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Abstract In-depth understanding of the synergetic
effect between the various incorporating constituents
in asphalt binders (e.g., polymers, fillers) is needed to
design durable paving materials with desired proper-
ties. In this research, the focus was first on the effect of
the reactivity of fillers on the evolution of adhesive
strength between stone aggregates and epoxy modified
asphalt mastics during the epoxy polymerization.
Uniaxial tensile tests were performed on different
combinations of fillers and binders with and without
the epoxy-based polymer, and at different modifica-
tion levels. Based on the results of the tensile tests, the
increase of the adhesive strength of mastic with
aggregates was generally lower when reactive filler
particles (i.e., hydrated lime) were added than of
epoxy binders with non-reactive filler. In other words,
the non-reactive fillers did not influence the adhesion
process and were thus selected for the next step studies
on aging. The chemo-mechanical changes of epoxy
modified asphalt mastics were analysed after pressure
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aging vessel and oven-conditioning after various aging
times by means of Fourier transform infrared spec-
troscopy and dynamic shear rheometer. Less sulfox-
ides formed and higher modulus levels were measured
with increasing the epoxy polymer in mastics over
oven- and PAV-aging conditions. Due to the pressure
difference, the rate of modulus increases and phase
angle decrease was higher when the materials were
conditioned in PAV than in oven.
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1 Introduction

Asphalt binder, which is a petroleum derivative, is the
most widely used binding material in pavement
structures. With the continuously increasing costs to
maintain high quality infrastructure, the implementa-
tion of new technologies has become top priority for
road agencies all over the world. New or relatively
new materials, such as epoxy-based polymers in
asphalt binders, are attracting the interest of the
international pavement engineering community.

In comparison with the thermoplastic block co-
polymers, epoxy-based polymers are thermosetting
and thus remain at solid state when they are fully
polymerized. The modification of asphalt binders with
epoxy-based polymers is well-recognized, among
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others, because of their high resistance against fracture
[1-7] with various applications on steel deck bridges,
airfields and roadways [8—13]. Nevertheless, a general
lack of knowledge exists about the impact of epoxy-
based polymers on the long-term oxidative aging
performance of asphaltic materials. Moreover, no
research has been done on the influence of different
filler types on the efficiency of epoxy-based polymers
as added agents for long-lasting asphalt pavements.
Different phenomena take place when reactive poly-
mers are incorporated in asphalt and their contribution
to long-term oxidative aging resistance could be
linked with other reactive constituents in asphalt, such
as fillers.

2 Background

Until now, most of the research is focused on the
impact of aging on the chemistry of the asphalt binder
and the chemo-mechanical changes associated with
the aging in binders [14-17]. It is well known that the
complexity of aging increases when polymer modifi-
cation, such as styrene—butadiene—styrene, are incor-
porated in asphalt binders. Moreover, oxidative aging
can cause substantial changes in the chemistry of
interface between asphalt binder and mineral particles.
Therefore, the aging of asphalt mixes is influenced by
the individual constituents and their mutual
interactions.

The chemistry of an asphalt binder changes due to
oxidative aging and thus determines their perfor-
mance. Aging is recognized as a chemically induced
hardening process during the asphalt production (i.e.,
short-term aging) and during the service life of asphalt
pavement structures (i.e., long-term aging). Therefore,
the chemistry of binder is very important for the final
quality. The chemical composition of asphalt primar-
ily depends on its crude oil source and processing, and
it strongly influences the chemical reactivity and
mechanical properties of asphalt binders. Based on
differences in solubility and polarity, asphalt binders
can be separated into four primary chemical classes:
saturates, aromatics, resins, and asphaltenes. During
oxidative aging, a decrease in aromatic content
together with a higher asphaltene content is caused.
In mechanics, oxidative aging is accompanied by
stiffening (i.e., modulus increase) and embrittlement
of the binder, of which the low temperature changes in
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general contribute to the deterioration of asphalt
pavements.

Apart from binders, the binding system between the
mineral particles in asphalt mixes (i.e., asphalt mastic)
includes also very fine particles, named fillers. Reac-
tive (with binder) fillers, such as hydrated lime, are
being used in asphalt mixes for many years, because of
their positive influence on the performance of mastics.
It has been proven that the addition of hydrated lime
improves the resistance against moisture-induced
damage [18, 19] and increases the fracture toughening
in asphalt mixes [20—24]. In addition, extended studies
on the impact of hydrated lime on aging demonstrated
a reduction on the oxidation rate and subsequently
improvement on the aging resistance [25-31]. Studies
demonstrated improvements in aging resistance of
neat binders performing experiments at temperatures
(much) higher than pavement temperatures in the field
(e.g., 100-150 °C) [25-29] or at high pavement
temperatures (e.g., 60 °C) [30, 31].

