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Evaluating the combined effect of photooxidation and thermal
ageing of bitumen
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Christian Doppler Laboratory for Chemo-Mechanical Analysis of Bituminous Materials, Institute of Transportation,
TU Wien, Austria

ABSTRACT
Up to date, mainly temperature or UV light is incorporated into laboratory
bitumen ageing procedures. However, the impact of visible light showed
some interesting results recently. Therefore, an unmodified binder was
exposed to a combination of temperature and different sun and narrow
UV and blue light lamps. The aged binders were analysed with Fourier
Transform Infrared (FTIR) spectroscopy, dynamic shear rheometer (DSR)
and SARA fractionation. The results showed synergistic effects between
temperature and light. Surprisingly, different lamp intensities lead toalmost
the same level of ageing, indicating that merely a certain amount of pho-
toenergy is needed. Lastly, comparing the UV and blue light domain to
sunlight showed that while exposed to the same amount of photoenergy,
its effect on rheology differs, where sunlight showed the most impact on
ageing. This highlights the importance of sunlight to the ageing process to
sufficiently understand its combination with other ageing inducing factors.
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1. Introduction

The investigation of the bitumen ageing mechanism has been in the focus of research for more than
40 years (Petersen, 1984). Due to thematerial’s molecular complexity and diversity caused by different
crude oil origins, a simplified oxidation mechanism and model is not easily accessible. This becomes
evenmore complexwhen different environmental ageing inducing factors such as temperature, light,
rain, moisture or reactive oxygen species from the troposphere need to be considered in their individ-
ual or combined effects. The impact of temperature has beenwell documented in thepast andpresent
(Adolfo et al., 2022; Camargo et al., 2020; Petersen, 2009; Petersen & Glaser, 2011). This led to the cur-
rent standardised binder long-term ageing procedure in the laboratory: the pressure ageing vessel
(PAV) test, which only includes temperature at 90–100°C and an increased pressure of 2.1 MPa as age-
ing inducing factors. While this can bring the binder into a heavily oxidised state, its correlation to
real field ageing is questioned, since many other environmental factors are neglected (Mirwald et al.,
2020; Petersen, 2006). This led to the development of different laboratory long-term ageing setups
and devices that try to incorporate other environmental ageing inducing factors. A factor not often
considered in bitumen ageing experiments is the gas atmosphere. The majority of laboratory experi-
ments use normal, compressed air. However, reactive oxygen species (ROS), like ozone (O3), nitrogen
oxides (NOX) or hydroxyl radicals (OH), can play a crucial role in the oxidation process occurring in the
field. Some of these ROS like ozone or hydroxyl radicals are naturally occurring in the troposphere at
a low concentration. Other species like nitrogen oxides are produced by diesel car’s engines (Atkin-
son, 2000) and can affect binder ageing significantly. This was demonstrated by studies on the binder
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(Hofer et al., 2022;Mirwald et al., 2020), loosemix (Sreeramet al., 2021) and compacted asphaltmixture
level (Maschauer et al., 2020). Even the presence of individual ROS species, such as NOX, can accel-
erate binder oxidation significantly (Hofer et al., 2022), thus showing the importance of the ageing
atmosphere.

Beside the ageing atmosphere, other environmental factors like moisture or water can contribute
to binder ageing via moisture induced damage. Various theories of the involved mechanisms on the
molecular level have been reported byMa et al. (2021), concluding that mostly diffusion, sorption and
clustering need to be considered for ageing. Furthermore, work by Hung et al. (2017) showed that
polar components are allocated near the surface after exposure to water, which demonstrates that
various interactions between water and bitumen can occur and need to be considered, especially at
elevated temperatures. Beside the active role of water in the ageing process, another, passive contri-
bution via the formation of OH radicals in the tropospheric cycle can also contribute to oxidation of
organicmatter. Water in combinationwith ozone and light can produce these radicals, which feed the
tropospheric cycle. However, the quantification of such OH radicals and their precise mechanism is
mostly unexplored in connection with bitumen ageing.

