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Oxidative aging of epoxy asphalt

Panos Apostolidis a, Xueyan Liua, Sandra Erkens a and Tom Scarpas a,b

aSection of Pavement Engineering, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, the Netherlands; bDepartment
of Civil Infrastructure and Environmental Engineering, Khalifa University of Science and Technology, Abu Dhabi, United Arab Emirates

ABSTRACT

Oxidative aging is responsible for the irreversible asphalt stiffening and embrittlement leading to asphalt
pavements of increased susceptibility to fatigue and thermal cracking. In recent years, various flexible
binders have been introduced in asphalt industry to produce long-life pavements and the epoxy
asphalt binders are among them. Nevertheless, in-depth understanding of the oxidative aging
mechanism of epoxy asphalt binders and binding systems is still needed to enable reliable predictions
of material degradation through service life. In this research, the compositional and rheological
changes of epoxy asphalt, with and without filler, were analysed by means of Fourier Transform
Infrared spectroscopy and Dynamic Shear Rheometer. Especially, kinetics (Arrhenius) parameters of
epoxy asphalt have been determined by tracking the chemical composition changes. Oxidation of
carbon species in epoxy asphalt is compositional dependent, and low values of activation energy
accompany in low values of reaction rate are shown by adding epoxy in asphalt. Furthermore, the
epoxy asphalt mastics (binders with filler) have been subjected to rheological testing to evaluate the
stiffening effect as oxidation proceeds. Increase of modulus over a wide range of frequencies, decrease
of frequency dependency of modulus of epoxy asphalt and shifting of phase angle to lower values are
some important observations noticed as well. Overall, oxidation in epoxy asphalt materials occurs
slowly yielding to oxygen-resistant binders when epoxy compounds are incorporated in asphalt binders.

ARTICLE HISTORY

Received 5 June 2020
Accepted 2 August 2020

KEYWORDS

Asphalt; epoxy; filler;
oxidative aging; kinetics;
rheology; long-life
pavements

Introduction

Nowadays, the whole asphalt industry has been focused on
exploring new binders and modification technologies in an
effort to offer a panoply to pavements against the climate
change and the continuously increasing traffic volumes.
Asphalt binder is a product of petroleum refining process com-
prising in majority of non-polar, high molecular weight hydro-
carbons, and currently it is the most dominant binding material
used in pavements. Nevertheless, most asphalt pavements exhi-
bit shortcomings in terms of durability and together with the
top priority of road administrations to minimise the regular
maintenance and reconstruction operations, super-durable
pavement materials are highly demanding.

In this context, long-life pavements have attracted the inter-
est of road agencies and policy makers all over the world. Pave-
ment structures of enhanced longevity would be expected to
reduce the major repair needs justifying their high initial
costs. New or relatively new binding systems specially
designed to produce super-durable and long-lasting pavement
materials have been proposed. One promising technology is
the epoxy polymers which are able to lower the fracture
sensitivity of asphalt materials (Widyatmoko et al. 2006,
Youtcheff et al. 2006, Herrington and Alabaster 2008, Luo
et al. 2015, Wu et al. 2017, Chen et al. 2020, Apostolidis
et al. 2020a), and it has been utilised successfully as premium
surfacing solution for bridge (Balala 1969, Gaul 1996, Huang
et al. 2003, Lu and Bors 2015), airfield (Burns 1964, Joseph

1965) and roadway pavements (ITF 2017, Zegard et al. 2019,
Dinnen et al. 2020).

In comparison with the thermoplastic block co-polymers,
epoxy polymers are thermosetting materials which cannot be
re-melted once they are fully cured. Particularly, the epoxy resins
are inherently brittle amorphous or (semi)-crystalline polymers
of long sequences of covalently linked monomers, the so-called
macromolecules. The process to formulate a macromolecule
from monomers is named curing. Thermoplastics, which are
composed of linear or branched chains, can melt and dissolve
in suitable solvents under certain energy conditions, thus they
can be processed after curing. Opposite to thermoplastic poly-
mers, during curing of a thermosetting, such as an epoxy binder,
a covalently linked three-dimensional network is formedprevent-
ing melting (Bauer 1979, Pascault and Williams 2010).

