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The impact of reactive oxygen species coupled with moisture on
bitumen long-term aging
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aDelft University of Technology, Delft, Netherlands; bChristian Doppler Laboratory for Chemo-Mechanical Analysis
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ABSTRACT
Bitumen, a crucial constituent in the composition of asphalt pavements,
plays a vital role in the performance and durability of pavements. Bitumen
undergoes aging over time due to complex interactions between its chemi-
cal components andvarious environmental factors. In this investigation, the
study focuses on examining the aging process of bitumen under the com-
bined influenceofmoisture and reactive oxygen species (ROS). The findings
highlight the importance of considering ROS andmoisture as critical factors
contributing to accelerated aging. Results obtained from Fourier-transform
infrared (FTIR) spectroscopy, SARA fractionation, and optical inverse micro-
scope (OIM), as well as dynamic shear rheometer (DSR) examination, indi-
cate that the concurrent influence of these factors induces significant aging
in bitumen, with the extent of this impact being modulated by the bitu-
men’s inherent aging susceptibility. The insights obtained from this study
enhance strategies to justify the destructive impacts of aging, extending
the operational lifespan of asphalt pavements.
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Introduction

Bitumen, derived as a viscoelastic substance from the residual components of crude oil through refin-
ery processes, serves a pivotal role as a binding agent in construction applications, notably in road and
airfield pavements (Hofer et al., 2023; Read &Whiteoak, 2003). Due to its hydrocarbon nature, bitumen
is susceptible to environmental aging factors. This degradation occurs in two distinct phases: short-
term aging (STA) duringmixture production, mixing, transportation, and pavement construction, and
long-termaging (LTA) throughout its service life (Petersen, 2009). Processes suchas the lossof volatiles,
steric hindrance, andoxidation contribute to the asphalt binder’s agingduring these phases (Petersen,
2009). Oxidative aging, particularly, holds significance as it adversely affects pavement performance
(Pipintakos et al., 2021). To effectively characterise bitumen and implement preventive and restorative
measures, it is imperative to employ robust laboratory aging protocols (Hofer et al., 2023).

Established aging protocols at the binder level, such as the Rolling Thin FilmOven Test (RTFOT) and
Pressure Aging Vessel (PAV)methods, are commonly employed (Hofko&Hospodka, 2016; Koyun et al.,
2022; Nagabhushanarao & Vijayakumar, 2021). RTFOT involves subjecting binder films to a controlled
airflow at 163°C for 75 min for short-term aging (STA) (EN 12607-1, 2014), while PAV for long-term
aging (LTA) includes aging of bitumen films in a pressurised vessel with air at 2.07 MPa and tem-
peratures of 90–110°C for 20 h (EN 14769, 2012). However, numerous studies highlight limitations
in accurately replicating field conditions and predicting natural pavement aging with these methods
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(Petersen, 2009). Discrepancies between laboratory and field-aged samples are discussed in available
literature sources (Airey, 2003; Besamusca et al., 2012; Erskine et al., 2012; Jing et al., 2019, 2020, 2021,
2022; Lu et al., 2008; Qian et al., 2020; Qin et al., 2014; Singhvi et al., 2022). These variations may
result from the omission of environmental aging factors in laboratory protocols. Real-world conditions
expose bitumen to various aging agents, includingmoisture, high concentrations of car emissions and
reactive oxygen species (ROS), which are not considered in routine aging protocols. An ideal aging
protocol should encompass all these factors and accelerate their effects to simulate field aging effi-
ciently. Before incorporating these factors, understanding the individual effects is essential. This study
specifically focuses on the impact of moisture and ROS on bitumen aging.

Numerous investigations have already documented the influence of moisture on the degradation
process of bitumen and asphalt. Two main categories characterise the relevant studies: experimen-
tal investigations and molecular dynamic simulations. Ma et al. conducted a molecular dynamic
simulation explaining the impact of hydrogen bonding interactions and water clustering at diverse
temperature and water content conditions, influencing the self-diffusion coefficient of water. The
density, glass transition temperature, viscosity, and cohesive energy for bitumen were computed.
Generally, an increase in water content corresponds to a decrease in these parameters (Ma et al.,
2023). Experimental findings emphasise the detrimental impact of moisture, coupled with mechan-
ical stresses, leading to strength and durability reduction, causing binder and aggregate debonding,
as well as adhesive or cohesive failure (Airey et al., 2008; Cong et al., 2021; Valentin et al., 2021; Valen-
tová et al., 2016). Notably, Omar et al. underscored the significance of moisture infiltration in asphalt
pavements, observing diminished adhesive performance between aggregate surfaces and bitumen
due to water molecule diffusion (Omar et al., 2020). This decline in adhesive properties contributes
to issues such as looseness, spalling, and potholes in the asphalt pavement. Khalighi et al. demon-
strated that hygrothermal aging, involving both heat and moisture, accelerates the aging process
more effectively than thermo-oxidative aging alone (Khalighi et al., 2024). Additionally, the interaction
of bitumen with aqueous solutions containing salts (e.g. NaCl and Na2SO4) alters the surface rough-
ness of asphalt mixtures and accelerates the erosion process, as highlighted by Zou et al. (Zou et al.,
2021). Das et al. provided evidence of the formation of water-soluble thin films due to aging (Das et al.,
2015), while Varveri et al. revealed the detrimental impact of moisture on the fracture characteristics
of asphalt mortars, particularly in terms of low-temperature properties (Varveri, 2017). Despite some
studies indicating minimal influence of water on bitumen and asphalt aging (López-Montero & Miró,
2016), or variations in the influence of moisture among different bitumen types (Huang et al., 2008),
further research is necessary to explore the specific effects of water.