The last and secondmost used ageing inducing factor besides increased temperature in the incor-
poration of light. Looking at the literature, whenever researchers around theworld have implemented
light into a binder ageing setup it wasmostly focused on the UV domain (Feng et al., 2015; Hung et al.,
2019; Hung & Fini, 2020; Li et al., 2019; Zeng et al., 2018). Many of these studies used narrow band
UV light lamps or sun light lamps that focus on the UV-A and UV-B domain between 290–390 nm (de
Sá Araujo et al., 2013; Hofer et al., 2022; Hu et al., 2022; Zeng et al., 2018). In theory, this approach
seems reasonable since light of a low wavelength exhibits a high level of photoenergy. However,
Mirwald et al. (2022a) found evidence that also visible light can contribute significantly to the bitu-
men ageing process, especially when considering the absorption effect of earth’s atmosphere. These
atmospheric absorption effects by the ozone layer strongly reduce the amount of UV light reaching
earth’s surface, while visible light is mostly passing though. Thus, visible light can be found at a much
higher intensity on the pavement surface. This effect was investigated by using 15 different wave-
length domains ranging from 365 to 770 nm. The respective lamp intensities were adjusted to mimic
conditions on earths’ atmosphere. These purely photo-oxidised binders were investigated with ATR-
FTIR spectroscopy, which revealed that blue light is able to oxidise the material more than the higher
energeticUV light,whenconsidering the conditionsonearths’ atmosphere. Thedrawbackof this study
is that these effects were purely caused by photooxidation. No combination with other ageing induc-
ing factor, such as temperature, was investigated. Furthermore, no correlation to its effect on rheology
wasmeasured, since the samples were investigated from a purely surface related analysis perspective.
This raises thequestionhowvisible light compares toUV light and interactswithother ageing inducing
factors like elevated temperature.

Thus, this study intents to investigate the effect of combining elevated temperatures and different
visible and UV light domains as well as different light intensities on an unmodified short-term aged
binder. Comparison to its individual ageing inducing factors, pure temperatureor light inducedageing
will bemade to reveal the synergistic effect of these two parameters. The binderswill be analysedwith
FTIR spectroscopy, dynamic shear rheometer (DSR) and polarity-based separation into the four SARA
fractions (Saturates, Aromatics, Resins and Asphaltenes). Correlations between chemical and rheolog-
ical information will bemade by the so-called chemo-mechanical correlation, linking the formation of
oxidised functional groups with the increase in stiffness.

2. Materials andmethods

2.1. Materials and sample preparation

In this study, a non-modified 70/100 penetration graded binder was used. The basic properties of the
binder are as follows:
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Figure 1. Schematic drawing of the ageing setup.

Table 1. Details for the lamps used in this study.

Lamp Wavelength [mn] Intensity at 20 cm distance [W/m2]

Reptile Bright Sun UV Desert 290 – 800 2.25
Thorlabs Solis 3C 400–750 660
Thorlabs Solis 365C 365 660
Thorlabs Solis 405C 405 660

• Penetration grade (1/10 mm): 84
• Softening point (°C): 45.8
• Performance grade: 58–28.

Since various long-term ageing experiments were conducted in this study, a short-term ageing
(STA) state had to be reached prior to the ageing experiments. Thus, for the light ageing experiments
8 g of the unaged 70/100 penetration graded binder were heated to 140°C, homogenised and poured
in a metal PAV container. To ensure that the binder forms an even film and reaches short-term ageing
level simultaneously, it was stored in the oven at 163°C for 75 min. This STA binder was then placed
into the ageing setup described in Section 2.2 which is schematically shown in Figure 1.

Additionally, to compare the results obtained from the light ageing experiments multiple labora-
tory ageing cycles using the pressure ageing vessel (PAV) method were conducted following the EN
14769 (CEN, 2012a). Therefore, short-term aged binder (following the En 12607-1 (CEN, 2015)) was
poured into the respective metal containers and aged at 100°C and 2.1 MPa for 20 (1x), 60 (3x) and 80
(3x) hours of ageing.

2.2. Light ageing setup and ageing program

The light ageing setup consists of a standard laboratory heating plate (with a temperature sensor
attached to the heating plate), a light source and an isolation and protection cover box, shown
schematically in Figure 1. The lamps were fixed at a distance of 20 cm, which was correlated to the
calibration process of the lamps.

