bitumen types via similar meth-
ods is thus challenging. Using different parameters to estimate
the bitumen properties at the same time strengthens the confi-
dence of the conclusions. Building correlations between different
parameters gives a more extensive discussion. The bitumen frac-
tions especially the asphaltene content and the molecular weight
can be related with the softening point, penetration [160], complex
shear modulus and dynamic viscosity, which demonstrate observ-
able changes with ageing and diffusion process. The molecular
weight, sulfur content, and density together with the glass transi-
tion temperature can be expressed as a function of the complex
shear modulus. Elasticity characterized by the complex shear mod-
ulus or phase angle may also be related to the extent of polarity
based on the turbidimetric titrations, in which the polar interac-
tion between molecules is responsible for the elastic behavior of
bitumen [152].
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The viscosity can be correlated with other tests and parameters
such as molecular weight, aromaticity, solubility, amount of func-
tional groups [185]. The correlation between the logarithm of vis-
cosity and carbonyl area is interpreted as linear for original and
polymer modified bitumen [158].

lngLSV ¼ HS� CAþm ð40Þ
Through the fitting of the viscosity and the content of the car-

bonyl group, Herrington revealed a non-linear correlation [20]:

logg ¼ logg0 þ 0:136 1� e�5:8419DCA� 	þ 0:0559DCA ð41Þ
The molecular weight distribution is also connected to viscosity.

The relationship between absolute viscosity and the relative quan-
tity of large molecular size in Gel Permeation Chromatography
(GPC) profile can be reached using regression models. This rela-
tionship can be applied not only on pure bitumen but also on poly-
mer modified bitumen with a relatively lower coefficient of
determination [186].

Storm et al. [187] developed a viscosity model of dilute polydis-
persed dispersion of hard spheres proposed by Roscoe. Here the
bitumen is treated as a complex fluid consisting of a dispersed
phase of spherical particles and a two-component solvent in which
one acts as an inert continuum and the other is absorbed on the
particles. The ultimate viscosity of bitumen is dependent on the
viscosity of the non-asphaltenic fraction l, the solvation constant
K and the weight fraction of asphaltenes WA:

g=l ¼ 1� KWAð Þ�2:5 ð42Þ
RTFOT ageing can multiply the viscosity by 1.5–4 with the

asphaltene content increased by 1–4 wt%. It can be approximately
estimated that a 2% increase of asphaltenes can double the viscos-
ity. Data analysis from [146] illustrated the linear relationship
between viscosity powered by 0.4 and the asphaltene content
[149].

Weigel et al. [188] gave an integrated index through linear com-
bination of the molecular weight and content of saturates, aromat-
ics, resins and asphaltenes and used the rate of the index at original
state and aged condition to exhibit the ageing level.

Y ¼ b0 þ b1csat þ b2carom þ b3cres þ b4casp þ b5Mn;sat

þ b6Mn;arom þ b7Mn;res þ b8Mn;asp ð43Þ
where Y can be the softening point, complex modulus, or viscosity,
b1�8 are the regression coefficients, c is the content in weight per-
centage, M is the molecular weight (sat, arom, res, asp refer to sat-
uration, aromatics, resin, asphaltene respectively).

Measuring moisture diffusion and oxidative ageing requires a
long time. If the parameters and indices that are easy to measure
can be linked to direct parameters characterizing diffusion and
reaction process, it will save much time and effort to analyze and
evaluate these phenomena. Many proposed parameters and
indices focus on the evaluation of the physicochemical and
mechanical responses upon ageing and diffusion of bitumen,
instead of directly relating to the diffusion parameters. It is thus
necessary and critical to study this relationship. It can be seen that
viscosity can be linked to many other parameters such as physical,
chemical and mechanical parameters. It can also be used to deter-
mine the diffusion coefficient of oxygen and moisture. Therefore,
linking the diffusion coefficient with other physico-chemical
parameters is an promising way to predict the transport behavior
of moisture and oxygen in bitumen.

5.5. Upscaling of the effect of moisture and ageing

Ageing of bitumen is one of the crucial factors for pavement
deterioration. The ageing of bituminous mixtures is also affected
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by additives, aggregate type, air voids etc. [21]. Upscaling methods,
including the generalized self-consistent scheme and the Mori
Tanaka scheme, can be used to incorporate the mechanical model
of aged bitumen into the ageing model of asphalt mixtures [189].
Direct mechanical models of mixtures are also effective in predict-
ing mixture ageing, where some parameters are a function of the
ageing progress. The dynamic modulus model of mixtures changes
with the reaction kinetics in mixtures as follows:

jE�j ¼ E�j ji þ E�j jM � E�j jið Þ � 1� exp �kf t
� 	þ kct

� ð44Þ
where jE�j is the dynamic modulus of bituminous mixtures during
ageing, E�j ji is the initial dynamic modulus, E�j jM is the dynamic
modulus at the completed ageing stage, kf and kc are fast-rate and
constant-rate reaction constants, respectively. In bituminous mix-
tures, the viscoelastic parameters of constitutive models are set as
a function of the ageing degree [190]:

J2 x;hð Þ ¼ 1
g1 hð Þxþ g2 hð Þx

E2
2 hð Þ þ g2

2 hð Þx2
ð45Þ

where J2 is the loss compliance, h ageing rate, g1, g2, E2 are param-
eters, x angular frequency.

The performance of bituminous mixtures is well evaluated by
the adhesion and cohesion of bitumen when conditioned by water
[191]. Mixtures show the same maximum tensile strength ranking
with the cohesion ranking of bitumen [182]. In wet conditions, the
maximum tensile strength of mixtures can be a function of the
combined tack factor of bitumen and the pull-off strength of
bitumen-aggregate systems [179]. It has been shown that mixtures
prepared with bitumen with higher moisture absorption present
higher moisture damage rate [85]. Coupled loading-moisture mod-
els have been proposed to model the response of bituminous mix-
ture in wet conditions [192]. The moisture damage of mastic,
mastic-aggregate and aggregate can be developed and integrated
into a mixture damage model through the homogenization method
[193]. Kringos et al. proposed an extra moisture damage parameter
dm included in the Helmholtz free energy function of mixtures to
build the constitutive model for bituminous mixtures conditioned
by moisture. The moisture damage parameter is a function of mois-
ture damage of the mastic and the mastic-aggregate interface. The
mastic-aggregate damage is assumed as a function of moisture
content: [194]

dif
h ¼ 1� exp �aifh

ffiffiffi
h

p� �
ð46Þ

where h is the normalized moisture concentration, aifh is the mois-

ture susceptibility parameter and dif
h is the moisture damage at

interface.
Caro et al. [195] presented a coupled mechanical model of

moisture-induced damage using the cohesive zone modeling tech-
nique, where the mechanical properties of mastic and mastic-
aggregate interface are moisture dependent. Researchers also
developed a three-dimensional elasto-visco-plastic model is used
to predict the combined moisture damage and mechanical loading
consisting of a generalized Maxwell model in series with and an
inelastic component driven by coupled moisture-mechanical dam-
age (Fig. 17) [58].

6. Towards coupling of moisture and ageing in bituminous
materials

6.1. Mutual effects of moisture and ageing in bitumen

Some researchers have proved that a mutual influence exist
between moisture damage and oxidative ageing. There are inter-
molecular interactions between water and bitumen and its
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diffusion process may disturb the colloidal structure of bitumen
similar as in the case of increased temperature. The effect of water
on the ageing process of bitumen strongly depends on the bitumen
type. Gel-type bitumen is more affected than sol-type bitumen
probably due to the higher polar compounds and the interactions
with bitumen [26]. The increase of concentration of the acid group
is higher in the presence of water as well as the asphaltene associ-
ation [63]. Water soluble films can be formed with ageing [21]
since some reaction products are soluble in water, especially the
components containing elements such as oxygen, nitrogen, and
sulfur [176]. When no moisture is present, these elements increase
continuously on the surface of bitumen film with ageing time. In
the presence of moisture, they may increase first and then keep
constant or even decrease as time progresses due to the dissolution
and removal with water flow on the surface [125]. It is shown that
PAV ageing with water can accelerate the ageing process, with the
average stiffness to be 18.1% higher compared with the standard
PAV ageing process. UV light can also accelerate the oxidation pro-
cess, but it can be delayed when at moist conditions [25]. It is also
demonstrated that wet conditions can delay bitumen hardening,
since tests show that the cross-over temperature is lower when
bitumen is aged in wet environment compared with the samples
aged at dry atmosphere [63]. Another research shows the opposite
conclusions, namely that bitumen hardens in the presence of water
and becomes more rigid due to the solution of oxygen in water
[196]. These contradictory observations may be caused by the dif-
ferent experimental conditions, evaluation methods, types of bitu-
men. Therefore, more studies including more bitumen types, well
controlled conditions and evaluations using physico-chemical,
microstructural, and mechanical parameters are required.

