<]
TUDelft

Delft University of Technology

Accelerated laboratory simulation of field aging for paving binders using hydrogen
peroxide and UV light

Khalighi, Sadaf; Ma, Lili; Varveri, Aikaterini

DOI
10.1016/j.conbuildmat.2025.141272

Publication date
2025

Document Version
Final published version

Published in
Construction and Building Materials

Citation (APA)

Khalighi, S., Ma, L., & Varveri, A. (2025). Accelerated laboratory simulation of field aging for paving binders
using hydrogen peroxide and UV light. Construction and Building Materials, 476, Article 141272.
https://doi.org/10.1016/j.conbuildmat.2025.141272

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.conbuildmat.2025.141272
https://doi.org/10.1016/j.conbuildmat.2025.141272

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Construction and Building Materials 476 (2025) 141272

m= >

FI. SEVIER

Contents lists available at ScienceDirect
Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

Construction
and Building

MATERIALS

L))

Check for

Accelerated laboratory simulation of field aging for paving binders using &

hydrogen peroxide and UV light

Sadaf Khalighi , Lili Ma ©, Aikaterini Varveri

Delft University of Technology, Stevinweg 1, Delft 2628 CN, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: Developing a rapid and realistic binder aging protocol remains a challenge in pavement engineering. This study
Bituminous binder aging protocol introduces the UV-Peroxide Aging (UPA) protocol, which employs hydrogen peroxide and UV light to accelerate
UPA oxidative reactions. The effects of hydrogen peroxide concentration, temperature, and aging duration were
51]:;( evaluated and compared with existing laboratory protocols and long-term field aging. Results show that UPA
Hygrothermal aging aging at 85°C for 3h or 60°C for 6-9 h produces aging effects comparable to 9 years of field exposure. Addi-
FTIR tionally, new methods for lab-field comparisons of chemical and rheological properties were applied, offering a
DSR systematic framework for analysing optimized aging protocols.
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1. Introduction

Road sustainability plays a crucial role in minimizing environmental
impact, conserving resources, and enhancing the long-term performance
of infrastructure [1]. A significant factor influencing road sustainability
is binder aging, which leads to an increase in the stiffness of asphalt
mixtures and a higher susceptibility to cracking [2]. This deterioration
ultimately reduces the durability of the road and escalates maintenance
requirements [3]. Binder aging occurs progressively during the con-
struction phase, referred to as short-term aging (STA), and continues
over its service life, termed long-term aging (LTA), when binder is
exposed to traffic loads and environmental influences such as temper-
ature fluctuations, moisture, and UV radiation [4].

For more sustainable road construction and maintenance, accurate
predictions of binder properties after both STA and LTA are essential. To
simulate these aging processes, pavement engineers commonly use
laboratory aging protocols [5], with the Rolling Thin Film Oven Test
(RTFOT) mainly utilized for STA and the Pressure Aging Vessel (PAV)
for LTA [6-8]. The RTFOT method involves subjecting binder films to
controlled airflow at 163 °C for 75 minutes (EN 12607-1, 2014) [9]. For
the PAV method, bitumen films are aged in a pressurized vessel at
2.07 MPa and temperatures between 90 and 110 °C over a 20-hour
period (EN 14769, 2012) [10].

* Corresponding author.
E-mail address: s.khalighi@tudelft.nl (S. Khalighi).
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The RTFOT and PAV aging protocols, while prevalent, continue to
show limitations in accurately replicating field aging [11]. Standard
RTFOT and PAV methods are intended to represent 5-10 years of field
aging, while studies have shown that they underestimate field aging in
many cases [12,13]. For instance, Lu et al. (2008) reported notable
differences in chemical functional groups between field-aged and
laboratory-aged binders [14], suggesting that the laboratory procedures
do not fully capture the oxidative aging mechanisms occurring in real
pavements. Similarly, Jing et al. (2019) observed that field aging in
porous asphalt over three years was substantially harsher than labora-
tory aging using the standard RTFOT and PAV methods [15]. One pro-
posed approach to overcome this problem is the extension of PAV aging
duration. Singhvi et al. (2022) demonstrated that double PAV treatment
could approximately replicate 8-12 years of aging in Illinois pavements,
though differences between laboratory and field aging were still evident
[16].

The discrepancies between chemical changes caused by field and
laboratory aging mainly arise from their different aging conditions.
Laboratory aging protocols primarily incorporate factors such as tem-
perature, pressure, and time [11,17]. However, real-world conditions
also include moisture, UV light, and reactive oxygen species (ROS),
which are often omitted in standard protocols, even though these factors
play a significant role in field aging.
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Research on moisture’s impact on bitumen aging is not conclusive.
Khalighi et al. [17] showed that combined thermal and moisture aging,
or hygrothermal aging, accelerates aging more significantly than ther-
mal aging alone, and it replicates field aging better than
thermo-oxidative aging [17,29]. While some studies suggest minimal
effects of moisture on bitumen aging [30] or variability in moisture’
impact on aging among binder types [31].