In practice, the curing of thermosetting epoxy asphalt
materials is influenced by several factors, such as the added poly-
mer, the temperature, the mixing time in-plant and the time
needed formix transport and compaction on the road. Therefore,
the road contractors could face on high manufacturing risks due
to the uncontrolled temperature-driven irreversible curing of
epoxy asphalt. The relatively slow curing of these binders could
lead to mixtures that may segregate after compaction due to the
low viscosity. Moreover, if the in-plant production and transport
temperature of epoxy asphalt is too high, the material could be
fully cured before paving which will make the material compac-
tion impossible (ITF 2017). As a consequence, it is crucial to
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have full control over the whole production of epoxy asphalt
(Apostolidis et al. 2018, 2019b, 2020b).

Apart from the high manufacturing risks of thermosetting
epoxy asphalt materials, the wider utilisation of this technology
has been prohibited due to the high cost of binders formulated
exclusively by epoxy. To resolve this issue, asphalt binders have
been diluted with epoxy. Within this framework, previous
studies gave special emphasis on assessing the impact of
epoxy on modified materials and the way it affects the overall
mechanical performance at binder (Kang et al. 2010, 2015,
Xiao et al. 2011, Gong et al. 2019, Apostolidis et al. 2019a)
and mixture level (Luo et al. 2015, Wu et al. 2017, Luo et al.
2018, Apostolidis et al. 2020a). Since the use of epoxy binders
is promoted mainly to produce materials of enhanced dura-
bility, the impact of epoxy on the oxidative aging performance
of asphalt was evaluated as well (Herrington and Alabaster
2008, Apostolidis et al. 2019a, 2020c). However, fundamental
understanding of oxidation mechanism of epoxy and epoxy
diluted asphalt binders, collectively called epoxy asphalt bin-
ders, is still needed because of the significantly different nature
of epoxy binders comparing the conventional asphalt binders.

Specifically, oxidation of asphalt binders is result of various
concurrent chemical reactions proceeding over time. Stiffening
and embrittlement of asphalt are the two primary effects of oxi-
dation that determine the material degradation process, named
oxidative aging (Petersen et al. 1993, Petersen, Harnsberger &
Robertson 1996, Petersen & Harnsberger 1998, Petersen 2009).
Quantitative information on the rate of chemical compositional
changes of epoxy asphalt materials as function of time is impor-
tant to predict the oxidative aging through their service life. Until
now, predictions on the long-term performance of epoxy asphalt
materials werewith single-point data sets on time at 130°C (Apos-
tolidis et al. 2019a, 2020c), much higher than the actual pavement
temperatures. Useful lab data with pragmatic implications are
missing to simulate the exact oxidation mechanism of such poly-
meric materials. Thus, kinetics parameters are important to assist
on reliable predictions of the long-term performance of pave-
ments as function of time and temperature.

The principle scope of this research was to assess the com-
positional changes of epoxy asphalt materials due to oxidative
aging. The extent of the oxidation reaction in asphalt binders
is tracked normally by the infrared peaks that represent carbo-
nyls and sulfoxides. In this study, Fourier Transform Infrared
(FTIR) spectroscopy was used to examine the compositional
changes of epoxy asphalt binders with and without filler par-
ticles at different temperatures to determine ultimately the oxi-
dation kinetics parameters. A simple theoretical model to
describe the oxidation also used to estimate the kinetics par-
ameters of oxidative aging epoxy asphalt. Finally, Dynamic
Shear Rheometer (DSR) studies have been performed to assess
the composition dependence on the rheological properties of
epoxy asphalt materials due to oxidative aging.