Limited studies have focused directly on the impact of ageing
on the moisture diffusion behavior in bitumen. Moisture infiltra-
tion into bitumen weakens the adhesive and cohesive force
[197], while ageing has less impact on adhesive failure, especially
for the aggregates with higher polarity [198]. The change in polar-
ity, beneficial for adhesion, may be counterbalanced by the harden-
ing of bitumen due to ageing. The correlation between ageing and
moisture diffusion into bitumen is still uncertain. The diffusion of
penetrant gas into polymers is correlated to the free volume frac-
tion, the rigidity of molecular chains and the intermolecular forces
[61]. The diffusion coefficient is inversely correlated to
hydrophilicity because of the interaction between water molecules
and polar groups in polymers and bitumen can slow down the dif-
fusion process [136]. Oxidation of bitumen shows obvious increase
of the carbonyl and the sulfoxide groups [164] and hydrophilicity
[199]. From these we can infer that the diffusion coefficient may
be reduced when bitumen is aged. On the other side, agglomera-
tion of water molecules in bitumen may occur as ageing products
can increase the interaction between bitumen and water, which
can damage the structure and impair the mechanical properties.

The interaction between diffusion and reaction of moisture and
oxygen is complicated and there is an absence of unequivocal con-
clusions. One reason is the different evaluation indices and meth-
ods used in the studies. Another reason is that the process is
significantly affected by bitumen composition and the reaction
mechanism. Physical and chemical processes can have a great
impact on the final behavior of bitumen. Many mechanisms are
interdependent, thus they act and affect with each other. These
complex mechanisms and interactions behind ageing and moisture
damage are the main contributors to these ambiguous and contra-
dictory conclusions in recent papers. Moisture damage and ageing
originate from the diffusion and reaction of moisture and oxygen in
bitumen, followed by the microstructural and mechanical
damage. Hence it is of critical importance to study the diffusion
and reaction behavior through effective tests and modeling
methods.



Fig. 17. (a) Schematic of elasto-visco-plastic model with softening due to mechanical-moisture damage. (b) Model response: r is the stress; rY is the yield stress;
e = ed + ev + ee, where e is the total strain, ed is the strain due to damage, ev is the viscous strain and ee is the elastic strain [58].
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6.2. Upscaling of coupled moisture-oxygen performance

The separate diffusion–reaction model of oxidative ageing and
diffusion model of moisture can be applied on pavement perfor-
mance prediction as moisture damage and in-field ageing perfor-
mance. In a generic diffusion and reaction process, the reaction
rate constant, the diffusion coefficient, and the solubility are
related to temperature through the Arrhenius equation. The tem-
perature and other environmental conditions can be obtained from
weather station data or environmental models. The environmental
conditions, mixture structure and air void distribution can be taken
into consideration to develop a 3D pavement performance map. A
comprehensive model simultaneously considering ageing kinetics,
rheological kinetics, mastic thickness and climatic properties is
proposed to predict the long-term pavement performance [200]:

lngaged ¼ lngt¼0 þ al þ bl tps
� 	clh i

� lnAar sð Þ þ Ear sð Þ
RTR

� �
� kl

Eac

Eaf

� �ml

1� e�kaf t
� 	þ kact

� �
ð47Þ

in which kaf ¼ Aaf exp �Eaf =RTa
� 	

, kac ¼ Aacexp �Eac=RTað Þ, al, bl cl, kl
and mlare model coefficients, g is the bitumen viscosity, tps is the
primary structure coating thickness, Aaf and Aacare the fast-rate
and constant-rate pre-exponential factor respectively, Eafand Eacare
the fast-rate and constant-rate aging activation energy respectively,
lnAar sð Þ and Ear sð Þ are pre-exponential factor and rheological activa-
tion energy of short-term aged bitumen respectively.

Individual evaluation and prediction of moisture and oxidative
ageing on pavement performance can lead to opposing conclu-
sions. It is proved that long-term ageing increases the adhesive
strength of bitumen-aggregate interface, while aging and moisture
together decrease the adhesive strength. Moisture shows the dom-
inant impact on the adhesive strength compared with ageing [11].
If the coupled moisture and oxygen effects on mastics, aggregate
and mastic-aggregate interface are modeled respectively, then
pavement performance can be predicted by homogenization
method or numerical simulation when 3Dmixture structure is pro-
vided. Das et al. proposed a possibility to capture the coupled effect
of ageing and moisture damage on mixture performance from
diffusion-controlled ageing model of bitumen and diffusion-
controlled moisture damage of mastic [197]. Nobakht presented
an integrated ageing-moisture prediction method of dynamic
modulus of bituminous mixtures. The master curve of mixtures
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affected by ageing are considered using a kinetic-based ageing
model. The effect of water on dynamic modulus is evaluated by
combining adhesive damage model and cohesive damage model
through a linear map. The coupled ageing-moisture model is the
modification of an ageing model incorporated by an moisture dam-
age factor [201].
7. Conclusion and recommendations

Oxidative ageing and moisture transport in bitumen can signif-
icantly affect pavement durability. Considering moisture and oxy-
gen together and their joint effects on the behavior of bitumen
makes it possible to predict long-time pavement performance. This
paper presents an overview of theories, expressions and applica-
tions regarding the sorption transport and reaction process of
moisture and oxygen in bitumen. Physical, chemical and mechan-
ical properties are discussed to characterize the effect diffusion and
reaction of oxygen and moisture on bituminous materials. Based
on this review, the following conclusions can be drawn:

The dual or triple modes including sorption, diffusion and clus-
tering should be taken into consideration when studying the sorp-
tion and transport of moisture in bitumen. Coupled diffusion–
reaction model of oxygen takes into consideration the oxygen dif-
fusion and reaction concurrently. Published diffusion coefficient of
moisture and oxygen in bitumen shows values of various magni-
tudes. This difference could be attributed to the choice of kinetic
transport models and the systematic errors of different test
methods.

Chemical structure and composition are chief factors in deter-
mining the diffusion and reaction process. Other parameters such
as viscosity, solubility and morphology are dependent on the
microstructure and composition changes caused by the diffusion
and reaction of oxygen and moisture in bitumen. Viscosity as a
basic material property is closely related to the microstructure,
the chemical composition and the mechanical response. Hence, it
can act as an intermediate parameter to connect physicochemical
behavior and mechanical properties.

When moisture and oxygen are present together in bitumen,
their diffusion and reaction behavior could be affected by each
other. This is reflected firstly on their effects on the chemical and
mechanical properties, which in return changes the diffusion and
reaction processes.
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The performance of bituminous mixture is generally dependent
on the properties of mastic, aggregate, mastic-aggregate interac-
tion and void characteristics. The coupled kinetics of moisture
damage and oxidative ageing can be characterized by the evolution
of physico-chemical and mechanical parameters of bitumen. The
coupled oxygen-moisture model of bitumen can then be extended
to mastics. Pavement performance can be predicted through
homogenization model or simulation methods considering mix-
ture structure.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
References

[1] P. Chaturabong, H.U. Bahia, Mechanisms of asphalt mixture rutting in the dry
Hamburg Wheel Tracking test and the potential to be alternative test in
measuring rutting resistance, Constr. Build. Mater. 146 (2017) 175–182.

[2] L. Mo, M. Huurman, S. Wu, A.A.A. Molenaar, Ravelling investigation of porous
asphalt concrete based on fatigue characteristics of bitumen-stone adhesion
and mortar, Mater. Des. 30 (1) (2009) 170–179.

[3] S. Tayfur, H. Ozen, A. Aksoy, Investigation of rutting performance of asphalt
mixtures containing polymer modifiers, Constr. Build. Mater. 21 (2) (2007)
328–337.

[4] Y. Zhang, Z. Leng, Quantification of bituminous mortar ageing and its
application in ravelling evaluation of porous asphalt wearing courses,
Mater. Des. 119 (2017) 1–11.