Many studies have demonstrated the effects of UV light aging on
binder chemical and rheological properties. These chemo-rheological
changes occur over a significantly longer period than other laboratory
aging methods, such as PAV protocol, which lasts 20 h. Menapace et al.
[18] observed substantial chemical changes in binders exposed to UV
radiation (0.89 W/m?/nm at 340 nm) over 388 days, especially under
dry conditions. Crucho et al. [19] simulated outdoor conditions with UV
radiation and water/dry cycles for 30 days, observing a degrading effect
on rheological properties such as increased stiffness, reduced phase
angle, and diminished fatigue life. While UV aging induces notable
chemical and rheological changes, its effectiveness in replicating field
aging remains uncertain. On one hand, UV exposure occurs naturally in
pavements and may better simulate certain aspects of field aging,
particularly in surface layers. Wu et al. [20] noted a strong correlation
between UV aging at specific thicknesses and natural exposure aging
tests. On the other hand, UV aging is limited by its shallow penetration
depth [21,22]. This leads to significantly decreased aging effects of UV
radiation with increasing depth, primarily due to the formation of an
impermeable surface layer on the asphalt binder samples. This limited
the penetration of oxygen, resulting in less severe aging compared to
thermal aging [22]. Furthermore, the aging effects of UV radiation
depend on wavelength, with UV in the 300-350 nm range causing the
most significant impact, while visible light also contributes to oxidation,
particularly through blue and green wavelengths affecting carbonyl and
sulfoxide formation as demonstrated by Mirwald et al. [23].

The ROS in the atmosphere include mainly ozone (Os) and nitrogen
oxides (NOx), among other compounds. Ozone forms through the
oxidation of hydrocarbons and carbon monoxide, while NOx emissions
come from car engines, commonly existing in environments near asphalt
pavements [24,25]. To better simulate field aging, Mirwald et al.
developed the Viennese Binder Aging (VBA) method by introducing ROS
into the laboratory aging process, in which samples are exposed to air
enriched with Os and NOx for 72h [26]. Hofko et al. found significant
aging only in the presence of NOx [27], and confirmed that NO2z induced
significant aging even at low concentrations, while Os had a milder ef-
fect [28]. A comparison between the application of aging protocols
multiple times and field data showed that VBA provided a better
approximation of field aging than standard methods by providing better
simulation of chemical and rheological properties [28]. Despite the
success of VBA, it still requires a specific STA protocol, which involves
aging of a 0.5 mm binder film at 163°C for 5h (pre-VBA), followed by
longer aging durations of 72 h due to the slower diffusion of ROS in the
gas phase at atmospheric pressure. Additionally, it does not account for
the effects of UV light that is present in natural field aging [28].

Despite extensive research and modifications to laboratory aging
protocols to incorporate additional environmental factors, accurately
replicating field aging remains a challenge. Existing protocols are either
too time-consuming or fail to replicate the chemical and rheological
mechanisms of field aging accurately. A new aging protocol is needed to
achieve a balance between efficiency and fidelity in simulating real-
world asphalt binder aging.

2. Objective and methodology

The research aims to develop a more efficient laboratory binder
aging method for more accurate simulation of field aging. This new
protocol, referred to as the UV-Peroxide Aging (UPA) protocol, com-
bines the use of UV light and hydrogen peroxide (H20:) to generate
highly reactive hydroxyl radicals (HOe and HO:ze) in liquid medium,
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leading to an accelerated aging process and an improved simulation of
field aging mechanisms.

The combined use of UV and Hy0, has been widely implemented in
environmental processes, such as wastewater treatment [32,33], due to
its ability to generate hydroxyl radicals—among the most powerful
reactive species, with an oxidation potential of 2.8 V, surpassing that of
ozone (2.1V) [34]. Based on this, we anticipate that hydroxyl radicals
generated from the photodecomposition of H202 under UV light may act
as catalysts, accelerating the oxidation aging of bituminous binders.
Moreover, the generated radicals are present in water medium, which
probably facilitates their diffusion and penetration into the binder,
further accelerating the aging process. These radicals, which naturally
occur in the field environment of asphalt pavements [35], offer a unique
opportunity to simulate field-like aging mechanisms in the laboratory.
Based on the current knowledge, there is no study investigating the ef-
fect of hydroxyl radicals on binder oxidative aging.

To optimize the UPA method, we will assess the impact of UV + H,0,
on the aging of bituminous binders under various conditions, including
different Hy0y concentrations and varying aging temperatures. To
evaluate the effectiveness of the UPA protocol, other aging protocols,
including PAV, VBA, and modified versions of these protocols under
humid conditions, were tested for comparison, focusing on the chemical
and rheological properties measured by Fourier Transform Infrared
(FTIR) spectroscopy and dynamic shear rheometer (DSR). The moisture-
modified versions of PAV and VBA protocols were included to ensure a
more accurate comparison, as the UPA method takes place also in a
water-containing environment. Furthermore, field-aged binder samples
will be used as a benchmark to develop and refine the UPA method.

Several analytical methods will be utilized to effectively compare
various aging protocols. To compare how rapidly different protocols
induce aging, the aging rate indices will be proposed and calculated
based on the chemical- and rheological properties. To assess the simi-
larity of laboratory aging reactions to field aging, multivariate analysis
methods, including Principal Component Analysis (PCA), the combined
FTIR spectral deconvolution and Dynamic Time Warping (DTW), and
Euclidean distance were employed to quantify the chemical differences
between samples at various aging conditions using FTIR parameters
including peak positions and areas. These techniques provide valuable
tools for future comparisons between laboratory and field aging.