Several physical and chemical processes govern the
effect of mineral fillers during oxidative aging of
binders and the reactivity of some components on the
surface of fillers possibly are able to catalyse the
oxidation of asphalt [32]. From the chemical point of
view, adsorption of polar asphaltic compounds (i.e.,
asphaltenes) onto mineral particles is much larger than
for other compounds, less polar (i.e., resins) or non-
polar (i.e., aromatics and saturates) [15]. Potentially,
particles with a high surface area adsorb more polar
compounds. Particles with low adsorption of highly
polar fractions exhibit the greatest catalytic effect
during the oxidative aging of asphalt binder, while the
smallest effect is observed for particles with a high
adsorption [22]. A study indicated that during aging
the presence of mineral particles delays the increase of
modulus of binders compared with neat binders for
equivalent age periods [33]. The reduced oxidation
rate may be caused by adsorption of polar functional
groups of binders on the surface of minerals. Even the
fact that the rate and the level of long-term oxidative
aging were equal for binders with lime, lime could be
able to adsorb polar functional groups of asphalt
binders [25, 26].
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3 Motivation and objectives

The inclusion of polymeric structures, such as epoxy-
based polymers, in asphalt mastics increases the
complexity of the long-term oxidative aging studies.
Also, the potential of competitive interaction of epoxy
polymeric structures with reactive fillers, as hydrated
lime, in binder may reduce the interaction between the
two constituents and reduce their potential benefits.
Thus, special attention is given to assessing the
synergetic effect of filler with the polymer on the
bonding strength at the aggregate surface interface. A
lot of research has demonstrated the benefits of fillers
in binders but no studies are available on the influence
of fillers on epoxy binders (EB) yet. This research was
designed to investigate the effect of epoxy on a mastic
with two different filler types. After various oxidative
aging times, mechanical properties and chemical
composition changes of filler-including EBs (EBFs)
as a function of aging time were studied and compared
with control materials. The aging was performed both
in pressure-aging vessel (PAV) and oven.

4 Materials and methods
4.1 Materials preparation

Two commercially available of types of filler passing
through the 0.075-mm sieve were used. Both filler
types were mineral particles, composed of limestone.
The reactive filler, named RF (density: 2.550 g/cm3;
BET specific surface area: 8.51 m?/g), was limestone
(calcium carbonate) with a certain amount of hydrated
lime (calcium hydroxide), approximately 20%. The
non-reactive filler, named NRF (density: 2.767 g/cm®;
BET specific surface area: 13.25 m%/g), was the same
particle as RF but without the hydrated lime, or in

other words NRF was pure limestone. On the basis of a
previous study performed in the same laboratory, it
was shown that dolomite and calcite were the main
minerals in NRF and RF, with the later to show also
high percentages of portlandite [34]. The size distri-
bution of both particles is provided in Table 1.

A 70-100 pengrade binder commonly used in
porous asphalt in the Netherlands was selected. The
epoxy-based polymer, supplied by ChemCo Systems
(California, US), is formulated from two liquid parts;
(1) the part A (epoxy resin formed from epichlorohy-
drin and bisphenol-A) and (2) part B (blend of
petroleum asphalt, heavy naphthenic distillate and
fatty acid extract). The basic properties of individual
parts of epoxy-based polymer are shown in Table 2.

According to the specifications from supplier, part
A and B were oven-heated separately for 1 h, to 85 °C
and 110 °C, respectively. The heated part A and B
were mixed together for approximately 10 to 20 s with
a weight ratio of 20:80, and the epoxy polymer was
produced. Immediately after that, the polymer was
mixed further with the already pre-heated unaged
70-100 pengrade binder at 120 °C with a weight ratio
of 20:80 (EB20), and 50:50 (EB50) of epoxy and neat
binder (EBO), respectively. Filler-including samples
(EBFO, EBF20, EBF50) were prepared by mixing
filler particles with EB binders, produced as described
above, with a 56:44 weight ratio of filler and binder.
Before mixing filler and binders, RF and NRF were
pre-heated in the oven for approximately 60 min at
120 °C. Mixing fillers and binders performed manu-
ally for 5 min to ensure production of homogeneous
mixes without migrated particles at the bottom of can.
All the samples were placed in a refrigerator at
— 10 °C to prevent any undesired (curing/aging)
reaction.