[5] E. Kassem, E. Masad, R.L. Lytton, R. Bulut, Measurements of the moisture
diffusion coefficient of asphalt mixtures and its relationship to mixture
composition, Int. J. Pavement Eng. 10 (6) (2009) 389–399.

[6] Y. Wen, Y. Wang, Determination of oxygen diffusion coefficients of compacted
asphalt mixtures, Constr. Build. Mater. 160 (2018) 385–398.

[7] E. Kassem, E. Masad, R. Bulut, R.L. Lytton, Measurements of moisture suction
and diffusion-coefficient in hot-mix asphalt and their relationships to
moisture damage, Transport. Res. Record (1) (1970) 45–54.

[8] E. Arambula, S. Caro, E. Masad, Experimental measurement and numerical
simulation of water vapor diffusion through asphalt pavement materials, J.
Mater. Civ. Eng. 22 (2010) 588–598.

[9] M. Ahmad, R.A. Tarefder, A time-dependent vapor flow model of asphalt
concrete, Int. J. Pavement Eng. (2019) 1–6.

[10] R.G. Hicks, Moisture Damage in Asphalt Concrete, Transportation Research
Board, Washington, DC, 1991.

[11] A.R. Copeland, J. Youtcheff, A. Shenoy, Moisture sensitivity of modified
asphalt binders, Transport. Res. Record: J. Transport. Res. Board 1998 (1)
(2007) 18–28.

[12] M. Nobakht, D. Zhang, M.S. Sakhaeifar, R.L. Lytton, Characterization of the
adhesive and cohesive moisture damage for asphalt concrete, Constr. Build.
Mater. (2020).

[13] K.L. Vasconcelos, A. Bhasin, D.N. Little, Measurement of water diffusion in
asphalt binders using Fourier transform infrared-attenuated total reflectance,
Transport. Res. Record (2179) (2010) 29–38.

[14] J.C. Petersen, A review of the fundamentals of asphalt oxidation chemical,
physicochemical, physical property, and durability relationships, Transport
Research Circular Number E-C140 (2009).

[15] R. Tauste, F. Moreno-Navarro, M. Sol-Sánchez, M.C. Rubio-Gámez,
Understanding the bitumen ageing phenomenon: a review, Constr. Build.
Mater. 192 (2018) 593–609.

[16] G.D. Airey, State of the art report on ageing test methods for bituminous
pavement materials, Int. J. Pavement Eng. 4 (3) (2007) 165–176.

[17] P. Apostolidis, X. Liu, C. Kasbergen, T. Scarpas, Synthesis of asphalt binder
aging and the state of the art of antiaging technologies, Transport. Res. Record
(2633) (2017) 147–153.

[18] W. Zeng, S. Wua, J. Wenb, Z. Chen, The temperature effects in aging index of
asphalt during UV aging process, Constr. Build. Mater. 93 (2015) 1125–1131.

[19] R. Jing, Ageing of Bituminous Materials-Experimental and Numerical
Characterization, Delft University of Technology, 2019.

[20] P.R. Herrington, Diffusion and reaction of oxygen in bitumen films, Fuel 94 (1)
(2012) 86–92.

[21] P.K. Das, N. Kringos, R. Balieu, B. Birgisson, On the oxidative ageing
mechanism and its effect on asphalt mixtures morphology, Mater. Struct.
48 (10) (2015) 3113–3127.

[22] Y. Cui, C.J. Glover, J. Braziunas, H. Sivilevicius, Further exploration of the
pavement oxidation model – diffusion-reaction balance in asphalt, Constr.
Build. Mater. 161 (2018) 132–140.

[23] R. Parthasarathy, A. Misra, J. Park, Q. Ye, P. Spencer, Diffusion coefficients of
water and leachables in methacrylate-based crosslinked polymers using
absorption experiments, J. Mater. Sci. – Mater. Med. 23 (5) (2012) 1157–1172.
21
[24] K.L. Vasconcelos, A. Bhasin, D.N. Little, History dependence of water diffusion
in asphalt binders, Int. J. Pavement Eng. 12 (5) (2011) 497–506.

[25] S.-C. Huang, R. Glaser, F. Turner, Impact of water on asphalt aging, Transport.
Res. Record: J. Transport. Res. Board 2293 (1) (2012) 63–72.

[26] K.P. Thomas, Impact of water during the laboratory aging of ssphalt, Road
Mater. Pavement 3 (3) (2011) 299–315.

[27] X. He, D. Hochstein, Q. Ge, A.W. Ali, F. Chen, H. Yin, Accelerated aging of
asphalt by UV photo-oxidation considering moisture and condensation
effects, J. Mater. Civ. Eng. 30 (1) (2018).

[28] Y.A. Alamdary, S. Singh, H. Baaj, Laboratory simulation of the impact of solar
radiation and moisture on long-term age conditioning of asphalt mixes, Road
Mater. Pavement 20 (2019) S521–S532.

[29] A. Sreerama, Z. Lenga, R. Hajjb, A. Bhasinb, Characterization of compatibility
between aged and unaged binders in bituminous mixtures through an
extended HSP model of solubility, Fuel 254 (2019).

[30] S. Caro, E. Masad, A. Bhasin, D.N. Little, Moisture susceptibility of asphalt
mixtures, Part 1: mechanisms, Int. J. Pavement Eng. 9 (2) (2008) 81–98.

[31] Y. Pang, P. Hao, A review of water transport in dense-graded asphalt mixtures,
Constr. Build. Mater. 156 (2017) 1005–1018.

[32] R.B. Bird, W.E. Stewart, E.N. Lightfoot, Transport Phenomena, Wiley, New
York, 2002.

[33] A.D. Mclaren, J.W. Rowen, Sorption of water vapor by proteins and polymers:
a review, J. Polymer Sci. 7 (2/3) (1932) 289–324.

[34] G.K.v.d. Wel, O.C.G. Adan, Moisture in organic coatings – a review, Prog. Org.
Coat. 37 (1–2) (1999) 1–14.

[35] I. Langmuir, Vapor pressures, evaporation, condensation and absorption, J.
Am. Chem. Soc. 54 (7) (1932) 2798–2832.

[36] A.W. Adamson, A.P. Gast, Physical Chemistry of Surfaces, John Wiley & Sons
Inc, New York, 1997.

[37] I. Langmuir, The adsorption of gases on plane surfaces of glass, mic and
platinum, J. Am. Chem. Soc. 40 (9) (1918) 1361–1403.

[38] S. Brunauer, The Adsorption of Gases and Vapors, Princeton University Press,
Princeton, 1945.

[39] C.A. Strydom, Q.P. Campbell, M.L. Roux, S.M.D. Preez, Validation of using a
modified BET model to predict the moisture adsorption behavior of
bituminous coal, Int. J. Coal Prep. Util. 36 (1) (2016) 28–43.

[40] S. Brunauer, P.H. Emmett, E. Teller, Adsorption of gases in multimolecular
layers, J. Am. Chem. Soc. 60 (2) (1938) 309–319.

[41] K.Y. Foo, B.H. Hameed, Insights into the modeling of adsorption isotherm
systems, Chem. Eng. J. 156 (1) (2010) 2–10.

[42] S.R. Etminan, M. Pooladi-Darvish, B.B. Maini, Mass diffusion parameters in
presence of interface resistance in gas bitumen systems, Canadian
Unconventional Resources and International Petroleum Conference, Society
of Petroleum Engineers, 2010.

[43] B.H. Zimm, J.L. Lundberg, Sorption of vapors by high polymers, J. Phys. Chem.
(1956).

[44] G.L. Brown, Clustering of water in polymers, in: S.P. Rowland (Ed.), Water in
Polymers, American Chemical Society 1980, pp. 441–450.

[45] R.J. Pace, A. Datyner, Model of sorption of simple molecules in polymers, J.
Polymer Sci. 18 (1980) 1103–1124.

[46] S.J. Harley, E.A. Glascoe, R.S. Maxwell, Thermodynamic study on dynamic
water vapor sorption in Sylgard-184, J. Phys. Chem. B 116 (48) (2012) 14183–
14190.

[47] C. Pérez-Alonso, C.I. Beristain, C. Lobato-Calleros, M.E. Rodríguez-Huezo,
E.J. Vernon-Carter, Thermodynamic analysis of the sorption isotherms of
pure and blended carbohydrate polymers, J. Food Eng. 77 (4) (2006)
753–760.