In addition to the impact of moisture on aging, the role of the atmosphere and the presence of
reactive oxygen species (ROS) such as ozone (O3) and nitrogen oxides (NOx) is of immense impor-
tance. Ozone formation occurs in the atmosphere through the oxidation of hydrocarbons and carbon
monoxide (CO) (Jacob, 2000), while NOx is emitted from car engines (Singh et al., 2022), particularly
near asphalt pavements within the traffic system. However, the available literature on the effects of
realistic aging conditions, including ROS, on bitumen or related materials is scarce and widely scat-
tered. To incorporate ROS in the aging process, Mirwald et al. developed the Viennese Binder Aging
(VBA) method, in which samples are exposed to air enriched with a combination of ozone (O3) and
nitrogenoxides (NOX) (Mirwald et al., 2020a). The elevated concentrations of these oxidant gases serve
as the primary aging-inducing factors, while other parameters such as temperature and pressure are
maintained as close to realistic conditions as possible. They showed that with VBA, a RTFOT+ PAV
level of aging is surpassed within three days at 80°C. Hofko et al. investigated the effect of O3 solely
and in combinationwith NOX on bitumen recovered from aged asphalt specimens (Hofko et al., 2020).
Their results reveal that significant aging occurred only in the presence of NOX. This finding was fur-
ther confirmed by Hofer et al., who exposed three different unmodified bitumen samples separately
to NO, NO2 and O3 (Hofer et al., 2022). They observed that the effect of O3 wasmild compared to NO2,
which induced significant aging even at low concentrations, suggesting that NO2 may function as an
aging enhancer and/or accelerator in the presence of another oxygen source such as air. In another
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study conducted by Hofer et al., multiple cycles of the Pressure Aging Vessel (PAV), Viennese Binder
Aging (VBA) and field aging data were compared (Hofer et al., 2023). This study has demonstrated that
the formation of ketones, indicated by the band at 1700 cm−1, significantly increases with both aging
methods, with the VBA method yielding a 110% increase compared to a 42% increase observed in
the 1xPAV sample. This suggests that VBAmay accelerate certain oxidative reactions more effectively
than PAV. Additionally, analysis of aromatic structures reveals similar levels of aromaticity between the
VBA and 5xPAV samples, indicating that bothmethods contribute comparably to structural changes in
the binder. However, the presence of sulphurous oxidation products and their respective bands indi-
cate that the NO2-aged samples exhibit characteristics more akin to field-aged samples, highlighting
the complexity of chemical transformations during aging. Notably, the field-aged sample consistently
shows the highest absorbance across all investigated bands, underscoring that neither laboratory
method fully replicates the extensive aging experienced in real-world conditions. However, the VBA
methodprovidedabetter approximation compared to the standard agingprocedure, enabling amore
accurate qualitative simulation of the chemical properties of the investigated field samples.

The aimof this research is to examine the impact of combinedmoisture and reactiveoxygen species
(ROS) aging on two unmodified binders from different crude oil sources. To achieve this objective,
the unmodified bitumen, which had undergone short-term aging, was subjected to long-term aging
through two different methods. Firstly, the Viennese Binder Aging (VBA) technique was employed,
exposing the specimen to technically dry air enriched with nitrogen dioxide (NO2) and ozone (O3).
Secondly, the sample underwent long-term aging using the sameVBAprotocol in conjunctionwith 75
g/m3 absolute humidity. To characterise the aged binder samples, several analytical techniques were
utilised, including Fourier-transform infrared (FTIR) spectroscopy, separation of asphaltenes, resins,
aromatics, and saturates (SARA) fractionation using solid phase extraction (SPE) cartridges, and the
application of an Optical Inverse Bright-field, Dark-field, Fluorescence Microscope (OIM), frequency
sweep test and relaxation test.

Material andmethod

Material

In this study, Q 70/100 and T 70/100 unmodified binders were used to prepare films of 1mm thickness
in glass petri-dishes with 78.5 cm2 surface area. Table 1 shows the main specification of the examined
bitumen.

Sample preparation and aging conditions

Both Q 70/100 and T 70/100 bitumen samples were subjected to laboratory aging using a standard-
ised approach. Specifically, a simulation of short-term aging (STA) was conducted by exposing 3.2mm
thick bitumen films to the Thin Film Oven Test (TFOT) at a temperature of 163°C for a duration of 5 h.
TFOT was selected due to its reliability and ease of performance compared to RTFOT. This procedure

Table 1. Specifications of Q 70/100 and T 70/100 at fresh (unaged) state.

Property Unit Q PEN 70/100 T PEN 70/100

Penetration at 25°C 0.1mm 70–100 70–100
Softening point °C 43–51 43–51
Complex shear modulus at 1.6 Hz & 60°C kPa 1.8 2.3
Phase angle at 1.6 Hz & 60°C ° 88 88
Chemicals Nitrogen N (%) 0.59 0.93

Carbon C 79.19 87.23
Hydrogen H 10.81 11.26
Sulphur S 4.47 3.35
Oxygen O 2.25 0.60
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Figure 1. Scheme of the VBA aging setup (Mirwald et al., 2020a).

was performed in accordance with the EN 12607-2 test standard (EN 12607-2, 2014). To ensure con-
sistent film thickness, the corresponding weights of bitumen were calculated based on the available
surface areas (78.5 cm2) of petri dishes and the density of bitumen. These calculated weights were
then added to each petri dish, resulting in films with a thickness of 1 mm. The petri dishes were sub-
sequently placed in an oven at 160°C for 5 min to obtain flat films. The films were allowed to cool at
room temperature (25°C) for a period of two hours prior to undergoing long-term aging.

