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ABSTRACT. This study aims to improve our understanding of how ageing affects the performance
of asphalt mixtures used in pavements, focusing on two commonly applied binders: conventional
Petroleum Asphalt Cement (PAC 50/70) and Polymer Modified Asphalt (PMA 55/75). Considering
the tropical climate in Brazil, where temperature and moisture both play a crucial role in pavement
durability, four ageing conditions were simulated: no ageing, short-term thermal ageing, long-term
thermal ageing, and long-term thermal ageing combined with moisture exposure. The results indicate
that ageing increases binder stiffness and improves resistance to permanent deformation, especially in
polymer-modified mixtures. However, exposure to moisture reduces this resistance, primarily affecting
mixtures with conventional binders as a result of adhesive failure. Statistical analysis confirms that
there are significant differences in susceptibility to ageing between the two binder types. Overall,
the polymer modification enhances the mixture is resilience against combined thermal and moisture
ageing. These findings highlight the importance of incorporating realistic ageing scenarios and including
moisture effects in laboratory evaluations to better predict the performance of pavements in tropical
regions.
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climate effects.

1. INTRODUCTION

The durability and performance of hot asphalt mix-
tures play a pivotal role in the sustainable and econom-
ically viable development of road infrastructure. Nev-
ertheless, over time, these mixtures undergo a complex
process known as ageing, which results in a gradual
deterioration of the physical, mechanical, and rheo-
logical properties of the asphalt binder [I]. Due to
the organic nature of the asphalt binder, it stands as
the component most vulnerable to the ageing process
within asphalt mixtures [2]. However, other factors,
such as moisture, temperature, pavement thickness,
ultraviolet (UV) radiation, volume of voids in the
asphalt mixture (Vv), and asphalt binder type, also
contribute significantly to the ageing of the asphalt
binder [3H6].

Temperature, coupled with the duration of ther-
mal exposure, has been identified as a pivotal factor
influencing the ageing of asphalt mixtures [7]. The
term “thermal exposure duration” denotes the time
interval during which the asphalt binder is subjected
to varying temperatures, whether it be during the
mixing and compaction process or throughout its op-
erational service life. Thermal exposure, stemming
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from seasonal climatic fluctuations, direct solar irra-
diance, particularly in regions with heightened solar
incidence, as well as the phases of production, trans-
portation, and compaction, collectively contribute to
the accelerated ageing process.

When the asphalt binder is exposed to high tem-
peratures for short periods (during mixing, storage,
transportation, and compaction) and subsequently en-
counters lower temperatures during its service life,
its properties significantly alter. As outlined by
Smith et al. [8], these alterations can have detrimental
effects on shear strength, elasticity, adhesion, cohe-
sion, and the material is ability to withstand repetitive
loading.

During the heat exposure period, the volatile com-
ponents present in the asphalt binder are volatilised,
leading to a reduction in the amount of lighter com-
ponents responsible for the binder is flexibility. This
phenomenon results in increased viscosity and de-
creased binder thickness, resulting in a reduced ability
to adhere to aggregates [9]. One of the primary con-
sequences of thermal ageing in the asphalt binder
is oxidation, which subsequently results in increased
binder stiffness, reduced deformation capacity, and
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an increased susceptibility to cracking and structural
failures [10].

In addition to temperature, the presence of moisture
is a pivotal factor in evaluating asphalt binder ageing.
The presence of water can exert substantial effects on
the physical, chemical, and mechanical properties of
the binder, thereby influencing its long-term and short-
term performance and durability [I1]. In this context,
occurrences such as rainfall, groundwater infiltration,
or even internal condensation (water vapour) within
the asphalt layers can trigger chemical and physical
reactions that alter the molecular structure of the
binder.

The interaction between the moisture and the
binder can cause processes, such as hydrolysis, ox-
idation, leaching, and volumetric expansion. These
processes significantly compromise the strength and
ductility of the material, thereby underscoring the
critical importance of considering moisture as a key
factor in asphalt binder ageing studies [12].

When in contact with moisture, the asphalt binder
may undergo both absorption (the penetration of wa-
ter into the binder is structure) and adsorption (the
accumulation of water on the binder is surface) pro-
cesses. Moisture can also exert adverse effects on
the adhesion between the asphalt binder and aggre-
gates, resulting in a reduction in shear strength and
an increased likelihood of binder detachment from the
aggregate surface. This phenomenon can result in
a loss of cohesion, leading to the formation of voids
and cracks within the asphalt mixture [13].

In this particular scenario, the presence of moisture
can significantly impact the mechanical performance
of the asphalt mixture. The oxidative process insti-
gates binder hardening, fostering a stronger affinity
between the aggregate and water, thereby causing
the detachment of the asphalt binder film. Within
this context, research by Xi, Luo, and Liu [I4] has
explored how this behaviour can contribute to struc-
tural failures, such as fatigue cracks and a diminished
resistance to permanent deformation.

Previous studies conducted by researchers, such as
Izadi et al. [15], Ziari et al. [I6], Wang et al. [17], and
Wang et al. [18], have undertaken comprehensive ex-
aminations of the long-term ageing effects on asphalt
materials. However, it is noteworthy that these studies
did not explicitly evaluate the influence of moisture in
the ageing process. In contrast, other scholars, includ-
ing Yang et al. [19], Rahmani et al. [10], and Radeef
et al. [20], have carried out ageing analyses where
they took the effects of moisture into consideration.
It is important to note that these authors employed
methodologies that subjected the samples to partial
vacuum saturation, in line with the techniques used
to determine retained tensile strength.

Wu et al. [21] introduced the M-SATS device, de-
signed to explore moisture conditions corresponding
to various rainfall intensities. However, it is notewor-
thy that these authors immersed the samples directly

in water, a condition that may not precisely emulate
real-world field conditions. Within this context, the
present study aims to investigate the combined influ-
ence of moisture and ageing on asphalt mixtures using
different binders.

To achieve this goal, a rainfall simulation proto-
col was developed, in which samples were exposed to
water through simulated precipitation events. This
simulation took into account average rainfall typical
of regions characterised by tropical climates such as
Brazil. This innovative approach provided a simula-
tion of real-world conditions during the rainy seasons —
a method of simultaneous analysis that is lacking in as-
phalt durability analyses with regard to temperature
and moisture.

Therefore, gaining a comprehensive understanding
of the influence of these individual variables, as well as
their synergistic effects, stands as a crucial task. This
pursuit not only contributes to the improvement of
asphalt materials but also aids in accurately delineat-
ing the constituent factors inherent to road pavement
construction. Nonetheless, it is clear that existing
techniques require improvement to mitigate inherent
limitations within the simulation processes. The in-
corporation of additional variables, the expansion of
the range of analysed materials, and the development
of a more comprehensive database are essential steps
towards a deeper understanding of the effects of ageing
on asphalt mixtures.

2. EXPERIMENTAL PROGRAMME

This section delineates the procedures, methodologies,
and parameters used for both the collection and anal-
ysis of data pertaining to asphalt materials subjected
to ageing protocols. Figure [1| provides an illustra-
tive flowchart detailing the experimental programme
adopted for this research.

2.1. MATERIALS

In this study, granitic aggregates, composed of coarse
aggregates with sizes of 19 mm and 12.5 mm gravel,
and fine aggregates, composed of granitic stone dust
and sand, were used. Hydrated lime at a content of 2 %
was used as the filling material. Two asphalt binders
commonly used in Brazil were selected for this investi-
gation: petroleum asphalt cement with a penetration
grade of 50/70 (PAC 50/70) and asphalt modified
with styrene-butadiene-styrene (SBS) elastomer poly-
mer with a 3% by weight content of the binder with
a penetration grade of 55/75 (PMA 55/75).

Prior to their incorporation into the hot asphalt
mixtures, these materials underwent a rigorous charac-
terisation process to evaluate their suitability. Table[T]
presents an overview of the tests conducted, their
respective results, and adherence to standard specifi-
cations, all of which were used to ascertain the physical
properties of the aggregates. The characterisation of
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Stone dust
Sand
Filler

Materials
Aggregates Asphalt binder
Gravel 19 mm PAC 50/70
Gravel 12.5 mm PMA 55//75

Characterization of materials

Dosage of asphalt mixtures

No aging

Short-term aging
(i) Asphalt binder (85 min, 163 °C

—RTFO)
(i1) Asphalt mixture (2 hours at
compaction temperature - loose
sample)

Short-term + long-term aging
(i) Asphalt binder (9 days at 95 °C -
film)

(11) Asphalt mixture (9 days at 95
°C - compacted sample)

Short-term aging + long-term +
moisture
(1) Asphalt binder (not applicable)
(ii) Asphalt mixture (500 mm/day
for 8 days - compacted sample)

Rheological Tests Mechanical Tests Chemical analysis
Rotational Viscosity Tensile Strength Fourier Transform Infrared
Performance Grade (PG) Induced Moisture Damage Spectroscopy (FTIR)
Multiple Stress Creep Recovery (MSCR) Resilient Modulus
Linear Amplitude Sweep (LAS) Dynamic Modulus
Flow Number
FIGURE 1. Experimental programme flowchart.
Results
Test Standard Limits Gravel Gravel Sand Stone
19mm 12.5mm dust
Actual specific mass [gem ™3] NA 2.778 2.625 2.661  2.542
Apparent specific mass [gem™3]  ASTM C127 [22] NA 2.735 2.612 2.603  2.430
Absorption [%] <2 0.56 1.06 012 0.75
Shape Index ASTM D4791 [23] > 0.5 0.678 0.665 NA NA
Sand Equivalent [%)] ASTM D2419 [24] > 55 NA NA 75.24  67.38
Abrasion “Los Angeles” [%)] ASTM C131 [25] <55 20.22 21.66 NA NA

NA = Not Applicable.

TABLE 1. Characterisation of aggregates.

the asphalt binders can be found in the results sec-
tion, with a specific focus on the analysis of samples
following the ageing processes.

Based on the data presented in Table|[l] it is evident
that the aggregates possess physical characteristics
that conform to the specified standards, rendering
them suitable as essential components in the asphalt
mixtures. These findings are consistent with prior
investigations [27H33] in the field. The grain size
distribution shows uniform grading for the gravel, and
dense grading for the stone dust and sand (Table .

The granitic aggregates, which are composed of an
acidic plutonic rock, are predominantly made up of
alkaline feldspars and quartz. Typically classified as
acidic, these aggregates typically exhibit a silica con-
tent exceeding 65 % [34]. Acidic rock aggregates are
often associated with adhesion challenges, necessitat-
ing the execution of the DNER 078 [35] adhesion test.
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This test rigorously assesses the adhesion between
the coarse aggregate and the asphalt binder. Results
are considered satisfactory when there is no displace-
ment of the asphalt layer observed within a 72-hour
timeframe. Conversely, results are deemed unsatis-
factory when any total or partial displacement of the
bituminous film is observed.

The evaluation of the film displacement in this test
is of a significant importance, as it directly influences
the resilience of the mixture against the detrimen-
tal effects of moisture. The application of a “dope”
substance serves the purpose of improving the adhe-
siveness by facilitating physical adsorption or chemical
reactions between the binder and the aggregate, cul-
minating in the formation of a robust interface in that
region [36].

Since the asphalt binders did not exhibit satisfac-
tory adhesiveness, a chemical additive known as “dope”
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Sieve opening

Percentage [%)] of material passing
through the sieve (accumulated)

[ma] Gravel 199 mm Gravel 12.5mm Sand Stone dust
25.40 100.00 100.00 100.00 100.00
19.10 95.74 100.00 100.00 100.00
12.70 28.32 99.71 100.00 100.00
9.50 3.58 88.26 100.00 100.00
4.80 0.08 24.99 99.99 99.58
2.00 0.07 0.73 99.27 77.29
0.420 0.07 0.30 63.24 39.27
0.180 0.06 0.24 22.22 24.33
0.074 0.03 0.17 5.70 8.55

TABLE 2. Particle size distribution of grains ASTM D6913-04 [26].

was used to strengthen the interface between the ag-
gregate and the binder, especially considering the high
silica content of the granite aggregates, which char-
acterises them as acidic materials. This additive is
a liquid viscous at room temperature, dark brown in
colour with an ammoniac odour, a flash point above
180°C, and a density of 0.9 gcm™3. It is composed
of active materials such as nonyldiphenylamine (1 %),
aromatic hydrocarbons (50 %), and greasy polyamine
propylene (49 %). Figure [2| provides a visual compari-
son of the adhesiveness of samples with PAC 50/70,
both without dope (Figure and with the addi-
tion of dope (Figure . For mixtures containing
PMA 55/75, no dope was used due to their demon-
strated compliance with the moisture damage test.

The doping process was carried out using a mixer,
adding 0.5 % by mass of dope to the asphalt binder.
For PAC 50/70, the stirring was carried out at 580 rpm
for a duration of 20 minutes, maintaining a tempera-
ture of 140 °C. This specific dope content was selected
to align with its typical commercial usage within the
region.

2.2. METHODS

2.2.1. DENSE ASPHALT MIXTURE DESIGN PROCESS

The design of the hot mix asphalt followed the SU-
PERPAVE methodology, using 100 gyrations to sim-
ulate medium-to-high traffic levels, as required by
ASTM D6925 [37]. A medium-to-high traffic level
(10 < N < 107 Equivalent Single Axle Loads) was
selected as a representative scenario, and the nominal
maximum aggregate size was set at 19.0mm. To meet
the requirements of the SUPERPAVE methodology
and the specifications defined for gradation band C
of DNIT 031 [38], three distinct aggregate gradations
were meticulously designed. These gradations were
classified as “lower curve”, “intermediate curve”, and
“upper curve”, as illustrated in Figure [3] Asphalt
mixtures with PAC 50/70 were produced with the
binder heated at 155°C and the aggregates heated
at 165 °C, with a compaction temperature of 145°C.
Mixtures with PMA 55/75 were prepared with the

(A). Before adding dope.

(B). After adding dope.

FIGURE 2. Asphalt mixture PAC 50/70 before and
after adding dope to the asphalt binder.

binder heated at 170 °C and the aggregates heated at
177°C, and compacted at 160 °C.

Once the three appropriate granulometric compo-
sitions were established, test specimens were metic-
ulously compacted for each curve. An initial binder
content equivalent to 5% of the total weight of the
asphalt mixture was used. The compaction of these
samples was carried out in compliance with the Su-
perpave Rotary Compactor procedure, following the
guidelines laid out in the ASTM D6925 [37] standard.

For each curve, two samples were subjected to three
distinct compactions characterised by varying rotation
numbers: Ninitial, Nprojects a1d Nmaximum- These ro-
tations corresponded to 8, 100, and 160 turns, respec-
tively, and were chosen to align with the recommen-
dations for medium-to-high traffic conditions. The
Nproject (100 turns with a target void content of 4 %)
was specifically used to ascertain the design binder
content. Meanwhile, the Nipjtia1 and Nyaximum rota-
tions played a crucial role in assessing the compaction
characteristics of the asphalt mixture.

Of the curves considered, the “intermediate curve’
demonstrated values that closely adhered to the spec-
ified limits, particularly in terms of achieving a void
content close to 4%. Consequently, this curve was
chosen as the basis for a further analysis. Once the
curve was identified, a comprehensive examination of

i
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Fi1GURE 3. Particle size distribution of the lower, intermediate, and upper curves.

Parameters Results Limits
- Asphalt binder content [%] 4.1 4.6 4.9 5.1 NA
= % Gmm [gem ™3] 9290 95.13 97.76 97.57 NA
3 Air voids percentage [%] 8.15 583 3.90 290 4
O  Voids in mineral aggregate (%] 17.97 16.77 15.22 15.61 > 11
E Voids filled with asphalt [%] 76.65 75.62 74.05 74.73 65to 75
£ ratio 087 084 1.08 105
- Asphalt binder content [%)] 44 4.9 5.2 5.4 NA
g % Gmm [gem ™3] 93.69 94.67 95.93 96.74 NA
'8 Air voids percentage [%] 6.31 518 4.01  3.26 4
O  Voids in mineral aggregate (%] 17.56 17.31 15.14 16.61 > 11
E Voids filled with asphalt [%] 76.60 76.57 74.83 76.12 65 to 75
1 ratio 0.95 094 098 0.99

b

Gmm = Maximum measured densit, NA = Not Applicable.