Table 1 Cumulative percentage passing of NRF and RF particles [34]

Particle size [um] 0.5 1 2 3 4 5 10

25 32 40 45 63 75 90 125 150 180

NRF* 0
RF° 0

6.85 20.1 30.1 37.8 444 693 932 956 974 981 995 99.8 100 100 100 100
9.18 269 399 493 56.6 76.8 942 96.5 983 99 100 100 100 100 100 100

*Density: 2.767 glem®; BET specific surface area: 13.25 m%/g
"Density: 2.550 g/em®; BET specific surface area: 8.51 m*/g
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Table 2 Properties of epoxy-based polymer used in the study

Property Value

Epoxy-based component (Part 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)°

Viscosity at 100 °C [cP] 140

Specific gravity at 25 °C 0.99

Boiling point [°C] 288

Flash point, Cleveland open cup [°C] 232

“Bisphenol-A-epichlorohydrin epoxy resin

"Mix of petroleum asphalt, heavy naphthenic distillate and
extract

4.2 Detachment test method

In the past, special attention was given to the influence
of hydrated lime (RF) on the performance of asphalt.
However, the synergetic effect between fillers and
epoxy polymers was never examined. In this research,
the interfacial bond between the mastic (i.e., EBO,
EB20 and EB50 with filler) and the stone surface was
studied by using sandstone as stone and two types of
fillers. Manufactured stone cylinders together with
mastics produce the testing configuration of stone-
mastic columns.

Regarding the manufacturing of stone columns,
cylinders were saw-cut first by using a water-cooled
tile saw with a carbide-tipped blade to the disk-shaped
sandstone slabs (8-mm diameter). After polishing the
top and the bottom surfaces of the cylinders, they were
cleaned with deionised water and dried to remove
impurities and remaining moisture, respectively. In
addition to substrates, mastic at 130 °C was poured on
the one side of substrate, which was preheated at
70 °C. Immediately afterward, another surface at the
same temperature was annealed to the exposed face of
mastic to form a thin film of 0.015-mm thickness. The
operations to form the mastic film between cylinders
and to produce the specimens/stone-mastic columns
were fully controlled in a DSR device.

To evaluate the influence of the filler types on the
stone-mastic adhesive strength and the strength build-
up during the polymerization of epoxy in binder,
specimens were conditioned in the oven at 130 °C for
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Fig. 1 Detachment test; a Teflon mould designed for storing »
stone-mastic column during oven-conditioning and b test
configuration

two time length (1.5 and 3 h). However, to keep the
original geometric characteristics of specimens during
their conditioning at high temperatures, a Teflon
mould was specially designed and manufactured (see
Fig. 1a). In this mould, the specimen could be stored at
high temperatures allowing also the infiltration of
oxygen in them without losing their original geometry.
Finally, specimens were mounted in the DSR to
perform uniaxial monotonic tensile tests (i.e., detach-
ment tests, see Fig. 1b) and to determine the stone-
mastic adhesive strength computed as the ratio of the
peak load divided by the cross-sectional area of the
mastic film between substrates. Three replicate spec-
imens were tested for each conditioning.

4.3 Chemical compositional and rheology
changes

From the previous section, the NRF was selected for
further studies on the aging of epoxy modified asphalt
mastic. To simulate in-field aging of a material with
long-lasting characteristics, as EBFs, which can have
last two or more times longer than a typical asphalt
pavement it is suggested to extend the time periods in
PAYV. For this reason, samples were subjected to PAV-
aging (NEN-EN 14769) for 20, 40 and 80 h. To be full
cured before PAV-aging, the mastics have been
conditioned in an oven for 8 h at 130 °C to ensure
that the epoxy network was crosslinked (reached the
gel point [35]) and to avoid any uncontrolled poly-
merization reaction in PAV due to the high pressure.
For consistency reasons, the unmodified asphalt
mastic samples were oven conditioned with the same
way before PAV aging. Through the oven-condition-
ing of samples prior to accelerated aging PAV method,
no settlement of fillers was noticed, and the samples
could be workable enough, even of high viscosity,
after 8 h at 130 °C. After the completion of oven
conditioning, hot mastics were stirred manually in the
can to ensure the removal bubbles and poured in PAV
pans. Also, oven-aging (3.2-mm sample thickness)
was performed (1-atm aging) 0, 2, 5, 24, 120, 240 and
480 hat 130 °C. After each aging period, the chemical
and mechanical properties were measured as function
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of time through two analytical techniques; Fourier
Transform Infrared (FT-IR) spectroscopy and
Dynamic Shear Rheometer (DSR). Due to the fact
that the oxidation rate of asphalt binder is affected by
the material chemistry, film thickness and temperature
[36], all samples were obtained from the top surface of
conditioned materials to avoid measuring samples of
different aging levels at different depths.