For the simulation of long-term aging (LTA), Viennese binder aging (VBA) was employed. This
methodwas introducedbyMirwald et al. (2020a) as ameans of replicating long-termagingof bitumen
(Mirwald et al., 2020a). In this approach, an elevated concentration of reactive oxygen species (ROS) in
the form of O3 andNOX was utilised as the primary factor inducing aging. In this study, an aging atmo-
sphere consisting of air enriched with 25 parts per million (ppm) of NO2 and 4 gr/m3 of ozone was
chosen based on previous optimisation of these parameters in reference (Hofer et al., 2023). The selec-
tion of this specific aging atmosphere was based on the high oxidation potential of NO2 in air when
it comes to bitumen. The mixture of NO2 and ozone was directly introduced at the inlet of the aging
cell. Detailed information regarding the aging setup employed in this study can be found in the pub-
lication by Hofer et al. (2023). The experiment was conducted at a controlled temperature of 85± 1°C,
with a total aging duration of three days. This method is called ‘VBA-Dry’ in the rest of this text. This
technically dry condition had 5 g/m3 absolute humidity which is equal to 1.5% relative humidity at
85°C. To introduce moisture in the aging protocol, water spray was used to create 75 g/m3 absolute
humidity (21% relative humidity at 85°C) in the VBA chamber (Figure 1). This humidity level was cho-
sen to prevent any harm to the aging chamber. The humidity was created by spraying water for 0.1 s
with 105-s intervals at a pressure of 1.6 bar in both the water tank and air nozzle. The same concentra-
tion of oxidative gases was applied as the VBA-Dry. The combination of VBA andwater spray is named
‘VBA-Wet’ in this work. For control groups in this study, oven aging at 85°C was conducted under both
dry conditions (named as ‘Oven’) and conditions with humidity (75 g/m3 absolute humidity or 21%
relative humidity) (named as ‘21%RH’) for three days.

Fourier-transformation infrared (FTIR) spectroscopy

ATR-FTIR spectroscopy serves as a valuable tool for acquiring insights into the chemical composition
of the analysed sample, particularly as it undergoes specific transformations during the aging process.
To prepare the samples, approximately 1 g of the material was meticulously heated in a metal spoon
above a heat gun until it reached a temperature of 110°C. Subsequently, stirring was performed for
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Table 2. Main functional groups of bitumen in FTIR spectra (Hofer et al., 2023; Jing et al., 2018).

Area Vertical band limit (cm−1) Functional groups

A810 710–912 Hydrocarbon chain, (CH2)n and CH
A1030 1047–995 Oxygenated function-sulphoxide, S = O
A1200 1200–1350 Tertiary alcohol C–C–O, C–O in carboxylic acid, C–C–C in diaryl ketones, C–N secondary

amides, O = S = O in sulphone
A1376 1390–1350 Branched aliphatic structures, CH3
A1460 1525–1395 Aliphatic structures, CH3 and CH2
A1600 1670–1535 Aromatic structure, C = C
A1700 1753–1685 Oxygenated function-carbonyl, C = O
A2953 2990–2880 Aliphatic structures, Symmetric, Asymmetric stretching, CH3
A3300 3100–3600 Hydroxyl structure, OH

a duration of 3 min using the tip of a thermometer. Small droplets of the material were then care-
fully transferred onto a silicon foil and covered with a lid to prevent contamination from dust or
light-induced aging on the surface of the binder. In the process of sample preparation, the general
recommendations put forth by Mirwald et al. (2020a, 2020b) were taken into careful consideration.
The measurements were conducted using a Bruker Alpha II instrument, equipped with a deuterated
triglycine sulphate (DTGS) detector and an attenuated total reflection unit featuring a diamond crys-
tal. Each spectrumwas generated by collecting data from 24 scans, employing a resolution of 4 cm−1.
Three spectra were acquired for each droplet in the range of 4000–400 cm−1. For each aging state,
a total of three samples were prepared and analysed in the solid state, resulting in nine spectra per
aging state.

To quantify the specific functional groups of interest, including carbonyl, sulphoxide, sulphone,
aliphatic, long chain, aromaticity, and hydroxyl groups, indices were determined based on predefined
wavenumber ranges. The calculation of these indices involved employing equations designated for
each functional group (equations (1)–(8)), with the vertical limits specified in Table 2. Prior to the cal-
culationof the indices, the spectra underwent appropriate normalisation andbaseline corrections. The
areas to the baseline and the total area of the spectra were utilised as references in the computation
of aging indices.

Sulfoxide index = A1030/ Atotal (1)

Sulfone index = A1200/Atotal (2)

Aromaticity index = A1600/ Atotal (3)

Long chain index = A810/ Atotal (4)

Aliphatic index = A1376 + A1460 + A2953/ Atotal (5)

Carbonyl index = A1700/ Atotal (6)

Hydroxyl index = A3300/ Atotal (7)

Atotal = A810 + A1030 + A1200 + A1376 + A1460 + A1600 + A1700 + A2953 + A3300 (8)

Frequency sweep

Theevaluationof theComplex shearmodulus (G∗) andphase angle (δ)wasperformedusingadynamic
shear rheometer (DSR) under oscillatory loading conditions. This involved the measurement of these
rheological properties across various temperatures and frequencies. The DSR tests were conducted
using an 8 mm diameter parallel plate with a 2 mm gap. The temperature range for testing spanned
from 0 to 40°C in 10°C increments. Likewise, the frequency range extended from 10 to 0.1 Hz, equiv-
alent to 62.8 to 0.628 rad/s, while maintaining a consistent strain load of 0.1% (Jing et al., 2020). To
facilitate analysis and enable comparisons, master curves for the complex modulus and phase angle
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were constructed using the time-temperature superposition principle (TTSP), with a reference temper-
ature set at 20°C. Eachmeasurement strictly adhered to standard testing protocols (AASHTO T 315-19
(T315, 2012)), and to ensure data consistency, duplicate testing was performed for each sample.

Relaxation

Stress relaxation is a vital property of bitumen, indicating its ability to dissipate stress under constant
strain conditions. To assess stress relaxation, a testwas conducted using aDSRwith an 8-mm-diameter
parallel plate and a 2 mm gap. The examination was conducted at a temperature of 0°C, utilising a
strain-controlled mode. Initially, the strain was incremented from 0 to 1% shear strain within 0.1 s.
Following this, the shear strain was sustained at 1% for a duration of 100 s, during which alterations in
shear stress were recorded to assess the material’s relaxation behaviour (Jing et al., 2020).