During the study four different lampswere used, with their respective details shown in Table 1. The
two sun light lamps (Reptile Bright Sun UVDesert and Thorlabs Solis 3C) exhibited different intensities
(ratio of 1:300). All three Thorlabs lamps were used at the same intensity (660 W/m2). This intends to
provide information how significant the influence of the lamps powers is and whether the impact of
the respective wavelength domain can be compared to recent work on visible light ageing (Mirwald
et al., 2022a).

For a light ageing experiment (with light and elevated temperature), themetal container with the 8
g of STAbinderwas placed on the heating plate (set to 90°C) for a duration of 3 days and the respective
lamp was switched on. The temperature sensor attached to the heating plate was dipped into the
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binder film, to ensure that the binder would maintain a constant temperature of 80°C. This allowed
constant temperature control over the course of the entire ageing duration. For the pure light ageing
experiments (without the addition of the heating plate), the temperature sensorwas also used to track
whether the lamps themselves induce an increase in temperature of the binder films (which was not
observed). After the 3 days of ageing, the binder was placed in a preheated oven at 150°C to melt
and homogenise the aged material and collect it. Two to three repetitions per ageing condition were
conducted and evaluated.

2.3. Methods

2.3.1. Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy
For ATR-FTIR spectroscopy, a Bruker Alpha II was used. The spectrometer is equippedwith an ATR unit
containing a diamond crystal and a deuterated triglycine sulphate (DTGS) detector. For each ageing
state, a small quantity of the respective binder was heated to 140°C for a maximum of 1 min, taking
recent literature suggestions into account (Mirwald et al., 2022b). Once the binder reached a liquid
state, four small binder droplets were poured onto suitable substrates (silicone paper) after ensuring
proper homogenisation using a thermometer. Once the samples have cooled down (∼ 5 min), the
spectra were recorded within a spectra range of 4000–680 cm−1 at a resolution of 4 cm−1 and 24
scans. Each sample was measured with four repeats, resulting in a total of 16 spectra per binder (as
four different droplets were measured). For spectral evaluation, a min–max normalisation between
3200 and 2800 cm−1 was used, followed by a full base line integration using the following limits:

• Carbonyls (AICO): 1660–1800 cm−1

• Sulfoxides (AISO): 1079–984 cm−1

• Reference aliphatic band (AICH3): 1525–1350 cm−1.

The Ageing Index (AI) according to Equation (1) provides information on the uptake in oxygen due
to the different ageing process caused by temperature and light ageing.

AIFTIR = (AICO + AISO)

AICH3

(1)

The respective contributions of each of the functional groups is shown by an indicator in the respec-
tive figures (see Figure 3 and Figure 9). These ageing indices represents the mean value and standard
deviation from the 16 spectra recorded be binder and will be shown in addition to a selected choice
of individual spectra per binder in the results in Figure 2, Figure 6 and Figure 9.

2.3.1.1. Dynamic shear rheometer (DSR). To assess the rheological behaviour of the material, a
dynamic shear rheometer MCR 302 from Anton Paar was used. For sample preparation, the binders
were shortly heated and homogenised to a maximum of 140°C and filled into a 25-mm silicon mould.
The sample in themouldwas stored for 24h in thedark before beingmeasured following the EN14770
(CEN, 2012b). The following frequencies and temperatures were used in the experiments:

0.1, 0.3, 1, 1.592, 3, 5, 8 and 10 Hz

40, 46, 52, 58, 64, 76 and 82◦C

The results display the respective G∗ and phase angle values at 1.59 Hz across the measured temper-
ature domain and are shown in the results in Figure 4, Figure 7 and Figure 10.
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Table 2. Overview of the solvents and their respective ratios used for separation.

Fraction Quantity [ml] Solvent Ratio [vol%]

Prewash 20 n-Heptane 100
Saturates 10 n-Heptane 100
Aromatics 25 Toluene: n-Heptane 80:20
Resins 40 Dichloromethane: Methanol 90:10

2.4. Chemo-mechanical correlation

The chemo-mechanical correlation links the uptake from oxygen via the formation of functional
groups from FTIR spectroscopy in the micrometre domain to rheological properties of the material
from theDSR in themillimetre domain. This is done by plotting the normof the complexmodulus |G∗|
at 1.592 Hz and 46°C versus the FTIR ageing index including carbonyls and sulfoxides. This visualises
how changes in stiffness can be linked to the incorporation of oxygen via the formation of functional
groups.