3. Materials and methods
3.1. Materials

In this study, two PEN 70/100 bituminous binders from different
suppliers and thus from different crude oil sources were used, labelled as
Qand T [17]. Table 1 shows their main basic properties. The Q and T
binders were selected due to their widespread use in the Netherlands as
70/100 penetration grade binders, the availability of field-aged Q binder
samples for direct comparison with laboratory aging, and the distinct
elemental compositions between Q and T despite having the same
penetration grade, enabling an assessment of compositional effects on

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 &  kPa 1.8 2.3

60 °C

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
Sulfur S 4.47 3.35
Oxygen O 2.25 0.60
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aging behaviour. These binders serve as the foundational materials for
developing our aging protocols, with future studies planned to incor-
porate a broader range of binder types to enhance the generalizability of
the findings.

3.2. Sample preparation and aging conditions

Binder samples were tested in different aging states: unaged (fresh),
short-term aged (STA), and long-term aged (LTA). To conduct STA, 50 g
of each fresh binder were poured into pans to produce films with a
thickness of 3.2 mm. These pans were subjected to a short-term aging
(STA) process using oven aging at 163°C for 5 h, following the Thin Film
Oven (TFO) procedure according to EN 12607-2 [9], simulating the
aging during production and construction phases. The LTA samples were
prepared by pouring TFO-aged binder into petri dishes to achieve 1 mm
thickness, except for the standard PAV, which used a 3.2 mm film. The
uniformity of the LTA films was ensured by heating the petri dishes at
163°C for 3 minutes. These samples were then subjected to five different
aging protocols, namely UPA(H20: +UV), VBA-DRY, VBA-WET,
PAV-STD, PAV-MOD, as listed in Table 2. For more details about sample
preparation, please refer to our previous study [17].

For UPA (Hz20: + UV) aging, the Atlas XXL+ weatherometer was used
to age 1 mm binder films at different H20> concentrations (12 % and
33 %) and temperatures (60, 70, 85 °C) for 3 h. Additional tests at 60 °C
for longer durations of 6 and 9 h were also conducted. Furthermore, two
control groups, namely UV and OVEN, were also prepared for compar-
ison, each including samples aged both at 60 °C for 9 h and 85 °C for 3 h,
the former conducted in the weatherometer with UV but without HyO5;
and the latter in an oven without UV or Hy0,. The H202 was directly
applied on top of the binder films, and the sample pan with binder and
H20, was then sealed to prevent the evaporation of HoO5. The H20:
concentrations of 12% and 33 % were chosen for their commercial
availability, relevance in oxidative stress research in wastewater treat-
ment, their common use in research and industry, and for studying the
effects of varying concentrations, while ensuring these concentrations
remain within the safe operational range. The UV light source in the
weatherometer was centered at 340 nm (range 300-400 nm) with an
intensity of 40 W/m? The irradiance distribution across all sample
surfaces was uniform, as ensured by the design of the commercial
weatherometer. The UV source-to-sample distance was fixed at 37 cm
and remained constant throughout the study. Different temperatures
were achieved through the chamber’s heating system. However, due to
the black colour of binder films, they absorb more UV energy than the
surrounding air, leading to slightly higher temperatures than the
chamber setting. Therefore, to ensure binder film temperatures of 60,
70, and 85 °C, the chamber temperature was set to lower temperatures
40, 50, and 65 °C, respectively, which have been confirmed through
monitoring sample surface temperatures during aging process. Humidity
in the chamber was maintained at minimum level possible (<10 %
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relative humidity) for all tests.

Furthermore, the Viennese Binder Aging (VBA) method was
employed, using air enriched with 25 ppm NO, and 4 g/m®ozone at
85+ 1°C for three days (VBA-DRY). A variant (VBA-WET) was also
conducted by introducing 75 g/m®humidity via water spray, while
keeping all other conditions the same [36].

Standard PAV (PAV-STD) aging was conducted at 90 °C, 20 bar, with
a 3.2mm film for 20 h. A modified PAV (PAV-MOD) with > 99 % rela-
tive humidity at 85 °C, 20 bar for 20 h was also tested. Humidity was
introduced using 1000g of demineralized water. Further details
regarding setting humidity in PAV chamber can be found in [17].

Additionally, a field-aged sample (Field-9y) using Q bitumen as the
binder, representing 9 years of aging in porous asphalt, was included for
comparison. Details on its preparation, aging, and extraction details are
available in [29].

3.3. Fourier Transform Infrared (FTIR) spectroscopy

FTIR samples were prepared following Mirwald et al. [26]. Spectral
measurements were taken using a Nicolet iS5 Thermo Fisher Scientific
instrument with an attenuated total reflection unit, generating each
spectrum from 24 scans at a resolution of 4cm ! over the range of
4000-400 cm ™!, with four replicates per sample. To ensure the accuracy
and comparability of ATR-FTIR spectral data, baseline correction and
normalization were applied. Baseline correction was performed using an
eight-point method as recommended by RILEM [37] (Table 1S).
Normalization was then applied to scale all spectra between 0 and 1 [17,
38]. This step facilitates direct comparisons by minimizing variations in
overall spectral intensity due to different operational conditions such as
load force and sample thickness. The equations used for these correc-
tions are provided in the supporting information.