SARA fractionation

The bitumen samples after each stage of aging were subjected to fractionation into saturates, aro-
matics, resins and asphaltenes using a solid phase extraction (SPE) fractionationmethod, as described
by Sakib and Bhasin (Sakib & Bhasin, 2019). Approximately 400± 20 mg of the respective sample was
stirred for 24± 2 h in 40ml of n-heptane, resulting in a solution of maltenes and a residue of insoluble
asphaltenes in n-heptane. To separate these two fractions, Thermo Scientific™ Titan3™ PTFE syringe
filters with a diameter of 25mm and a pore size of 0.2 µmwere utilised. These filters weremounted on
four syringes, each filledwith 10ml of themaltene/asphaltenemixture. The solutionwas gently pulled
through the filters using a vacuum pump and collected in 40 ml glass vials. Subsequently, each filter
was washed with an additional 5 ml of n-heptane to ensure the collection of any remaining maltenes.

Of the resulting four maltene solutions (15 ml each), two were dried under a continuous stream of
nitrogengas at approximately 120°C, and the remaining residuewasweighed. The other two solutions
werediluted toamaltene concentrationof 3.33mg/ml andapplied toThermoScientific™HyperSep™

Silica SPE cartridges with a pore size of 40–63 µm. Different solvents were employed to elute the sat-
urates, aromatics, and resins fractions. For the saturates, 10 ml of n-heptane was used, whereas for
the aromatics, 25 ml of an 80% toluene – 20% n-heptane mixture (v/v) was utilised. As for the resins,
40 ml of a 90% dichloromethane – 10% methanol mixture (v/v) was employed. The obtained solu-
tions were once again dried under a continuous stream of nitrogen gas at approximately 120°C, and
themass of each fraction was determined gravimetrically. This separation procedure was repeated for
two samples per binder.

By measuring the SARA fractions, the colloidal index (CI) of the samples can be calculated. The CI
is a ratio of the sum of quantities of resins and aromatics to the sum of quantities of saturates and
asphaltenes. This ratio canbeused to estimate the stability of the crudeoilwith respect to asphaltenes.
The CI is calculated as per equation (9):

CI = Resins + Aromatics
Asphaltenes + Saturates

(9)

The polarity ratio, i.e. the ratio of highly polar (resin and asphaltenes) to light molecular weight
(saturated and aromatic) fractions, is calculated as followed by equation (10):

Polarity ratio = Resins + Asphaltenes
Aromatics + Saturates

(10)

Optical inverse bright-, darkfield and fluorescencemicroscope (OIM)

One of the microscopic setups employed in capturing the microstructures of the binders was a Nikon
Optical Inverse bright-, darkfield and fluorescence microscope (OIM). A schematic drawing illustrat-
ing the distinctions in the working modes can be found in the publication by Mirwald et al. (2022b).
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The microscope setup entails of an industrial flexible column stand, a motorised Märzhäuser stage
(X, Y, Z), a 100x CFI TU Plan objective (BD 100x, N.A. 0.80, W.D. 4.5 mm), a Nikon DS-Fi3 camera, an
epi fluorescence unit and a pE-4000-Universal LED serving as the light source. The pE-4000-Universal
LED comprises 15 different LEDs ranging from 365 to 770 nm. For bright- and dark-field imaging, the
500 nm LEDwas selected tominimise the potential impact on oxidation reactions while still maintain-
ing an adequate contrast-to-illumination ratio (Mirwald et al., 2022b). The epi unit encompasses three
different filter blocks for bright-field, dark-field and fluorescence, respectively. The exposure time for
bright-field images was set at 5 ms, whereas dark-field images were captured with an exposure time
of 900 ms. The discrepancy in exposure time can be attributed to the divergent underlying principles
of the two modes. The bright-field filter block and objective do not impede any light from the light
source, whereas the dark-field filter block and objective obstruct light in the centre of the illumination
cone, allowing only light from the outer region to reach the sample surface at a 45° angle. If there is no
light scattering from the surface or subsurface of the material, the camera does not capture any infor-
mation, resulting in a dark image. However, if there are light-scattering particles near the surface of the
sample, the incident light undergoes scattering and alters its angle of reflection. This scattered light
with amodified angle of reflection passes through a dichroic mirror and is detected by the camera. As
the overall intensity of light in dark-field imaging is significantly lower than in bright-field, a longer illu-
mination time is required to achieve adequate contrast. A custom-made filter comprising an excitation
filter at 403/95 nm (353–452 nm), an emission filter (long pass) at 500 nm, and a dichroic mirror at 495
nm was employed for fluorescence mode. Considering that the fluorescence of the bitumen is much
weaker than the reflection observed in bright-field mode, an exposure time of 500 ms was selected.
All images were acquired using the NIS elements BR software. Due to the non-planar nature of the
sample surfaces, a z-stacking tool was utilised to capture images within a range of± 10 μm around
the focal plane of the binder specimen, followed by subsequent merging of the z-stacked images to
generate a focused image. The resulting bright-field, dark-field and fluorescence images are directly
presented in the results section. Furthermore, the dark-field images are employed for particle analy-
sis, which will be discussed in the subsequent subsection. A total of 3 images per mode (bright-field
or fluorescence) and binder were recorded. Since dark-field microscopy is utilised for quantification,
three different spots per sample were recorded, resulting in nine dark-field images per binder, which
are later used for particle analysis (Mirwald et al., 2022a).

Result and discussion

Fourier-transformation infrared (FTIR) spectroscopy

FTIR spectroscopywas performed to obtain information about chemical functional groups in bitumen
samples. Figure 2a and b show a set of representative spectra obtained for Q and T bitumen, respec-
tively. With this information it is possible to compare the degree of aging of the samples. To achieve
this goal, seven different functional groups were analysed. The most used indices for aging studies
are sulphoxide and carbonyl indices. Figure 3 shows that both the carbonyl and sulphoxide indices
increased after short- and long-term aging. In the comparison between oven-aged samples and sam-
ples aged solely with humidity, a similarity in carbonyl and sulphoxide indices is obvious. Notably, the
samples subjected toovenagingdisplay elevated concentrationsof sulphoxide andcarbonyl products
for T and Q samples, respectively. The observed variation can be attributed to the distinct sensitivity
of binders, influencing the production of diverse functional groups during the aging process. Addi-
tionally, the reduced availability of oxygen within chambers maintained at 21% humidity contributes
to this phenomenon. Interestingly, aging with a combination of ROS, high temperature, andmoisture
resulted inharsher aging conditions compared toagingusingeach individually. Anexplanation for this
observation couldbe the reactionbetween reactive species in ROS andwater vapourmolecules,which
may generate more oxidative species in the aging chamber. The effect of VBA-Wet aging strongly
depends on the aging sensitivity of each bitumen. T bitumen showed a dramatic difference in indices
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Figure 2. FTIR spectra of (a) Q and (b) T binder in different aging states, i.e. fresh, short-term aged, oven aged, humidity aged,
VBA-Dry and VBA-Wet.