Oxidation aging causes shifting of the rheological
properties (i.e., increase of complex modulus and
reduce of phase angle) of binder and this can
contribute the deterioration of pavement structures.
According to the current state-of-the-art, the mecha-
nistic way of quantifying the effect of aging in asphalt
binders is by frequency sweep measurements using
DSR. With main purpose to investigate the effect of
aging and filler particles, selected from adhesion
studies, on the performance of EB, the frequency-
dependent material properties (i.e., complex shear
modulus and phase angle) were determined after
different aging times. Frequency sweep measurements
(0.1 to 10 Hz) were performed at different tempera-
tures ranging from 0 to 50 °C with temperature steps
of 10 °C. The parallel plate testing geometry (plates of
8-mm diameter with a 2-m sample gap) was used to
evaluate the viscoelastic properties of different
binders after different time periods. The samples of
base binder were tested with the same geometry and
master-curves were produced with the time—temper-
ature superposition model to shift all temperatures to a
reference temperature of 30 °C.

The evolution of chemical compounds due to EB
aging was evaluated with a Perkin—Elmer Spectrum
FT-IR spectrometer equipped with an Attenuated
Total Reflectance (ATR) fixture. The FT-IR spectra
with wavenumber from 4000 to 600 cm™' were
recorded and collected for all the samples. A certain
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 was investigated for each sample
and 20 scans per sub-sample were performed with a
fixed instrument resolution of 4 cm™'. Carbonyl and
sulfoxide compounds, typically used as aging indices
of asphalt binders [15, 16], were calculated by using
the area method. The calculation is performed by
dividing the area under a specific location of spectrum
by the sum of other specific areas. However, carbonyl
groups (i.e., carbonyl acid, carbonyl ether and ester)
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play an important role in the epoxy polymerization in
asphalt as well [3, 6, 37]. EBs contain more carbonyls
and less sulfoxides than unmodified binders and hence
the carbonyls have been excluded from this research.
The effect of fillers on the oxidative aging is evaluated
based on the evolution of sulfoxides over different
aging time periods as in [6]. Sulfoxides are defined as
the integrated peak area from 1047 to 995 cm™".

5 Results and discussion

5.1 Effect of filler type on Stone-Asphalt Binder
Adhesion

Detachment results under uniaxial displacement
(0.006-mm/s displacement rate) at 20 °C after increas-
ing epoxy polymerization time phases are presented in
Fig. 2. In this figure, it is shown that the ability of
EBFO, EBF20 and EBF50 to build-up interfacial
bonding (adhesive strength) with sandstone is similar
for both filler types (i.e., RF and NRF). However,
weakening of interfacial bonding is noticed when RFs
are used for EBF20. With RF, lower adhesive strength
was obtained than with NRF-EB20 (see Fig. 2a). This
is probably cause by the competitive interaction of
epoxy-based polymer and RF. Nevertheless, the effect
of filler reactivity is minimum in EBF50, most
possibly due to the higher amount of epoxy and thus
its dominant role on the stone-mastic bond formation.