Important peaks and their corresponding wavenumber ranges, along
with the functional groups they represent are detailed in Table 3. The
index for each functional group was calculated by dividing the inte-
grated area under the curve within the peak ranges (A,) mentioned in
Table 3 over summation of all areas (Atota)), following the equation:

index = Ay / Atotal (@)

3.4. Dynamic shear rheometer (DSR) - frequency sweep

The dynamic shear rheometer (DSR) tests were performed with an 8-
mm-diameter parallel plate and a 2-mm gap at temperatures from O to
40°C (10°C steps), across a frequency range of 15.9-0.0159 Hz
(100-0.1 rad/s), with strain loads of 0.05 % and 0.1 % for 0-20°C and
30-40°C, respectively. Based on the time-temperature superposition
principle (TTSP), master curves of complex shear modulus (G*) and
phase angle (8) were constructed at a reference temperature of 20°C

Table 2
Aging conditions for binder samples.
Aging protocol Thickness ~ Temperature Pressure Relative humidity Accelerator reactant Time nomenclature # of
(mm) [§e) (bar) (Hours) samples
UPA 1 60, 70, 85 1 Binder covered by 12 % or 33 % H202 3 Q-12%-70C-3H 12
(H202 +UV) liquid +Uv
1 60 1 Binder covered by 12 % or 33 % H202 6,9 Q—33%-60C-9H 8
liquid +UVv
OVEN (Control groups for 1 60, 85 1 - without UV or Hz02 3,9 Q/T-OVEN-60C- 4
UPA) OH
UV (Control groups for 1 60, 85 1 UV, without H202 3,9 Q/T-UV-85C-3H 4
UPA)
PAV-STD 3.2 90 20 Pressure, 20 Q/T-PAV-STD 2
temperature
PAV-MOD 1 85 20 > 99 % humidity Pressure 20 Q/T-PAV-MOD 2
VBA-DRY 1 85 1 <10% or NO,, and ozone 72 Q/T-VBA-DRY/ 4
VBA-WET ~21 % humidity WET
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Table 3
Main functional groups of binder identified in FTIR spectra [39].

Area Band range
(em™)

Functional groups

A810 710-734 Hydrocarbon chain, (CHy),, C-H in isolated/two/four

734-783 adjacent hydrogen aromatic rings or C-CH; rocking in
783-833 alkyl side chains with more than four carbons
833-912

A1030  984-1047 Oxygenated function-sulfoxide, S—0O

A1200 1100-1180 Tertiary alcohol C-C-O, C-O in carboxylic acid, C-C-C
1280-1330 in diaryl ketones, C-N secondary amides, 0—=S=0 in

sulfone

A1376 1350-1395 Branched aliphatic structures, CHs

A1460 1395-1525 Aliphatic structures, CH3 and CH,

A1600 1535-1670 Aromatic structure, C—C

A1700  1660-1750 Oxygenated function-carbonyl, C=0

A2953  2820-2880 Aliphatic structures, Symmetric, Asymmetric
2880-2990 stretching, CH

A3400  3100-3600 Hydroxyl stretching, OH, NH

A total =A 810+ A 1030 + A 1200 + A 1376 +A 1460 + A 1600 +A 1700 +A
2953 + A3400

[17]. All measurements followed standard testing protocols (NEN-EN
14770 [40]).

3.5. Principle component analysis (PCA)

PCA is a key technique for reducing dataset dimensionality by
transforming variables into uncorrelated principal components. The
transformation is expressed as Y=X x W, where X is the dataset of m
samples and n variables; W is the loading or transforming matrix of size
n x p, with p representing the number of principal components; the score
matrix Y, of size mxp, represents the lower-dimensional projection of X.

PCA was employed to compare the similarity between samples at
various aging conditions based on their chemical properties, specifically
the 10 FTIR indices, listed in Table 3. By compacting the FTIR dataset
into a smaller set of principal components while preserving essential
information, PCA helps overcome the "curse of dimensionality" that
arises when analysing all FTIR indices simultaneously. This dimen-
sionality reduction makes it easier to visualize clustering patterns—-
where closer clustering indicates more similar chemical properties—and
to distinguish between different aging conditions. For more details
regarding PCA, please refer to reference [17].

3.6. Pairwise Euclidean distance

Pairwise Euclidean distance is a metric that quantifies the straight-
line distance between each pair of points in a dataset within a multi-
dimensional Euclidean space (which can be described by the coordi-
nate system). The Euclidean distance between two points (p1,pz, ...,pd)
and (q1,9>, -..,qq) can be calculated according to Eq. 2:

Euclidean distance = \/((p1 @)+ Pa—q) ..+ (Pa—qa)
2)

where: p; and g; represent the coordinates (or feature values) of two data
points in a d-dimensional space, d is the number of dimensions (or
variables) used in the comparison. Similar to our previous studies [17],
to determine which laboratory conditions most closely replicate the field
aging, the Euclidean pairwise distance, were computed based on the first
two principal components [41].

3.7. Deconvolution of FTIR spectra

A key challenge in applying FTIR to complex materials like bitumi-
nous binder is the issue of spectral overlap [31]. The close proximity of
functional group bands can complicate both qualitative and quantitative
analysis, especially after aging when more functional groups occur. To
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address this, deconvolution of FTIR spectra is employed [32]. Decon-
volution is an analytical technique that separates complex infrared
spectra into individual vibrational components, enhancing spectral
resolution and isolating overlapping peaks [31,32]. This method enables
the extraction of detailed molecular and chemical information,
providing a deeper understanding of the chemical structures and in-
teractions within the binder. For FTIR deconvolution, the spectral data
pre-processed by baseline correction and normalization were used. Peak
identification was initially carried out by analysing first and second
derivatives. Primary peaks were identified at the positions where the
first derivative changes sign, while secondary peaks were located at the
points where the second derivative changes sign. Subsequently, each
identified peak was simulated by a Gaussian curve, characterized by its
position (wavelength), height (intensity), and width (standard devia-
tion) [37]. A spectral region with overlapping peaks was then fitted by
comparing it to a sum of multiple gaussian curves, using the scipy.
optimize.least_squares function in Python. To avoid fitting too many
unknown parameters at once and to improve fitting efficiency and ac-
curacy, the entire FTIR spectrum was divided into several segments,
with each segment deconvoluted separately. The deconvoluted peaks
were then compared with peak interpretation results from FTIR data-
bases or literature [42], ensuring accurate fitting of peaks and proper
interpretation of their corresponding functional groups.