Figure 3. FTIR results for Q and T binders, (a) carbonyl, (b) sulphoxide.

between VBA-Wet and VBA-Dry, while the Q sample showed amoderate increase from the VBA-Dry to
the VBA-Wet condition. Hence, it is concluded that the T sample exhibits greater sensitivity to coupled
aging conditions. Given that agingwith only humidity did not alter the aging level of the bindersmore
than oven aging, it suggests that this binder is particularly responsive to conditions where ROS and
humidity are combined.

In addition to the carbonyl and sulphoxide indices, hydroxyl, aromatic, sulphone, long-chain and
aliphatic indices were studied to closely follow the agingmechanism, see Figure 4. The hydroxyl index
remained relatively constant after ageing for both the long-term aged Q and T samples. This obser-
vation suggests that the formation of alcohols (indicated by the hydroxyl index) was not part of the
aging reaction of the bitumen in this experiment. In addition, the indices for aromatics and sulphones
increased after both short-termand long-termaging. The oxidation processes in the binders lead to an
increase in aromaticity, which explains a higher value of the aromatics index after aging (Mirwald et al.,
2020b). Interestingly, the VBA-Wet samples showed the highest value of aromaticity index, indicating
that binders are more sensitive to aging in the simultaneous presence of ROS and water vapour. The
sulphone region represents different oxidation products and usually shows a shift to higher absorp-
tion with aging, which can be explained by an increase in highly polar structures and thus the overall
polarity of the material studied. However, the visible bands between 1350 and 1100 cm−1 could also
be attributed to several other functional groups, such as methylene and aromatic group deforma-
tion vibrations ( = C–H in-plane), or skeletal vibrations of branched aliphatic motifs. Other possible
contributors to this region include tertiary alcohols (C–C–O), carboxylic acids (C–O), diaryl ketones
(C–C–C), secondary amides (C–N) and sulphone (O = S = O). Aprecise andunambiguous assignment
of these bands remains challenging due to the overlap of signals fromdifferent functional groups. The
deconvolution of FTIR spectramay serve as a potential approach to understand the overlapping peaks
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Figure 4. FTIR results for Q and T binders, (a) hydroxyl, (b) aromatic, (c) sulphone, (d) long chain, (e) aliphatic indices.

within this region. In relation towet anddry aging conditions, our findings show that the agingprocess
under VBA-WET condition significantly increased the intensity of this region compared to VBA-DRY
condition. This suggests that the presence of humidity enhances the formation of polar structures,
although the exact nature of these structures cannot be determined with certainty based on current
spectral resolution. The elevated humidity in the VBA-WET setup appears to facilitate more intense
oxidative processes, leading to a higher concentration of polar compounds. This observation is con-
sistent with literature indicating that field oxidative aging in the presence of moisture can promote
alcohol formation (Werkovits et al., 2023). Alcohol formation during aging is linked to the oxidation of
branched aliphatic chains. The interaction of moisture with reactive oxygen species (ROS) may facil-
itate the formation of hydroxylated structures, including tertiary alcohols, likely through enhanced
nucleophilic attack by water on electrophilic intermediates generated during oxidation. However, the
precise mechanism of alcohol formation requires further investigation. The long-chain index in aged
samples, whether subjected to short-term or long-term aging, demonstrated a decline in compari-
son to the fresh condition. Furthermore, the introduction of ROS and the simultaneous exposure to
ROS and humidity further decreased the long chain index. For future studies, it would be helpful to
divide different parts of the spectrum in long chain region into subgroups for further analysis. Finally,
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the aliphatic index decreased after short- and long-term aging. Again, sample T-VBA-Wet showed the
strongest decrease, i.e. the highest aging level.

A plausible explanation for the higher aging susceptibility of binder T lies in its elemental compo-
sition and structural characteristics. Binder T contains a higher carbon content (Table 1), and a higher
C/H ratio (7.74) compared to binder Q (7.32), which suggests a higher proportion of C = C structures
in binder T. These C = C structures are known to be less stable and more reactive, making them par-
ticularly susceptible to degradation under harsh aging conditions, such as those encountered during
the VBA-Wet aging process. This increased reactivity leads to more pronounced changes in binder T
during wet aging compared to binder Q.

Moreover, the higher initial stiffness of binder T (Table 1) indicates that its molecular structure is
more rigid from the outset, which can make it more prone to embrittlement and degradation when
subjected to aging processes. This is further supported by the lower oxygen content in binder T, indi-
cating that it has undergone less oxidation initially and, therefore, has a greater potential for further
aging compared to binder Q. As a result, binder T is more reactive and more likely to experience sig-
nificant changes when exposed to aging conditions, particularly in the presence of moisture, leading
to the observed differences between the wet and dry aging outcomes.

In summary, carbonyl, sulphoxide, aromatic and aliphatic indices can be useful for monitoring the
degree of aging of bitumen. While long chain, sulphone and hydroxyl indices were not helpful to
clearly identify the aging patterns and require more detailed studies. In general, the coupled aging
of ROS and moisture is stronger for bitumen aging than only ROS.