Materials and methods

Materials and preparation

A 70–100 pengrade asphalt binder was selected for this
research. The epoxy binder, supplied by ChemCo Systems

(California, USA) is formulated from two liquid parts; (i) the
Part A (epoxy resin formed from epichlorohydrin and bisphe-
nol-A) and (ii) Part B (blend of petroleum asphalt, heavy
naphthenic distillate and fatty acid extract). The basic proper-
ties of individual parts of epoxy binder are shown in Table 1.
According to the supplier, Part A and B were oven-heated sep-
arately for 1 h, at 85°C and 110°C, respectively. Afterwards,
Part A and B were mixed together for approximately 10–20 s
and with a weight ratio of 20:80, and the epoxy binder was
produced.

Asphalt binder is always in conjunction with mineral par-
ticles (i.e. filler and aggregates) of different sizes in asphalt
pavements. Filler particles together with a binder form the mas-
tic which is the binding system between aggregates. Fillers may
act as catalyst or inhibitor through the asphalt oxidation pro-
cess, a possibility which needs further investigation. Thus, mas-
tic samples were prepared as well by mixing fillers with the
newly formulated binders. In other words, to assess the influ-
ence of filler on oxidation kinetics of studied materials, the
neat asphalt and epoxy asphalt binder were aged as well.

The filler particles used in this study were pure limestone
particles (main minerals; dolomite and calcite) (density:
2.77 g/cm3; BET specific surface area: 13.25 m2/g) passed
through the 0.075-mm sieve. The weight ratio of filler and bin-
der was 56:44. Four mastic samples of different weight ratio of
epoxy and asphalt binder were prepared (see Table 2). Before
mixing filler and binders, filler particles were pre-heated in
the oven for approximately 60 min at 120°C. Mixing fillers
and binders performed manually for 5 min to ensure pro-
duction of homogeneous mixes without migrated particles at
the bottom of can. All samples were placed in a refrigerator
at −10°C to minimise further curing.

The Superpave age conditioning protocols are not appropri-
ate for evaluating the epoxy asphalt (EA) binders due to their
thermosetting nature (Youtcheff et al. 2006). Therefore, all
samples (3.2-mm sample thickness) were subjected to oven-

Table 1. Properties of epoxy binder (type BIX).

Property Value

Epoxy-based component (Part A)a

Viscosity at 25°C (cP) 11,000–15,000
Specific gravity at 23°C 1.16
Boiling point (°C) >260
Asphalt-based component (Part B)b

Viscosity at 100°C (cP) 140
Specific gravity at 25°C 0.99
Boiling point (°C) 288
Flash point, Cleveland open cup (°C) 232
aBisphenol-A-epichlorohydrin epoxy resin.
bMix of petroleum asphalt, heavy naphthenic distillate and extract.

Table 2. Name and composition of studied materials.

Material Asphalt binder (% wt) Epoxy binder (% wt)

EA0 100 0
EA100 0 100
EAF0 100 0
EAF20 80 20
EAF50 50 50
EAF100 0 100

F denotes the inclusion of filler particles. Weight ratio of filler and EA binder: 56:44.
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conditioning (atmospheric pressure) over 0, 2, 5, 8, 24, 120, 240
and 480 h lengths of time at 80°C, 90°C and 100°C. Due to the
fact that the oxidation rate of asphalt binder is affected by the
material chemistry, film thickness and temperature, samples
were obtained from the top surface of conditioned materials
to avoid measuring samples of different aging levels at different
depths. After each isothermal time period, the chemical com-
position changes were measured as function of time through
FTIR spectroscopy. The epoxy compositional dependence of
viscoelastic properties of mastics was evaluated as well by per-
forming rheological measurements in a DSR.

FTIR spectroscopy

Typically, the asphalt oxidation, and subsequently stiffening, is
distinguished in two phases, a non-linear fast-rate reaction and
a linear constant-rate reaction phase (see Figure 1) (Van Oort
1956, Liu et al. 1996, Jin et al. 2011, Herrington 2012, Glaser
et al. 2013, Liu and Glover 2015, Herrington et al. 2017, Jing
2019). Previous works focused on constant-rate kinetics of
aging asphalt binder as well due to the fact that the duration
of the fast rate period is considered to be relatively short of
small impact on the long-term asphalt performance (Liu
et al. 1996, Domke et al. 1999). The oxidation reactions as ali-
phatic sulphide to sulfoxide and benzylic carbon to carbonyl
compounds have been indicated as the main reaction pathway
of oxidative aging in asphalt that dominates the material stiff-
ening (Petersen et al. 1993, Petersen and Harnsberger 1998).