2.5. SARA fractionation

To separate the binders into the four polarity-based SARA fractions, a novel solid phase extraction
(SPE) method developed by Razouki and Ibrahim (2018) was used. In this separation, 400 ± 20 mg
of the binder are dissolved in 40 ml of n-heptane and stirred at room temperature for 24 ± 2 h. The
asphaltenes are then separated using a syringe and a filter (Thermo Scientific™ Titan3™ PTFE syringe
filters with a diameter of 25mmand a pore size of 0.2 µm). Themaltene solution (15ml) was diluted to
3.33 mg/ml and applied onto an SPE cartridge (Thermo Scientific™ HyperSep™ Silica SPE cartridges
with a pore size of 40–63 µm) that was mounted on a vacuummanifold. After prewashing of the car-
tridge and application of the maltene solution, the three remaining fractions were eluted using the
solvents listed in Table 2.

After the separation process, the solvent was evaporated using a heating plate and a continuous
nitrogen stream (to avoid additional oxidation). A portion of themaltenes aswell as the separated SAR
fraction solutions were then evaporated under a nitrogen atmosphere and weighed to determine the
gravimetric distribution of the maltenes and respective separated fractions the binders.

3. Results

The results will be split into three sections. First off, the two different sun light lamps with different
photoenergies will be compared, followed by their comparison to standardised laboratory ageing (1x
PAV, 3x PAV and 4x PAV). Finally, one of the sunlight lamps (from Thorlabs) will be compared to spe-
cificwavelengthdomains (also Thorlabs at 365 and405nm),whichwill provide insight howa full range
spectrum compares to previous literature, where specific wavelength regions were investigated (Mir-
wald et al., 2022a). The results are structured to discuss the spectroscopic results first, showing the
respective spectra and resulting indices (see Figure 2, Figure 3, Figure 6 and Figure 9), followed by
the rheological results from the DSR (see Figure 4, Figure 7 and Figure 10). Furthermore, the chemo-
mechanical correlation from FTIR spectroscopy and DSR will be shown and discussed for each of the
three sections (see Figure 5, Figure 8 and Figure 11). The influence of pure photoaged binders will
always be displayed in a bright colour (green, blue or purple), while their respective combination with
temperature will be shown in the same, darker colour (also green, blue or purple). Finally, the results
of SARA fractionation from the binders aged by the three different Thorlabs lamps (sunlight – 3C, 365
and 405 nm) will be shown and discussed (Figure 12).
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3.1. Comparison of different sun light lamps

Figure 2 shows the FTIR spectra and the fingerprint region of the two different sun light lamp aged
binders at elevated temperatures of 80°C (dark green andblue) and at room temperature (bright green
and blue) as well as the pure thermal reference aged binder (aged at 80°C – orange) and initial starting
STA binder (red).

The impact of pure photooxidation of both lamps is very limited, as there is no significant difference
in the red, bright green and bright blue spectra, which are almost overlapping. This is confirmed by
the evaluation of the ageing indices shown in Figure 3. This can be explained by the fact that light
is only able to penetrate up to a maximum of its wavelength into the material. Since the binder film
has a thickness of ∼ 0.5 mm (500,000 nm) the light of around 500 nm will only affect 0.1% of the
material. It should also be kept in mind that the binders were completely homogenised after each
ageing experiment, to provide the same conditions as for other laboratory ageing procedures (PAV)
or the recovery process from the field, where the binder is also homogenised during recovery.

Figure 2. FTIR spectra (left) and fingerprint region between 1800 and 680 cm−1 (right) of the STA (Red), pure temperature aged
(orange) and binders aged with Thorlabs 3C lamp (green) and Reptile Sun UV (blue).

Figure 3. FTIR ageing indices of the STA (Red), pure temperature aged (orange) and binders aged with Thorlabs 3C lamp (green)
and Reptile Sun UV (blue).
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Figure 4. Norm of the complex modulus |G∗| at 1.59 Hz (left) and phase angle (right) of the STA (Red), pure temperature aged
(orange) and binders aged with Thorlabs 3C lamp (green) and Reptile Sun UV (blue).