Dynamic shear rheometer

Following short-term aging and long-term aging, the bitumen samples underwent assessment using
the Dynamic Shear Rheometer (DSR), with two sample replicates for each condition. Utilising the
Time-Temperature Superposition (TTS) principle, comprehensive master curves were meticulously
constructed for both the complex shear modulus and phase angle, with a reference temperature of
20°C. Figure 5a and b depict the complex modulus and phase angle master curves of Q and T binders,
respectively. For both binders, clear distinctions are observed between fresh, short-term aged, and
long-term aged samples, with increased G∗ values and decreased phase angle values due to aging.
In the case of Q samples, a slight difference is evident in the phase angle master curves. Notably, at
high and medium frequencies, the samples subjected to oven aging exhibit a slightly greater degree
of aging compared to those aged solely with humidity. This correlation aligns with the FTIR results,
wherein the carbonyl index of the oven-aged sample is marginally higher than that of the humidity-
aged sample. Furthermore, there is an overlap observed between the VBA-Wet and VBA-Dry samples.
This observation shows the low sensitivity of Q samples regarding the presence of humidity during
aging.

In contrast, for T sample, the oven-aged samples and those aged exclusively with humidity exhib-
ited overlap across themajority of the frequency range. However, divergence occurred at low frequen-
cies, indicating increased aging for oven-aged samples. This finding is consistent with the observed
change in the sulphoxide index, which also demonstratedmore pronounced aging in oven-aged sam-
ples. The fluctuations observed in the phase anglemaster curve indicate an increased sensitivity of the
phase angle concerning the aging conditions. Notably, for T samples, VBA-Wet exhibits a significant
increase in G∗ and a notable decrease in phase angle. These findings align with the results from FTIR
analyses, indicating that VBA-Wet induces more substantial aging in T binder compared to Q binder.

Furthermore, during the analysis, two key parameters were computed: the crossover frequency
(CR-Fr) and the crossover complex modulus (CR-CM). These metrics correspond to the frequency
and complex modulus at which the phase angle reaches 45° and the storage modulus equals the
loss modulus, respectively. They serve as valuable indicators of the transition in bitumen’s viscoelas-
tic behaviour, marking the shift from liquid-like to solid-like characteristics. Previous research has
established a connection between lower CR-Fr values in aged bitumen and characteristics like higher



ROADMATERIALS AND PAVEMENT DESIGN 11

Figure 5. Master curves (at 20°C) of (a) Q binder, and (b) T binder at all aging states, i.e. fresh, TFOT short-term aged, oven aged,
humidity aged, VBA-Dry and VBA-Wet.

molecular mass, prolonged relaxation time, and increased softening point. Conversely, reduced CR-
CM values suggest a wider range of molecular masses, signifying greater polydispersity (Jing et al.,
2020).

Figure 6 illustrates the logarithmic representations of CR-CM for all tested samples plotted against
the corresponding logarithmic CR-Fr values for both Q and T bitumen. The aging process resulted in
a notable decrease in both CR-CM and CR-Fr. For T binder, oven-aged and humidity-aged samples fall
within a comparable range of crossover values, as indicated by the standard deviations. Nevertheless,
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Figure 6. Crossover complex modulus versus crossover frequency of Q and T binders at all aging states, i.e. fresh, TFOT short-term
aged, oven aged, humidity aged, VBA-Dry and VBA-Wet.

the oven aging process for the Q sample exhibits lower crossover values, indicative of a more exten-
sively aged sample. This observation aligns with the findings from the phase angle master curves,
specifically at high andmedium frequencies, where the oven-aged Q sample demonstrates lower val-
ues compared to aging solely with humidity. Importantly, the crossover plot provides a more evident
illustration of the aging difference than the master curves. Moreover, the wet and dry aged samples
of Q binder closely align in the same range of crossover values. T binder displayed significant sensi-
tivity to aging in VBA-Wet condition, with both CR-Fr and CR-CM values of T-VBA-Wet samples being
extremely low, indicating substantial aging, in line with FTIR findings.

Relaxation

To comprehensively assess the characteristics of aged samples, Figure 7a illustrates a plot showing the
ratio of residual shear stress to initial shear stress. As bitumenundergoes aging, it becomes less viscous
and exhibits greater stiffness. Consequently, a more aged sample displays a higher ratio of residual
shear stress to initial shear stress, indicating reduced recovery ability (Jing et al., 2021). This reduction
in recovery ability is evident after both short-term and long-term aging for both binders. In the case
of the Q binder, the ratio experienced amore pronounced increase in oven-aged samples as opposed
to those aged solely with humidity. This observation is consistent with the outcomes obtained from
both frequency sweep and FTIR analyses. Notably, for the Q binder, the ratio remains equal for VBA-
Wet and VBA-Dry samples, signifying a similar degree of aging under these conditions. In contrast, for
the T binder, this ratio notably increases for samples aged under VBA-Wet conditions compared to
those aged under VBA-Dry conditions, indicating more severe aging with VBA-Wet. This observation
aligns with the results from FTIR spectroscopy and frequency sweep tests.

For bitumen to be suitable as a road construction material, it must possess the ability to withstand
continuous traffic loads, requiring short relaxation times to prevent stress accumulation in the pave-
ment. Figure 7b presents an analysis of relaxation times for different samples, specifically the time
needed for shear stress to decrease to 25% and 50% of the initial stress. Aging leads to an increase
in the relaxation time required to reach these stress percentages, with this increase being more sig-
nificant in long-term aged samples, particularly those subjected to VBA-Wet aging. This phenomenon
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Figure 7. Relaxation results, (a)ratio of residual shear stress (100s) vs the initial shear stress (0.1s), (b) Relaxation time when the
shear stress was reduced to 25 and 50% of the initial stress for Q and T binders at all aging states, i.e. fresh, TFOT short-term aged,
and VBA-Dry, and VBA-Wet.

is primarily due to the higher viscosity of these aged samples. This evaluation aligns with the FTIR
results, where wet-aged samples exhibited higher indices, indicating more aging. It is worth noting
that within a single characterisation method, different indices may exhibit varying degrees of sensi-
tivity in revealing the extent of aging in samples. For example, in the case of Q binders, the ratio of
residual shear stress to initial shear stress was unable to distinguish between VBA-Wet and VBA-Dry
conditions, whereas the time required for shear stress to decrease to 25% and 50% of the initial stress
clearly highlighted this difference. In summary, VBA-Wet conditions have a more pronounced impact
on the relaxation ability of both binders compared to dry aging, but the extent of this impact depends
on the binder type and its sensitivity to VBA-Wet conditioning.