In this study, the evolution of chemical compounds due to
aging was tracked by FTIR spectroscopy equipped with an
Attenuated Total Reflectance (ATR) fixture. IR spectra with
wavenumber from 4000 to 600 cm−1 were recorded and col-
lected for all the samples as in (Apostolidis et al. 2019a). A cer-
tain amount of material was placed directly on the ATR crystal
pedestal and pressed with a constant force to ensure proper
contact to the surface. A minimum of three sub-samples were
investigated for each sample and 20 scans per sub-sample
were performed with a fixed resolution of 4 cm−1. Typical spec-
tra of functionalities of neat asphalt and EA binder recorded
after oven-conditioning at 100°C for 480 h and shown in

Figure 2(a–c) demonstrate the spectra of filler and mastics,
respectively.

Once Part A is mixed with Part B, the curing reaction of
epoxy occurs in presence of acid-based reaction catalysts/
initiators giving ether and ester compounds, and producing
the epoxy binder (Herrington and Alabaster 2008, Wei and
Zhang 2012, Apostolidis et al. 2019a). Specifically, oxirane
groups (at 917 cm−1) react with the carbonyl acid group (at
1709 cm−1) resulting into ester (at 1735cm−1) and ether (at
1040 cm−1). Hence, loss of carboxylic acid (at 1709 cm−1)
and oxirane (at 917 cm−1) groups, and the corresponding
increase of ester (at 1735 cm−1) and ether (at 1040 cm−1)
groups happens. However, due to the fact that the curing of
EA systems is beyond the scope of this research, the extent of
oxidative aging of studied materials was evaluated by calculat-
ing the carbonyl (CO) and sulfoxide (SO) aging indices by
using the area method. The CO and SO aging indices are
defined as the integrated peak area from 1753 to 1660 cm−1

and from 1047 to 995 cm−1, respectively.

Dynamic shear rheometer

The mechanistic way of quantifying the oxidative aging deterio-
ration in mastics (binder with filler) is by frequency sweep
measurements using a DSR. In this research, the effect of
aging on the performance of the frequency-dependent proper-
ties (i.e. complex modulus and phase angle) of oven-con-
ditioned samples was determined in the DSR. DSR frequency
sweep measurements (0.1–10 Hz, 0–50°C at temperature
steps of 10°C) performed to quantify the oven-aging effect on
mastic. The parallel plate testing geometry (plates of 8-mm
diameter with a 2-m sample gap) was used and the aged
samples (at 100°C) were reshaped to fit between the parallel
plates. The master curves were produced with the time-temp-
erature superposition model to shift all temperatures to 30°C.

Results and discussion

As mentioned earlier, one of the principle objectives of this
study was to determine the oxidation kinetics parameters of
epoxy asphalt and compare them with those of unmodified
materials to quantify the overall aging sensitivity. Another
objective was to assess the changes of modulus and phase
angle of epoxy asphalt materials. Nevertheless, to restrain the
scope of this research and to provide evidence about the
improvement of oxidation resistance with the epoxy incorpor-
ation in asphalt, one base binder was used. Therefore, the cur-
rent results are not generalised in all asphalt binders.

Compositional changes

The content of carbonyl and sulfoxide compounds was calcu-
lated with area method as a function of time at constant temp-
eratures (isothermal oven-conditioning). The evolution of
carbonyl and sulfoxide in asphalt and EA binder over time at
different temperatures is demonstrated in Figure 3. The total
amount of carbonyl and sulfoxide compounds in these binders
did not change dramatically at 80°C, however remarkable
effects of temperature were noticed by increasing the appliedFigure 1. Schematic illustration of typical asphalt oxidation in-service conditions.
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temperature to 100°C. This trend is shown also when filler par-
ticles were added in binders, as shown in Figure 4. These com-
pounds increase as aging proceeds in all binders with and
without filler.