TABLE 3. Dosing parameters of asphalt mixtures.

various asphalt binder grades was conducted to pin-
point the optimal grade for the two asphalt binders
used in this study.

Table 3] provides a comprehensive overview of the
calculated parameters for the asphalt mixtures using
the two tested asphalt binders across all evaluated
grades. Based on the findings presented in Table[3] the
design grades of the two asphalt binders were deter-
mined, meeting the dosage requirements, maintaining
a void content close to 4 %, and satisfying the criteria
for voids in mineral aggregate (%) and voids filled
with asphalt (%). Consequently, the binder content
was set at 4.9 % for asphalt mixtures using PAC 50/70,
and 5.2 % for PMA 55/75.

2.2.2. AGEING PROTOCOLS

The primary objective of this research is to replicate
the ageing conditions that asphalt materials undergo
during their service life on highways. These ageing fac-
tors encompass a spectrum of environmental stressors,
including exposure to sunlight, temperature fluctua-
tions, moisture, oxidation, and the stresses imposed
by heavy traffic. These cumulative processes have the
potential to induce significant alterations in the rheo-
logical and chemical properties of the asphalt binder,
ultimately influencing its durability and performance.
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1.0

Through the implementation of meticulously con-
trolled ageing protocols in a laboratory setting, it
becomes possible to systematically evaluate the be-
haviour of materials under various ageing scenarios.
This controlled approach enables comparative anal-
yses to be carried out, facilitating the identification
of resilient materials and the pinpointing of poten-
tial issues or vulnerabilities within asphalt mixtures.
Furthermore, it provides a means of assessing the ef-
fectiveness of various additives and modifiers, such as
PMA 55/75, in enhancing the fundamental properties
of the asphalt binder.

2.2.2.1. NO AGEING

(1.) In the asphalt binder: The asphalt binder sam-
ples were collected without undergoing any prior
ageing process, however, it is important to note
that intrinsic ageing may occur as a consequence
of the heating process during the preparation of
the asphalt binder. However, for the specific objec-
tives of this research, these samples were treated as
non-aged specimens.

(2.) In the asphalt mixture: A meticulous heating
process was carried out for the asphalt mixture.
Firstly, the individual components of the asphalt
mixture were heated to reach the required mixing
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temperature. Subsequently, after incorporating the
asphalt binder and thoroughly homogenising it with
the aggregates and filler, the asphalt mixture was
returned to the oven. This step was essential in
order to return the mixture to its intended com-
paction temperature, thus compensating for any
temperature loss during the manual mixing process.
Once the temperature had stabilised at the desired
compaction level (10 to 15 minutes), the compaction
process was initiated immediately.

2.2.2.2. SHORT-TERM AGEING

(1.) In the asphalt binder: The test procedure for
the asphalt binder followed the AASHTO T 240
standard [39], where both binders were subjected to
a controlled temperature of 163 °C for a period of
85 minutes in the Rolling Thin Film Oven (RTFO).

(2.) In the asphalt mixture: The SUPERPAVE
method was employed meticulously. Following the
mixing process as outlined in the preceding step,
a short-term ageing process was included, lasting
for 2 hours at the designated compaction tempera-
ture. Specifically, the compaction temperature was
maintained at 143 °C for PAC 50/70, and at 153 °C
for PMA 55/75. The loose mixtures were placed in
the oven and systematically turned over at hourly
intervals to ensure a uniform ageing process. It is
noteworthy that short-term ageing, as defined in the
NCHRP Report 871 [38], aligns with the principles
outlined in AASHTO R30 [39], which state ageing
for 4 hours at 135°C. However, it is essential to
highlight that this specific procedure was not used
in the context of this research.

2.2.2.3. SHORT-TERM + LONG-TERM AGEING

(1.) Asphalt Binder Long-Term Ageing: The Pressure
Ageing Vessel (PAV) is used to promote the long-
term ageing of asphalt binders. In this procedure,
the sample is subjected to controlled temperature
and pressure conditions, simulating in-service age-
ing equivalent to a period of 7 to 10 years. How-
ever, due to the laboratory limitations — specifically,
the unavailability of the aforementioned equipment
— this research adopted an alternative long-term
accelerated ageing method using a conventional
oven. The long-term ageing methodology for as-
phalt binders followed the protocols outlined in
NCHRP Report 871 [40]. Specific parameters con-
sidered included:

(a) Thermal Exposure Period and Temperature:
To replicate ageing conditions similar to those
encountered in regions such as Campina Grande,
Brazil, a temperature of 95°C was used. This
temperature was selected based on the climate
data from locations such as South Florida or
Hawaii. A long-term ageing duration of 9 days
was chosen to simulate the equivalent of 8 years
of in-service exposure at a depth of 20 mm below
the surface.

(b) Long-Term Ageing Process: A cumulative ther-
mal ageing approach was used, beginning with
short-term ageing (85 minutes at 163 °C), followed
by the long-term ageing phase. The material ob-
tained from the Rolling Thin-Film Oven (RTFO)
test was spread in a container to form an approx-
imately 2mm thick film.

(2.) Asphalt Mixture Long-Term Ageing: Similarly,

for asphalt mixtures, the long-term ageing method-
ology outlined in NCHRP Report 871 [38] was
implemented. The key variables considered were:
Thermal Exposure Period and Temperature — to
simulate the oxidative ageing process in asphalt mix-
tures, a 9-day period at 95°C was used, in line with
the parameters employed for asphalt binder ageing
and following the same climate data-based ratio-
nale Compaction State of the Samples — in
contrast to the approach recommended in NCHRP
Report 871 [38], long-term ageing was applied to
samples in their compacted state (as illustrated in
Figure . This modification allowed for an evalu-
ation of the development of mechanical properties
that is more representative of real-world field con-
ditions. In practice, after undergoing short-term
ageing (typically with loose mixtures), the material
is compacted. This methodology adheres to the
AASHTO R30 [39] standard. There is, however,
considerable debate about the most appropriate
ageing procedure for asphalt mixtures.

2.2.2.4. SHORT-TERM AGEING + LONG-TERM

+ MOISTURE

(1.) In the Asphalt Binder: It is noteworthy that

the specified protocol was not applied exclusively
to standalone asphalt binders. This divergence
arises from the significant effect of moisture on
the adhesion between the binder and the aggre-
gate, particularly on the aggregate skeleton within
the mixtures. Asphalt binders inherently exhibit
hydrophobic properties, effectively repelling water.
However, the presence of moisture within the mix-
ture can instigate the formation of a film around
the aggregates, thereby diminishing the adhesive
bond between the binder and the aggregates.

(2.) The effect of moisture was systematically incor-

porated into the conditioning process of the as-
phalt mixture alongside thermal ageing. In order
to replicate field-like conditions, the samples were
subjected to controlled wetting and drying cycles.
This was achieved using a rain simulator located at
the Hydraulics Laboratory of the Federal Univer-
sity of Campina Grande (UFCG). The simulator
(as shown in Figure featured a water-spraying
system operating at a predefined flow rate with con-
tinuous recirculation ensured by a pumping system.
The rainfall intensity was designed to represent the
equivalent of 8 years of in-service exposure. Accord-
ing to this simulation protocol, one day of exposure
equalled one year of exposure in real conditions in
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(A). Asphalt mixtures in the greenhouse.

e

(B). Applied rain simulator.

TR

—

(¢). Moisture conditioning chamber.

FIGURE 4. Ageing protocol.

Campina Grande, Brazil. This methodology was
based on the approach proposed by Zhang et al. [41],
who employed a water spray system calibrated to
mimic the annual precipitation pattern of the tar-
get location. The rainfall intensity was determined
using historical precipitation data provided by the
Executive Agency for Water Management of the
State of Paraiba (AESA), considering the average
annual rainfall recorded across multiple monitoring
stations in Campina Grande over the previous eight
years. The resulting annual average rainfall was
calculated as 500 mm, yielding a cumulative sim-
ulation target of 4000 mm over the full exposure
period. To realistically reproduce the intermittent
wetting observed under field conditions, the wetting-
drying cycles were carefully designed. Each cycle
consisted of 5 hours of water application at a rain-
fall intensity of 100 mmh~*, followed by 19 hours
of air drying, as illustrated in Figure Water
application was precisely calibrated to maintain
a consistent and uniform flow. Various flow rates
were tested, and the corresponding water volumes
were measured using designated beakers. A final
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flow rate of 8 Lmin~! was selected to accurately

simulate the target rainfall intensity of 100 mmh—!.

2.3. EXPERIMENTAL TESTS

This section outlines the rigorous testing procedures
that were carried out to compile a comprehensive
dataset on the rheological, chemical, and mechani-
cal properties of the asphalt materials following the
exposure to the prescribed ageing protocols. Further-
more, a systematic suite of statistical analyses was
conducted to discern the significance inherent in the
amassed data.

2.3.1. RHEOLOGICAL EVALUATION

The investigation involved a comprehensive suite of
rheological tests specifically designed to evaluate the
effects of thermal ageing on asphalt binders. The rheo-
logical parameters of both PAC 50/70 and PMA 55/75
asphalt binders — evaluated at three distinct ageing
levels (unaged, short-term aged, and long-term aged)
— were rigorously determined at the Pavement Engi-
neering Laboratory (LEP) of the Federal University
of Campina Grande (UFCG). To conduct these assess-
ments, state-of-the-art equipment was used, including
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the Discovery Hybrid Rheometer (DHR-1) from the
DSR series. In addition, a rotational viscometer avail-
able in the same laboratory was used to measure the
rotational viscosity. The tests performed included the
following:

(1.) Rotational Viscosity (ASTM D4402 [40]): The
viscosity examination involved the placing a spindle
with standardised grooves into a container contain-
ing 8 grams of the binder. Torque was applied
through a connected rod, and the binder was sub-
jected to temperatures of 135 °C, 150 °C, and 177 °C,
accompanied by rotations at 20, 50, and 100 rpm,
respectively. The Brookfield DV-IIT ULTRA vis-
cometer, coupled with a temperature controller, was
instrumental in executing this test. The test yielded
the “Viscosity Ageing Index” (VAI) (Equation (),
which quantified the percentage increase in viscosity
attributable to oxidation [42]:

viscosity (aged) — viscosity(not aged)

VAI = (1)

viscosity(not aged)
(2.) Performance Grade (PG) (ASTM D6373 [41]):
The PG assessment explored the parameter %
across a spectrum of temperatures, starting from
46 °C and ascending in 6 °C increments. Minimum
thresholds were established for both unaged binders
(1.00kPa) and binders subjected to Rolling Thin-
Film Oven (RTFO) simulation (2.20kPa). The test
ended when these predetermined limits for %
were met. Samples with a diameter of 25 mm and
a thickness of 1 mm were used. The ageing index
(AI) (Equation (2)) was subsequently calculated
to investigate the binder behaviour pre- and post-
ageing stages [43]:

o
Al = sz‘rﬂﬂ.
(not aged)

sino
(3.) Multiple Stress Creep and Recovery (MSCR)
(ASTM D7405 [44]): Samples with a diameter of
25 mm and a thickness of 1 mm underwent testing
at 64°C. This test procedure involved 10 cycles,
alternating between low stress (100 Pa) and high
stress (3200Pa). The parameters elastic recovery
(%R), non-recoverable compliance (Jur), and sensi-
tivity to strain levels (Jnr diff) were meticulously
deduced from the strain-time curves.

(4.) Linear Amplitude Sweep (LAS) (AASHTO T
391 [45]): The analysis was based on the Viscoelastic
Continuum Damage (VECD) theory and conducted
through loading cycles with progressively increasing
strain at a constant frequency. The asphalt binder
samples had a diameter of 8 mm and a thickness of
2mm. The LAS test was divided into two stages:

(2)

(a) Frequency sweep, performed at 19°C under
a controlled strain of 0.1 %, covering frequencies
from 0.2 to 30 Hz to determine rheological prop-
erties;

(b) amplitude sweep, conducted at 10 Hz with in-
creasing strain levels up to 30 %, to quantify ma-
terial damage.

Shear stress, phase angle, and complex modulus
were recorded every 10 cycles. Although the LAS
test is typically performed after short-term ageing,
in this study, both the LAS and MSCR tests were
conducted on unaged samples in order to isolate
the thermal effects under different loading condi-
tions.

2.3.2. CHEMICAL ANALYSIS

Fourier Transform Infrared Spectroscopy (FTIR)
(ASTM E1252 [46]): The FTIR analysis was system-
atically conducted to investigate the complex chemi-
cal changes induced by oxidation resulting from the
thermal ageing and exposure to moisture. This ad-
vanced technique allows for a detailed examination of
the chemical bonds and functional groups within the
sample molecules, with particular focus on organic
compounds, through the identification of character-
istic vibrational peaks. In this study, the FTIR was
used to evaluate oxidation levels in asphalt binders
and to qualitatively or semi-quantitatively detect the
presence of organic additives.

The analyses were performed at the Multifunctional
Materials and Nanocomposites Laboratory (LAM-
MEN) at the Federal University of Rio Grande do
Norte (UFRN). A Bruker Vertex 70 spectrometer
equipped with an Attenuated Total Reflectance (ATR)
accessory was used to collect spectra over the range of
4500 to 500 cm~!. Asphalt binder samples at different
ageing stages (unaged, short-term aged, and long-term
aged) were exclusively analysed using FTIR. For ox-
idation assessment of the asphalt mixture, samples
were obtained by carefully scraping the surface of the
compacted mixture. The binder was not extracted
from these specimens; therefore, the collected material
may include fine mineral particles and filler adhered
to the asphalt film. This approach was intentionally
adopted to preserve the binder-aggregate interface
and to evaluate the oxidation phenomena under con-
ditions closer to those occurring in the actual mixture
microstructure.

2.3.3. MECHANICAL PERFORMANCE

In this study, the void volume of the asphalt mixtures
was set at 4 + 0.5 %, except for the samples for the
Lottman, Flow Number, and dynamic modulus tests.
In these tests, the mixtures were compacted to void
volumes of 7%, 7%, and 5.5 %, respectively. The tests
performed were:

(1.) Indirect Tensile Strength: The tensile strength
assessment via diametral compression, specifically
tailored for asphalt mixtures, aligns with the
DNIT 136 [47] standard. In this evaluation, metal-
lic friezes are harnessed to apply opposing forces
to cylindrical specimens, eliciting uniform tensile
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stresses perpendicular to the diameter. The Shi-
madzu Universal Testing Machine (UTM) testing
apparatus was used.

(2.) Lottman: In accordance with the DNIT 180 [4§]
method, the Lottman evaluation examines the mi-
gration of asphalt binder within asphalt mixtures
under the influence of water during freeze-thaw cy-
cles. Each mixture group featured six meticulously
prepared specimens, with one group subjected to
conditioning through freeze and thaw cycles, while
the other group remained unconditioned. Notably,
the standard mandates a void volume criterion of
74 0.5% for the specimens in this test. To achieve
the stipulated void volume, compaction was exe-
cuted using a reduced 30 turns instead of the orig-
inally specified 100 turns. The test outcome is
expressed through the Indirect Tensile Strength
Ratio (ITSR), computed as the percentage ratio be-
tween the tensile strength of the conditioned group
and the tensile strength of the unconditioned group.
This test was conducted even though Brazil gen-
erally does not experience extremely low tempera-
tures. However, in 2025, some cities in the southern
region recorded sub-zero temperatures and snow-
fall. Global climate variations highlight the need
to expand the thermal analyses applied to asphalt
materials.

(3.) Resilient Modulus: The stiffness of the asphalt
mixtures was evaluated using the diametral com-
pression test under repeated loads, in accordance
with the DNIT 135 [49] standard. This testing was
conducted at a frequency of 1 Hz, with each cycle
consisting of 0.10s of load application, followed by
0.9s of rest. The maximum applied load was set
at 10 % of the failure force, as determined by the
diametral compression tensile test.