Up to this point, through the utilisation of FTIR, frequency sweep and relaxation tests, we have
demonstrated that VBA-Dry andVBA-Wet aging represent themost severe conditions for bothbinders.
Consequently, for the subsequent characterisations in this paper, the focuswill solely include the VBA-
Dry and VBA-Wet conditions.

SARA fractionation

Figure 8 shows the results of the SARA fractionation analysis for samples Q and T under different aging
conditions. The aging process resulted in a decrease in the saturated and aromatic fractions for both
binders, indicating the evaporation of volatiles or/and a conversion of these fractions to more polar
molecules during aging. Binder Q experienced a smaller decrease than binder T because it has higher
oxygen content and consequently lower sensitivity to aging.

The content of highly polar fractions, namely resins and asphaltenes, increased after both short-
term and long-term aging. This can be attributed to the oxidation-induced transformation of
molecules from saturated and aromatic compounds. Combining fractions containing aromatic rings
(aromatics, resins and asphaltenes) shows an increase in content after aging, aligning with the trend
exhibited by the aromatic index from the FTIR analysis. Combined aging with reactive oxygen species
(ROS) and moisture affected the Q and T samples to varying degrees. Specifically, dry aging with ROS
resulted ingreater agingof theQbitumen,while theTbitumenexhibitedgreater agingunder the com-
bined aging conditions. From the comparison of the changes in the content values after the individual
aging stages, it can be concluded that the T bitumen is more susceptible to VBA-Wet aging compared
to the Q bitumen. The elevated content of asphaltenes in sample T-VBA-Wet may be attributed to the
low oxygen content of this binder (Table 1). Binders with higher initial oxygen content may already
contain oxygenated functional groups, potentially influencing the reactivity and susceptibility to fur-
ther oxidation. Conversely, binderswith lower oxygen contentmay undergomore significant changes
in their structure when exposed to the reactive products. The strong aging of sample T-VBA-Wet is
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Figure 8. Aging effect on SARA fractions of Q and T bitumen

Figure 9. Aging effects on (a) polarity ratio and (b) colloidal index CI of Q and T bitumen.

consistent with the results of FTIR, where this sample showed the highest indices of sulphoxide and
carbonyl.

The polarity ratio, i.e. the ratio of highly polar (resin and asphaltenes) to lightmolecular weight (sat-
urated and aromatic) fractions, is shown in Figure 9a and b. After long-term aging, the polarity ratio of
the Q samples increases by 1.8 and 1.6 times for VBA-Dry and VBA-Wet, respectively. As for long-term
aging of the T samples, the ratios for VBA-Dry and VBA-Wet increased to 2.2 and 5.8 times, respec-
tively. There is a significant difference between the polarity ratio of the Q and T samples, indicating
a difference in aging sensitivity. Long-term aging significantly changes the relative ratio of high/low
polarity components, disturbing the original colloidal equilibrium and promoting the agglomeration
of high polarity fractions to reduce the surface energy of polarmolecules and adapt to the new solvent
environment with limited saturated and aromatic fractions (Ren et al., 2022).

Figure 9b illustrates the Colloidal Index (CI) values of fresh and aged binders. According to Ashoori
et al. the stability of crude oil can be determined from the CI values, with values above 1.42 indicat-
ing stability and values below 1.11 indicating instability (Ashoori et al., 2017). Thus, both fresh and
short-term aged samples exhibit stability, while long-term aging leads to instability in the structure of
both binders. From a colloid chemistry perspective, the instability of the colloidal structure primarily
arises from the imbalance between the micelles (asphaltene and resin) and the dispersion medium
(aromatic and saturated). The increase in the number of micelles and the decrease in the dispersion
medium both accelerate the micelle aggregation and settling (Ren et al., 2022). It is noteworthy that



ROADMATERIALS AND PAVEMENT DESIGN 15

the sample T-VBA-Wet has the lowest CI value, indicating the highest degree of instability. In conclu-
sion, the SARA fractionation shows that agingwith ROS leads to an increase in the polar fraction of the
bitumen components and to the instability of the colloidal structure. In addition, the effect of adding
moisture to ROS to increase the degree of aging depends on the sensitivity of bitumen to aging.

Optical inverse bright-, darkfield and fluorescencemicroscope (OIM)

Bee-like structures in bitumen, first describedby Loeber et al. (1996), arewavy, rippled surface patterns
observed throughmicroscopy techniques and have been a subject of ongoing debate regarding their
origin (Loeber et al., 1996). Bee-like structures in bitumen are thought to be related to asphaltenes,
they may be formed by paraffinic wax crystals or induced by doping with linear n-alkanes. Various
microscopy techniques, such as brightfield, darkfield and fluorescence optical inverse microscopy
(OIM), as well as confocal laser scanningmicroscopy (CLSM) and atomic force microscopy (AFM), have
been employed to investigate bitumen’s surfacemicrostructure (Werkovits et al., 2023). These studies
reveal that bee structures and their characteristics, such as area coverage anddensity, can changewith
aging. Recent research demonstrates a decrease in the number of bee structures and an increase in
their size after aging, although the exact mechanisms governing these changes are still under investi-
gation (Mirwald et al., 2022a). Understanding the formation and evolution of bee structures through
microscopy provides valuable insights into bitumen’s aging behaviour.

Figures 10 and 11 showmicroscopic images captured usingOIM, displaying the structures of Q and
T binders. The images depicted on the left represent bright-field images, wherein small dark regions
are visible, indicating the presence of bee structures. However, for a clearer view of these structures,
one needs to refer to the dark field images. It is important to note that the blurring observed in these
images is a result of the instrument’s limitations, specifically the Abbe limit and resolution. In addition,
each bee structure is surrounded by a different region, usually referred to as the peri-phase (Mas-
son et al., 2006). Figures 10 and 11a–d show the corresponding images of fresh, short-aged, VBA-Dry,
and VBA-Wet for Q and T samples, respectively. The number of dark spots in the bright-field images
increased with aging for Q binder, while these black spots disappeared for the T-VBA-Wet sample,
indicating different aging sensitivity and microstructure of Q and T binders.