[48] A.P. Anderson, K.A. Wright, Permeability and absorption properties of
bituminous coatings, 33(8) (1941) 991–995.

[49] W.Y. Svrcek, A.K. Mehrotra, Gas solubility, viscosity and density
measurements for Athabasca bitumen, J. Can. Petrol Technol. 21 (1982).

[50] T.A. Nguyen, S.M.F. Ali, Effect of nitrogen on the solubility and diffusivity of
carbon dioxide into oil and oil recovery by the immiscible WAG process, J.
Can. Petrol Technol. (1995).

[51] O. Starkova, S. Chandrasekaran, T. Schnoor, E. Sevcenko, K. Schulte,
Anomalous water diffusion in epoxy/carbon nanoparticle composites,
Polym. Degrad. Stabil. 164 (2019) 127–135.

[52] Y.S. Ho, G. Mckay, kinetic models for the sorption of dye from aqueous
solution by wood, Trans. Instit. Chem. Eng. 96 (1998) 183–191.

[53] S. Azizian, Kinetic models of sorption: a theoretical analysis, J. Colloid Interf.
Sci. 276 (1) (2004) 47–52.

[54] J. Crank, G.S. Park, Diffusion in Polymers, Academic Press, London, 1968.
[55] F.A. Long, L.J. Thompson, Diffusion of water vapor in polymers, J. Polymer Sci.

(1955).
[56] C.M. Balik, On the extraction of diffusion coefficients from gravimetric data

for sorption of small molecules by polymer thin films, Macromolecules 29
(1996) 3025–3029.

[57] H.L. Frisch, Sorption and transport in glassy polymers – a review, Polym. Eng.
Sci. 20 (1) (1980) 2–13.

[58] K. Varveri, Moisture Damage Susceptibility of Asphalt Mixtures-Experimental
Characterization and Modelling, Delft University of Technology, 2017.

[59] R.B. Bird, C.F. Curtiss, R.C. Armstrong, O. Hassager, Dynamics of Polymeuic
Liquids, Vol.2, Kinetic Theory, 2nd edition ed., Wiley, New York, 1987.

[60] J.S. Vrentas, J.L. Duda, Diffusion in polymer –- solvent systems. I.
Reexamination of the free-volume theory, J. Polymer Sci.: Polymer Phys.
Edition 15 (3) (1977) 403–416.

http://refhub.elsevier.com/S0950-0618(21)00392-5/h0005
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0005
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0005
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0010
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0010
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0010
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0015
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0015
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0015
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0020
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0020
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0020
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0025
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0025
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0025
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0030
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0030
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0040
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0040
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0040
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0045
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0045
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0050
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0050
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0050
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0055
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0055
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0055
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0060
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0060
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0060
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0075
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0075
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0075
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0080
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0080
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0090
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0090
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0095
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0095
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0095
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0100
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0100
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0105
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0105
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0105
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0110
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0110
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0110
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0115
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0115
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0115
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0120
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0120
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0125
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0125
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0130
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0130
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0135
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0135
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0135
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0140
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0140
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0140
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0145
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0145
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0145
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0150
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0150
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0155
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0155
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0160
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0160
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0160
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0165
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0165
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0170
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0170
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0175
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0175
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0180
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0180
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0180
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0185
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0185
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0190
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0190
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0190
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0195
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0195
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0195
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0200
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0200
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0205
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0205
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0210
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0210
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0210
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0210
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0210
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0215
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0215
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0225
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0225
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0230
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0230
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0230
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0235
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0235
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0235
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0235
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0245
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0245
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0250
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0250
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0250
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0255
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0255
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0255
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0260
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0260
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0265
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0265
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0270
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0270
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0275
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0275
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0280
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0280
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0280
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0285
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0285
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0290
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0290
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0290
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0300
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0300
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0300


L. Ma, A. Varveri, R. Jing et al. Construction and Building Materials 283 (2021) 122632
[61] S.C. George, S. Thomas, Transport phenomena through polymeric systems,
Prog. Polym. Sci. 26 (6) (2001) 985–1017.

[62] L.H. Sperling, Introduction to Physical Polymer Science, Wiley Interscience,
USA, 2006.

[63] W.J. Woo, J.M. Hilbrich, C.J. Glover, Loss of polymer-modified binder
durability with oxidative aging, Transp. Res. Rec. 1998 (1) (2007) 38–46.

[64] F.L. Laksmanaa, P.J.A.H. Kokb, H. Vromans, K.V.d.V. Maarschalka, Predicting
the diffusion coefficient of water vapor through glassy HPMC films at
different environmental conditions using the free volume additivity
approach, Eur. J. Pharm. Sci. 37 (2009) 545–554.

[65] C.A. Lemarchand, T.B. Schrøder, J.C. Dyre, J.S. Hansen, Cooee bitumen:
chemical aging, J. Chem. Phys. 139 (12) (2013).

[66] J.S. Vrentas, J.L. Duda, Diffusion of small molecules in amorphous polymers,
Macromolecules 9 (5) (1976) 785–790.

[67] I. Merdas, F. Thominette, A. Tcharkhtchi, J. Verdu, Factors governing water
absorption by composite matrices, Compos. Sci. Technol. 62 (4) (2002) 487–
492.

[68] L. Li, S. Zhang, Y. Chen, M. Liu, Y. Ding, X. Luo, Water transportation in epoxy
resin, Chem. Mater. 17 (2005) 839–845.

[69] H.N. Sharma, S.J. Harley, Y. Sun, E.A. Glascoe, Dynamic triple-mode sorption
and outgassing in materials, Sci. Rep.-Uk 7 (1) (2017) 2942.

[70] C. Maggana, P. Pissis, Water sorption and diffusion studies in an epoxy resin
system, J. Polym. Sci. Pol. Phys. 37 (11) (1999) 1165–1182.

[71] D.D. Kee, Q. Liu, J. Hinestroza, Viscoelastic (Non-Fickian) diffusion, Can. J.
Chem. Eng. 83 (2005) 919–929.

[72] P. Bonniau, A.R. Bunsell, A comparative study of water absorption theories
applied to glass epoxy composites, J. Compos. Mater. 15 (1981) 272–293.

[73] M.R. Pereira, J. Yarwood, ATR-FTIR spectroscopic studies of the structure and
permeability of sulfonated poly (ether sulfone) membranes part 2- water
diffusion process, J. Chem. Soc., Faraday Trans. 92 (15) (1996) 2731–12143.

[74] Y. Weitsman, A continuum diffusion model for viscoelastic materials, J. Phys.
Chem. 94 (2) (1990) 961–968.

[75] D.T. Hallinan, M.G.D. Angelis, M.G. Baschetti, G.C. Sarti, Y.A. Elabd, Non-
Fickian diffusion of water in nafion, Macromolecules 43 (10) (2010) 4667–
4678.

[76] Y. He, Z. Alavi, J. Harvey, D. Jones, Evaluating diffusion and aging mechanisms
in blending of new and age-hardened binders during mixing and paving,
Transport. Res. Record (2574) (2016) 64-73.

[77] R.R. Glaser, J.F. Schabron, T.F. Turner, J.-P. Planche, S.L. Salmans, J.L. Loveridge,
Low-temperature oxidation kinetics of asphalt binders, Transport. Res.
Record: J. Transport. Res. Board 2370 (1) (2013) 63–68.

[78] R. Jing, L. Diederik, C. Kasbergen, Experimental and computational
investigation of gas diffusion in bitumen, Compendium of Papers of the
Annual Meeting of the Transportation Research Board, Washington DC,
United States, 2017.

[79] R. Periasamy, The measurement of oxygen transport parameters for asphalt/
aggregate and asphalt/glass systems using an electrodynamic balance, Fuel
Sci. Technol. Int. 13 (60) (1995) 699–711.

[80] P.C. Blokker, H.V. Hoorn, Durability of bitumen in theory and practice,
Proceedings of fifth world petroleum congress, New York, USA, 1959.

[81] E.J. Dickinson, Prediction of the hardening of the bitumen in pavement
surfacings by reaction with atmospheric oxygen, Road Mater Pavement 1 (3)
(2000) 255–280.

[82] R. Han, X. Jin, C.J. Glover, Oxygen diffusivity in asphalts and mastics, Petrol
Sci. Technol. 31 (15) (2013) 1563–1573.