The adhesion between binder and minerals devel-
ops mainly because non-uniformly distributed polar
moieties in binder attract oppositely charged polar
compounds on the surface of minerals [38]. In case of
hydrated lime, fillers are added in binder to react
chemically with specific asphaltic functionalities (i.e.,
carboxylic acids) and to form insoluble calcium-based
salts to promote adhesion [39]. However, carboxylic
acids are included in epoxy-based polymer as well and
operate as catalysts for the epoxy polymerization.
Therefore, two competitive chemical reactions take
place from O to 3 h at 130 °C; (a) the epoxy
polymerization in binder and (b) the formation of
hydrogen bonds between carboxylic acids and cal-
cium-based salts. This competition to prevents epoxy
to crosslink in asphalt binder, so the asphaltic film is
softened since the epoxy stays in a liquid state and
weakening of mastic-aggregate adhesion bond occurs.
Large amount of calcium-based salts may be formed
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Fig. 2 Representative tensile force versus displacement curves during detachment testing of: a RF and b NRF filler-including asphalt
binder, after different polymerization times at 130 °C (Tests at 20 °C and 0.006 mm/s displacement rate)

after the reaction of carboxylic acids with hydrate lime
hindering thus the polymerization of epoxy system. In
other words, the carboxylic acids, which are included
in part B of epoxy binder, may also react directly with
the hydrate lime and thus not enough acids are
available to crosslink the epoxy resin (i.e., part A).
Another explanation of the weakening mechanism is
that, free calcium ions from the surface of the hydrated
lime may be dispersed in binder as well contributing
further to bond weakening, due to the fact that the
hydrated lime did not react fully with the available
acidic functionalities. On the other hand, the use of
NRF particles in EB20 resulted in a film layer of
higher adhesive strength than the RF-treated EB20
(see Fig. 3) and a stable strength build-up during
polymerization. The low reactivity of filler particles
allowed the undisrupted epoxy polymerization, when
it is used at lower modification levels, and the
formation of a high strength adhesive layer between
the stone columns.

Additionally, the slightly higher mean value of
strength of NRF-EBO (0.70 MPa) than of NRF-EB20
(0.49 MPa) after 3 h of oven conditioning possibly

occur due to the incomplete curing of epoxy compo-
nent in asphalt. As have been noticed in earlier studies
[35, 40], when the volume of asphalt binder is higher
than that of epoxy, higher energy demands are needed
to initiate the epoxy polymerization reactions, or the
curing requires longer time periods under the same
energy conditions. This can be confirmed by the rate of
strength evolution in NRF-EB50 and RF-EB50 as
well. Regarding the effect of epoxy modification in
asphalt mastic with the NRF particles, the mean value
of adhesion strength of NRF-EB50 (0.87 MPa) was
slightly higher than of NRF-EBO (0.70 MPa), after 3 h
of oven conditioning, but of high standard deviation
errors. Thus, a significant statistical different was
apparent when the adhesion strength of epoxy mod-
ified mastics was assessed with the highest measured
strength of 3 h cured NRF-EB50 to be 1.26 MPa in
comparison with the maximum value of strength of
NRF-EBO (0.78 MPa). Moreover, it should be men-
tioned that hydrated lime is mainly used in asphalt
binder to form hydrophobic insoluble salts, after
reacting with endogenous carboxylic acids in the
binder, which help to increase the material resistance
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Fig. 3 Adhesive strength evolution with stone surface of mastic of a EBO, b EB20 and ¢ EB50 with RF and NRF (at 20 °C and

0.006 mm/s displacement rate)

against oxygen. In this study, by exploring the impact
of filler reactivity in the epoxy polymerization, it was
noticed also that the neat binders with hydrated lime
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had a lower detrimental effect on their debonding
behaviour after oven-conditioning at 130 °C com-
pared with the binders with a non-reactive type of
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filler. This observation is in agreement with previous
studies reporting the benefits of reduced aging rates in
hydrated lime treated asphaltic materials [25, 26].
Nevertheless, the adhesion bonding increased strongly
with the addition of epoxy polymer in the asphalt
binder and based on this result the best performing
filler type (i.e., NRF) with epoxy was selected to be
used for the aging studies of EBFs in the next section.