(4.) Flow Number: The DNIT 184 [46] method in-
volves repeated uniaxial load testing to measure
the resistance of asphalt mixtures to permanent
deformation. Prior to testing, the specimens were
preconditioned to 60 °C and then subjected to cycles
of compressive loading. The Asphalt Mixture Per-
formance Tester (AMPT) from IPC Global® testing
apparatus was used for this purpose. Throughout
the test, the specimens are subjected to a cyclic
uniaxial load of 204 kPa, following a haversine wave-
form, with a load application duration of 0.1s and
a rest duration of 0.9s. The test concludes either
when 7200 loading cycles have been completed,
which takes approximately 2 hours, or when a de-
formation of 50 000 microstrains has been reached,
which indicates sample rupture.

(5.) Dynamic Modulus: Determination of the dy-
namic modulus adhered to the DNIT 416 [50]
method. The test specimens were subjected to
sinusoidal compressive stresses under varying tem-
peratures (4°C, 20°C, and 40°C) and load frequen-
cies (0.1, 0.5, 1, 5, 10, and 25Hz). Stress and strain
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measurements underpin the calculation of dynamic
modulus across each test condition.

2.3.4. STATISTICAL ANALYSIS

In this study, a one-way analysis of variance (ANOVA)
was conducted to investigate whether there were any
significant differences in the means of the various
groups. The primary objective was to compare the
mechanical properties of asphalt mixtures subjected to
different ageing protocols, including no ageing, short-
term ageing, long-term ageing, and long-term ageing
with moisture. Initially, the relevant properties were
measured for each asphalt mixture sample. Subse-
quently, the data were subjected to a single-factor
ANOVA, with a significance level set at a = 0.05.
Data distribution normality was assessed using the
Kolmogorov-Smirnov test and the homogeneity of vari-
ances was evaluated with the Levene test. ANOVA
was chosen because it allows comparison of means
from multiple independent groups while controlling
the Type I error rate, making it appropriate for lab-
oratory datasets involving more than two treatment
conditions. The ANOVA analysis was performed sep-
arately for each of the mechanical properties under
investigation. The results were considered statistically
significant if the p-value was less than 0.05.

The analysis divides the asphalt mixtures into two
categories: those containing PAC 50/70 binder and
those containing PMA 55/75 binder. To assess the
influence of the binder type on the asphalt mixture
behaviour, Student’s ¢t-test was used. This statisti-
cal method compares the means of two independent
groups, specifically asphalt mixtures with PAC 50/70
and PMA 55/75 binders. Prior to the t-test, the
data normality was verified for each group using the
Shapiro-Wilk test. The t¢-test was chosen because it
provides a robust way to determine whether the two
independent groups significantly differ in their me-
chanical properties. A significance level of o = 0.05
was established to identify statistically significant dif-
ferences. Results were considered significant when
the p-value was less than 0.05, indicating notable
differences between the groups. The t-test was con-
ducted for each ageing protocol and for both mixtures
(PAC 50/70 and PMA 55/75), in order to evaluate
their behaviour and identify any differences.

3. RESULTS AND DISCUSSIONS

This section provides the results of the rheological
and chemical tests that were conducted on the as-
phalt binders, as well as the mechanical tests that
were conducted on the asphalt mixtures subjected to
different ageing conditions. The naming convention
used for the samples signifies the binder type (50/70
or 55/75) and a letter denoting the ageing protocol:
N (no ageing), S (short-term ageing), L (long-term
ageing), and M (short-term + long-term + moisture).
Example: N 50/70 refers to an unaged asphalt binder
sample with a penetration grade of 50/70, whereas
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Ficure 5. FTIR spectra for the asphalt binders.

L 55/75 denotes a long-term aged sample of the binder
with a penetration grade of 55/75.

3.1. CHEMICAL ANALYSIS

Figure [5| shows the FTIR spectra for PAC 50/70 and
PMA 55/75 binders.

The binder compositions of PAC 50/70 and
PMA 55/75 exhibit prominent peaks in regions
commonly associated with hydrocarbon compounds.
These peaks are characterised by high intensities and
correspond to stretching (or axial deformations) of sat-
urated aliphatic groups between 3 000 and 2800 cm~?.
Specifically, peaks were observed at 2951 cm ™! and
2867 cm !, corresponding to the asymmetric and sym-
metric stretching of methyl groups (- CHs), respec-
tively. Peaks at 2919cm~! and 2850 cm™~! represent
the asymmetric and symmetric stretching of methy-
lene groups (—CHy—), respectively. Additionally,
a peak at 2890cm ™! was observed for the stretch-
ing of methine (-~CH-) groups, partially obscured
by the 2919 cm ™! peak. In the range between 2000
and 1700cm™!, lower intensity peaks indicated har-
monic bands for substituted aromatics, along with
small peaks for carbonyl groups (C=0) in trace
amounts between 1760 and 1700cm™!. The presence
of a peak around 1600 cm ™! suggests the presence of
unsaturation (C=C) in the rings, along with peaks

around 1478 cm ™!, which is generally overshadowed
by the peak corresponding to the angular deformation
of methylene groups (—CHy—) at 1455cm~t. Conse-
quently, the appearance of the latter peak aligns with
the axial deformation peaks of this group at 2921 and
2850 cm~!. Additionally, the peak at 1373 cm™!, cor-
responding to angular deformation in methyl groups
(—CHg), corresponds to the axial strain peaks at 2952
and 2869 cm™!.

In the case of the PMA 55/75 binder, a distinctive
peak is observed around 966 cm~!, which is charac-
teristic of the SBS polymer and is not present in
PAC 50/70. Additionally, a peak around 720 cm™1! is
observed, corresponding to the rocking vibration of sat-
urated chains with more than 4 carbons, —(CHsy)n—,
where n > 4. This confirms the organic nature of the
binder and indicates the presence of saturated, unsat-
urated, and aromatic groups for both binders. During
the ageing processes, some noteworthy peaks indicate
a degree of oxidation. For example, the peaks in the
region around 1700 cm™! indicate carbonyl stretching
(C=0), while peaks around 1030 cm~! correspond to
the stretching of S=0O groups. Another region in which
signs of oxygen functionality can be seen is between
3200 and 3600 cm™", which is related to the vibra-
tion of O—H groups (hydroxyls). It is notable that
as thermal ageing processes occur in the binders, the
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Samples Ic_o [%] Is—o [%0] Io-m [%] Total [%] Iges [%0]
N 50/70 0.98 2.02 5.02 8.02 NA
S 50/70 1.07 2.01 5.47 8.55 NA
L 50/70 1.16 2.08 6.97 10.21 NA
N 55/75 1.04 1.64 5.30 7.98 1.89
S 55/75 1.06 2.03 7.02 10.11 1.92
L 55/75 1.62 2.38 7.00 11.00 1.99
M 50/70 1.89 NA 7.30 9.19 NA
M 55/75 1.82 NA 7.09 8.91 NA

NA = Not Applicable.

TABLE 4. Oxidation indices for asphalt binder samples subjected to various ageing protocols.

intensities of these peaks increase. This phenomenon
suggests a higher level of oxidation, particularly when
the binder is exposed to prolonged ageing (evident
in samples L 50/70 and L 55/75). Furthermore, an
estimation index is used for the peak at 966 cm™!,
which is related to the presence of the polymer in the
PMA 55/75 binder.

Figure [bshows the spectra for samples M50/70 and
M55/75. Notably, these samples exhibit additional
peaks, particularly around 1000 cm™" and 3600 cm~".
It is important to note that these observed peaks do
not originate from the binders themselves, but are
rather from residual traces of aggregates adhering
to the samples. Consequently, calculations for the
values corresponding to the 1030 cm ™! peak, associ-
ated with oxidation (S=0), and the 966 cm~! peak,
characteristic of the polymer in PMA 55/75, were
deemed unreliable due to the interference caused by
these extraneous peaks. For a comprehensive analysis
of oxidation levels, Table [4] provides the computed
oxidation indices for spectral regions associated with
oxygenated organic functionalities. These values were
derived from integrating the area under the respective
peaks, as outlined in Equations (3)-(5):

Area of the carbonyl band

centered around 1700 cm™!
Ic-o = , (3)
Area of spectrum bands

between 4000 and 400 cm~?

Area of the sulfoxide band

centered around 1700 cm™!
Is_0 = , (4)
Area of spectrum bands

between 4000 and 400 cm ™!

Area of the hydroxyl band

centered around 1700 cm™!
Io u= . ()
Area of spectrum bands

between 4000 and 400 cmn~?

The results for samples with prolonged thermal
ageing revealed consistently higher oxidation levels
than those observed for short-term ageing for both
binder types, corroborating the findings reported by
Zhang et al. [51]. In particular, for the PMA 55/75
binder, variations in the area under the 966 cm™! peak
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— associated with polybutadiene bonding — were notice-
able, with the most significant reduction observed in
the long-term aged sample (L 55/75). This behaviour
is consistent with previous observations by Gao, Gu,
and Zhao [52], who attributed the degradation of
SBS-modified binders to oxidative reactions leading
to the breakdown of C=C double bonds. While these
spectral changes suggest ageing-induced molecular
degradation, it is important to acknowledge that the
FTIR results alone do not provide sufficient resolution
to establish definitive mechanistic pathways. This
is particularly due to the overlapping and amplified
signals observed in broader spectral regions (3200—
3600cm~—!, 1700cm™!, and 1030 cm™!), which com-
plicate direct quantitative comparisons. Therefore,
although the results support the occurrence of oxi-
dation and structural modification during long-term
ageing — especially for modified binders — any inter-
pretation must be made cautiously and in conjunction
with complementary analyses.

The M 50/70 and M 55/75 samples exhibited
slightly higher peak intensities, associated with car-
bonyl and hydroxyl groups, in the FTIR analysis
than their long-term aged counterparts (L 50/70
and L 55/75). This subtle increase may be attributed
to additional oxidative effects resulting from the pres-
ence of moisture during the ageing process, particu-
larly at the binder-aggregate interface. Notably, these
samples were extracted directly from compacted as-
phalt mixtures that had undergone short-term ageing
at compaction temperature (2 hours), a condition
that differs from the standard RTFO ageing protocol
(163 °C), which is typically applied to loose binders.
As highlighted by Yan et al. [53], such differences in
ageing methodology can lead to distinct oxidation
profiles, and the limited development of carbonyl and
sulfoxide groups in short-term aged mixtures is con-
sistent with their findings.

3.2. RHEOLOGICAL ANALYSIS

Table [§] provides the results of the rheological tests
conducted on the asphalt binder samples subsequent
to the ageing protocols.

According to the data presented in Table [5] the
observed trends align with expected behaviour, as the
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Tests N 50/70 S 50/70 L 50/70 N 55/75 S 55/75 L 55/75
135°C 0.395 0.554 0.849 0.821 1.119 2.131
Rotational 142°C 0.279 0.385 0.573 0.581 0.738 1.275
viscosity [Pas] 150°C 0.196 0.263 0.380 0.407 0.502 0.801
165°C 0.109 0.141 0.193 0.229 0.272 0.381
177°C 0.072 0.091 0.120 0.154 0.177 0.233
Performance
Grade - PG [°C] 64 64 70 70 70 76
Continuous
performance 68 66 71 72 71 76
grade [°C]
46 °C 22.90 38.90 82.50 18.80 28.60 56.90
52°C 8.89 15.40 32.50 8.71 13.10 27.10
Dynamic shear 58 °C 3.69 6.37 13.40 4.31 6.49 13.50
modulus — G* 64°C 1.64 2.79 5.89 2.25 3.40 7.11
[Pal 70°C 0.78 1.29 2.71 1.20 1.87 3.91
76°C NA NA 1.30 0.66 NA 2.21
82°C NA NA NA NA NA 1.27
Jnr at 0.1kPa 6.48 3.66 1.55 1.02 0.47 0.16
Jnr at 3.2kPa 6.86 3.98 1.66 2.39 0.75 0.20
Multiple Stress A Jnrgig 5.86 8.74 7.10 134.31 59.57 26.71
Creep and VErage Tecovery — 33 5.45 3.54 65.94 75.00 67.87
R at 0.1kPa
oovery Average recovery
(MSCR) at 3.2kPa 0.00 0.33 2.00 31.29 62.03 60.61
Standard ~ Heavy Standard Very Extremely
Traffic level NA (S) (H) (S)  heavy (V) heavy (E)

Jnr = Non-recoverable compliance, NA = Not Applicable.

TABLE 5. Rheological results.

PMA 55/75 binder exhibited higher viscosity values
than PAC 50/70. A consistent increase in viscosity
was also observed across all ageing stages, confirming
that thermal ageing promotes binder oxidation and
volatilisation, resulting in increased stiffness and vis-
cosity. Both binders demonstrated similar viscosity
evolution patterns, suggesting no substantial diver-
gence in ageing susceptibility between the PAC and
PMA groups. To quantitatively evaluate the effect
of ageing on viscosity, the Viscosity Ageing Index
(VAI) was calculated. VAI values followed a progres-
sive upwards trend, with the most significant increase
observed between the S 55/75 and L 55/75 groups,
indicating the sensitivity of SBS-modified binders to
long-term oxidative hardening. In contrast to the
findings reported by Hu et al. [4], who observed a re-
duction in VAI during RTFO ageing due to the early
degradation of the polymer structure, no such viscos-
ity reduction was noted in this study. This suggests
that, despite potential SBS degradation, oxidative
ageing effects predominated over polymer breakdown
in influencing the viscosity response of the PMA 55/75
binder. Therefore, it can be concluded that the SBS-
modified binder maintained its structural integrity
during short-term ageing, and that long-term oxida-
tive mechanisms were the dominant contributors to
the increase in viscosity.

Based on the data presented in Table [5] dynamic

shear modulus (G*) and failure temperatures were
evaluated for both PMA 55/75 and PAC 50/70 binders.
It was observed that, for both binders, short-term
ageing did not significantly alter the failure tempera-
ture. However, after long-term ageing (9 days), a no-
table increase in stiffness was detected, resulting in
higher G* values and lower phase angles, especially
for the PAC 50/70 and PMA 55/75 binders. Although
Performance Grade (PG) classification is not deter-
mined based on long-term aged samples, the increase
in failure temperatures suggests a pronounced stiffen-
ing of the binder matrix, likely caused by oxidation
and the enrichment of heavier fractions, such as as-
phaltenes. These findings are consistent with those
reported by Filho [54], who analysed PAC 50/70 and
PMA 55/75 binders subjected to RTFO ageing fol-
lowed by three months of field exposure. The author
also observed minimal changes in high-temperature
performance after short-term ageing, while long-term
exposure led to significant stiffening and elevated fail-
ure temperatures. Therefore, although the PG classi-
fication itself is not affected by long-term ageing, the
observed rise in failure temperatures indicates that the
binder becomes more rigid, which could potentially
improve rutting resistance, but may increase the risk
of fatigue and thermal cracking.

The thermal ageing process resulted in a grad-
ual increase in stiffness for both binders, with the
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N 50/70 N 50/70 S 50/70 N 55/75 N 55/75 S 55/75

Tests with with with with with with

S 50/70 L 50/70 L 50/70 S55/75 L55/75 L 55/75

Vi . . 135°C 0.40 1.15 0.75 0.36 1.59 0.91

iscosity Aging .

Tndex (VAI) 150°C 0.35 0.94 0.60 0.23 0.97 0.60
177°C 0.26 0.66 0.40 0.15 052 0.32
46°C 1.70 3.60 2.12 1.52 3.03 1.99
52°C 1.73 3.66 2.11 1.50 3.11 2.07

Aoi 58°C 1.73 3.63 2.10 1.51 3.13 2.08

ging .

Tndex (AT) 64 °C 1.70 3.59 2.11 1.51 3.16 2.09
70°C 1.66 3.48 2.10 1.56 3.26 2.09
76°C NA NA NA NA 3.36 NA
82°C NA NA NA NA NA NA

TABLE 6. Rheological results — aging indices.

PAC 50/70 binder being more susceptible to hard-
ening during both short-term and long-term ageing.
This behaviour can be attributed to the oxidative pro-
cess and the formation of oxygenated groups, which
contribute to the increase in stiffness. As the tem-
perature increased, the PMA 55/75 binder exhibited
greater rigidity under all ageing conditions. This can
be attributed to the presence of the polymer matrix in
the PMA binder, which allows for greater elasticity of
the material. The observation that polymer-modified
binders, such as PMA 55/75, exhibit higher stiffness
at higher temperatures is consistent with the findings
of Gama et al. [55]. Their study also demonstrated
that polymer-modified binders show greater stiffness
than conventional binders under elevated temperature
conditions.