Figure 5. Chemo-mechanical correlation of the of the STA (Red), pure temperature aged (orange) and binders aged with Thorlabs
3C lamp (green) and Reptile Sun UV (blue).

The influence of temperature (orange) is noticeable, where both ageing related functional groups,
carbonyls and especially the sulfoxides are forming (Petersen, 2009). Combining the sun light lamps
with temperature (blue and green spectra), a significant increase in the carbonyl region is observable,
while the sulfoxide band is only increasing insignificantly, compared to pure thermal ageing (orange).
This indicates that most of the sulfoxide formation is temperature driven, while the addition of the
photoenergy leads to the additional formation of carbonyls. Furthermore, a shoulder around 1750
cm−1 can be seen, which corresponds to an OH band that can be assigned to alcohols, esters, car-
boxylic acids or anhydrides (Larkin, 2011; Petersen et al., 2002). However, a precise assignment to one
of these functional groups is not yet possiblewithout further analysis usingNMR spectroscopyor other
molecular analysis methods.

Figure 3 shows the FITR aging indices from the different sun light lamps (in blue and green) as
well as the pure thermal reference ageing (orange) and initial short-term aged samples (red). These
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indices quantify the observations and assumptions from the previous spectra and confirm the previ-
ously mentioned trends. The influence of pure light shows no significant formation of carbonyls and
sulfoxides compared to the initial STA state. The temperature induced ageing (orange) is mainly pro-
ducing sulfoxides, while the combined factors lead to the overall highest ageing levels, producing
both carbonyls and sulfoxides. Interestingly, even though both lamps exhibit different light energy
levels, as highlighted in Table 1, no significant differences in the resulting ageing products detectable
with FTIR spectroscopy can be observed. This can provide first evidence that the amount of photoen-
ergy is not the oxidation limiting resource in the ageing process and that only a certain amount of
photoenergy is needed. However, further experiments are needed to confirm this assumption.

Figure 4 shows the results of the rheological investigation with the norm of the complex modus
|G∗| at 1.59 Hz displayed on the left side and the phase angle on the right side. Similar to the trends in
FTIR spectroscopy, the impact of visible light without the combination to temperature (bright green
and bright blue) does not lead to significant changes in the rheological properties of the binder. The
influence temperature alone (orange) leads to a noticeable increase in stiffness and decrease in the
phase angle. However, the combination of both ageing inducing factors shows the synergistic effect,
resulting in a significant increase in the complex modulus and decrease in the phase angle. Similar
to FTIR spectroscopy, both lamps, despite differences in their intensities, lead to a similar rheological
level.

The chemo-mechanical correlation in Figure 5 shows how changes in the chemical composition
by the formation of oxygen containing functional groups like carbonyls and sulfoxides can be linked
to changes on the rheological level by an increase in stiffness. Starting at the initial STA sample (red),
which is allocated close to the axis origin, showing the lowest level of aging. After pure light ageing
(bright green and blue), merely the previously mentioned small increase in ageing is clearly observ-
able. Pure temperature induces ageing is significantly above this. However, by far the highest ageing
level can be seen when both ageing inducing factors are combined. This highlights the synergistic
effect between light and temperature, as adding both individual values from light and temperature
would not lead to the same increase in ageing levels. Furthermore, an interesting observation is made
when comparing the ageing level of both sun light lamps, which have a large discrepancy between
their respective power (factor of 1:∼ 300). These ageing levels are very close to each other, which
indicates that only a certain amount of photo energy is needed to induce this synergistic effect of
photo-temperature induced ageing. Thus any access photoenergy will not lead to additional ageing.

3.2. Comparison of sun light and standardised laboratory ageing

Figure 6 compares the FITR spectra from the previous sun light ageing series to standardised labora-
tory aged samples using the PAV. The left side of Figure 6 shows how the 1x PAV (20 h – yellow), 3x
(60 h – turquoise) and 4x PAV (80 h – purple) aged binders compare against the pure temperature
induced ageing (72 h – orange). Here, it can be seen how significant the influence of the high pressure
for the PAV is, as the 72 h of pure temperature ageing led only to a slightly higher ageing level than 20
h of PAV ageing. However, the ageing level is significantly lower than that of the 60 and 80 h PAV aged
binders. The right side of Figure 6 compares both sun light lamp aged binders, which are allocated
between the 3x PAV and 4x PAV.