Both Figures 3 and 4 depict a decreasing trend of carbonyl
and sulfoxide compounds of EA materials at the first 24 h of
oven-conditioning at constant temperature, due to the epoxy
curing (Apostolidis et al. 2019a). At 80°C and 90°C, sulfoxides

remain almost unchanged through the aging of asphalt binder
and mastic as well. However, the sulphur reacting species of
studied materials have shown an obvious increasing trend at
100°C (see Figures 3(a) and 4(a)), a phenomenon which
coincides with the increase attribute of sulfoxides in epoxy
asphalt at 130°C, evaluated elsewhere (Apostolidis et al.
2019a, 2020c). Sulfoxide compounds continuously decrease at
80°C and 90°C and through the early conditioning time lengths

Figure 2. IR spectra of (a) asphalt and EA binder, (b) filler and (c) asphalt binder with filler, or asphalt mastic, and EA mastic (after oven-conditioning at 100°C for 480 h).
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at 100°C. Through the later conditioning time lengths, the rate
of sulfoxide of asphalt and epoxy mastics shows an increasing
tendency at 100°C.

Another significant observation is that the actual carbonyl
compounds measured in the infrared spectrum has been sig-
nificantly higher in epoxy binder (EA100) than of the neat
asphalt binder (EA0), as demonstrated in Figure 3(b). Similarly,
high carbonyl values were measured in the epoxy binders with
filler (see Figure 4(b)). As mentioned, the epoxy resins are com-
posed of monomers (i.e. building blocks) with an epoxide
group at either end. Here, the bisphenol A diglycidyl ether
(DGEBA) was used as epoxy monomer, which is included in
Part A. The Part B includes free carboxylic acids able to react
with the epoxide groups of epoxy monomers formulating
new groups of ester and ether during esterification and

etherification reactions. As indicated from the reduction of
sulfoxide and carbonyl groups in Figures 3 and 4, the curing
period was terminated after 24 h of oven-conditioning. Accord-
ing to earlier studies (Herrington and Alabaster 2008, Wei and
Zhang 2012, Apostolidis et al. 2019a), the newly formed three-
dimensional epoxy network is mainly composed of carbonyls.
This was the primary reason why both EA100 and EAF100
demonstrated remarkably higher carbonyl compounds than
of EA0 and EAF0. Nevertheless, carbonyls in asphalt increased
more rapidly than in epoxy systems during aging.

For quantitative reasons, the incremental values of carbonyl
compounds, demonstrated in Figures 3 and 4, were calculated
to estimate the kinetics parameters of oxidation reaction of car-
bon species in studied materials. According to Figure 5, the
extent of carbonyl incremental values (ΔCOi= (COi–CO0)/

Figure 3. Change of (a) sulfoxide and (b) carbonyl compounds of asphalt (top) and EA binder (bottom) over oven-conditioning at 80°C, 90°C and 100°C.
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CO0) of EA binder with (EAF100) and without filler (EA100)
increased, in similar fashion with the carbonyl compounds
(i.e. oxidised carbon species) in asphalt binder. To evaluate
the universal oxidation mechanism of herein studied materials,
the kinetic (Arrhenius) parameters can be determined to mini-
mise the expensive long-term oxidation tests over different
temperatures in the laboratory.

For the oxidation of studied binders with and without filler,
incremental values of carbonyl compounds have been used and

the methodology for estimating the oxidation kinetics par-
ameters is discussed in the following section.

Kinetic parameters of carbonyl compounds formation

The chemical reaction process of carbonyls formation in
asphalt binder is expressed as

∂x

∂t
= k(1− x)n (1)

Figure 4. Change of (a) sulfoxide and (b) carbonyl compounds of asphalt (top) and
EA mastic (bottom) over oven-conditioning at 80°C, 90°C and 100°C.