The observed increase in Al (Ageing Index) values
for both short-term and long-term thermal ageing
aligns with expectations (Table @ This increase
indicates a more severe volatilisation and hardening
process in the binder over time. The PAC 50/70
binder exhibited a higher susceptibility to thermal
ageing compared to the PMA 55/75 binder. This
finding supports the role of the polymeric matrix
in mitigating the effects of thermal ageing on the
asphalt binder. The study by Filho [56] supports
this trend, as they found higher AI values for the
conventional binder (PAC 50/70) compared to the
polymer-modified binder (SBS) during field ageing.

Additionally, the Ageing Index (AI) values for the
PMA 55/75 binder increased with rising temperature,
displaying a trend different from that of the PAC 50/70
binder. This behaviour is attributed to the presence
of SBS polymer, which enhances the binder’s elasticity
and contributes to its increased stiffness at elevated
temperatures. These results suggest that the polymer
modification in the PMA 55/75 binder improves its
resistance to thermal ageing. The polymeric network
likely plays a crucial role in preserving the binder is
mechanical integrity under thermal stress, leading to
consistently lower Al values compared to the unmodi-
fied counterpart.
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The assessment of non-recoverable compliance (Jnr)
at 3.2kPa revealed relevant trends under short-term
ageing conditions in line with the MSCR specifica-
tion guidelines. The PMA 55/75 binder exhibited
a marked decrease in Jor values from 2.39 (N 55/75)
to 0.70 (S 55/75), indicating enhanced elastic recovery
and resistance to permanent deformation. This be-
haviour is primarily attributed to the elastic response
conferred by the SBS polymer. While a further de-
crease to 0.20 was observed for the long-term aged
sample (L 55/75), it is important to note that the
MSCR test is intended for evaluating short-term aged
binders. Therefore, results from long-term aged sam-
ples should be interpreted only for comparative or
research purposes, rather than for specification com-
pliance.

Similarly, the PAC 50/70 binder also exhibited a de-
clining trend in Jnr values as ageing conditions were
applied. These values spanned from 6.86 for the non-
aged sample (N 50/70) to 1.66 for the long-term aged
sample (L 50/70). This reduction in Jnr implies an
increase in the binder is stiffness due to ageing. How-
ever, it is worth noting that the reduction in Jnr for
the PAC 50/70 binder is not as pronounced as ob-
served for the PMA 55/75 binder, indicating that the
polymer modification in PMA 55/75 provides superior
resistance to the stiffening effects induced by ageing.

The findings confirm that the ageing process re-
sulted in heightened oxidation and rigidity of the
asphalt binder. This augmented rigidity can offer
advantages in terms of mitigating permanent defor-
mation in asphalt pavements during their service life,
aligning with the observations of Dubois, Mehta, and
Nolan [57] and Tarefder and Yousefi [58].

To evaluate the load capacity of the pavement rela-
tive to traffic volume, the AASHTO M320 [51] stan-
dard defines classifications based on the Jnr parameter
at 3.2kPa. Within this framework, the N 50/70 sam-
ple exceeds the stipulated range, indicating that it
is not suitable for standard traffic conditions. Con-
versely, the S 50/70 and N 55/75 samples are deemed
suitable for standard traffic scenarios. The L 50/70,
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S 55/75, and L 55/75 samples are classified as suit-
able for use in heavy, very heavy, and extremely heavy
traffic conditions, respectively. These classifications
highlight that the ageing process, which leads to im-
proved rigidity manifested by reduced Jnr values, sub-
stantially improves the asphalt binder’s load-bearing
capacity, rendering it better suited for accommodating
heavy traffic conditions.

The combination of asphalt binders with SBS
polymer, alongside an extended oxidation process
and evaluation at non-critical temperatures such as
PG 64, contributes significantly to the heightened
resilience against permanent deformations of the ma-
terial. These findings highlight the importance of poly-
mer modification, controlled oxidation, and precise
temperature specifications in fortifying the resistance
of the asphalt binders to permanent deformation. This
aspect bears particular relevance for regions such as
Northeast Brazil, where high temperatures can pose
challenges for conventional asphalt binders lacking
polymer modification.

Indeed, the ageing process induces augmented rigid-
ity in asphalt binders, primarily attributable to the
dissipation of lighter fractions and the buildup of as-
phaltene content through volatilization and oxidation.
This phenomenon aligns harmoniously with observa-
tions made by Takahashi [52], who noted a diminished
susceptibility to deformation as the binder underwent
ageing. Furthermore, Mogawer et al. [53] elucidate
that the inherent progression of ageing is characterized
by increased stiffness, which does not adversely affect
the binder is resistance to deformation. Concerning
the percentage of recovery, it is worth mentioning that
the PMA 55/75 binder exhibited a slight reduction in
elastic recovery as it progressed through ageing from
S 55/75 to L 55/75.

In this context, Martins [54] suggests that ageing,
which increases stiffness, can limit the ability of the
binder to relax tension and consequently decrease
elasticity. This reduction in elastic recovery may be
associated with the degradation of the SBS polymeric
chain under ageing conditions. However, it is impor-
tant to note that this reduction does not significantly
compromise the performance of the binder.

The Jnrgig values for both the PAC 50/70 and
PMA 55/75 binders were within the acceptable limit
of 75% according to the AASHTO M320 [51] stan-
dard, regardless of the short or long-term ageing con-
ditions. This indicates that both binders are resistant
to deformations, meaning that the material behaves
consistently under both low and high stresses. How-
ever, it is worth noting that only the N 55/75 fam-
ily, for both analysed temperatures, presented values
above 75 %, indicating a slightly higher susceptibility
to deformation compared to the other binder mixtures.
Nonetheless, overall, the binders demonstrated low lev-
els of susceptibility to deformation at the two applied
stresses of 0.1kPa and 3.2kPa. This suggests that
the binders have good resistance against permanent

deformations and can withstand traffic-induced loads
effectively. The study investigated asphalt binder fa-
tigue for three levels of thermal ageing. Figure [Ga]
shows the curves depicting the relationship between
shear stress and strain.

A typical response was observed for both PAC 50/70
and PMA 55/75 binders. The conventional PAC 50/70
binder displayed a brittle behaviour, characterised by
a peak in resistance followed by sudden rupture as
deformation increased. Conversely, the PMA 55/75
binder, containing the SBS polymer, showed stable
load capacity (stress) at higher levels of deformation
due to its inherent ductile properties.

However, an unconventional behaviour was observed
during the ageing process. Both the PAC 50/70 and
PMA 55/75 binders showed an increase in stress for
the same deformation level, which was contrary to
expectations based on binder stiffening, as suggested
by viscosity and dynamic shear modulus measure-
ments. This unexpected phenomenon may be at-
tributed to the sample geometry during testing, war-
ranting a more in-depth discussion to follow.

A similar pattern of analysis was also observed by
Filho [54], who subjected PAC 50/70 and PMA 55/75
to UV ageing within a different timeframe. In his
study, it was noted that the progression of oxidative
processes resulted in higher stress values for the same
level of deformation. In Figure [6D] a noticeable down-
ward shift of the curves for the PAC 50/70 families
compared to the PMA 55/75 samples can be observed
at the same ageing level. This observation indicates
that PMA 55/75 demonstrates superior material in-
tegrity under equivalent damage conditions. This
behaviour is likely attributed to the presence of the
polymer chain in PMA 55/75, a notion supported by
findings from Hassanpour-Kasanagh et al. [60].

The oxidation process was found to diminish the
fatigue response of the asphalt binders. As the ageing
level increased, the curves shifted downwards. This
suggests that the aged binders have accumulated prior
damage, and owing to their heightened rigidity, they
may become more susceptible to cracking under ap-
plied loads. However, it is crucial to emphasize that
analysing individual curves in isolation does not allow
asphalt binder fatigue performance to be predicted or
compared [61]. To assess the fatigue life, Figure
presents the Wohler curves of the asphalt binders in
use.

PMA 55/75 consistently demonstrated superior fa-
tigue performance compared to PAC 50/70 at the
same ageing level. Moreover, as the binder underwent
increased oxidation, the fatigue life (Nf) exhibited an
ascending trend, with the order of Nf being L 55/75
> S 55/75 > N 55/75 and Nf L 50/70 > S 50/70 >
N 50/70. In Figure it is noticeable that as the
binder aged, the slope of the Wo&hler curve became
steeper. This behaviour signifies a transition point
where the binder becomes less oxidised and more re-
silient to fatigue. For the L 55/75 group, compared

625



M. V. de Siqueira, O. de M. Melo Neto, L. C. de F. Lopes Lucena et al. AcTA POLYTECHNICA
1.E+06 N 50/70
LE+06 S 50/70

—]. 50/70
~ S8.E+05
é N 55/75
2 6.E+05 \\ S 55/75
17
4. E+05 L 35/75
2E¥05 \‘
0.E+00
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
Strain (%)
(A). Shear stress rate versus strain.
1 N 50/70
8 50/70
0.8 N —1 50/70
N 55/75
0.6 8 55/75
o
=L 55/75
0.4
0.2
0
0 20 40 60 80 100 120 140
Damage
(B). Integrity curve.
1000000 ¢
100000 + N 50/70
= ——550/70
5
>3
£ =1L 50/70
g‘ 10000 E
— F
Z N 55/75
1000 ¢ — 55/75
—1 55/75
100 {
1 10

€ (%)

(c). Wohler curves.

FIGURE 6. LAS test charts.

to S 55/75, this transition occurred at approximately
2.5% deformation, while for S 55/75, compared to
N 55/75, it happened at around 5% deformation.
A comparable convergence point, near 5 % deforma-
tion, was also observed for the PAC 50/70 groups.
The hardening of the asphalt binder improved the
fatigue response primarily at low strain levels. This
observation is consistent with the findings of a study
conducted by Ziari, Amini, and Golic [16], which inves-
tigated various mixtures and asphalt binders subjected
to short-term ageing in RTFO and long-term ageing
using PAV and greenhouse methodologies. Their study
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revealed a positive fatigue response in aged samples,
particularly at regions of small deformations. They
emphasised the influence of the type of binder on this
response, a factor also observed in the present study.
It is worth noting that asphalt pavements typically
experience low deformations, and the impact of age-
ing on fatigue life depends on the specific stress and
deformation levels of each pavement structure.

In light of these considerations, Underwood [62]
and Hintz et al. [63] introduced the Fatigue Factor of
the Binder (FFB), which is based on the relationship
between linear amplitude sweep (LAS) and fatigue in
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Classification of

o
the Nascimento [59] FFB (19°C)

1 - Low

2 — Inferior

3 — Intermediate
4 — Superior

5 — Excellent

FFB <1.22

FFB > 1.57

1.22 <FFB <1.31
1.31 < FFB <1.48
1.48 < FFB < 1.57

Samples FFB Classification
(19°C) of samples

N 50/70 1.30 Inferior

S 50/70 1.35 Intermediate

L 50/70 1.44 Intermediate

N 55/75 1.47 Intermediate

S 55/75 1.56 Superior

L 55/75 1.59 Excellent

TABLE 7. FFB classification of asphalt binders.

Tests N 50/70 S 50/70 L 50/70 M 50/70 N 55/75 S55/75 L 55/75 M 55/75 Limits
Indirect Tensile
Strength — ITS [MPa) 0.94 1.25 1.61 1.71 0.87 1.23 1.30 1.49 0.65
Modified Lottman 0
Test - ITSR [%)] 84 84 86 7 85 98 94 99 70% or 80 %
Resilient
Modulus — RM [MPa) 2925 3343 5312 6179 2586 3802 4025 4205 NA
Flow Number

112 473 590 500 1675 2060 2698 2448 NA
[Cycles]

NA = Not Applicable.

TABLE 8. Results of mechanical test of mixtures.

asphalt mixtures. They used the S-VECD simplified
continuous damage viscoelastic model as a foundation.
Equation 6 shows the calculation of FFB, which in-
volves determining the area under the fatigue curves
for strain levels of 1.25 % and 2.50 %:

_ log(Ny1.25%) +10og(Nyo.5%)
2 (6)
x (log(0.025) — log (0.0125)) ,

FFB

where: Nf 1.25% is the fatigue life of the binder at
1.25% strain and Nf 2.5 % is the fatigue life of the
binder at 2.5 % strain.

In this context, Nascimento [64] established the
limits for the FFB based on a database accumulated
by Petrobras in Brazil. The classification defined by
Nascimento is presented in Table [7] along with the
classification of the binders. It is evident that the
binder’s performance improves as it undergoes ageing
processes. Through the ageing process, the classifica-
tion of PAC 50/70 transitions into the intermediate
performance category (S 50/70 and L 50/70), while
PMA 55/75 achieves a superior classification (S 55/75)
and ultimately attains an excellent performance rating
(L 55/75) over its lifespan. However, it is important to
note that the FFB methodology focuses on calculating
the area for low deformations, of up to 2.5 %.

Expanding the deformation zone up to 15%, as
proposed by Chen et al. [65], can potentially lead to
changes in classifications for long-term ageing simu-
lations with higher levels of deformation. The exact
reasons behind the improved fatigue response of aged
binders are not yet fully comprehended. In efforts
to investigate this phenomenon, Jahangir, Little, and
Bhasin used Atomic Force Microscopy (AFM) and
creep penetration tests. Their findings indicate that

as the asphalt binder ages, the differences in rheologi-
cal properties between various microstructural phases
diminish. This suggests that the internal stress dis-
tribution in aged asphalt binder samples tends to
become more uniform over time. These observations
contribute to our evolving understanding of the im-
proved fatigue response observed in aged binders [61].

It is important to acknowledge that the FFB primar-
ily reflects the response of the asphalt binder under
controlled laboratory strain levels and may not fully
capture the complex strain distribution that occurs
within asphalt mixtures under field conditions. The
deformation levels adopted in the LAS-based FFB
approach (typically up to 2.5%) correspond to low-
amplitude cyclic loading, which may underestimate
the localised strains experienced in the mastic or at
the binder-aggregate interface. Therefore, while the
FFB offers a valuable comparative insight into binder
fatigue resistance, caution should be exercised when
extrapolating these results directly to mixture-scale
fatigue performance.

3.3. MECHANICAL PERFORMANCE

The results of the mechanical tests for the asphalt
mixture under various ageing conditions are presented
in this section. The values for samples containing
both PAC 50/70 and PMA 55/75 binders are pro-
vided for comparison. Table [§] presents a summary
of the mechanical test results obtained at 25 °C, with
the exception of the Flow Number test, which was
conducted at 60 °C.

Regarding the indirect tensile strength (ITS) test
for PAC 50/70 samples, all specimens met the mini-
mum requirement of 0.65 MPa established by DNIT
service specification 031 [38] for conventional asphalt
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mixtures. Thermal ageing had a pronounced effect on
increasing tensile strength, primarily due to binder
hardening caused by oxidative processes. The non-
aged group exhibited an average ITS of 0.94 MPa.
Short-term ageing resulted in a 33 % increase, while
long-term ageing resulted in a 71 % increase relative
to the non-aged samples. These results are consis-
tent with those reported by Costa, who also observed
a substantial gain in ITS caused by ageing, with values
comparable to those found in this study.

After long-term ageing, the ITS showed a 29 %
increase compared to short-term ageing. Similarly,
Arruda reported a comparable ITS gain in compacted
specimens subjected to long-term ageing at 85 °C for
5 days, in accordance with AASHTO R30 [42]. These
findings suggest that the state of compaction influ-
ences the oxidative ageing process. In this study,
long-term ageing conducted at 95°C for 9 days in
loose mix condition resulted in ITS values comparable
to those reported by Arruda under compacted condi-
tions. This indicates that extended ageing durations
and higher temperatures can compensate for the ab-
sence of compaction during conditioning, leading to
similar hardening effects.