[83] W.P.V. Oort, Durability of asphalt, Ind. Eng. Chem. 48 (1956) 1196.
[84] R.R. Glaser, J. Loveridge, F. Turner, J.-P. Planche, Asphalt film aging model,

Technical White Paper-WRI, Western Research Institute Laramie, WY 82072,
2015.

[85] D. Cheng, D.N. Little, R.L. Lytton, Moisture damage evaluation of asphalt
mixtures by considering both moisture diffusion and repeated-load
conditions, Transp. Res. Rec. (2003) 45–48.

[86] T. Nguyen, W.E. Byrd, D. Bentz, J.S. Jr., Development of a technique for in situ
measurement of water at the asphalt/model siliceous aggregate interface,
SHRPID/URF-92-611, Strategic Highway Research Program, Washington, D.C,
1992.

[87] J. Wei, J. Youtcheff, Ongoing Research to Determine Moisture Diffusion
Coefficients of Asphalt Binders, Internal Rep., Federal Highway
Administration, Washington, D.C., 2008.

[88] A.K. Apeagyei, J.R.A. Grenfell, G.D. Airey, Evaluation of moisture sorption and
diffusion characteristics of asphalt mastics using manual and automated
gravimetric sorption techniques, J. Mater. Civ. Eng. 26 (8) (2014).

[89] T.T. Huang, R. Luo, Investigation of effect of temperature on water vapor
diffusing into asphalt mixtures, Constr. Build. Mater. 187 (2018) 1204–1213.

[90] H. Sheikha, M. Pooladi-Darvish, A.K. Mehrotra, Development of graphical
methods for estimating the diffusivity coefficient of gases in bitumen from
pressure-decay data, Energy Fuel 19 (5) (2005) 2041–2049.

[91] A.K. Apeagyei, J.R.A. Grenfell, G.D. Airey, Influence of aggregate absorption
and diffusion properties on moisture damage in asphalt mixtures, Road
Mater. Pavement 16 (2015) 404–422.

[92] Z. Cheng, F. Kong, X. Zhang, Application of the Langmuir-type diffusion model
to study moisture diffusion into asphalt films, Constr. Build. Mater. 268
(2021).

[93] E.M. Davis, Water Sorption and Diffusion in Glassy Polymers, Drexel
University, 2013.
22
[94] E. Gaudichet-Maurin, F. Thominette, J. Verdu, Water sorption characteristics
in moderately hydrophilic polymers, Part 1: Effect of polar groups
concentration and temperature in water sorption in aromatic polysulfones,
J. Appl. Polym. Sci. 109 (5) (2008) 3279–3285.

[95] S.R. Upreti, A.K. Mehrotra, Experimental measurement of gas diffusivity in
bitumen: results for carbon dioxide, Ind. Eng. Chem. Res. 39 (2000) 1080–
1087.

[96] H. Sheikha, A.K. Mehrotra, M. Pooladi-Darvish, An inverse solution
methodology for estimating the diffusion coefficient of gases in Athabasca
bitumen from pressure-decay data, J. Petrol Sci. Eng. 53 (3–4) (2006) 189–
202.

[97] N. Sabet, M. Khalifi, M. Zirrahi, H. Hassanzadeh, J. Abedi, A new analytical
model for estimation of the molecular diffusion coefficient of gaseous
solvents in bitumen – effect of swelling, Fuel 231 (2018) 342–351.

[98] L. Meng, N. Sabet, B. Maini, M.Z. Dong, H. Hassanzadeh, Estimation of
diffusion coefficient of gases in liquids from swelling data – an analytical
model for including the effects of advection and density change, Fuel 252
(2019) 68–76.

[99] R. Karlsson, U. Isacsson, Application of FTIR-ATR to characterization of
bitumen rejuvenator diffusion, J. Mater. Civ. Eng. 15 (2) (2003) 157–165.

[100] L. Philippe, C. Sammonb, S.B. Lyon, J. Yarwoodb, An FTIR/ATR in situ study of
sorption and transport in corrosion protective organic coatings – Paper 2. The
effects of temperature and isotopic dilution, Prog. Org. Coat. 49 (4) (2004)
315–323.

[101] J. Su, Y. Wang, P. Yang, S. Han, N. Han, W. Li, Evaluating and modeling the
Internal diffusion behaviors of microencapsulated rejuvenator in aged
bitumen by FTIR-ATR tests, Materials 9 (11) (2016).

[102] J. Markoš, Mass Transfer in Chemical Engineering Processes, InTech, Croatia,
2011.

[103] S.P. Pilli, K.L. Simmons, J.D. Holbery, V. Shutthanandan, P.B. Stickler, L.V.
Smith, A novel accelerated moisture absorption test and characterization,
Compos Part a-Appl S 40 (9) (2009) 1501–1505.

[104] Y. Wen, J. Bryan, A. Kantzas, Estimation of diffusion coefficients in bitumen
solvent mixtures as derived from low field NMR spectra, J. Can Petrol Technol.
44 (4) (2005) 29–35.

[105] E.L.J. Goossens, A.J.J.v.d. Zanden, H.L.M. Wijen, W.H.v.d. Spoel, The
measurement of the diffusion coefficient of water in paints and polymers
from their swelling by using an interferometric technique, Prog. Org. Coat. 48
(1) (2003) 112–117.

[106] C. Yang, Y. Gu, Diffusion coefficients and oil swelling factors of carbon
dioxide, methane, ethane, propane, and their mixtures in heavy oil, Fluid
Phase Equilibr. 243 (1–2) (2006) 64–73.

[107] X.X. Zhou, Q. Huang, S. Xu, Multi-scale analysis of moisture diffusion and
distribution in different types of asphalt mixtures, Int. J. Pavement Eng.
(2020).

[108] H.N. Xu, J. Zhou, Q.F. Dong, Y.Q. Tan, Characterization of moisture vapor
diffusion in fine aggregate mixtures using Fickian and non-Fickian models,
Mater. Des. 124 (2017) 108–120.

[109] K.L. Vasconcelos, A. Bhasin, D.N. Little, R.L. Lytton, Experimental
measurement of water diffusion through fine aggregate mixtures, J. Mater.
Civ. Eng. 23 (4) (2011) 445–452.

[110] R. Luo, T. Huang, D. Zhang, R.L. Lytton, Water vapor diffusion in asphalt
mixtures under different relative humidity differentials, Constr. Build. Mater.
136 (2017) 126–138.

[111] J.C. Petersen, R. Glaser, Asphalt oxidation mechanisms and the role of
oxidation products on age hardening revisited, Road. Mater. Pavement 12 (4)
(2011) 795–819.

[112] J.C. Petersen, Asphalt oxidation – an overview including a new model for
oxidation proposing that physicochemical factors dominate the oxidation
kinetics, Fuel Sci. Technol. Int. 11 (1) (1993) 57–87.

[113] F. Pahlavan, A.M. Hung, M. Zadshir, S. Hosseinnezhad, E.H. Fini, Alteration of
pi-Electron distribution to induce deagglomeration in oxidized polar
aromatics and asphaltenes in an aged asphalt binder, Acs Sustain. Chem.
Eng. 6 (5) (2018) 6554–6569.

[114] B. Hofko, L. Eberhardsteiner, J. Füssl, H. Grothe, F. Handle, M. Hospodka, D.
Grossegger, S.N. Nahar, A.J.M. Schmets, A. Scarpas, Impact of maltene and
asphaltene fraction on mechanical behavior and microstructure of bitumen,
Mater. Struct. 49 (3) (2015) 829–841.

[115] G.N. King, Oxycyclics: understanding catalyzed oxidation mechanisms in
bitumen and other petroleum products, Fuel Sci. Technol. Int. 11 (1) (1993)
201–238.

[116] C.H. Domke, R.R. Davison, C.J. Glover, Effect of oxygen pressure on asphalt
oxidation kinetics, Ind. Eng. Chem. Res. 39 (2000) 592–598.

[117] X. Jin, R. Han, Y. Cui, C.J. Glover, Fast-rate–constant-rate oxidation kinetics
model for asphalt binders, Ind. Eng. Chem. Res. 50 (23) (2011) 13373–13379.

[118] P.R. Herrington, Oxidation of bitumen in the presence of a constant
concentration of oxygen, Petrol Sci. Technol. 16 (9–10) (1998) 1061–1084.