Figure 5. Incremental values of carbonyl compounds asphalt (top) and EA binder
(bottom), (a) without and (b) with filler particles, over oven-conditioning at 80°C,
90°C and 100°C.

6 P. APOSTOLIDIS ET AL.



where x is the reacted carbon or carbonyl compounds at differ-
ent aging times, k is the reaction rate coefficient and n is the
reaction order number. In Equation (1), it has been assumed
that chemical reaction of carbonyls formation was independent
of oxygen concentration and the changes in the measured car-
bonyl peak area in the spectra were entirely due to oxidation.
Thus, the first-order rate expression of reaction kinetics is as

∂x

∂t
= k(1− x) (2)

and by calculating its integral

ln (1− x) = ln (1− x0)− kt (3)

where t is the aging time and x0 is the initial carbonyl content.
Because the conditioning temperature affects the oxidation

reactions and the transformation rate of carbon to carbonyl
compounds, these effects can be incorporated into the reaction
rate coefficients by using the Arrhenius approach as

ln k =
Ea

RT
+ lnA (4)

where Ea is the activation energy, R is the universal gas con-
stant, T is the absolute temperature and A is the reaction factor.

Based on the data generated by the incremental values of
carbonyls in both asphalt and epoxy materials, Figure 6 plots
the relationship between –ln(k) and 1/T. Table 3 lists the Ea
and A values obtained from Equation (4). From Equations
(4) and (3), the final form of the oxidation kinetic equation
becomes as

ln (1− x) = ln (1− x0)− Ae(Ea/RT)t (5)

The values of kinetics (Arrhenius) parameters (i.e. activation
energy and reaction rate) were fit by utilising the linearisation
of the natural log of the rate constant plotted against 1/RT
and the curve-fitting results are demonstrated in Figure 6.
Based on the relationships given above, Arrhenius parameters
were calculated and provided in Table 3. In Figure 6, the reac-
tion rates of all materials illustrate a reasonable fit to the Arrhe-
nius temperature dependency in isothermal conditions. The
Arrhenius plot of asphalt and epoxy binder and of respective
mastics are shown in Figure 6(a,b), respectively.

The temperature sensitivity of materials is represented by
the values of activation energy. As indicated in previous studies
(Branthaver et al. 1993, Petersen et al. 1996, Petersen and
Harnsberger 1998), the activation energy of carbonyls for-
mation in asphalt binders is generally higher than of sulfoxides.
So, the formation of carbonyl compounds is less temperature
sensitive than of sulfoxides. Hence, the low values of activation
energy of epoxy mastics correspond to more temperature sen-
sitive systems comparing the unmodified materials. Increase of
activation energy of asphalt and epoxy binders with filler was
noticed in Table 3. Thus, decrease of the overall oxidation sen-
sitivity is indicated with the addition of filler at any given temp-
erature, a phenomenon observed elsewhere as well (Petersen
et al. 1987, Moraes and Bahia 2015).

Data in Table 3 show that the increase of epoxy proportion
in asphalt binder, with and without filler, leads to the decrease
of activation energy and reaction rate of carbonyls formation,

and thus to temperature sensitive and oxygen-resistant systems,
respectively. Based on this work performed only with running
isothermal oven-aging tests at multiple temperatures, lower

Table 3. Kinetic parameters of studied materials.

Material K0 (1/h) Ea (KJ/mol)

EA0 2,23E + 07 65,013
EA100 3,15E + 00 19,197
EAF0 7,01E + 16 136,510
EAF20 2,70E + 09 84,189
EAF50 9,74E + 03 42,871
EAF100 7,71E + 02 37,255

Figure 6. –ln(k) versus 1/RT through oven-conditioning for the studied (a) binders
and (b) mastics.
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reaction orders and activation energies are exhibited on
modified mastics of higher epoxy proportions in asphalt.