5.2 Effect of epoxy modification on aging asphalt
mastic

Figure 4a, b show the evolution of sulfoxides as
function of aging time of EBFs after PAV and oven
aging, respectively. In Fig. 4a, the PAV aging perfor-
mance of the materials is shown after 20, 40 and 80 h.
The amount of sulfoxide compounds in EBFs did not
increase dramatically when the PAV-aging was
extended to 40 and 80 h. Further, after oven-aging,

Fig. 4 Relationship of 8.E-02
sulfoxide (S-0O) and time in
aPAV at 100 °C and b oven 7.E-02 4
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Fig. 5 Master curves of
complex modulus and phase
angle of studied materials
after a PAV-aging for
different times and b oven-
aging for different times;
(i) EBFO, (ii) EB2F0, and
(iii) EBF50
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Fig. 5 continued

1,00E+09 - E]I
L
1,00E+08 | EBEQEEHEEEEEE
g B
gaf gul
= 100407 | L L
& - gt
pl gl
2 | oes | gf gl
= 100E+06 - EE !!
b a® § o PAV-20hrs
B 100405 { g B 8 © PAV-40hrs
a
E _ o PAV-80hrs
QO 100E+04 | B
I,ODE*U:]!
1.00E402 |
?.UU:E-US 1.00E-02 1,00E-01 1.00E+00 1.00E+01 1,00E+02 1,00E+03 1,00E+4
10 4 Frequency [Hz]
20 4 e8®
00°° g8
;1 g8 88 8 8 e ® 8 8
'%; 40 o 8 g g e
b ' 8380 g0° © PAV-20hrs
2 s eoggc igi © PAV-40hrs
H gge°’ g&i © PAV.80hrs
2 &0 8 § . ge o2 i °
[ ° o
gée® og88e
0 0 8 e i i l L] e
i 1L
CEEL
% |
100 —
(iii)
(a)
1,00E+09
o
1.00E+08 Iil'iiii
petf
= 100E+07 ' l ! I
~ ! !I 2hrs
z i o
_§1ms.oe HIEE @ Shrs
£ H
5 1006405 .HHIEE! s
? 1EHL &120hrs
| ¥
S 1006404 & E E B B B 240hrs
= 480hrs
1006403 -
1,00E+02
?,EIU_E-{B 1..DDIE-fQ 1.008-01 1.D0E=00 1.00E+01 1.00E+02 1,00E+03 1.00E+04
10 4 Frequency [Hz]
2 |
L]
% s 2208 © 2hrs
7 88 °
= 40 ...EQEEEO © Shrs
® 5 . ; g8 g8 © 24hrs
H ...s‘%éﬁgagi' © 120hrs
£ 8 ggéaaaﬂa Qgﬁ o 240hrs
it
3055595 '!!l!!!
HILL
a0 3
100

niEm



120 Page 12 of 15

Materials and Structures (2020) 53:120

Fig. 5 continued 100E+09 7 ;
[ ]
|I'.' Eii!
1,00E+08 - L
I... E
L}
u® EEEEE
o 1 O0EOT | g” QEE
£ (LT
2 1,006-08 | | B !
3 L] asirs
£ L] gl !!l = 24hrs
.iwua-nsl ﬁﬁ gis
g |l|' = 120hrs
=]
UIDDE-NBHlIH 240hrs
= 480hrs
100E<03 |
1006402 |
o1 y ; ;
T00E-03  100B2  1Q0E-01  100E-00  100E+01  100E=02  100E+03  100E-Dd
104 Frequency [Hz]
20 4 Vo
3 ag © 2hrs
S 87  oshs
o
g & 24hrs
Ll
5 © 120hrs
e © 240hrs
© 480hrs
100
(i)
100E+08 ﬁ
ﬁ i sR®
100E+08 | i gao
] l
100E+07 | _—L iiil' nt
— 1.00E+ .
& l.ll- i i & 2hrs
: jii
- o { B
_§1,nnsoe: BEE’E"EE s
E = 24hrs
zwue-os'll iii
' ﬁﬁi = 120hrs
o
= 1nnE-mE o 240hrs
® 480hrs
1,00E+03 -
1006402 |
0 - ?
100E06 10002 900E01  100E-00  100E«D1  100E+D2  100E-03  100E-D4
10 4 Frequency [Hz] -
20 ]
4 oooo...:.o.. ..i‘
®g00, 9 ®s2e 8.8 © 2hrs
= 3“3.0[.83 Yoo o..;.::... !ole ag
g 2og g§0g00 Coopg28 eee ﬁ @ Shrs
= Nneeg®o, ®00q 20888 8
= Qe B °Bog 000020 .,a @ 24hrs
= 690%,00,8 cs og e g
© 50 %9952:' iaﬁi!!!! !l @ 120hrs
3 $e °889°%0885 o 240hrs
= 0_.8800%0g5g00 e®
® %o o0 g go88 ® 480hrs
%o ®ogeopo® ao s®
.wa'geenns‘
a
®0g0000°
a0 -
100