[119] J.C. Petersen, A dual, sequential mechanism for the oxidation of petroleum
asphalts, Petrol Sci. Technol. 16 (9–10) (1998) 1023–1059.

[120] J.F. Branthaver, J.C. Petersen, R.E. Robertson, J.J. Duvall, S.S. Kim, P.M.
Harnsberger, Binder characterization and evaluation, Vol. 2: Chemistry,
Report: SHRP-A-368, Strategic Highway Research Program, Washington, D.C.,
1993.

[121] J. Knotnerus, Bitumen durability—measurement by oxygen absorption, Ind.
Eng. Chem. Prod. Rd. 11 (4) (1972) 411–422.

http://refhub.elsevier.com/S0950-0618(21)00392-5/h0305
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0305
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0310
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0310
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0310
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0315
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0315
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0320
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0320
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0320
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0320
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0325
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0325
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0325
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0330
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0330
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0335
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0335
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0335
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0340
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0340
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0345
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0345
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0350
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0350
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0355
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0355
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0360
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0360
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0365
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0365
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0365
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0370
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0370
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0375
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0375
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0375
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0385
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0385
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0385
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0395
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0395
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0395
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0405
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0405
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0405
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0410
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0410
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0415
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0425
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0425
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0425
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0435
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0435
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0435
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0435
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0440
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0440
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0440
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0445
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0445
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0450
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0450
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0450
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0455
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0455
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0455
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0460
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0460
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0460
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0465
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0465
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0465
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0470
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0470
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0470
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0470
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0475
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0475
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0475
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0480
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0480
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0480
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0480
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0485
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0485
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0485
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0490
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0490
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0490
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0490
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0495
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0495
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0500
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0500
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0500
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0500
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0505
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0505
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0505
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0510
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0510
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0510
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0515
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0515
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0515
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0520
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0520
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0520
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0525
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0525
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0525
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0525
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0530
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0530
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0530
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0535
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0535
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0535
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0540
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0540
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0540
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0545
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0545
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0545
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0550
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0550
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0550
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0555
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0555
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0555
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0560
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0560
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0560
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0565
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0565
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0565
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0565
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0570
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0570
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0570
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0570
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0575
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0575
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0575
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0580
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0580
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0585
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0585
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0590
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0590
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0595
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0595
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0605
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0605


L. Ma, A. Varveri, R. Jing et al. Construction and Building Materials 283 (2021) 122632
[122] H. Wang, Z. Feng, B. Zhou, J. Yu, A study on photo-thermal coupled aging
kinetics of bitumen, J. Test Eval. 40 (5) (2012) 724–727.

[123] M. Liu, K.M. Lunsford, R.R. Davison, C.J. Glover, J.A. Buliin, The kinetics of
carbonyl formation in asphalt, Aiche J. 42 (1996) 1069–1076.

[124] P.S. Kandhal, S. Chakraborty, Effect of apshalt film thickness on short and long
term aging of asphalt paving mixtures, NCAT Report 96-01 (1996).

[125] I. Menapace, W. Yiming, E. Masad, Chemical analysis of surface and bulk of
asphalt binders aged with accelerated weathering tester and standard aging
methods, Fuel 202 (2017) 366–379.

[126] X. Zhao, S. Wang, Q. Wang, H. Yao, Rheological and structural evolution of SBS
modified asphalts under natural weathering, Fuel 184 (2016) 242–247.

[127] Y. Wang, L. Sun, Y. Qin, Aging mechanism of SBS modified asphalt based on
chemical reaction kinetics, Constr. Build. Mater. 91 (2015) 47–56.

[128] J. Xu, A. Zhang, T. Zhou, X. Cao, Z. Xie, A study on thermal oxidation
mechanism of styrene–butadiene–styrene block copolymer (SBS), Polym.
Degrad. Stabil. 92 (9) (2007) 1682–1691.

[129] M.S. Cortizo, D.O. Larsen, H. Bianchetto, J.L. Alessandrini, Effect of the thermal
degradation of SBS copolymers during the ageing of modified asphalts,
Polym. Degrad. Stabil. 86 (2) (2004) 275–282.

[130] M. Sugano, Y. Iwabuchi, T. Watanabe, J. Kajita, K. Hirano, Relations between
thermal degradations of SBS copolymer and asphalt substrate in polymer
modified asphalt, Clean Technol. Environ. 12 (6) (2010) 653–659.

[131] O. Juna, S. Daquan, Investigation of aging kinetics of SBS modified asphalt
based on rheological properties, Adv. Mater. Res. 287–290 (2011) 1252–
1258.

[132] A.M. Hung, A. Goodwin, E.H. Fini, Effects of water exposure on bitumen
surface microstructure, Constr. Build. Mater. 135 (2017) 682–688.

[133] X. Liu, Z. Zhang, X. Yang, Z. Liu, Influence of asphalt chemical composition on
moisture susceptibility of asphalt mixtures, Petrol Sci. Technol. 36 (16)
(2018) 1258–1264.

[134] M. Ahmad, U.A. Mannan, M.R. Islam, R.A. Tarefder, Chemical and mechanical
changes in asphalt binder due to moisture conditioning, Road Mater.
Pavement 19 (5) (2018) 1216–1229.

[135] N. Prapaitrakul, R. Han, X. Jin, C.J. Glover, A transport model of asphalt binder
oxidation in pavements, Road Mater. Pavement 10 (sup1) (2011) 95–113.

[136] X. Colin, Nonempirical kinetic modeling of non-fickian water absorption
induced by a chemical reaction in epoxy-amine networks, Durab. Comp.
Marine Environ. 2 (245) (2018) 1–18.

[137] L. Audouin, V. Langlois, J. Verdu, J.C.M. Debruijn, Role of oxygen diffusion in
polymer aging – kinetic and mechanical aspects, J. Mater. Sci. 29 (3) (1994)
569–583.

[138] J.E. Yagoubi, G. Lubineau, F. Roger, J. Verdu, A fully coupled diffusion-reaction
scheme for moisture sorption-desorption in an anhydride-cured epoxy resin,
Polymer 53 (24) (2012) 5582–5595.

[139] G. Rajagopalan, C. Narayanan, J.W.G. Jr, S.H. McKnight, Diffusion and reaction
of epoxy and amine in polysulfone-transport modeling and experimental
validation, Polymer 41 (2000) 8543–8556.

[140] M. Le Guern, E. Chailleux, F. Farcas, S. Dreessen, I. Mabille, Physico-chemical
analysis of five hard bitumens: Identification of chemical species and
molecular organization before and after artificial aging, Fuel 89 (11) (2010)
3330–3339.

[141] Y. Qi, F. Wang, S. Liu, Y. Fan, D. Zhou, Investigation and evaluation of
petroleum asphalt aging property on oxygen absorption by inverse gas liquid
chromatography, Petrol Sci. Technol. 18 (3–4) (2000) 449–468.

[142] M.N. Siddiqui, NMR fingerprinting of chemical changes in asphalt fractions
on oxidation, Petrol Sci. Technol. 28 (4) (2010) 401–411.

[143] L. Masaro, X.X. Zhu, Physical models of diffusion for polymer solutions, gels
and solids, Prog. Polym. Sci. 24 (1999) 731–775.

[144] L.W. Corbett, Composition of asphalt based on generic fractionation, using
solvent deasphaltening, elution-adsorption chromatography and densimetric
characterization, Anal. Chem. 41 (1969) 576–579.

[145] E. Lukas, F. Josef, H. Bernhard, H. Florian, H. Markus, B. Ronald, G. Hinrich,
Influence of asphaltene content on mechanical bitumen behavior:
experimental investigation and micromechanical modeling, Mater. Struct.
48 (10) (2015) 3099–3112.

[146] M.N. Siddiqui, M.F. Ali, Studies on the ageing behavior of the Arabian
asphalts, Fuel 78 (1999) 1005–1015.

[147] Z.G. Feng, J.Y. Yu, Y.S. Liang, The relationship between colloidal chemistry and
ageing properties of bitumen, Petrol Sci. Technol. 30 (14) (2012) 1453–1460.

[148] J.L. Creek, Freedom of action in the state of asphaltenes: escape from
conventional wisdom, Energy Fuel 19 (2005) 1212–1224.

[149] D. Lesueur, The colloidal structure of bitumen: consequences on the rheology
and on the mechanisms of bitumen modification, Adv. Colloid Interfac. 145
(1–2) (2009) 42–82.