Rheological changes

The mechanical performance of epoxy asphalt binders is time-
and temperature-dependent similar as asphalt binders. In this
research, the epoxy binder (i.e. BIX type binder) were diluted
in an asphalt binder formulating two-phase systems that stabil-
ised, or toughened, with the addition of filler particles. Dynamic
tests were conducted in DSR to assess the viscoelastic behaviour
of aged epoxy-modified mastics, with filler particles, and at
different epoxy modification levels, oven-aging time periods
at 100°C.

The studied mastics were tested in frequency sweep at differ-
ent temperatures (0°C, 10°C, 20°C, 30°C, 40°C and 50°C) and
their complex modulus and phase angle master curves were
compared using 30°C as the reference temperature. To assess
the effect of aging on material viscoelasticity, it is common
practice to use the complex modulus, as the total resistance
of testing samples to deformation under different frequencies,
and the phase angle, which indicates the viscous performance
of samples. The construction of master curves enables the
evaluation of rheological changes of studied mastics over
time and also on estimating the material properties at con-
ditions beyond the measuring equipment capabilities.

Figure 7 shows the master curves of complex modulus and
phase angle of oven-conditioned samples (i.e. EAF0, EAF20,
EAF50 and EAF100) after 480 h at 100°C. These materials
are already fully cured. EAF20 and EAF50 have shown higher
values of modulus over the analysing frequency range than
the unmodified mastic, or EAF0, indicating the generation of
stiffer materials by substituting asphalt binder with epoxy.
The EA binder with filler, or EAF100, is definitely a material
of high modulus, higher than of EAF0 and EAF20, and slightly
lower than of EAF50, indicating that the latter have shown the
stiffer material among all studied mastics (i.e. all studied
modification levels).

Another observation from the Figure 7 is that EAF100 mas-
tic has shown a low frequency dependency of modulus over the
studied frequency range indicating that this material is more
elastic than of unmodified one. With the proportional

substitution of asphalt binder with epoxy, epoxy mastics have
been produced of similar frequency dependency as of
EAF100, and particularly EAF50 has demonstrated this elastic
behaviour. EAF20 is shown similar shape of complex modulus
and also of phase angle as of EAF0, leading to the conclusion
that the role of asphalt binder in mastic is more dominant in
EAF20. The S-shape of phase angle of both EAF50 and
EAF100 indicates that presence of a strongly crosslinked poly-
meric network and the rubbery characteristics of these
materials at the whole frequency range.

Figure 8 demonstrates the master curves of complex mod-
ulus (part (i) of Figure 8) and phase angle (part (ii) of Figure
8) of EAF20, EAF50 and EAF100 after different time periods
of oven-aging at 100°C. The influence of aging on the viscoe-
lasticity of epoxy mastics is apparent in Figure 8. The complex
modulus increases rapidly with the oven-conditioning time. In
case EAF50 and EAF100, the phase angle at low frequencies is
dropped dramatically from 2 to 5 h of oven-conditioning at
100°C and generating the S-shape phase angle which indicates
the strongly crosslinked polymeric network in asphalt. Over
oven-aging, the phase angle over the whole frequency range
tends to decrease and to shift along lower frequencies. The
elastic crosslinked network which offers the rubbery character-
istics to the system becomes less effective and this region dis-
appears. The decrease of phase angle together with the
increase of modulus, which becomes considerably frequency
independent at all temperatures (frequencies), show the devel-
opment of a rubbery system of high modulus and elasticity at a
very broad temperature range. With increasing oven-age time
periods, the phase angle decreases and thus epoxy mastics with
50% and 100% of EA binder in them becomes more elastic as
shown in Figure 8. EAF20 demonstrates a stiffening process
similar of an unmodified material without indicating any
epoxy polymeric network in it as EBF50 (see Figure 8(b)).
As noticed, the role of epoxy in EAF20 is not dominant and
thus this material still ages and degrades with the typical
way of asphalt materials.