3.8. Dynamic time warping (DTW)

The similarity between laboratory-aged and field-aged samples was
assessed using deconvoluted peaks from FTIR spectra. However, varia-
tions in aging conditions can lead to peak shifts and differences in peak
numbers between samples, making conventional distance metrics like
Euclidean distance unsuitable for direct comparison. To address this, the
Dynamic Time Warping (DTW) algorithm was employed due to its
ability to accommodate temporal shifts and non-linear variations in
spectral data. DTW ensures that spectral peaks corresponding to the
same chemical functional groups are properly aligned, enabling a
meaningful comparison of oxidation-related changes between lab-aged
and field-aged samples. Once the spectral features were aligned, the
Euclidean distance was calculated based on the areas under the aligned
peaks, providing a quantitative measure of oxidation similarity. This
approach allowed us to evaluate how well the laboratory aging protocol
replicates field aging by comparing the oxidation levels in lab-aged
samples relative to field-aged ones.

To apply DTW, the deconvoluted peak positions were treated as time
series data, with each peak position representing a distinct time point in
the sequence.

The spectral data from the field-aged sample served as the reference
data, denoted as T with a length of I, while the laboratory-aged sample
data served as the training data, denoted as S with a length of J.

The DTW process begins by constructing a two-dimensional distance
matrix, where each element d(ij) represents the Euclidean distance
between the i-th peak position in the reference data T and the j-th peak
position in the training data S [43-45]. The algorithm then searches for
the optimal warping path D that minimizes the cumulative distance
between two data, thus achieving the best alignment[43]. The optimal
path is defined as:

Q
D= Zd(i(q), j(q) )wheregqis a step index along the path 3)

q=1

Where D is the total alignment cost along the optimal warping path. d(i,
j) is the Euclidean distance between the i-th peak position in the refer-
ence dataset T and the j-th peak position in the training dataset S. Q is
the total number of steps in the optimal path. q is the step index along
the path.

Here, the optimal path starts at the top-left corner and ends at the
bottom-right corner of the matrix and maintains monotonicity and
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continuity. This ensures that the path progresses consistently through
the sequence of peak positions without looping back or skipping any
spectral features [45].

Given the computational intensity of the classic DTW algorithm,
particularly its quadratic time and space complexity, we employed an
optimized version known as Fast-DTW. This method reduces computa-
tional complexity by approximating the optimal path through a series of
key operations [45]. First, the original time series data is coarsened by
down-sampling to produce a simplified representation. Second, the
minimum-distance warp path is identified within this coarser resolution.
Third, this warp path is refined by making local adjustments at pro-
gressively finer resolutions, thereby improving the accuracy of the
alignment. This approach allowed for a linear time and space
complexity, making it feasible to handle the FTIR data efficiently
without sacrificing alignment accuracy. The DTW distance, representing
the total alignment cost, was calculated by summing the Euclidean
distances along the identified optimal path.

3.9. Cumulative aging and aging rate

When assessing the efficacy of aging protocols and determine the
optimal aging protocol, it is crucial to consider both the cumulative
aging and the rate of aging. Cumulative aging (CA) represents the
overall extent of aging. A cumulative aging closely aligning field aging
indicates an accurate replication of real-world conditions. On the other
hand, the aging rate (AR), defined as the change rate of aging extent over
time, offers insights into the dynamics of the aging process, highlighting
how rapidly aging occurs. A higher aging rate allows for a faster
assessment of materials aging behaviour, leading to significant saving of
time and resources.

Chemical and rheological properties serve as robust indicators of
material aging performance. In our analysis, we utilized both FTIR
indices (10) and master curve data points (80 points at different fre-
quencies and temperatures) to quantify the cumulative aging and aging
rate indices. Cumulative aging based on chemical and rheological
properties, denoted as CAche and CA e, was calculated as the summation
of changes relative to the fresh condition using Eqs. 4 and 5, respec-
tively. The aging rate, defined as AR and ARy was calculated using
Egs. 6 and 7, respectively.

index10
Plesh — PI
CAche _ Z ! fres}};l aged| (4)
index=1 fresh

Where Plfesh and Plageq are the FTIR peak index (PI) values for the fresh
and aged samples, respectively.

* *
80 Gi,fresh - Gi,aged

CAppe = Z G

i=1 i,fresh

+ SZOI |6i.fres§ - 6i.alged| (5)

i fresh

Where G*;fresnand G*;ageq represent the complex shear moduli, and &;
fresh and J; aged denote the phase angles of the fresh and aged samples,
respectively, at the i-th master curve data point.