[150] H. Bernhard, H. Florian, E. Lukas, H. Markus, B. Ronald, F. Josef, G. Hinrich,
Alternative approach toward the aging of asphalt binder, Transport. Res.
Record (2505) (2015) 24–31.

[151] M.U. Hasan, M.N. Siddiqui, M. Arab, NMR used for Saudi crude asphaltenes,
Oil Gas J. 86 (6) (1988) 38–39.

[152] P.G. Redelius, The structure of asphaltenes in bitumen, Road Mater. Pavement
7 (sup1) (2006) 143–162.

[153] P. Redelius, Bitumen solubility model using Hansen solubility parameter,
Energy Fuel 18 (2004) 1087–1092.

[154] J.H. Jou, P.T. Huang, Compatibility effect on moisture diffusion in polyimide
blends, Polymer 33 (6) (1992) 1218–1222.
23
[155] J. Lamontagnea, P. Dumasb, V. Mouilletb, J. Kistera, Comparison by Fourier
transform infrared (FTIR) spectroscopy of different ageing techniques:
application to road bitumens, Fuel 80 (2001) 483–488.

[156] J.C. Petersen, Quantitative method using differential infrared spectrometry
for the determination of compound types absorbing in the carbonyl region in
asphalts, Anal. Chem. 47 (1) (1975) 112–117.

[157] S. Weigel, D. Stephan, Differentiation of bitumen according to the refinery
and ageing state based on FTIR spectroscopy and multivariate analysis
methods, Mater. Struct. 51 (5) (2018).

[158] Y. Liang, R. Wu, J.T. Harvey, D. Jones, M.Z. Alavi, Investigation into the
oxidative aging of asphalt binders, Transp. Res. Rec. 2673 (6) (2019) 368–378.

[159] J.L. Pan, M.I. Hossain, R.A. Tarefder, Temperature and moisture impacts on
asphalt before and after oxidative aging using molecular dynamics
simulations, J. Nanomech. Micr. 7 (4) (2017).

[160] B.G. Pechenyi, O.I. Kuznetso, Formation of equilibrium structures in
bitumens, Chem. Technol. Fuels Oils 26 (1990) 372–376.

[161] C.K.Y. Yiu, N.M. King, M.R.O. Carrilho, S. Sauro, F.A. Rueggeberg, C. Prati, R.M.
Carvalho, D.H. Pashley, F.R. Tay, Effect of resin hydrophilicity and
temperature on water sorption of dental adhesive resins, Biomaterials 27
(9) (2006) 1695–1703.

[162] J.P. Aguiar-Moya, J. Salazar-Delgado, A. García, A. BaldiSevilla, V. Bonilla-
Mora, L.G. Loría-Salazar, Effect of ageing on micromechanical properties of
bitumen by means of atomic force microscopy, Road Mater. Pavement 18
(2017) 203–215.

[163] H. Soenen, L.D. Poulikakos, N. Kringos, J. Besamusca, H.R. Fischer, J.-P.
Planche, P.K. Das, X. Lu, J.R.A. Grenfell, E. Chailleux, Laboratory investigation
of bitumen based on round robin DSC and AFM tests, Mater. Struct. 47 (7)
(2014) 1205–1220.

[164] A. Gamarra, E.A. Ossa, Thermo-oxidative aging of bitumen, Int. J. Pavement
Eng. 19 (7) (2018) 641–650.

[165] L.M. Rebelo, J.S.d. Sousa, A.S. Abreu, M.P.M.A. Baroni, A.E.V. Alencar, S.A.
Soares, J.M. Filho, J.B. Soares, Aging of asphaltic binders investigated with
atomic force microscopy, Fuel 117 (2014) 15–25.

[166] Z. Jelcic, V.O. Bulatovic, K.J. Markovic, V. Rek, Multi-fractal morphology of un-
aged and aged SBS polymer-modified bitumen, Plast. Rubber Compos. 46 (2)
(2017) 77–98.

[167] M. Mazumder, R. Ahmed, A.W. Ali, S.-J. Lee, SEM and ESEM techniques used
for analysis of asphalt binder and mixture: a state of the art review, Constr.
Build. Mater. 186 (2018) 313–329.

[168] K. Stangl, A. Jäger, R. Lackner, Microstructure-based identification of bitumen
performance, Road. Mater. Pavement 7 (sup1) (2011) 111–142.

[169] P. Mikhailenko, H. Kadhim, Y.A. Alamdary, H. Baaj, Observation of Asphalt
Binder Microstructure with ESEM, Conference of the Transportation,
Association of Canada Toronto, 2016.

[170] T.M. Williams, F.P. Miknis, Use of environmental SEM to study asphalt-water
interactions, J. Mater. Civ. Eng. 10 (2) (1998) 121–124.

[171] D. Wang, A.C. Falchetto, L.P. Chiara Riccardi, B. Hofko, L. Porot, M.P. Wistuba,
H. Baaj, P. Mikhailenko, K.H. Moon, Investigation on the combined effect of
aging temperatures and cooling medium on rheological properties of asphalt
binder based on DSR and BBR, Road Mater. Pavement 20 (2019) S409–S433.

[172] Y.H. Ruan, R.R. Davison, C.J. Glover, The effect of long-term oxidation on the
rheological properties of polymer modified asphalts, Fuel 82 (14) (2003)
1763–1773.

[173] Y. Yuan, X.Y. Zhu, L. Chen, Relationship among cohesion, adhesion, and bond
strength: From multi-scale investigation of asphalt-based composites
subjected to laboratory-simulated aging, Mater. Des. 185 (2020).

[174] E. Lukas, F. Josef, H. Bernhard, H. Florian, H. Markus, B. Ronald, G. Hinrich,
Towards a microstructural model of bitumen ageing behaviour, Int. J.
Pavement Eng. 16 (10) (2015) 939–949.

[175] I. Menapace, E. Masad, The influence of moisture on the evolution of the
microstructure of asphalt binders with aging, Road Mater. Pavement 21 (2)
(2018) 331–346.

[176] L. Pang, X. Zhang, S. Wu, Y. Ye, Y. Li, Influence of water solute exposure on the
chemical evolution and rheological properties of asphalt, Materials (Basel) 11
(6) (2018).

[177] N. Kringos, A. Scarpas, H. Azari, Combined experimental and numerical
analysis of moisture infiltration in the modified Lottman test, 2009.

[178] J.Z. Zhang, G.D. Airey, J.R.A. Grenfell, Experimental evaluation of cohesive and
adhesive bond strength and fracture energy of bitumen-aggregate systems,
Mater. Struct. 49 (7) (2016) 2653–2667.

[179] K. Kanitpong, H.U. Bahia, Role of adhesion and thin film tackiness of asphalt
binders in moisture damage of HMA, J. Assoc. Asphalt Paving Technol. 72
(2003) 502–528.

[180] N. Kringos, R. Khedoe, A. Scarpas, A.d. Bondt, A new asphalt concrete moisture
susceptibility test methodology, Transportation Research Board 90th Annual
Meeting, Washington DC, United States, 2011.

[181] R. Moraes, R. Velasquez, H.U. Bahia, Measuring the effect of moisture on
asphalt–aggregate bond with the bitumen bond strength test, Transport. Res.
Record: J. Transport. Res. Board 2209 (1) (2011) 70–81.

[182] D. Cho, H.U. Bahia, N.I. Kamel, Critical evaluation of use of the procedure of
superpave volumetric mixture design for modified binders, Transp. Res. Rec.
2005 (1929) 114–125.