Finally, the compositional dependence of modulus and
phase angle of oxidative aging epoxy asphalt mastics were
studied in an effort to elucidate the relationship of epoxy on
the oxidation extent and stiffening of asphalt. Modulus and
phase angle values at 10 Hz of mastics (i.e. EAF0, EAF20,

Figure 7 Master curves of (a) complex modulus and (b) phase angle of studied materials after oven-conditioning for 480 h at 100°C.
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EAF50 and EAF100) after different oven-aging time periods at
100°C are provided in relationship to the epoxy proportion in
asphalt in Figure 9. From the data provided on modulus evol-
ution on mastics, the modulus increase and phase angle
decrease at 10 Hz appears sufficiently related with the amount
of epoxy in asphalt (EAF0: 0 wt% and EAF100: 100 wt%). This
phenomenon is more apparent at high epoxy proportions in
asphalt. The modulus increase and phase angle decrease with
the increase of oven-conditioning time lengths is more obvious
in case of EAF50 and EAF100. This behaviour may lead to the
conclusion that, apart from the aging degradation of their
asphalt part, the epoxy asphalt mastics are still hardening
after 480 h at 100°C due to the epoxy polymerisation.

Conclusions

To provide insight into the compositional changes due to oxi-
dative aging of epoxy asphalt, the FTIR spectroscopy was used
and the oxidation products were tracked at different tempera-
tures over time. DSR studies have been performed as well to
assess the composition dependence on the rheological proper-
ties of aging mastics. The key findings of this study are as
follows;

. When epoxy asphalt is oxidised isothermally, the carbonyl
and sulfoxide compounds undergo a period of rapid
decrease, which indicates the epoxy curing in asphalt binder.

Figure 8. Master curves of (i) complex modulus and (ii) phase angle of (a) EAF20, (b) EAF50, and (c) EAF100 during oven-conditioning for different times.
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A time period of constant increase rate of these compounds
was observed after curing, manifesting the oxidative aging.
The incremental values of carbonyl compounds of epoxy
asphalt materials were calculated through oxidative aging
to estimate the oxidation kinetics parameters.

. A simple oxidation model was utilised to describe the oxi-
dation of epoxy asphalt materials (binders with and without
filler), and to estimate the kinetics (Arrhenius) parameters.
The oxidation of carbon species of epoxy asphalt materials
was compositional dependent. Lower values of activation
energy accompany in lower values of reaction rate were
exhibited on mastics of high epoxy proportions in asphalt
binder, with and without filler. The low values of activation
energy of epoxy asphalt materials correspond to more temp-
erature sensitive systems comparing the unmodified
materials. Reduction of oxidation sensitivity (i.e. increase
of activation energy and decrease of reaction rate of carbo-
nyls formation) was demonstrated as well with the filler par-
ticles in both pure epoxy and asphalt binders. In the future,
the kinetics parameters can be utilised to predict the material
oxidative aging in pavements as a function of time and cli-
matic conditions of interest.

. The different mastics have been subjected to DSR testing as
well to provide sufficient data to evaluate the stiffening effect
due to oxidation. Increase of modulus over a wide range of
frequencies, decrease of frequency dependency of modulus

and shifting of phase angle to lower values were some
important observations noticed over oven-aging of epoxy
asphalt mastics. The S-shape of phase angle of both highly
modified mastics indicates the presence of a strongly cross-
linked polymer network and the rubbery characteristics of
these materials at the whole frequency range. Finally, mas-
tics with higher proportions of epoxy in asphalt have
shown higher modulus and elasticity over aging times.

To summarise, the oxidative aging of epoxy asphalt mastics
occurs slowly leading to the conclusion that the incorporation
of epoxy compounds in asphalt binders could result in oxygen-
resistant materials. Also, asphalt and epoxy asphalt binders are
becoming of high modulus over aging time. Nevertheless, these
materials are expected to be more brittle after aging, and thus
more prone to fatigue- and thermal-induced cracking. Thus,
the low temperature performance of oxidised epoxy binders
and mastic will be studied in the future to assess their glass
transition behaviour and ultimately their sensitivity to low
temperature fracture.
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