Regarding the thermal ageing of the PMA 55/75
samples, all specimens met the minimum tensile
strength requirement of 0.70 MPa, as defined by DNIT
031 [38] for asphalt mixtures used in pavement appli-
cations. The non-aged group had an average tensile
strength of 0.87 MPa. After short-term ageing, a 41 %
increase was observed, similar to the trend found for
PAC 50/70 mixtures, indicating a significant gain
in stiffness due to initial oxidation. In the case of
long-term ageing, the tensile strength increased by
49 % relative to the non-aged condition. However,
when comparing long-term to short-term ageing, the
increase was limited to 6 %, suggesting a plateau in
the rate of hardening. This behaviour indicates that
the SBS-modified binder undergoes a less pronounced
change in mechanical performance during a prolonged
thermal exposure, which may be associated with the
polymer’s ability to mitigate further oxidative hard-
ening after the initial ageing stage. Therefore, the
lower sensitivity of PMA to extended ageing can be
attributed to the stabilising effect of the polymer net-
work.

The mechanical performance observed for the in-
direct tensile strength tests reflects the rheological
characteristics of the asphalt binders. In particu-
lar, the PMA 55/75 binder consistently exhibited
lower dynamic shear modulus (G*) values than the
PAC 50/70 binder under both short- and long-term
ageing conditions, indicating better flexibility and re-
duced stiffness increase over time. The relatively small
variation in G* between the short-term aged (S 55/75)
and long-term aged (L 55/75) PMA samples suggests
a more stable response to ageing. This stability may
be associated with the presence of the SBS polymer,
which helps to control oxidative hardening and delay
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stiffness development. Similar findings have been re-
ported in previous studies, supporting the conclusion
that polymer modification contributes to enhanced
ageing resistance and potentially extends the binder’s
effective service life in asphalt mixtures.

The observed impact of moisture on ITS was min-
imal, resulting only in a slight increase. This phe-
nomenon can be attributed to the oxidation of the
asphalt binder upon contact with water, as substanti-
ated by the elevated levels of hydroxyl, carboline, and
sulfoxide functional groups, as observed in the FTIR
analysis. A similar trend was discerned in a study
conducted by Islam, Hossain, and Tarefder [66], where
exposure to moisture and higher temperatures led to
augmented tensile strength values. The authors noted
that, during a short duration in real conditions (less
than 30 days), moisture did not cause a reduction in
tensile strength; instead, the water-to-binder oxida-
tion ratio contributed to the overall stiffening of the
asphalt mixture.

The analysis of the resilient modulus data reveals
the impact of ageing on the stiffness of the various mix-
tures. For the PAC 50/70 mixtures, short-term ageing
(S 50/70) resulted in a 14 % increase in resilient mod-
ulus, while long-term ageing (L 50/70) led to an 82 %
increase compared to the non-aged mixture (N 50/70).
The ratio between the resilient modulus values af-
ter long- and short-term ageing (L 50/70 / S 50/70)
was approximately 53 %. This progressive stiffening
with ageing is consistent with previous findings re-
ported by Gennessaux and Sirin et al. A comparable
trend was also observed for the mixtures containing
PMA 55/75. After short-term ageing (S 55/75), the re-
silient modulus increased by 47 %, and after long-term
ageing (L 55/75), the increase reached 56 % relative
to the non-aged mixture (N 55/75). The difference
in modulus between long-term and short-term ageing
for PMA 55/75 was approximately 6 %, indicating
a reduced sensitivity to ageing when compared to
PAC 50/70.

This observation is consistent with the findings re-
ported in the study conducted by Islam, Ransinchung,
and Ravindranath [67]. The substantial increase in
stiffness in the short term corresponds with the ob-
served trend for tensile strength under the same age-
ing conditions. It can be inferred that the process
and duration of cohesion between the aggregate and
binder play a key role in the mechanical performance
of the mixture. Factors such as the mineral char-
acteristics of the aggregates (low adhesiveness) and
the limited absorption time by the granular structure
(N 55/75) contribute to this behaviour. For both mix-
tures, thermal ageing led to increased stiffness, which
can be attributed to the formation of asphaltenic frac-
tions, as indicated by the heightened viscosity of the
binders. Peterson [68] suggests that the presence of
ketone functional groups during the oxidative pro-
cess changes the polarity of the binder, promoting its
stiffening.
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The introduction of water led to a 16 % increase
in the resilient modulus of the M 50/70 group, in-
dicating a stiffening effect. This response may be
associated with oxidation processes identified via the
FTIR analysis, which revealed the formation of oxy-
genated functional groups. It is hypothesised that
water retained within the voids of the mixture, in
the absence of preferential drainage paths or cracking,
can contribute to binder oxidation and, consequently,
to an increase in stiffness. However, this effect may
also be influenced by emulsification phenomena, which
merits further investigation in future studies. For the
M 55/75 group, a similar, but less pronounced increase
in modulus was observed, possibly due to the stabilis-
ing effect of the polymeric matrix. Although higher
stiffness values resulting from ageing can be beneficial
for specific design strategies — such as in the context
of EME (Enrobé & Module Elevé) layers developed in
France — excessive stiffness in conventional mixtures
can lead to stress incompatibility between layers and
increase the risk of fatigue cracking, particularly when
not properly accounted for in structural design. In
this context, polymer-modified mixtures incorporating
Styrene-Butadiene-Styrene (SBS) are advantageous,
as they exhibit improved elastic recovery and lower
ageing susceptibility throughout their service life.

According to the SUPERPAVE methodology, a min-
imum Indirect Tensile Strength Ratio (ITSR) of
80 % is recommended to ensure adequate moisture
resistance in asphalt mixtures. = However, both
AASHTO T 283 and DNIT 031 [38] specify a lower
threshold, setting the minimum acceptable TSR value
to 70 %. While this discrepancy may raise concerns
regarding the long-term durability under moisture ex-
posure, it reflects differing regional design philosophies
and performance expectations. In the present study,
mixtures containing both PAC 50/70 and PMA 55/75
binders satisfied the requirements established by these
standards, demonstrating an acceptable moisture re-
sistance within the adopted regulatory frameworks.

Remarkably, the lowest ITSR value recorded was
84 % for the N 50/70 mixture. This finding confirms
that thermal oxidation did not have any negative
impact on this particular parameter. These results
corroborate earlier studies conducted by Arruda [69)]
and Costa [70] in the context of long-term ageing,
which consistently showed that neither the reference
binder (PAC 50/70) nor recycled asphalt mixtures
(RAP) exhibited significant changes in their suscepti-
bility to water-induced effects as a result of thermal
ageing treatment.

For asphalt mixtures containing the PMA 55/75
binder, a clear difference was observed between non-
aged and short-term aged conditions regarding ad-
hesive performance. The ITSR for the short-term
aged mixture was 85 %, indicating a slight reduction
in binder-aggregate adhesion compared to the non-
aged condition. This value is comparable to the ITSR
observed for the PAC 50/70 mixture under similar

ageing. However, ITSR increased notably after age-
ing, reaching 98 % for the short-term ageing and 94 %
for the long-term ageing, demonstrating an improved
moisture resistance as the ageing process progressed.

These fluctuations in ITSR values are consistent
with the findings outlined by Zhang et al. [71]. Ac-
cording to their insights, during the initial phases
of thermal ageing within an asphalt mixture, the
binder tends to undergo a more molten state and
becomes cross-linked, which ultimately leads to its
improved resistance to moisture-induced damage. As
for the M 55/75 group, characterised by the inclu-
sion of a polymeric matrix and a lower propensity
for ageing, it exhibited no significant vulnerability
to moisture damage even after a prolonged exposure,
thereby preserving its structural integrity.

Similarly, Anitelli’s research [60] echoed the notion
that both thermal ageing and water exposure had lit-
tle effect on the ITSR of mixtures fortified with SBS
polymer. However, in the case of the PAC 50/70 group
(M 50/70), his findings regarding mechanical perfor-
mance in the context of moisture damage following
ageing and water exposure differed from ours. This
specific mixture saw its ITSR decrease to 73 %, a value
falling short of the minimum resistance threshold stip-
ulated by the SUPERPAVE methodology (80 %).

The study conducted by Zhang et al. [71] corrob-
orates this observation, as they too documented an
ITSR decline in samples subjected to thermal ageing
over a span of 10 days, and subsequently exposed
to moisture via simulated rainfall. The underlying
phenomenon can be attributed to the augmented po-
larity of the asphalt binder brought about by thermal
ageing, culminating in its stiffening. The insights of
Das et al. [61] reinforce this notions, as they explain
that the thermal oxidation process results in the for-
mation of polar compounds that are soluble in water.
Consequently, the presence of moisture facilitates the
removal of the asphalt film, elucidating the observed
changes.

The detrimental impact on the mechanical perfor-
mance is further accentuated by the elevated content
of silicic oxide (SiO2) inherent to granitic aggregates.
Frossard’s study revealed that the presence of SiOq
promotes the formation of silanol groups, which in-
crease the aggregates’ affinity for water relative to
the asphalt binder. This mechanism significantly con-
tributes to adhesive failures or mixture debonding
under exposure to moisture. However, adding ad-
hesion improvers has proven to be highly effective
in mitigating these effects, enhancing the bond be-
tween the binder and th aggregate, thus improving
the mixture’s moisture resistance.

It is important to emphasise that the evaluation of
moisture damage in this study was performed using
a single freeze-thaw cycle. While an increased number
of cycles would likely exacerbate the reduction in TSR
due to more extensive crack formation and adhesive
failure, it should be noted that freeze-thaw testing is
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not universally applicable. In many regions, particu-
larly in parts of Europe where freezing conditions are
infrequent, standards such as the Lottman test are not
routinely used for moisture susceptibility assessment.
Instead, alternative protocols such as the ITS R test
are preferred to better reflect local climatic conditions.
Nevertheless, numerous studies, including those by
Badeli et al., Cong et al., and Costa, have demon-
strated the significant detrimental effects of moisture
on asphalt mixtures, especially in relation to cracking
and mechanical degradation.

Asphalt mixtures containing PMA 55/75 consis-
tently showed higher values of permanent deformation
compared to those with PAC 50/70, regardless of
ageing conditions. This behaviour is consistent with
expectations, as the flow number parameter — which
quantifies the resistance to permanent deformation —
was measured at X cycles for PMA 55/75 and Y cycles
for PAC 50/70, clearly demonstrating the influence
of binder type on the mixture is performance. These
values substantiate the observed differences in rutting
susceptibility between the two binder types.

For the asphalt mixtures containing PAC 50/70,
the flow number test was conducted under dry condi-
tions, without water. The non-aged group exhibited
a flow number value of 112 cycles. Short-term age-
ing (S 50/70) induced a substantial increase of 322 %,
while long-term ageing (L 50/70) resulted in a 426 %
increase compared to the non-aged samples (N 50/70).
This progression in the flow number parameter indi-
cates a significant rise in the mixture’s resistance to
permanent deformation resulting from the oxidation
process.

Queiroz et al. also reported a strong correlation
between stiffness and the flow number parameter in
asphalt mixtures, revealing a trend consistent with
the results observed in the resilient modulus test. In
mixtures with PAC 50/70, the flow number increased
by 322 % after short-term ageing (S 50/70) and by
426 % after long-term ageing (L 50/70), both relative
to the non-aged condition (N 50/70). Notably, the
25 % increase observed from short- to long-term ageing
(L 50/70 vs. S 50/70) suggests continued stiffening
due to oxidative effects; however, from a practical
standpoint, short-term ageing is of greater interest,
as rutting-related failures tend to occur early in ser-
vice life, particularly under high temperatures and
intense truck loading. Therefore, ensuring an adequate
resistance to permanent deformation immediately af-
ter the construction is essential. For PMA 55/75
mixtures, the flow number value for the non-aged
group (N 55/75) was 1675 cycles. Short-term ageing
(S 55/75) promoted a 23 % increase, while long-term
ageing (L 55/75) led to a 61 % increase compared
to N 55/75. Between short- and long-term ageing,
a 31% increase was noted, reinforcing the role of
ageing in improving the rutting resistance; yet, the
improvement after short-term ageing alone already
demonstrates the effectiveness of the SBS-modified
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binder in improving early-stage performance under
critical thermal and traffic conditions.

The results obtained suggest that the conventional
binder (PAC 50/70) showed a higher susceptibil-
ity to changes in flow number values due to ther-
mal ageing compared to the polymer-modified binder
(PMA 55/75). The short-term ageing process re-
sulted in a substantially larger increase in flow num-
ber for PAC 50/70 (322 %) compared to PMA 55/75
(23%). A similar trend was observed for long-term
ageing (38 % for PAC 50/70 and 31 % for PMA 55/75).
These findings are consistent with those of Arruda‘s
is study [69], which also reported a significant in-
crease in resistance to permanent deformation for
PAC 50/70 mixtures subjected to long-term thermal
ageing. This notable improvement in resistance to
deformation can be attributed to the formation of oxy-
genated functional groups, as identified in the FTIR
analysis (carbonyls, sulfoxides, and hydroxyls).

The oxidation of asphalt binders during ageing pro-
motes the formation of asphaltenic fractions, which
in turn increase binder viscosity and mixture stiff-
ness. According to Sreedhar and Coleri, thermal
ageing can contribute to improved resistance to per-
manent deformation by enhancing the mechanical
properties of the mixture. This is particularly rel-
evant when comparing non-aged mixtures to those
subjected to short-term ageing, where aged mixtures
typically demonstrate better performance in terms
of deformation resistance. However, it is important
to note that excessive reliance on binder ageing as
a beneficial mechanism can be misleading. As em-
phasised in previous studies, permanent deformations
primarily develop during the early stages of service
life, driven by post-construction densification and the
cumulative effect of repeated heavy truck loading.
Therefore, a proper field compaction and control of
air-void content remain the most effective strategies
for minimising rutting. Additionally, when thermal
ageing is combined with moisture exposure, the stiff-
ening benefits of oxidation may be offset, as moisture
can weaken the adhesive bond between the binder
and the aggregate, reducing the mixture’s resistance
to deformation. This observation is consistent with
the findings of Islam, Hossain, and Tarefder, who
reported binder film debonding caused by moisture
damage. Consequently, although ageing can increase
binder stiffness, the most robust defence against rut-
ting under traffic and environmental loading remains
a well-compacted asphalt mixture with optimal void
content after construction.

The introduction of moisture into asphalt mix-
tures promotes water accumulation within the voids,
which, initially, contributes to the oxidation of the
binder, as evidenced by FTIR analysis. During load-
ing, densification occurs and water is driven through
microcracks, thereby intensifying the stripping phe-
nomenon. This process facilitates the displacement
of the binder film at the binder-aggregate interface,
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Traffic level (EALSs)

Tempe- Stress Extremely
Studies ra[lci): gl]re [kPal] Light Average Heavy heavy
3 x10% [3 x10%3 x 107] [1 x 107;3 x 107] >107
Nascimento [62] 60 204 NA 300 750 NA
Bastos et al. [63] 60 204 NA 100 300 >1000
Faccin [64] 60 204 NA 300 600 >2000

EALs = Equivalent Single Axle Loads; NA = Not Applicable.

TABLE 9. Flow Number criteria for different traffic levels.
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FIGURE 7. Master curves of dynamic modulus (|E*|) at 20 °C.

which ultimately reduces the mixture’s cohesion, par-
ticularly in mixtures with higher binder stiffness. As
a result, a 15% reduction in the flow number pa-
rameter was observed for mixtures containing conven-
tional binder (M 50/70), while mixtures with SBS
polymer-modified binder (M 55/75) showed a lower
reduction of 9%. These results indicate that the
use of SBS-modified binders contributes to improved
resistance against moisture-induced damage, likely
due to enhanced binder-aggregate interaction and re-
duced susceptibility to stripping. Table [J] presents the
performance limits and evaluation criteria proposed
by Nascimento, Bastos, and Faccin for assessing this
property.

For asphalt mixtures containing PAC 50/70, the
non-aged condition (N 50/70) corresponds to the “light
traffic” classification according to the criteria proposed
by Nascimento and Faccin. However, after undergoing
short-term (S 50/70), long-term (L 50/70), and mois-
ture conditioning (M 50/70), the mixtures showed
improved resistance to permanent deformation, justi-
fying reclassification to the “heavy traffic” category, as
suggested by Bastos et al. This change is supported by
the rheological data from the MSCR test, particularly
the decrease in the non-recoverable creep compliance
(Jor) value of 3.2kPa: from 6.86 for N 50/70, to 3.98
for S 50/70, and 1.66 for L 50/70. The reduction in
Jnr reflects the increased stiffness of the binder due to
oxidative ageing, which improves the mixture’s abil-

ity to resist rutting under high-temperature loading
conditions.