The aging rate based on chemical and rheological parameters, rep-
resented as ARche and ARy, respectively, were calculated as:

CA

ARche = Td-le (6)
A

AR = t““ %)

Where t is the duration of the aging process (in hours).
3.10. Chemo-rheological correlation analysis

To quantify the relationship between chemical and rheological
changes, a statistical correlation method, i.e., Pearson’s correlation, was
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applied. Pearson’s correlation coefficient (p), as described by Eq. 8, as-
sesses the linear correlation between chemical and rheological
parameters.

_ Cov(x,y)
- 0x0y

®

xy

where Cov(x,y) is covariance between variables x, and y, ox and oy, are
standard deviation of x and y, respectively. The correlation coefficient
ranges from —1-1, with p= 1/-1 signifying a perfect positive/negative
correlation.

4. Results and discussion
4.1. Aging effects on chemical properties

Fig. 1 presents the FTIR spectra of the Q binder subjected to various
aging conditions, namely, short-term aging via the TFOT method and
long-term aging, including OVEN, UV, UPA, PAV-STD, PAV-MOD, VBA-
DRY, VBA-WET, and Field-9y. In Fig. 1a, the raw spectra show that VBA-
DRY and VBA-WET are positioned at higher intensities compared to the
other spectra, making direct comparisons challenging. This issue is
resolved after baseline correction and normalization, as shown in Fig. 1b
and c. The spectra indicate that different aging conditions affect the
FTIR peaks to varying degrees. Notably, after baseline correction and
normalization, the field-aged sample exhibits the most pronounced peak
shifts, enabling us to properly evaluate the chemical changes in this
sample. Importantly, the UPA aging protocol introduced in this study,
which combines H202 and UV light, does not result in the appearance of
new peaks in the spectra. This observation supports the hypothesis that
radicals generated from the decomposition of H20: serve as catalysts,
accelerating the oxidation process in a manner consistent with field
aging. The validity of this hypothesis will be further investigated in
detail by indices calculation and deconvolution analysis.

Fig. 2, a) - j) displays the ten FTIR indices at all aging conditions for
both Q and T binders. The carbonyl and sulfoxide indices, identified as
two most relevant FTIR indicators of aging levels, are specifically shown
in a) and b). For both Q and T, UPA treatment increased carbonyl and
sulfoxide indices for both 12 % and 33 % H,0, concentrations, with a
higher radical concentration led to more aggressive oxidation reactions
especially at higher temperatures and longer durations. At 60°C, longer
durations led to higher indices, indicating more aging. For a duration of
3 h, the highest temperatures of 85°C caused the largest increase in both
indices. Time and temperature exerted varying aging impact at two
concentrations: time had a stronger effect at 12 % H302, whereas tem-
perature was more influential at 33 % Hy0s.

The carbonyl and sulfoxide indices of other aging protocols are also
presented in a) and b), including OVEN, UV, PAV-STD, PAV-MOD, VBA-
DRY, VBA-WET, and Field-9y aging. For both Q and T, OVEN aging at
60°C for 9 h resulted in a similar carbonyl index and a slightly lower
sulfoxide index compared to the aging at 85°C for 3 h. UV aging at 60°C
for 9 h increased both indices slightly more than UV aging at 85°C for
3 h. As expected, adding humidity to PAV-STD and VBA-DRY increased
carbonyl and sulfoxide indices, indicating that the combination of
moisture and ROS accelerates the oxidative aging process. Compared to
VBA-DRY, the T sampled aged by VBA-WET shows a much larger
carbonyl index while for Q, the difference between VBA-DRY and VBA-
WET is much smaller, indicating that the effect of moisture on aging
process varies with binder type.

A comparison between UPA and other aging protocols revealed that,
for both binders, exposure to a high concentration (33 %) of Hz20: at
60°C for 9 h and at 85°C for 3 h resulted in carbonyl indices similar to
those of PAV-MOD and VBA-WET (except for the T binder aged under
VBA-WET conditions). All these samples exhibited aging levels similar to
that observed after 9 years of field exposure. This suggests that the UPA
with high H20: for 3-9 h are comparable to 20 h of PAV and 3 days of
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Fig. 1. FTIR spectra of fresh, short-term aged, long-term aged (including UPA, VBA,PAV, and a 9-year field aging) samples presented in: a) raw spectral form, b)

baseline-corrected and normalized spectra, and c) the 600-1800 cm™ region.

VBA methods and equivalent to approximately 8-9 years of field aging
for porous asphalt.

Compared to Q binders, most T binders revealed a higher sulfoxide
index. These differences between Q and T may be attributed to the
binders’ unique chemical composition Compared to Q, T binder contains
lower oxygen and sulfur contents, higher nitrogen content, and a higher
carbon-to-hydrogen ratio (indicating a higher degree of aromaticity and
unsaturation), as shown in Table 1, which may undergo faster oxidation
in the simultaneous presence of ROS and moisture. This suggests that the
intrinsic chemical composition of the binder is an important factor
affecting sensitivity of various binders to different aging factor
combinations.

Furthermore, most T samples aged by UPA show higher carbonyl and
sulfoxide indices than those of PAV and VBA methods, while for Q, the
difference in both indices between UPA, PAV and VBA is smaller, sug-
gesting that hydroxyl and perhydroxyl radicals contribute to more
intense oxidation of sulfur- and carbon-containing species compared to
conventional methods for T binders. This indicates that T binder is
highly sensitive to ROS generated by H;0.+UV, leading to rapid
changes in its chemical composition and aging.