Dark-field images are shown in the middle column of Figure 10 Dark field microscopy detects only
light scattering objects and clearly shows the bee structure. This confirms that the bee structures have
different physical (optical) properties than the rest of thematerial and become visible in the dark field.
Comparing the Q images in Figure 10, the number of bee structures on the surface of the bitumen
increaseddue to short-termand long-termaging. For binder T in Figure 11, sample T-VBA-Wet showed
only a few bee structures, while the short term aged, and VBA-Dry aged samples showed an increased
number of bee structures as compared to the fresh sample.

Figure 12 illustrates the area percentage of bee structures on the surface of the dark field images.
The percentage of the surface area of the Q-aged samples is the same, while the T samples show a sig-
nificant increase in the surface area covered by bee structures after short- and long-termdry aging. On
the other hand, coupled long-term aging with ROS and moisture caused a sharp decrease in the per-
centage of surface area covered by bee structures. From the FTIR, DSR and SARA fractionation results,
it is known that the T-VBA-Wet sample was strongly aged. So, it seems that strongly aged bitumen
with unstable microstructure, i.e. polarity ratio more than 1, is not able to form the bee structure on
the surface. It is worth noting that some of the samples in Figure 12 have a larger standard deviation,
which shows the complexity of the material and the diversity within a sample. Even with adherence
to rigorous sample preparation techniques (Mirwald et al., 2022a), significant differences in surface
microstructure can be observed.

The fluorescence images are shown in the right column of Figures 10 and 11. Interestingly, the
peri-phase around the bee structures shows a higher fluorescence signal than the rest of the sample
surface. Since the fluorescence excitation filter used is in the range of 350–450 nm,which corresponds
to the fluorescence of compounds with three to four and five or more polyaromatic rings, following



16 S. KHALIGHI ET AL.

Figure 10. Microscopic images of Q binder in the optical microscope, (a) Fresh, (b) short-term aged, (c) VBA-Dry, (d) VBA-Wet.
BF = bright field, DF = dark field, FL = fluorescence.

the literature from the early 1990s by Buisine et al. (Buisine et al., 1993). However, it can be clearly
seen here that the bee structure in the centre of the peri phase does not exhibit significant annealing.
Only certain particles display increased fluorescence, and this cannot be attributed to the bee struc-
ture because they are also present in random areas throughout the material, not just in the centre of
observed regions in bright-field or dark-field. There is no clear indication of what these bright fluo-
rescent particles can be associated with. In addition, the overall fluorescence intensity of the images
decreased with aging. The lowest fluorescence intensity was obtained for the T-VBA-Wet sample with
18.21% aromatics fraction.

In summary, optical microscopy can be a complementary technique to evaluate themicrostructure
of bitumen and its stability. However, a clear universal quantification technique is needed to analyse
the obtained images. Moreover, further studies are needed to explain all the details of themicroscopic
images.

Summary and conclusion

This study investigated the aging effects of oven-aging, humidity aging, and ROS with and with-
out moisture on two types of bitumen using FTIR spectroscopy, dynamic shear rheometer, SARA
Fractionation and optical microscopy.

The FTIR indices showed an increase in carbonyl, sulphoxide, and aromatic indices, and a decrease
in the long chain and aliphatic index with aging. However, further investigations are needed to
understand the aging patterns for sulphone and hydroxyl indices. The DSR test revealed that G∗
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Figure 11. Microscopic images of T binder in the optical microscope, (a) Fresh, (b) short-term aged, (c) VBA-Dry, (d) VBA-Wet.
BF = bright field, DF = dark field, FL = fluorescence.

Figure 12. Results from the area covered by bee structure analysis from dark-field (DF)
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values increased while the phase angle and crossover values decreased after short-term and long-
term aging. For both binders, oven aging exhibited more severe aging compared to aging solely with
humidity. Moreover, in the case of Q binder, there was no significant difference between VBA-Wet
and VBA-Dry conditions, whereas for T samples, the difference was evident, with VBA-Wet condition
causing substantial aging in the T binder. Moreover, the crossover values indicated more aging in Q
binder with VBA-Dry, while for T binder, VBA-Wet was the more influential aging condition. Accord-
ing to the relaxation outcomes, it was observed that the VBA-Wet condition has a more pronounced
influence on the relaxation properties of both binders in comparison to dry aging. Nonetheless, the
extent of this impact varies significantly depending on the binder type and its susceptibility to VBA-
Wet conditioning. The analysis revealed that aging led to an increase in asphaltenes and resins, while
aromatics and saturates decreased in both short-term and long-term aging, irrespective of the binder
type. The severity of aging was influenced by the binder type, with Q bitumen experiencing stronger
effects from VBA-Dry aging, while T exhibited more pronounced aging under VBA-Wet conditions.
The optical microscopy revealed peri-phase and bee structures on the bitumen surface, with aging
leading to more dark spots and an increased surface area covered by bright spots. However, the tech-
nique’s inability to differentiate between different aging states requires using it as a complementary
analysis tool.

In conclusion, the study suggests that the VBA-Wet conditioning could potentially result in more
severe aging compared to the VBA-Dry condition, but this difference depends on the specific binder
type and its susceptibility to aging.Ovenagingandhumidity-only agingwere also evaluatedas control
groups, revealing that binders did not exhibit any additional aging when subjected to humidity-only
aging. Therefore, additional factors, such as increased reaction of water vapour molecules with ROS,
may contribute to enhanced reactive specieswithin the aging chamber, and further research is needed
to establish correlations between observed phenomena and the chemical properties of the binders.
For future investigations, it is highly recommended to explore higher levels of humidity to examine
the influence of humidity concentration and assess the potential interaction between ROS and water
vapourmolecules. Moreover, analysing each SARA fraction separately enhances the understanding of
the process. Exploring more intricate aging methods, such as coupled UV-ROS aging, may be a direc-
tion for future research. Furthermore, more advanced, and precise imaging analyses are crucial for
optimising the application of microscopy techniques in this context.
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