For asphalt mixtures containing PMA 55/75, the
classification proposed by Bastos et al. categorizes all
ageing conditions as suitable for “extremely heavy’
traffic, while Faccin is classification places the non-
aged group (N 55/75) in the “heavy traffic” category.
It is important to note that traffic classification pa-
rameters — such as those derived from the MSCR
test — are primarily intended for mixtures subjected
to short-term ageing, since this phase more accurately
represents the mixture is initial performance after
construction. In this regard, the short-term aged
sample (S 55/75) showed a substantial reduction in
Jur at 3.2kPa, indicating a satisfactory resistance to
permanent deformation at elevated temperatures. Al-
though long-term ageing (L 55/75) further reduced
Jnr values (reaching 0.2), this increase in stiffness is
expected due to oxidation and may not represent the
most critical performance phase. These results sug-
gest that PMA 55/75 provides a reliable resistance to
rutting, particularly in conditions that simulate the
early stages of a pavement’s service life.

Figure [7] illustrates the master curves derived from
the dynamic modulus test conducted at a reference
temperature of 20 °C. The test was performed at three
temperatures (4 °C, 20 °C, and 40 °C) and six reduced
frequencies (0.1, 0.5, 1, 5, 10, and 25Hz). Although
these frequency values may be considered relatively

)
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Frequency N 50/70 S 50/70 L 50/70

M 50/70 N 55/75 S 55/75 L 55/75 M 55/75

0.01Hz 290.00 601.35 892.10
10000 Hz 15497.00 16594.50 21169.50

1049.60
20399.00

306.00
13345.00

501.35
15594.50

1073.00
18235.00

793.95
18084.00

TABLE 10. Dynamic modulus results at low and high frequencies for the asphalt mixtures.

low for certain design applications, they were selected
to simulate loading conditions typical of low-speed or
high-temperature service scenarios, where rutting and
viscoelastic effects become more pronounced. More-
over, the frequency range was sufficient for construct-
ing the master curve using time-temperature super-
position, which captured the stiffness evolution of the
mixtures under different conditions.

In a general sense, it can be seen that stiffness
increases as the ageing stages progress. When ob-
serving the master curve, the relationships between
“frequency X temperature” are typically associated
with two regions: high temperatures and low reduced
frequencies, which correspond to permanent deforma-
tion (Region 1), and low temperatures and high re-
duced frequencies, which correspond to thermal crack-
ing (Region 2) [65]. In light of these observations,
both types of asphalt mixtures exhibit a similar trend
in terms of stiffness related to permanent deformation
(Region 1), consistent with the observations made for
the flow number parameter. Thermal ageing, driven
by the oxidation process, results in a gradual increase
in stiffness (higher values for L 55/75 and L 50/70),
consistent with improved resistance to deformation.

Table [10]| presents dynamic modulus values at fre-
quencies of 0.01 and 10 000 Hz for the asphalt mixtures
after ageing and moisture conditioning processes. At
the low-frequency domain (0.01 Hz), which represents
conditions of high temperature and slow traffic condi-
tions, a progressive increase in stiffness was observed
for both binders as the ageing advanced, with |E*| val-
ues ranging from 290 MPa (N 50/70) to 1049.6 MPa
(M 50/70), and from 306 MPa (N 55/75) to 1073 MPa
(L 55/75). This behaviour confirms the stiffening effect
of oxidation and the influence of polymer modification
in controlling excessive hardening. The PMA 55/75
mixtures exhibited a more stable response across all
ageing stages, maintaining balanced viscoelastic prop-
erties that favour rutting resistance while mitigating
brittleness. At the high-frequency domain (10000 Hz),
associated with low temperature and fast traffic con-
ditions, the |E*| values for both binders converged,
ranging between 13345 MPa and 21 169.5 MPa, indi-
cating similar elastic responses and reduced sensitiv-
ity to polymer modification under brittle deforma-
tion regimes. At higher temperatures and lower load-
ing frequencies, conditions typically associated with
greater susceptibility to rutting, the mixture modi-
fied with PMA 55/75 demonstrated superior stiffness
and, consequently, a higher flow number compared to
its conventional counterpart. This improved perfor-
mance is attributed to the elastic properties of the
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SBS polymer, which helps to maintain structural in-
tegrity under slow, repeated loading. Similar findings
were reported by Sahebzamani et al., who observed
that SBS-modified mixtures exhibited greater stiffness
than those with unmodified binders, particularly in
the low-frequency domain (referred to as Region 1 of
the master curve), following 7 days of thermal ageing
at 95°C.

Regarding the influence of moisture in the low-
frequency domain (Region 1), a noticeable reduction
in dynamic modulus was observed for the M 55/75
mixtures, indicating a degradation in stiffness likely
caused by water-induced stripping and reduced binder-
aggregate adhesion. Conversely, for the M 50/70 mix-
tures, the modulus values remained relatively similar
to those of the L 50/70 group, even after moisture
conditioning. This behaviour may be associated with
a combined effect of moisture and prior oxidative
ageing, which increased the binder stiffness due to
asphaltene formation. However, this apparent preser-
vation of stiffness should be interpreted with caution,
as it may not necessarily reflect an improvement in
mechanical performance, but rather a brittle response
to elastic deformation, potentially masking underlying
moisture damage.

From Region 2, which represents the combined con-
dition of high loading frequencies and low service
temperatures, it can be seen that asphalt mixtures
are more susceptible to thermal cracking due to in-
creased stiffness. Therefore, a lower modulus in this
region is generally favourable, as it suggests better
flexibility and reduced risk of cracking. Both asphalt
mixtures (PMA 55/75 and PAC 50/70) exhibited
comparable behaviour under these conditions, indi-
cating a similar low-temperature performance. On
the other hand, in the high-temperature and low-
frequency range (Region 1), the PMA 55/75 mixtures
demonstrated greater stiffness than the PAC 50/70
mixtures, which contributes to enhanced resistance to
permanent deformation under heavy traffic conditions.

In Region 2, the increased stiffness resulting from
thermal-oxidative ageing made asphalt mixtures con-
taining conventional binders (PAC 50/70) more suscep-
tible to thermal cracking. In contrast, the PMA 55/75
mixtures showed improved flexibility under the same
conditions, likely due to the presence of the polymer
network, which mitigates the stiffening effects of ox-
idation. When moisture was introduced, however,
the conventional mixtures exhibited further stiffening,
possibly due to the additional oxidative action of wa-
ter. Conversely, the PMA 55/75 mixtures experienced
adhesive failure at the binder-aggregate interface, lead-
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Tests Source of variation SQ gl MQ Feal p-value Fiab
Indirect Tensile Between groups 1.130006 3 0.376669  182.0755 1.06 x 10~7 4.066181
Strength (ITS) Within the groups 0.01655 8  0.002069 NA NA NA

Total 1.146556 11 NA NA NA NA

Indirect Tensile Between groups 183 3 61 18.76923  0.000559266 4.066181
Strength Ratio  Within the groups 26 8 3.25 NA NA NA
(ITSR) Total 209 11 NA NA NA NA

Resilient Between groups 22463380 3 7487793 198.4289 7.57 x 107  4.066181
o Within the groups 301883.2 8 3773541 NA NA NA
Total 22765263 11 NA NA NA NA

Between groups 398900.3 3  132966.8 75.44213 3.3 x107%  4.066181
Flow number  Within the groups 14100 8 1762.5 NA NA NA
Total 413000.3 11 NA NA NA NA

Dynamic Between groups 1.86 x 108 62046500 156.1901 1.94 x 1077  4.066181
modulus Within the groups 3178000 8 397250 NA NA NA
(4°C, 1Hz)  Total 1.89 x 108 11 NA NA NA NA

Dynamic Between groups 25089059 3 8363020 163.0769 1.64 x 1077  4.066181
modulus Within the groups 410261.3 8  51282.67 NA NA NA
(20°C, 1Hz)  Total 25499320 11 NA NA NA NA

Dynamic Between groups 888760.6 3  296253.5 26.53749 0.000165 4.066181
modulus Within the groups 89308.67 8  11163.58 NA NA NA
(40°C, 1Hz)  Total 978069.2 11 NA NA NA NA

SQ = Sum of squares, gl = Degree of freedom, MQ = Mean squares, F.,1 = F calculated,

Fi., = F tabulated, NA = Not Applicable.

TABLE 11. ANOVA statistical parameters — PAC 50/70.

ing to a reduction in stiffness. This phenomenon is
consistent with previous findings, which reported a de-
crease in rigidity after moisture saturation, especially
in mixtures with granitic aggregate. Overall, the re-
sults suggest that, although polymer-modified binders
offer superior resistance to thermal cracking when
exposed to oxidative ageing, they may perform worse
when exposed to moisture due to interfacial weaken-
ing.

It is important to note that the resilient modulus
(RM) determined in this study was obtained from
the indirect tensile test (ITT) performed at 25°C
and a loading frequency of approximately 1 Hz, condi-
tions that correspond to intermediate service tempera-
tures and typical traffic loading conditions. When
compared to the dynamic modulus (|E*|) results,
a consistent trend is observed: both parameters in-
crease with thermal ageing, reflecting the progressive
stiffening of the mixtures due to oxidative processes.
The PMA 55/75 mixtures exhibited a lower sensi-
tivity to ageing for both RM and |E*|, indicating
that the polymer-modified binder maintained its vis-
coelastic flexibility across different loading frequencies
and ageing stages. Although RM represents a quasi-
static elastic response and |E*| captures the frequency-
dependent viscoelastic behaviour, the close correspon-
dence between their trends reinforces the internal
consistency of the mechanical characterisation and
validates the use of RM as a reliable stiffness indicator
under intermediate temperature conditions.

Although the present study did not simulate the me-
chanical action of traffic loading over the course of an
asphalt pavement’s service life, the laboratory results
provide consistent indications of field performance
trends. The progressive stiffening and increased flow
number observed for both binders after short- and
long-term ageing correspond to the early densifica-
tion and oxidative processes typically experienced by
asphalt layers under conditions of traffic and ther-
mal exposure. Moreover, the superior ageing resis-
tance of the PMA 55/75 mixture, evidenced by its
lower sensitivity to modulus variation and higher flow
number retention under moisture conditioning, sug-
gests a more stable mechanical response in service, in
agreement with field evaluations of polymer-modified
binders reported in pavement management systems.
Nevertheless, further validation through full-scale or
accelerated pavement testing would be required to
quantitatively confirm the long-term performance of
PMA 55/75 mixtures under the combined effects of
ageing, moisture, and traffic loading.

3.4. STATISTICAL ANALYSIS

Table [11] presents the statistical parameters obtained
from the ANOVA test conducted on the asphalt mix-
ture groups featuring PAC 50/70 and PMA 55/75 as
asphalt binders. In this study, the influence of age-
ing on the mechanical performance of these asphalt
mixtures was assessed using a single-factor analysis of
variance (ANOVA). The analysis was carried out sep-
arately for two groups of mixtures: those containing
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Tests Source of variation SQ gl MQ Feal p-value Fian
Indirect Tensile Between groups 0.60315 3 0.20105 106.8704 8.56 x 1077 4.066181
Within the groups 0.01505 8 0.001881 NA NA NA
Strength (ITS)
Total 0.6182 11 NA NA NA NA
Indirect Tensile Between groups 366 3 122 37.53846 4.63451 x 107°  4.066181
Strength Ratio  Within the groups 26 8 3.25 NA NA NA
(ITSR) Total 392 11 NA NA NA NA
Resilient Between groups 4809656 3 1603219  57.8261 9.13 x 1076 4.066181
odulus Within the groups 221798.6 8  27724.83 NA NA NA
Total 5031455 11 NA NA NA NA
Between groups 1807846 3 6026152  44.24626 2.51 x 107° 4.066181
Flow number ~ Within the groups 108956.6 8  13619.57 NA NA NA
Total 1916802 11 NA NA NA NA
Dynamic Between groups 36071672 3 12023891 65.74237 5.59 x 1076 4.066181
modulus Within the groups 1463153 8  182894.1 NA NA NA
(4°C, 1Hz)  Total 37534825 11 NA NA NA NA
Dynamic Between groups 32093383 3 10697794 595.8972 9.68 x 10710 4.066181
modulus Within the groups 143619.3 8  17952.42 NA NA NA
(20°C, 1Hz)  Total 32237002 11 NA NA NA NA
Dynamic Between groups 1016973 3 338991.1 132.1775 3.73 x 1077 4.066181
modulus Within the groups 20517.33 8  2564.667 NA NA NA
(40°C, 1Hz)  Total 1037491 11 NA NA NA NA

SQ = Sum of squares, gl = Degree of freedom, MQ = Mean squares, F., = F calculated,

Fiap = F tabulated, NA = Not Applicable.

TABLE 12. ANOVA statistical parameters — PMA 55/75.

PAC 50/70 and those containing PMA 55/75 as the as-
phalt binder. The results clearly demonstrate that age-
ing had a significant impact on the mechanical proper-
ties of the mixtures. This is evidenced by the p-values,
all of which were below the significance threshold of
0.05. These results indicate statistically significant
differences between the means of the various groups.
Therefore, it can be confidently stated that the age-
ing procedures implemented in this study resulted in
modifications to the mechanical characteristics of the
mixtures, regardless of the type of asphalt binder used.

To assess differences in the mechanical properties be-
tween the two distinct asphalt mixture types, namely
PAC 50/70 and PMA 55/75, a Student is t-test was
executed. The primary objective of this test was to
establish whether there were significant differences
in the mechanical properties of the two binder cate-
gories. The analysis was carried out separately for
each ageing procedure used for the mixtures, specif-
ically, PAC 50/70 and PMA 55/75, with the aim of
evaluating their individual responses and highlight-
ing any substantial differences. Table [I3] provides an
overview of the statistical parameters derived from
the Student’s t-test.

In the ITS test, significant differences were evident
from the means of the asphalt mixtures for all age-
ing procedures, with the exception of the short-term
ageing condition. The p-values calculated for these
comparisons were below the 5 % significance threshold,
highlighting their statistical significance. Likewise, in
the assessments of moisture damage (ITSR), resilient
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modulus, and flow number, the means of the mixtures
showed significant differences for all ageing procedures,
except in the case of the resilient modulus test for
non-aged specimens. In this particular scenario, the
p-value exceeded the 5 % significance threshold, sug-
gesting that the absence of ageing had a relatively
limited impact on the mixtures compared to the ef-
fects caused by short-term ageing, during which the
mixtures were subjected to thermal ageing in an oven.

The superior attributes of PMA 55/75, which is
made from PAC modified with synthetic elastomeric
polymers, were evident in all mechanical tests. These
improved properties play a crucial role in mitigating
common pavement issues, notably permanent defor-
mation, and ultimately result in prolonged service life
of asphalt pavements. This superiority was consis-
tently demonstrated in tests conducted under stan-
dard asphalt mixture production conditions (short-
term ageing), as well as in the other ageing protocols
(long-term ageing and long-term ageing + moisture).
In the dynamic modulus examination, encompassing
three temperatures (4 °C, 20 °C, and 40 °C) with a fre-
quency of 1 Hz, statistically significant differences were
observed for all protocols at 4 °C and 20 °C, except for
the short-term ageing protocol. Nevertheless, at a tem-
perature of 40 °C, no notable difference was observed
between the means, suggesting that temperature sub-
stantially influences the mixture behaviour and yields
comparable performance for both PAC 50/70 and
PMA 55/75 asphalt mixtures.
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Tests

No aging

Short-term

Long-term

Long-term aging

aging aging + moisture
Pooled variance 0.0004375 0.00505 0.0008125 0.0016
Indirect Tensile Observations 3 3 3 3
Strength (ITS)  Degree of freedom 4 4 4 4
p-value 0.01900518 0.688769983 0.000172477 0.002530808
Pooled variance 4 2.5 2.5 4
Indirect Tensile .
Strength Ratio Observations 3 3 3 3
egree of freedom
p-value 0.573392254 0.001040913 0.003448385 0.000175635
Pooled variance NA 32087.24667 6953 64 334.03
Resilient Observations 3 3 3 3
modulus Degree of freedom 2 3 4 4
p-value 0.158637959 0.043522587 4.61254 x 1075 0.000675808
Pooled variance NA 10296.5 8339.645 3948.5
Flow number Observations 3 3 3 3
Degree of freedom 2 4 4 4
p-value 0.002224674 4.37714 x 107°  9.32348 x 1076 2.8739 x 106
Dvnamic Pooled variance 207 350 93221.5 43 502.66667 11 560.66667
m}; dulus Observations 3 3 3 3
(4°C, 1Hz) Degree of freedom 4 4 4 4
’ p-value 0.003058585  1.5374 x 10~ 0.388336135 0.000277266
Dvnamic Pooled variance NA 65128.16667 43 502.66667 11 560.66667
m}:) dulus Observations 3 3 3 3
(20°C, 1Hz) Degree of freedom 2 4 4 4
’ p-value 0.017341222 0.010245597 0.388336135 0.000277266
Dvnamic Pooled variance 1717 NA 15635.16667 NA
m}(,) dulus Observations 3 3 3 3
(40°C, 1Hz) Degree of freedom 4 2 4 2
’ p-value 0.29737571 0.067966193 0.150362961 0.084046446

NA = Not Applicable.