Other indices showed trends similar to carbonyl and sulfoxide
changes. The hydroxyl index (Fig. 2d) slightly increased for both
binders, with T binder showing larger variation. Sulfones and aromatics
indices (Fig. 2¢ and e) increased after both short-term and long-term

aging. The sulfone region, representing sulfur-containing oxidation
products, usually shifts to higher absorption with further aging. How-
ever, the absorption bands between 1350 and 1100 cm™ may also arise
from deformation vibrations of methylene and aromatic groups, or from
skeletal vibrations of branched aliphatic motifs. To achieve a precise
assignment of these overlapping bands, deconvolution of the FTIR
spectra is necessary. This process will be discussed in detail later in this
paper. Aging increases aromaticity, explaining the higher aromatics
index after aging [46]. PAV-MOD, VBA-WET, and high concentration
(33 %) UPA samples at 60°C for 9 h and 85°C for 3 h showed the highest
aromatics index, indicating increased sensitivity to ROS and water
vapor. This suggests that a higher H202 concentration promotes oxida-
tive polymerization, leading to greater aromatic content in the aged
binder.

The increase in aromaticity observed in aged samples aligns with the
oxidative condensation of polycyclic aromatic hydrocarbons. As oxida-
tion progresses, aliphatic components degrade, and smaller aromatic
species polymerize, forming larger, more complex aromatic structures.
This process contributes to the stiffening of bitumen and reduced
ductility, which are characteristic of aged binders. The effect is partic-
ularly pronounced in PAV-MOD and VBA-WET samples, where moisture
and elevated temperatures increase oxidation reactions, leading to
further polymerization and structural rearrangement.

The aliphatic index (Fig. 2f) decreased after aging, with PAV-MOD,
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Fig. 2. FTIR indices of Q and T binders at different aging conditions summarized in Table 2: a) carbonyl index, b) sulfoxide index, c) sulfone index, d) hydroxyl index,
e) aromatic index, f) aliphatic index, and long chain indices in the range of g) 710-734 cm’l, h) 734-783 cm’l, i) 783-833 cm’l, j) 833-912 cm L

VBA-WET, and high concentration (33 %) UPA samples showing the
strongest decreases, even more than 9 years of field aging. This suggests
that increased ROS levels at higher H202 concentrations accelerate the
breakdown of long-chain aliphatic structures. The long-chain indices
(Fig. 2g - j) also declined in aged samples compared to fresh conditions,
with VBA-DRY and VBA-WET showing further decreases below field
aging levels for the 710-734 cm ™! range, indicating breakdown of long
alkyl side chains. These four indices represent hydrocarbon chain,
(CHg2)n, C-H in isolated/two/four adjacent hydrogen aromatic rings or
C-CH;, rocking in alkyl side chains with more than four carbons.

The observed decrease in aliphatic indices suggests that oxidation
preferentially targets long-chain hydrocarbons, leading to chain scission
and fragmentation. This breakdown reduces the proportion of flexible
aliphatic structures in bitumen, contributing to increased stiffness and
brittleness. The enhanced degradation observed in VBA and UPA sam-
ples can be attributed to the combined effects of moisture and ROS,
which increase oxidative cleavage of alkyl side chains. Such degradation
mechanisms agree with the chemical transformations reported in field-
aged binders, further supporting the validity of UPA as a laboratory
aging method.
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Fig. 2. (continued).

60C-9H, and 33 %-85C-3H showed CA values higher than 3. For T

4.2. Cumulative aging and aging rate based on chemical properties

binders, six samples showed a CA> 4, with VBA-WET,33 %-85C-3H, and

33 %-60C-9H revealing the highest three CA values. This indicates T

This work aims to develop an aging protocol with both high simi-

larity to field aging and a fast aging rate. Therefore, cumulative aging

binder’s higher sensitivity to reactive species. The higher sensitivity of T

binder to reactive species suggests a higher proportion of oxidation-

(CA) and aging rate (AR) for different aging protocols were calculated

prone components, such as aromatic fractions or unsaturated com-
pounds, leading to a more rapid chemical change under aging

conditions.

based on all FTIR indices. Fig. 3a and b show the chemical CA for Q and
T samples, respectively, aged by various protocols. For Q binders, no

samples exhibited a CA> 4, while samples aged by VBA-WET, 33 %-
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Fig. 2. (continued).

Fig. 3a and b also show the AR for Q and T binders, respectively. UPA
for 33 %-85C-3H showed the fastest aging process, followed by UPA for
33 %-70C-3H for both binders. Other protocols had significantly lower
aging rates, requiring longer aging times to achieve a high aging level.
For example, PAV method (both STD and MOD) and VBA aging method
(both DRY and WET) require 20 and 72 h, respectively, to simulate long-
term aging, whereas the UPA method achieves comparable or even more
pronounced aging effects within significantly shorter durations (e.g.,
3-9 h). This enhanced efficiency is attributed to the higher oxidation
potential of hydroxyl radicals and peroxides in UPA, which accelerate
chemical changes that would otherwise require prolonged exposure to
high pressure (such as PAV) or other ROS species (such as Oz and NOx in
VBA method) [34]. Moreover, UPA employs liquid-phase oxidation,
which facilitates the diffusion and penetration of oxidative agents into
the binder, in contrast to PAV and VBA, which operates through
gas-phase oxidation.