Figure 7 shows the comparison of the rheology results from the sun light ageing series and the PAV
ageing series. Similar to results from FTIR spectroscopy, the order regarding pure temperature aged
binder (orange) and the PAV ageing series remains the same. Surprisingly, the stiffness and phase
angle of both sun light and temperature aged binders (dark green and blue) show a significantly
higher ageing level than the 4xPAVagedbinders. Thus, the trendsdonot alignwith FTIR spectroscopy,
which indicated that not all rheological changes are captured by the two functional groups in infrared
spectroscopy.
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Figure 6. Comparing FTIR spectra of the sun light ageing series and 1x PAV (yellow), 3x PAV (turquoise) and 4x PAV (purple).

Figure 7. Norm of the complex modulus |G∗| at 1.59 Hz (left) and phase angle (right) of the STA (Red), pure temperature aged
(orange) sun light lamp aged with Thorlabs 3C lamp (green) and Reptile Sun UV (blue) as well as 1x PAV (yellow), 3x PAV (turquoise)
and 4x PAV (purple).

Figure 8 summarised both previously shownmethods in the chemo-mechanical correlation where
the results from the sun light lamps study are compared against the PAV aged binders. Themost inter-
esting observation is that the light aged binders (dark green and blue) exhibit a similar level in infrared
spectroscopy, but show higher rheological values, indicating that FTIR spectroscopy (or its evaluation
method) might not be capable to entirely capture the chemical changes caused by light and temper-
ature induced ageing that result in such mechanical changes. This will require a deeper investigation
on the molecular level from an alternative perspective to detect possible differences in the respective
ageing mechanism.

3.3. Comparison of different wavelength domains

In the last section of the results (Figure 9), the FTIR spectra and ageing indices of the three different
Thorlabs lamps (365 nm, 405 nm and sunlight lamp) are shown. It needs to be kept in mind that all
lamps were used at the same intensity level (660 W/m2), as shown in Table 1. The results indicate that
all three lamps induce no significant ageing without an increase in temperature. Similar to the sun
light lamps, most of the sulfoxides are formed during thermal ageing, while all three lamps induce
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Figure 8. Chemo-mechanical correlation of the STA (Red), pure temperature aged (orange) sun light lamp aged with Thorlabs 3C
lamp (green) and Reptile Sun UV (blue) as well as 1x PAV (yellow), 3x PAV (turquoise) and 4x PAV (purple).

Figure 9. FTIR spectra (left) and FTIR ageing indices (right) of the reference STA binder (Red), pure temperature aged binder
(orange) and binders aged with Thorlabs 365 nm lamp (purple), Thorlabs 405 lamp (blue) and Thorlabs SOLIC 3C lamp (green).

an increase in the carbonyl and the alcohol/ester/acid/anhydride region (1750cm−1) (Larkin, 2011;
Petersen et al., 2002). Minor differences in the shape of the sulfoxide band are observed for the 405 nm
aged binder (blue), where a distinctive shoulder can be seen just below the usual band at 1030 cm−1.
However, no clear functional group assignment can be made yet. Comparing the three different sun
light lamps, it can be said that the highest ageing level was achievedwith the sun light lamp, followed
by the 365 and 405 nm lamps. This indicates that a combination of different wavelength domains is
more effective when considering the impact of solar irradiation.

Figure 10 displays the results from rheology, where an interesting trend can be observed when
comparing the impact of the different wavelength domains in the complex modulus (left) as well as
the phase angle (right).

While the usual trends with individual contributions of pure light (bright purple, blue and green)
and temperature (orange) are insignificant or well predictable, the influence of the different wave-
length domains in combination with elevated temperatures show an unpredicted result. A significant
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Figure 10. Norm of the complex modulus |G∗| at 1.59 Hz (left) and phase angle (right) of the reference STA binder (Red), pure
temperature aged binder (orange) and binders aged with Thorlabs 365 nm lamp (purple), Thorlabs 405 lamp (blue) and Thorlabs
SOLIC 3C lamp (green).