TABLE 13. Statistical parameters of the t-test.

4. FINAL CONSIDERATIONS

In this section, conclusions drawn from this research
will be presented, along with suggestions for future
studies related to the analysed topic.

4.1. CONCLUSION

This study aimed to evaluate the effects of moisture
and thermal ageing on the chemical, rheological, and
mechanical properties of asphalt mixtures with differ-
ent binder types (PAC 50/70 and PMA 55/75). Based
on the results obtained, the following conclusions are
drawn:

(1.) Thermal ageing, especially long-term ageing, sig-
nificantly increases the stiffness of both binders
and asphalt mixtures, which generally enhances
resistance to permanent deformation compared to
non-aged conditions. However, it is important to
note that permanent deformation in pavements de-
velops primarily during service life due to heavy
traffic loading and post-construction compaction
effects.

(2.) Oxidative ageing of the asphalt binder results in
the formation of asphaltenic fractions, increasing

binder viscosity and mixture stiffness, thus improv-
ing resistance to deformations. Conversely, mois-
ture presence can induce stripping — a distinct phe-
nomenon characterised by the loss of adhesion be-
tween the binder and the aggregate — leading to
reduced resistance against permanent deformation.

(3.) The polymer-modified binder (PMA 55/75)

demonstrated superior performance, with improved
resistance to both thermal- and moisture-induced
ageing effects, due to the stabilising effect of the
polymer matrix.

(4.) Statistical analyses confirmed that ageing sig-

nificantly affects the asphalt mixture performance
(p < 0.05), regardless of binder type. Moreover, mix-
tures with PMA 55/75 consistently outperformed
those with PAC 50/70 under various ageing scenar-
ios, showing better mitigation of common pavement
defects such as permanent deformation.

(5.) Considering regional climatic conditions and the

in-service loading environment is essential for lab-
oratory ageing simulations, ensuring that ageing
protocols realistically represent field conditions, in-
cluding the effects of continuous heavy traffic load-
ing after construction.
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4.2. FUTURE RESEARCH DIRECTIONS

(1.) Evaluating the performance of recycled asphalt
mixtures with various proportions of milled material
while employing the ageing protocol established in
this study.

(2.) Using the S-VECD model to forecast fatigue dam-
age under diverse loading and temperature scenarios
for each of the ageing protocols investigated in this
research.

(3.) Exploring the application of ultraviolet radiation
during the extended oven ageing phase for both
asphalt binders and asphalt mixtures.

(4.) Investigating the mechanical response of asphalt
mixtures subjected to various durations of simulated
rainfall and varying aggregate mineral compositions.

ACKNOWLEDGEMENTS

The authors would like to express their gratitude for the
financial support received from the Paraiba State Research
Support Foundation (FAPESQ), the National Council for
Scientific and Technological Development (CNPq), and the
Coordination for the Improvement of Higher Education
Personnel (CAPES) through research grants. The authors
would also like to express their gratitude to the Pavement
Engineering Laboratory (LEP) at the Federal University of
Campina Grande (UFCG) and LAMMEN - Laboratory of
Multifunctional Materials and Numerical Experimentation
at the ECT (UFRN).

REFERENCES

[1] P. Czajkowski, A. Przyjazny, G. Boczkaj. Bitumen
aging — Laboratory simulation methods used in practice
and selected directions of research on new methods.
Materials 16(2):853, 2023.
https://doi.org/10.3390/mai6020853

[2] P. Barghabany, J. Zhang, L. N. Mohammad, et al.
Chemical and rheological characterization of asphalt
binders: A comparison of asphalt binder aging and
asphalt mixture aging. Transportation Research Record
2676(5):147-157, 2022.
https://doi.org/10.1177/03611981211067977

[3] B. Hofko, M. Hospodka. Rolling thin film oven test
and pressure aging vessel conditioning parameters:
Effect on viscoelastic behavior and binder performance
grade. Transportation Research Record 2574(1):111-
116, 2016. https://doi.org/10.3141/2574-12

[4] M. Hu, G. Sun, D. Sun, et al. Effect of thermal aging
on high viscosity modified asphalt binder: Rheological
property, chemical composition and phase morphology.
Construction and Building Materials 241:118023, 2020.
https:

//doi.org/10.1016/7.conbuildmat .2020.118023

[5] E. L. Omairey, F. Gu, Y. Zhang. An equation-based
multiphysics modelling framework for oxidative ageing
of asphalt pavements. Journal of Cleaner Production
280:124401, 2021.
https://doi.org/10.1016/j.jclepro.2020.124401

636

[6] Y. Qin, Y. Meng, J. Lei, et al. Study on the
microscopic characteristics and rheological properties of
thermal-oxidative aged and virgin-old recycled asphalts.
FEuropean Polymer Journal 154:110499, 2021.
https://doi.org/10.1016/j.eurpolymj.2021.110499

[7] F. Safaei, J.-S. Lee, L. A. H. do Nascimento, et al.
Implications of warm-mix asphalt on long-term
oxidative ageing and fatigue performance of asphalt
binders and mixtures. Road Materials and Pavement
Design 15(supl):45-61, 2014.
https://doi.org/10.1080/14680629.2014.927050

[8] B. T. Smith, I. L. Howard, W. S. Jordan III, et al.
Comparing pressure aging vessel time to field aging of
binder as a function of pavement depth and time.
Transportation Research Record 2672(28):223-234, 2018.
https://doi.org/10.1177/0361198118790836

[9] A. M. da Silva Lopes, O. de Medeiros Melo Neto,
L. C. de Figueiredo Lopes Lucena, et al. Impact of
aging protocols on asphalt binder behavior:

A laboratory and field study. Case Studies in
Construction Materials 19:€02629, 2023.
https://doi.org/10.1016/j.cscm.2023.e02629

[10] H. Rahmani, H. Shirmohammadi, G. H. Hamedi.
Effect of asphalt binder aging on thermodynamic
parameters and its relationship with moisture
sensitivity of asphalt mixes. Journal of Materials in
Civil Engineering 30(11):04018278, 2018. https:
//doi.org/10.1061/(ASCE)MT.1943-5533.0002453

[11] S.-C. Huang, R. Glaser, F. Turner. Impact of water
on asphalt aging: Chemical aging kinetic study.
Transportation Research Record 2293(1):63-72, 2012.
https://doi.org/10.3141/2293-08

[12] F. N. R. de Freitas, W. L. G. Ferreira,
V. T. F. C. Branco. Avaliacdo da relagdo entre o dano
por umidade e a permeabilidade de misturas asfalticas
contendo cinza volante como filer [In Portuguese;
Evaluation of the relationship between moisture damage
and the permeability of asphalt mixtures containing fly
ash as filler]. Revista de Engenharia e Tecnologia
11(1):18-29, 2019. [2023-07-04]. https://revistas.
uepg.br/index.php/ret/article/view/12587

[13] D. B. Costa, O. de Medeiros Melo Neto,
P. M. S. G. Lugz, et al. Influence of aging, RAP content,
and recycling agent on the performance of asphalt
mixtures. Environmental Science and Pollution
Research 31(1):1419-1441, 2024.
https://doi.org/10.1007/s11356-023-31263-4

[14] L. Xi, R. Luo, H. Liu. Evaluating the influence of
humidity on asphalt mixture performance by the flow
number test. Construction and Building Materials
284:122754, 2021. https:
//doi.org/10.1016/j.conbuildmat.2021.122754

[15] A. Izadi, M. Motamedi, R. Alimi, M. Nafar. Effect of
aging conditions on the fatigue behavior of hot and
warm mix asphalt. Construction and Building Materials
188:119-129, 2018. https:
//doi.org/10.1016/j.conbuildmat.2018.08.119

[16] H. Ziari, A. Amini, A. Goli. The effect of different
aging conditions and strain levels on relationship between
fatigue life of asphalt binders and mixtures. Construction
and Building Materials 244:118345, 2020. https:
//doi.org/10.1016/j.conbuildmat.2020.118345


https://doi.org/10.3390/ma16020853
https://doi.org/10.1177/03611981211067977
https://doi.org/10.3141/2574-12
https://doi.org/10.1016/j.conbuildmat.2020.118023
https://doi.org/10.1016/j.conbuildmat.2020.118023
https://doi.org/10.1016/j.jclepro.2020.124401
https://doi.org/10.1016/j.eurpolymj.2021.110499
https://doi.org/10.1080/14680629.2014.927050
https://doi.org/10.1177/0361198118790836
https://doi.org/10.1016/j.cscm.2023.e02629
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002453
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002453
https://doi.org/10.3141/2293-08
https://revistas.uepg.br/index.php/ret/article/view/12587
https://revistas.uepg.br/index.php/ret/article/view/12587
https://doi.org/10.1007/s11356-023-31263-4
https://doi.org/10.1016/j.conbuildmat.2021.122754
https://doi.org/10.1016/j.conbuildmat.2021.122754
https://doi.org/10.1016/j.conbuildmat.2018.08.119
https://doi.org/10.1016/j.conbuildmat.2018.08.119
https://doi.org/10.1016/j.conbuildmat.2020.118345
https://doi.org/10.1016/j.conbuildmat.2020.118345

VOL. 65 NO. 6/2025

Influence of thermal and moisture ageing on the mechanical ...

[17] S. Wang, W. Huang, A. Kang. Evaluation of aging
characteristics of high-viscosity asphalt: Rheological
properties, rutting resistance, temperature sensitivity,
homogeneity, and chemical composition. Journal of
Materials in Civil Engineering 33(7):04021149, 2021.
https://doi.org/10.1061/(ASCE)MT. 1943~
5533.0003777

[18] H. Wang, Y. Zhu, W. Zhang, et al. Effects of field
aging on material properties and rutting performance of
asphalt pavement. Materials 16(1):225, 2023.
https://doi.org/10.3390/ma16010225

[19] S. Yang, A. Braham, L. Wang, Q. Wang. Influence of
aging and moisture on laboratory performance of
asphalt concrete. Construction and Building Materials
115:527-535, 2016. https:
//doi.org/10.1016/j.conbuildmat.2016.04.063

[20] H. R. Radeef, N. Abdul Hassan, A. R. Zainal Abidin,
et al. Effect of aging and moisture damage on the
cracking resistance of rubberized asphalt mixture.
Materials Today: Proceedings 42:2853-2858, 2021.
https://doi.org/10.1016/j.matpr.2020.12.734

[21] J. Wu, Y. Wang, Q. Liu, et al. Investigation on
mechanical performance of porous asphalt mixtures
treated with laboratory aging and moisture actions.
Construction and Building Materials 238:117694, 2020.
https:
//doi.org/10.1016/j.conbuildmat.2019.117694

[22] ASTM. Standard test method for relative density
(specific gravity) and absorption of coarse aggregate.
Tech. Rep. ASTM C127-15, 2015.
https://doi.org/10.1520/C0127-15

[23] ASTM. Standard test method for flat particles,
elongated particles, or flat and elongated particles in
coarse aggregate. Tech. Rep. ASTM D4791-19, 2019.
https://doi.org/10.1520/D4791-19

[24] ASTM. Standard test method for sand equivalent
value of soils and fine aggregate. Tech. Rep. ASTM
D2419-14, 2014. https://doi.org/10.1520/D2419-14

[25] ASTM. Standard test method for resistance to
degradation of small-size coarse aggregate by abrasion
and impact in the Los Angeles machine. Tech. Rep.
ASTM C131/C131M-20, 2020.
https://doi.org/10.1520/C0131_C0131M-20

[26] ASTM. Standard test methods for particle-size
distribution (gradation) of soils using sieve analysis.
Tech. Rep. ASTM D6913-04(2009)el, 2009.
https://doi.org/10.1520/D6913-04R09E01

[27] D. Beserra Costa, O. de Medeiros Melo Neto,
L. Christiane de Figueiredo Lopes Lucena, et al. Effects
of recycling agents and methods on the fracture and
moisture resistance of asphalt mixtures with high RAP
contents. Construction and Building Materials
367:130312, 2023. https:
//doi.org/10.1016/j.conbuildmat.2023.130312

[28] O. de Medeiros Melo Neto, I. Minervina Silva,
L. C. de Figueiredo Lopes Lucena, et al. Viability of
recycled asphalt mixtures with soybean oil sludge fatty
acid. Construction and Building Materials 349:128728,
2022. https:
//doi.org/10.1016/j.conbuildmat.2022.128728

[29] O. de Medeiros Melo Neto, L. C. de Figueiredo
Lopes Lucena, I. M. Silva, et al. Effects of the addition
of fatty acid from soybean oil sludge in recycled asphalt
mixtures. Environmental Science and Pollution
Research 30(17):50174-50197, 2023.
https://doi.org/10.1007/s11356-023-25808-w

[30] A. J. R. da Silva, A. E. de Figueiredo Lopes Lucena,
O. de Medeiros Melo Neto, et al. Effects of using waste
high-density polyethylene on the rheological,
mechanical, and thermal performance of asphalt
materials. Environment, Development and
Sustainability 26(7):16683-16710, 2024.
https://doi.org/10.1007/s10668-023-03306-w

[31] A. M. G. D. Mendonga, O. de Medeiros Melo Neto,
J. K. G. Rodrigues, et al. Characterisation of modified
asphalt mixtures with lignin of pinus and eucalyptus
woods. Australian Journal of Civil Engineering
21(2):253-264, 2023.
https://doi.org/10.1080/14488353.2022.2089376

[32] T. R. Porto, A. E. de Figueiredo Lopes Lucena,
T. M. R. P. de Moraes, et al. The use of iron oxide in
asphalt mixtures to reduce the effects of urban heat
islands. Case Studies in Construction Materials
18:e01709, 2023.
https://doi.org/10.1016/j.cscm.2022.e01709

[33] T. M. R. P. de Moraes, A. E. de Figueirédo
Lopes Lucena, O. de Medeiros Melo Neto, et al. Efeitos
do uso da cera de carnatiba como aditivo redutor de
temperaturas de mistura e compactagdo no desempenho
mecénico de misturas asfalticas [In Portuguese; Effects
of the use of carnauba wax as a reducing additive on
mixing and compaction temperatures in the mechanical
performance of asphalt mixtures]. Matéria (Rio de
Janeiro) 27(4):€20220192, 2022. https:
//doi.org/10.1590/1517-7076-RMAT-2022-0192

[34] G. K. A. Cruz, O. de Medeiros Melo Neto,
S. M. Arruda, et al. Influence of particle size selection
methods on asphalt mixtures produced with lateritic
aggregates. Construction and Building Materials
314:125201, 2022. https:
//doi.org/10.1016/j.conbuildmat.2021.125201

[35] DNER 078. Aderéncia de agregado graido ao ligante
betuminoso [In Portuguese; Coarse aggregate —
adhesion to bituminous binder], 1994.