niEm



Materials and Structures (2020) 53:120

Page 13 of 15 120

sulfoxides of NRF-including asphalt binder (EBFO0)
increased more rapidly than the epoxy modified
materials. Consequently, higher epoxy modification
levels resulted in lower sulfoxides with EBF50
showing the lowest amount of sulfoxide at the same
aging time periods. As noted in [3, 6, 37], the studied
epoxy-based polymer is composed of carbonyls with
low concentration of sulphur compounds. Thus, by
substituting mass of asphalt binder with epoxy, new
blends of higher carbon and lower sulphur type
compounds are formulated (volume additivity theory).
For EBFO, sulfoxide compounds generated after 20 h
PAV-aging were almost equivalent to oven-aging at
130 °C for 480 h (Fig. 4b). However, this is not valid
for EBF20 and EBF50 which did not show identical
sulfoxides after oven and PAV aging. Nevertheless, it
is obvious from these graphs that the reaction rate is
lower but the same tendency can be observed when the
epoxy is added in a mastic. As in [6], it seems that the
sulfoxide content of EB systems can be an effective
way to describe their oxidative aging behavior at
130 °C (temperatures above 100 °C).

The mechanical performance of epoxy-based poly-
mers is time- and temperature-dependent similar as
asphalt binders. When epoxy-based polymers are used
as modifiers in binder, a two-phase system is formed
and it becomes a three-phase material with the
addition of filler particles. The behaviour of three
phase EBFs can be explained only when both
(uncrosslinked) epoxy and binder are considered as a
liquid, of which one of the two serves as the matrix,
and then fillers are a third solid phase.

Comparison of the time-dependent performance of
EB as shown in [6], confirms that the inclusion of
fillers causes a totally different viscoelastic behaviour
between the base and the modified binder. Figure 5a
shows the master-curves of complex modulus and
phase angle of PAV-aged mastics with different epoxy
modification levels over aging time. The influence of
aging on the mechanics of EB mastics is apparent and
the complex modulus increases rapidly with PAV-
aging time. In addition to PAV-aging, results after
increasing oven-aging times are shown in Fig. 5b. In
both PAV- and oven-aging, the modulus tends to
merge together to the same values at higher frequen-
cies with EBF50 stiffer than EBF20 and EBFO at the
same aging conditions. Furthermore, as discussed in
[6], the phase angle was more sensitive to chemical
changes than the modulus of EBs, and the phase angle

master-curves are not as straight forward as the
complex modulus ones. With increasing PAV- and
oven-aging times, the phase angle decreases and thus
EBFs becomes more elastic as shown in Fig. 5a, b
mainly due to the presence of epoxy-based polymer in
the mastic. Overall, by comparing the master-curves
of samples aged with oven and PAV (Fig. 5a versusb),
the rate of change of viscoelastic response (i.e.,
increase of modulus and decrease of phase angle) of
EBFs subjected to PAV was faster than the oven aged
one, mainly due to the influence of pressure in PAV.

6 Conclusions

As mentioned before, this research was designed to
explore the effect of epoxy modification on the aging
resistance of asphalt mastics. Hydrated lime is widely
used as filler/agent to improve the durability of asphalt
binders, so first special emphasis was given on the
synergy between epoxy and hydrated lime in asphalt.
Detachment tests (adhesion between stone and mastic)
were performed during the polymerization phase of
epoxy in mastic showing that the incorporation of
reactive particles in epoxy modified mastics blocks the
crosslinking of the epoxy-based network in binder.
Competitive chemical reactions take place between
the hydrated lime (i.e., RF) and the carboxylic acids,
which normally are added to catalyse the crosslinking
of epoxy polymer. This interaction led to the ineffi-
cient epoxy polymerization, and thus part of it remains
uncured at liquid state. The reaction between these two
components decreased the bonding of mastic with
stone aggregates, and thus, the pure limestone fillers
were selected for the aging studies since they demon-
strated a neutral effect on epoxy polymerization.
Finally, from the aging results, the epoxy modified
mastics have shown very high resistance against
viscous flow, or more elastic response. Less sulfoxides
formed and higher modulus levels were measured with
increasing the epoxy polymer in mastics over oven-
and PAV-aging conditions. Due to the pressure
difference, the rate of modulus increases and phase
angle decrease was higher when the materials were
conditioned in PAV than in oven.
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