[183] R. Moraes, R. Velasquez, H. Bahia, Using bond strength and surface energy to
estimate moisture resistance of asphalt-aggregate systems, Constr. Build.
Mater. 130 (2017) 156–170.

http://refhub.elsevier.com/S0950-0618(21)00392-5/h0610
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0610
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0615
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0615
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0625
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0625
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0625
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0630
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0630
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0635
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0635
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0640
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0640
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0640
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0645
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0645
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0645
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0650
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0650
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0650
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0655
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0655
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0655
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0660
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0660
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0665
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0665
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0665
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0670
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0670
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0670
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0675
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0675
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0680
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0680
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0680
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0685
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0685
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0685
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0690
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0690
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0690
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0695
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0695
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0695
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0700
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0700
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0700
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0700
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0705
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0705
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0705
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0710
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0710
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0715
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0715
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0720
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0720
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0720
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0725
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0725
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0725
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0725
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0730
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0730
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0735
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0735
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0740
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0740
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0745
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0745
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0745
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0750
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0750
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0750
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0755
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0755
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0760
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0760
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0765
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0765
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0770
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0770
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0775
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0775
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0775
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0780
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0780
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0780
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0785
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0785
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0785
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0790
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0790
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0795
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0795
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0795
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0800
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0800
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0805
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0805
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0805
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0805
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0810
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0810
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0810
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0810
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0815
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0815
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0815
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0815
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0820
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0820
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0825
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0825
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0825
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0830
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0830
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0830
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0835
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0835
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0835
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0840
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0840
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0845
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0845
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0845
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0845
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0850
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0850
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0855
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0855
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0855
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0855
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0860
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0860
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0860
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0865
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0865
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0865
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0870
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0870
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0870
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0875
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0875
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0875
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0880
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0880
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0880
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0890
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0890
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0890
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0895
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0895
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0895
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0905
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0905
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0905
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0910
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0910
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0910
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0915
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0915
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0915


L. Ma, A. Varveri, R. Jing et al. Construction and Building Materials 283 (2021) 122632
[184] D.W. Cho, H.U. Bahia, Effects of aggregate surface and water on rheology of
asphalt films, Transp. Res. Rec. 2007 (1998) 10–17.

[185] P. Redelius, H. Soenen, Relation between bitumen chemistry and
performance, Fuel 140 (2015) 34–43.

[186] K.W. Kim, K. Kim, Y.S. Doh, S.N. Amirkhanian, Estimation of RAP’s binder
viscosity using GPC without binder recovery, J. Mater. Civ. Eng. 18 (4) (2006)
561–567.

[187] D.A. Storm, R.J. Barresi, E.Y. Sheu, Rheological study of Ratawi vacuum
residue in the 298–673 K temperature range, Energy Fuels 9 (1995) 168–176.

[188] S. Weigel, D. Stephan, Modelling of rheological and ageing properties of
bitumen based on its chemical structure, Mater. Struct. 50 (1) (2017).

[189] C. Pichler, R. Lackner, E. Aigner, Generalized self-consistent scheme for
upscaling of viscoelastic properties of highly-filled matrix-inclusion
composites – application in the context of multiscale modeling of
bituminous mixtures, Compos. B Eng. 43 (2) (2012) 457–464.

[190] S. Lv, C. Liu, J. Zheng, Z. You, L. You, Viscoelastic fatigue damage properties of
asphalt mixture with different aging degrees, Ksce J. Civ. Eng. 22 (6) (2018)
2073–2081.

[191] K. Kanitpong, H. Bahia, Relating adhesion and cohesion of asphalts to the
effect of moisture on laboratory performance of asphalt mixtures, Transp.
Res. Rec. 2005 (1901) 33–43.

[192] A. Mehrara, A. Khodaii, A review of state of the art on stripping phenomenon
in asphalt concrete, Constr. Build. Mater. 38 (2013) 423–442.

[193] H. Zhang, K. Anupam, A. Scarpas, C. Kasbergen, Comparison of different
micromechanical models for predicting the effective properties of open
graded mixes, Transp. Res. Rec. 2672 (28) (2018) 404–415.
24
[194] N. Kringos, A. Scarpas, Physical and mechanical moisture susceptibility of
asphaltic mixtures, Int. J. Solids Struct. 45 (9) (2008) 2671–2685.

[195] S. Caro, E. Masad, A. Bhasin, D. Little, Coupled micromechanical model of
moisture-induced damage in asphalt mixtures, J. Mater. Civ. Eng. 22 (4)
(2010) 380–388.

[196] H.N.J. Alfredo, R.Q.H. Alexander, F.G.W. Darío, The influence of water on the
oxidation of asphalt cements, Constr. Build. Mater. 71 (2014) 451–455.

[197] P.K. Das, H. Baaj, N. Kringos, S. Tighe, Coupling of oxidative ageing and
moisture damage in asphalt mixtures, Road Mater. Pavement 16 (sup1)
(2015) 265–279.

[198] J.P. Aguiar-Moya, J. Salazar-Delgado, A. Baldi-Sevilla, F. Leiva-Villacorta, L.
Loria-Salazar, Effect of aging on adhesion properties of asphalt mixtures with
the use of bitumen bond strength and surface energy measurement tests,
Transport. Res. Record (2505) (2015) 57–65.

[199] Z.A.B.A. Masri, A. Alarab, G. Chehab, A. Tehrani-Bagha, Assessing moisture
damage of asphalt-aggregate systems using principles of thermodynamics:
effects of recycled materials and binder aging, J. Mater. Civ. Eng. 31 (9)
(2019).

[200] D. Zhang, B. Birgisson, X. Luo, I. Onifade, A new long-term aging model for
asphalt pavements using morphology-kinetics based approach, Constr. Build.
Mater. 229 (2019).

[201] M. Nobakht, Characterization of Coupled Aging-Moisture Degradation for Hot
Mix Asphalt Concrete, Texas A&M University, 2018.

http://refhub.elsevier.com/S0950-0618(21)00392-5/h0920
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0920
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0925
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0925
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0930
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0930
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0930
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0935
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0935
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0940
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0940
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0945
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0945
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0945
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0945
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0950
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0950
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0950
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0955
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0955
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0955
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0960
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0960
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0965
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0965
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0965
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0970
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0970
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0975
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0975
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0975
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0980
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0980
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0985
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0985
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0985
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0995
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0995
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0995
http://refhub.elsevier.com/S0950-0618(21)00392-5/h0995
http://refhub.elsevier.com/S0950-0618(21)00392-5/h1000
http://refhub.elsevier.com/S0950-0618(21)00392-5/h1000
http://refhub.elsevier.com/S0950-0618(21)00392-5/h1000
http://refhub.elsevier.com/S0950-0618(21)00392-5/h1005
http://refhub.elsevier.com/S0950-0618(21)00392-5/h1005
http://refhub.elsevier.com/S0950-0618(21)00392-5/h1005

	Comprehensive review on the transport and reaction of oxygen �and moisture towards coupled oxidative ageing and moisture damage�of bitumen
	1 Introduction
	2 Transport and sorption models and mechanisms
	2.1 Definition of transport and sorption
	2.2 Sorption equilibrium
	2.2.1 Surface adsorption
	2.2.2 Bulk absorption
	2.2.3 Coupled adsorption and absorption
	2.2.4 Factors affecting sorption

	2.3 Transport kinetics of sorption
	2.3.1 Surface adsorption kinetics
	2.3.2 Bulk diffusion kinetics

	2.4 Transport mechanisms
	2.4.1 Molecular dynamics theory
	2.4.2 Free volume theory

	2.5 Coupled sorption and diffusion
	2.6 Deviation from common theories

	3 Transport and sorption of oxygen and moisture in bitumen
	3.1 Transport of oxygen in bitumen
	3.2 Transport of moisture in bitumen
	3.3 Test methodologies to determine diffusion coefficients in bituminous materials
	3.3.1 Gravimetric method
	3.3.2 Pressure decay method
	3.3.3 Chemical composition method
	3.3.4 Volume change method

	3.4 Upscaling of oxygen and moisture transport

	4 The oxygen- and moisture- reaction in bitumen
	4.1 Oxygen-bitumen reaction
	4.1.1 Mechanism of oxidation
	4.1.2 Kinetics of oxidation
	4.1.3 Oxidative reaction in polymer modified bitumen

	4.2 Reaction of moisture in bitumen
	4.3 Coupled diffusion and reaction process

	5 Moisture and oxygen effects on bitumen properties and their relation to transport processes
	5.1 Physical and chemical properties
	5.1.1 Chemical structure
	5.1.2 Chemical composition
	5.1.3 Viscosity
	5.1.4 Other parameters

	5.2 Morphological properties
	5.2.1 Atomic force microscope
	5.2.2 Scanning electron microscope

	5.3 Mechanical properties
	5.4 Mutual relationship of different parameters
	5.5 Upscaling of the effect of moisture and ageing

	6 Towards coupling of moisture and ageing in bituminous materials
	6.1 Mutual effects of moisture and ageing in bitumen
	6.2 Upscaling of coupled moisture-oxygen performance

	7 Conclusion and recommendations
	Declaration of Competing Interest
	References