[36] S. Zhang, R. Li, J. Pei. Evaluation methods and
indexes of morphological characteristics of coarse
aggregates for road materials: A comprehensive review.
Journal of Traffic and Transportation Engineering
(English Edition) 6(3):256-272, 2019.
https://doi.org/10.1016/7.jtte.2019.01.003

[37] ASTM. Standard test method for preparation and
determination of the relative density of asphalt mix
specimens by means of the superpave gyratory
compactor. Tech. Rep. ASTM D6925-15, 2015.
https://doi.org/10.1520/D6925-15

[38] Y. R. Kim, C. Castorena, M. Elwardany, et al.
Long-term aging of asphalt mixtures for performance
testing and prediction. The National Academies Press,
Washington, DC, 2017.
https://doi.org/10.17226/24959

637


https://doi.org/10.1061/(ASCE)MT.1943-5533.0003777
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003777
https://doi.org/10.3390/ma16010225
https://doi.org/10.1016/j.conbuildmat.2016.04.063
https://doi.org/10.1016/j.conbuildmat.2016.04.063
https://doi.org/10.1016/j.matpr.2020.12.734
https://doi.org/10.1016/j.conbuildmat.2019.117694
https://doi.org/10.1016/j.conbuildmat.2019.117694
https://doi.org/10.1520/C0127-15
https://doi.org/10.1520/D4791-19
https://doi.org/10.1520/D2419-14
https://doi.org/10.1520/C0131_C0131M-20
https://doi.org/10.1520/D6913-04R09E01
https://doi.org/10.1016/j.conbuildmat.2023.130312
https://doi.org/10.1016/j.conbuildmat.2023.130312
https://doi.org/10.1016/j.conbuildmat.2022.128728
https://doi.org/10.1016/j.conbuildmat.2022.128728
https://doi.org/10.1007/s11356-023-25808-w
https://doi.org/10.1007/s10668-023-03306-w
https://doi.org/10.1080/14488353.2022.2089376
https://doi.org/10.1016/j.cscm.2022.e01709
https://doi.org/10.1590/1517-7076-RMAT-2022-0192
https://doi.org/10.1590/1517-7076-RMAT-2022-0192
https://doi.org/10.1016/j.conbuildmat.2021.125201
https://doi.org/10.1016/j.conbuildmat.2021.125201
https://doi.org/10.1016/j.jtte.2019.01.003
https://doi.org/10.1520/D6925-15
https://doi.org/10.17226/24959

M. V. de Siqueira, O. de M. Melo Neto, L. C. de F. Lopes Lucena et al.

AcTA POLYTECHNICA

[39] AASHTO. Standard practice for laboratory
conditioning of asphalt mixtures. Tech. Rep.
AASHTO R 30-22, 2022. [2022-08-20].
https://global.ihs.com/doc_detail.cfm?document_
name=AASHT0%20R%2030&item_s_key=00488905

[40] ASTM. Standard test method for viscosity
determination of asphalt at elevated temperatures using
a rotational viscometer. Tech. Rep. ASTM D4402, 2015.
[2022-08-20).
https://www.astm.org/astm-tpt-721.html

[41] ASTM. Standard specification for
performance-graded asphalt binder. Tech. Rep. ASTM
D6373-21, 2021. https://doi.org/10.1520/D6373-21

[42] J. Zhang, Z. Fan, D. Hu, et al. Evaluation of
asphalt-aggregate interaction based on the rheological
properties. International Journal of Pavement
Engineering 19(7):586-592, 2018.
https://doi.org/10.1080/10298436.2016.1199868

[43] S. D. Asukar, A. Behl, P. J. Gundaliya. Utilization of
lignin as an antioxidant in asphalt binder. International
Journal of Innovative Research in Technology
2(12):198-207, 2016.

[44] ASTM. Standard test method for multiple stress
creep and recovery (MSCR) of asphalt binder using
a dynamic shear rheometer. Tech. Rep. ASTM
D7405-20, 2020. https://doi.org/10.1520/D7405-20

[45] AASHTO. Standard method of test for estimating
fatigue resistance of asphalt binders using the linear
amplitude sweep. Tech. Rep. AASHTO T 391-20, 2020.
[2023-08-31]. https://global.ihs.com/doc_detail.
cfm?&document_name=AASHTO0720T/20391&item_s_key=
00822231&item_key_date=791231

[46] DNIT. Pavimentacdo — Misturas asfélticas — Ensaio
uniaxial de carga repetida para determinagéo da
resisténcia a deformagdo permanente — Método de
ensaio [In Portuguese; Paving — Asphalt mixtures —
Uniaxial repeated load test for determining permanent
deformation resistance — Test method]. Tech. Rep.
DNIT 184, 2018.

[47] DNIT. Pavimentacio asfaltica — Misturas asfélticas —
Determinagao da resisténcia a tracdo por compressao
diametral — Método de ensaio [In Portuguese; Asphalt
pavement — Asphalt mixtures — Determination of tensile
strength by diametral compression — Test method].
Tech. Rep. DNIT 136, 2018.

[48] DNIT. Pavimentagdo — Misturas asfalticas —
Determinagdo do dano por umidade induzida — Método
de ensaio [In Portuguese; Paving — Asphalt mixtures
determination of moisture-induced damage — Test
method]. Tech. Rep. DNIT 180, 2018.

[49] DNIT. Pavimentacao asfaltica — Misturas asflticas —
Determinacao do médulo de resiliéncia — Método de
ensaio [In Portuguese; Asphalt pavement — Asphalt
mixtures — Determination of the resilient modulus —
Test method]. Tech. Rep. DNIT 135, 2018. [2022-08-20].
https://pt.scribd.com/document/462947290/Norma-
DNIT-135-2018-ME

[50] DNIT. Pavimentacéo asfaltica — Misturas asfalticas —
determinacdo do médulo dindmico — Método de ensaio
[In Portuguese]. Tech. Rep. DNIT 416, 2019.

638

[51] AASHTO. Standard specification for
performance-graded asphalt binder. Tech. Rep.
AASHTO M 320-21, 2021. [2022-09-23].
https://www.techstreet.com/standards/aashto-m-
320-217product_1id=2229878

[52] M. M. Takahashi. Awaliacio do envelhecimento e
rejuvenescimento de ligantes asfdlticos [In Portuguese;
Fuvaluation of aging and rejuvenation of asphalt binders].
Master’s thesis, Universidade de Sado Paulo, Brazil, 2020.
https://doi.org/10.11606/D.3.2020.tde-25012021-
101332

[63] W. S. Mogawer, A. Booshehrian, S. Vahidi, A. J.
Austerman. Evaluating the effect of rejuvenators on the
degree of blending and performance of high RAP, RAS,
and RAP/RAS mixtures. Road Materials and Pavement
Design 14(sup2):193-213, 2013.
https://doi.org/10.1080/14680629.2013.812836

[54] A. T. Martins. Contribution to the validation of the
fatigue damage test for asphalt binders, Federal
University of Rio de Janeiro, 2018.

[55] D. A. Gama, J. M. Rosa Junior, T. J. A. de Melo,
J. K. G. Rodrigues. Rheological studies of asphalt
modified with elastomeric polymer. Construction and
Building Materials 106:290-295, 2016. https:
//doi.org/10.1016/7.conbuildmat.2015.12.142

[56] P. G. T. Marinho Filho. Awaliagdo reoldgica de
ligantes asfdlticos modificados com nanoparticulas de
didzido de titanio [In Portuguese; Rheological evaluation
of asphalt binders modified with titanium dioxide
nanoparticles]. Master’s thesis, Universidade Federal de
Campina Grande, Brazil, 2017. [2023-07-04].
http://dspace.sti.ufcg.edu.br:

8080/ jspui/handle/riufcg/374

[57] E. DuBois, Y. Mehta, A. Nolan. Correlation between
multiple stress creep recovery (MSCR) results and
polymer modification of binder. Construction and
Building Materials 65:184-190, 2014. https:
//doi.org/10.1016/7 . conbuildmat.2014.04.111

[58] R. A. Tarefder, S. S. Yousefi. Rheological
examination of aging in polymer-modified asphalt.
Journal of Materials in Civil Engineering
28(2):04015112, 2016. https:
//doi.org/10.1061/(ASCE)MT.1943-5533.0001370

[59] L. A. H. Nascimento. Petrobras presentation — New
transfer function. Meeting on 2021-08-16, 2021.

[60] A. Anitelli. Estudo do dano por umidade de misturas
densas com ligantes asfdlticos convencional e modificado
com polimero SBS [In Portuguese; Study of moisture
damage of conventional and polymer modified asphalt
miztures]. Master’s thesis, Escola de Engenharia de Sao
Carlos, Brazil, 2013.
https://doi.org/10.11606/D.18.2013.tde—
17102013-100748

[61] P. K. Das, H. Baaj, N. Kringos, S. Tighe. Coupling
of oxidative ageing and moisture damage in asphalt
mixtures. Road Materials and Pavement Design
16(supl):265-279, 2015.
https://doi.org/10.1080/14680629.2015.1030835


https://global.ihs.com/doc_detail.cfm?document_name=AASHTO%20R%2030&item_s_key=00488905
https://global.ihs.com/doc_detail.cfm?document_name=AASHTO%20R%2030&item_s_key=00488905
https://www.astm.org/astm-tpt-721.html
https://doi.org/10.1520/D6373-21
https://doi.org/10.1080/10298436.2016.1199868
https://doi.org/10.1520/D7405-20
https://global.ihs.com/doc_detail.cfm?&document_name=AASHTO%20T%20391&item_s_key=00822231&item_key_date=791231
https://global.ihs.com/doc_detail.cfm?&document_name=AASHTO%20T%20391&item_s_key=00822231&item_key_date=791231
https://global.ihs.com/doc_detail.cfm?&document_name=AASHTO%20T%20391&item_s_key=00822231&item_key_date=791231
https://pt.scribd.com/document/462947290/Norma-DNIT-135-2018-ME
https://pt.scribd.com/document/462947290/Norma-DNIT-135-2018-ME
https://www.techstreet.com/standards/aashto-m-320-21?product_id=2229878
https://www.techstreet.com/standards/aashto-m-320-21?product_id=2229878
https://doi.org/10.11606/D.3.2020.tde-25012021-101332
https://doi.org/10.11606/D.3.2020.tde-25012021-101332
https://doi.org/10.1080/14680629.2013.812836
https://doi.org/10.1016/j.conbuildmat.2015.12.142
https://doi.org/10.1016/j.conbuildmat.2015.12.142
http://dspace.sti.ufcg.edu.br:8080/jspui/handle/riufcg/374
http://dspace.sti.ufcg.edu.br:8080/jspui/handle/riufcg/374
https://doi.org/10.1016/j.conbuildmat.2014.04.111
https://doi.org/10.1016/j.conbuildmat.2014.04.111
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001370
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001370
https://doi.org/10.11606/D.18.2013.tde-17102013-100748
https://doi.org/10.11606/D.18.2013.tde-17102013-100748
https://doi.org/10.1080/14680629.2015.1030835

VOL. 65 NO. 6/2025

Influence of thermal and moisture ageing on the mechanical ...

[62] L. A. H. do Nascimento. Nova abordagem da
dosagem de misturas asfdlticas densas com uso do
compactador giratoério e foco na deformagdo permanente
[In Portuguese; New approach to dosing dense asphalt
mixtures with the use of a rotary compactor and a focus
on permanent deformation]. Master’s thesis, Federal
University of Rio de Janeiro, 2008. [2022-08-25].
http://objdig.ufrj.br/60/teses/coppe_m/
LuisAlbertoHerrmannDoNascimento.pdf

[63] J. B. dos Santos Bastos, J. B. Soares, L. A. H.
Nascimento. Critérios para os resultados do ensaio
uniaxial de carga repetida de misturas asfalticas em
laboratério a partir do desempenho em campo.
Transportes 25(2):19-40, 2017.
https://doi.org/10.14295/transportes.v25i2.1284

[64] C. Faccin. Concretos asfdlticos em utiliza¢do no Rio
Grande do Sul: comportamento mecinico e desempenho
em campo quanto a deformacdo permanente
[In Portuguese; Asphalt concrete in use in Rio Grande
do Sul: mechanical behavior and performance in the
field regarding permanent deformation]. Master’s thesis,
Federal University of Santa Catarina, Brazil, 2018. [2022-
11-16]. http://repositorio.ufsm.br/handle/1/15888

[65] A. K. Apeagyei. Rutting as a function of dynamic
modulus and gradation. Journal of Materials in Civil
Engineering 23(9):1302-1310, 2011. https:
//doi.org/10.1061/(ASCE)MT. 1943-5533.0000309

[66] M. R. Islam, M. I. Hossain, R. A. Tarefder. A study
of asphalt aging using indirect tensile strength test.
Construction and Building Materials 95:218-223, 2015.
https:

//doi .org/10.1016/3 . conbuildmat.2015.07.159

[67] S. S. Islam, R. N. G. D. Ransinchung, S. S.
Ravindranath. Performance evaluation of long-term
laboratory-aged asphalt mixtures containing different
molecular structures of SBS copolymers. Journal of
Materials in Civil Engineering 35(7):04023191, 2023.
https://doi.org/10.1061/JMCEE7 . MTENG-15368

[68] J. C. Petersen, R. Glaser. Asphalt oxidation
mechanisms and the role of oxidation products on age
hardening revisited. Road Materials and Pavement
Design 12(4):795-819, 2011.
https://doi.org/10.1080/14680629.2011.9713895

[69] S. M. Arruda. Awaliagio do comportamento mecdnico
e autorregenerativo de misturas asfdlticas recicladas [In
Portuguese; Evaluation of the mechanical behavior of
recycled asphalt miztures]. Master’s thesis, Universidade
Federal de Campina Grande, Brazil, 2021. [2022-08-20].
http://dspace.sti.ufcg.edu.br/jspui/handle/
riufcg/21821

[70] S. M. Arruda. Andlise do envelhecimento, rigidez
e suscetibilidade d presenca de dgua em misturas
recicladas com adi¢io de agentes de reciclagem [In
Portuguese; Analysis of aging, stiffness and
susceptibility to the presence of water in recycled
miztures with the addition of recycling agents]. Master’s
thesis, Universidade Federal de Campina Grande,
Brazil, 2022. [2023-07-04]. https://dspace.sti.ufcg.
edu.br/jspui/handle/riufcg/27481

[71] Z. Zhang, S. Han, X. Han, et al. Performance changes
of hot recycled asphalt mixture in different layers under
coupling of multiple aging factors. Construction and
Building Materials 269:121343, 2021. https:
//doi.org/10.1016/7 . conbuildmat .2020.121343

639


http://objdig.ufrj.br/60/teses/coppe_m/LuisAlbertoHerrmannDoNascimento.pdf
http://objdig.ufrj.br/60/teses/coppe_m/LuisAlbertoHerrmannDoNascimento.pdf
https://doi.org/10.14295/transportes.v25i2.1284
http://repositorio.ufsm.br/handle/1/15888
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000309
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000309
https://doi.org/10.1016/j.conbuildmat.2015.07.159
https://doi.org/10.1016/j.conbuildmat.2015.07.159
https://doi.org/10.1061/JMCEE7.MTENG-15368
https://doi.org/10.1080/14680629.2011.9713895
http://dspace.sti.ufcg.edu.br/jspui/handle/riufcg/21821
http://dspace.sti.ufcg.edu.br/jspui/handle/riufcg/21821
https://dspace.sti.ufcg.edu.br/jspui/handle/riufcg/27481
https://dspace.sti.ufcg.edu.br/jspui/handle/riufcg/27481
https://doi.org/10.1016/j.conbuildmat.2020.121343
https://doi.org/10.1016/j.conbuildmat.2020.121343

	Acta Polytechnica 65(6):612–639, 2025
	1 Introduction
	2 Experimental programme
	2.1 Materials
	2.2 Methods
	2.2.1 Dense asphalt mixture design process
	2.2.2 Ageing protocols


	2.2.2.1 No ageing
	2.2.2.2 Short-term ageing
	2.2.2.3 Short-term + long-term ageing
	2.2.2.4 Short-term ageing + long-term + moisture
	2.3 Experimental tests
	2.3.1 Rheological evaluation
	2.3.2 Chemical analysis
	2.3.3 Mechanical performance
	2.3.4 Statistical analysis


	3 Results and discussions
	3.1 Chemical analysis
	3.2 Rheological analysis
	3.3 Mechanical performance
	3.4 Statistical analysis

	4 Final considerations
	4.1 Conclusion
	4.2 Future research directions

	Acknowledgements
	References