Figure 11. Chemo-mechanical correlation (right) of the reference STA binder (Red), pure temperature aged binder (orange) and
binders aged with Thorlabs 365 nm lamp (purple), Thorlabs 405 lamp (blue) and Thorlabs SOLIC 3C lamp (green).

difference between blue (405C), UV (365C) and sun light (3C) are observable in terms of stiffness lev-
els, with the blue light showing less impact on the rheological properties compared to the UV and sun
light lamp.

This difference becomes well pronounced when correlating results from FTIR spectroscopy to rhe-
ology in the chemo-mechanical correlation (see Figure 11). Here the difference in the ageing levels
from the three wavelength domains become obvious, as the 405 nm aged binder (blue) is very close
to the ageing level of the 3x PAV aged binder. The 365 nm aged binder has a similar formation of
carbonyls and sulfoxides as the 3x PAV aged binder, but its rheological level is close to the 4x PAV
aged binder. Lastly, the sun light aged binder shows the highest ageing level, surpassing the 4x PAV
aged binder on the rheological domain, while being close in terms of carbonyl and sulfoxide content.
To understand these unpredictable results in the chemo-mechanical correlation, it might be useful to
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Figure 12. SARA fractions of the STA, and all three Thorlabs aged binders.

consider a different perspective to judge the binders ageing level, since FTIR spectroscopy only cap-
tures IR active functional groups. Furthermore, it might be that the evaluation of the ageing indices
is not ideal for these samples (different integration methods, etc.) or that these methods simply do
not correlate perfectly with each other when investigating the impact of photooxidation of different
wavelength domains, as respective changes might not be captured.

Thus, another factor for assessing ageing from a different perspective was investigated: the impact
of the different wavelengths on the distribution of the SARA fractions. The respective results of the
three different Thorlabs lamps as well as the initial STA binder are shown in Figure 12. These results
show a similar trend as seen in rheologywith the 405 nm lamp inducing a lower change in the polarity
gradient, followedby the 365nmand sun light lamps. It shouldbenoted that the intensities of all three
Thorlabs lamps were adjusted to the same level of power. Therefore, a comparison to conditions on
earth’s surface is not yet given. Nonetheless, it becomes obvious that the respective light induced on
the sample surface seems to play a crucial role in regard to the ageing levels induced. However, further
testing in regard to adjusted light intensities and establishing a link between the polarity gradient,
functional group content and the rheological behaviour are necessary in the future.

Conclusion

This study investigated the impact of photooxidation with and without its combination to thermal
ageing on an unmodified short-term aged binder. A total of four different lamps (2 sunlight lamps
with different power levels and two narrow band lamps at 365 and 405 nm) were used in the ageing
experiments. The aged binders were analysed with FTIR spectroscopy, DSR and partially SARA frac-
tionation. The results showed that pure photooxidation induced little to no ageing, while temperature
alone leads to the well-known ageing effects. A surprising result was discovered when comparing the
combined effect of light and temperature, where a synergistic effect caused a drastic increase in the
ageing level. Furthermore, both sunlight lamps induced a similar level of ageing, while having a dif-
ference in intensity, which indicates that only a certain amount of photoenergy is needed to achieve
this synergistic ageing effect. Comparison to multiple PAV aged binders shows that similar or higher
ageing levels can be achievedwhen sun light is involved. This would be a great addition to an artificial
ageing setup, as replacing the ‘unrealistic’ high pressure with a factor that occurs in the field will be
beneficial to simulate ageing in a more realistic way.

The influence of different wavelength domains (same energy level) showed that while all lamps
induced a similar formation of carbonyls and sulfoxides, their impact on the rheological level and SARA
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fractions differs. The sunlight aged binder reached a higher rheological level, followed by the UV light
aged binder and the blue light aged binder having the lowest stiffness values and overall polarity
shift. This indicates not only that the wavelength domain matters for the ageing process but also that
a possible synergistic effect between different wavelengthsmight accelerate the ageing process even
more.

Overall these results shed light on how photooxidation and thermal ageing influence the ageing
behaviour of bitumen, which highlights not only the necessity to consider artificial sun lightwithin the
visible domain in the laboratory ageing simulation but also understand which parts of the sun light
spectrum contribute most to it.
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