4.3. Comparison between field and laboratory aging using PCA, Euclidean
distance, and FTIR indices

To further compare laboratory-aged samples with field-aged ones,
PCA was utilized with all FTIR indices as inputs. The first two principal
components explain over 85 % of the total variance (Fig. 1S), making a
two-dimensional plot of PC1 versus PC2 a sufficient representation of
the data, as shown in Fig. 4. The plot reveals that with laboratory aging,
samples migrate from the upper left to the lower right, with an increase
in PC1 and a decrease in PC2. Notably, the field-aged sample occupies a

distinct position, separate from all lab-aged samples, and as aging pro-
gresses, the laboratory-aged samples exhibit more similar PC1 values to
the field sample.

To identify FTIR indices important for distinguishing between field-
aged and laboratory-aged samples, PCA loadings were analysed to
quantify the contribution of each original variable (FTIR index) to the
principal components. Loadings were normalized to a scale ranging from
—1 to + 1, with + 0.8 as the threshold for significance. The positive/
negative sign of a loading indicates a positive/negative relationship
between the variable and the principal component, and the magnitude
of the loading reflects the strength of the variable’s influence on the
principal component. This analysis focuses on high-magnitude loadings,
regardless of their sign, as indicators of significant impact on the prin-
cipal components.

Fig. 5 illustrates the normalized loading values for two principal
components plotted in Fig. 4. For PCl, the long-chain region
(734-833 cm™) and the aliphatic region (2820-2990 cm™) exhibit high
loadings, while for PC2, the long-chain region (833-912 cm™) and the
region between 1100 and 1330 cm™ as most critical.

Both PC1 and PC2 were found to be crucial for understanding lab-
oratory aging processes and for making comparisons between laboratory
and field-aged samples. Consequently, the spectral regions with
consistently high loadings across both principal components
—734-912cm™, 1100-1330cm™, and 2820-2990 cm™' —were
selected for further deconvolution and DTW analysis. These regions
have also been recognized as significant in previous studies [47].

To quantify the similarity between field-aged and laboratory-aged
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Fig. 2. (continued).

samples, Euclidean distance was calculated using the two principal
components obtained from PCA analysis of FTIR indices, as plotted in
Fig. 4. Field-9y was used as the reference group. The distances between
this reference and the laboratory-aged samples were computed. A
smaller distance indicates a closer aging level, with exact distance values
in an ascending order presented in Table 2S. The results indicate that
Field-9y is most closely matched with Q-VBA-WET, followed by Q-33 %-
60C-9H, Q-VBA-DRY, Q-33 %-85C-3H, Q-PAV-MOD, and Q-33 %-60C-
6H. This suggests that the UPA aging methods are among the closest to
approximate field conditions in terms of chemical components.

4.4. Comparison between field and laboratory aging using spectral
deconvolution and DTW

To further analyse aged-caused chemical changes and to evaluate the
similarities between various aging protocols, FTIR spectral deconvolu-
tion was performed, focusing on key regions identified by the PCA
loadings in Fig. 5. The deconvoluted spectra of Field-9y are shown in
Fig. 6a-d, covering the regions of 680-900cm™ (6 peaks),
900-1550 cm™ (16  peaks), 1550-1750 cm! (5 peaks), and
2600-3100 cm™ (5 peaks). Detailed information on the number of
deconvoluted peaks, their positions, heights, and areas for all samples,
along with visual representations of the deconvoluted spectra, are pro-
vided in the supporting information.

The exact deconvoluted peak positions and their corresponding
functional groups can be found in Table 3S. The region of 680-900 cm !
primarily contains bands associated with out-of-plane (80-p) C-H

10

bending in aromatic rings and the bending vibrations of secondary
amides and alkyl side chains. The reduction in this region (Fig. 2g-j) can
be attributed to the oxidative degradation of aromatic hydrocarbons and
the breakdown of secondary amides and alkyl side chains. During
oxidative aging, the C-H groups adjacent to the aromatic ring in
bitumen may be substituted by polar oxidized groups, leading to a
reduction in the intensity of aromatic C-H bending vibrations. Addi-
tionally, secondary amides might be cleaved, leading to a reduction in
the N-H bending intensity. Alkyl side chains, particularly those with
four or more carbons, can undergo oxidation, resulting in shorter chains
or the formation of oxidized products, thereby decreasing the C-CH;
rocking vibrations.

The 900-1550 cm ™! region is rich in functional groups associated
with C-H bending, C-O stretching in ethers, esters, and phenols, as well
as sulfoxide and aromatic C=C stretching vibrations. The increase in the
indices within this region can be explained by the formation of oxidation
products. Aromatic rings in bitumen can be functionalized through
oxidation, leading to the formation of oxygen-containing functional
groups such as ethers, esters, phenols, and sulfoxides. These groups
contribute to the increase in C-O stretching (1069-1187 cm™) and S—0
stretching (1031 cm™). Additionally, the formation of aromatic sulfox-
ides and the introduction of hydroxyl or alkoxy groups into the aromatic
rings result in increased bending and stretching vibrations characteristic
of these groups. The C-H bending modes associated with the aromatic
ring structures also increase as new substituted aromatics are formed.

The 1550-1750 cm™ region is primarily characterized by the
stretching vibrations of carbonyl groups (C—=O) and aromatic C—=C
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Fig. 3. Cumulative aging and aging rate of a) Q binder and b) T binder calculated based on chemical properties.

bonds. The increase in the index for this region suggests a growth in
oxygenated functional groups, such as esters, carboxylic acids, and
amides, which are products of oxidative aging. The presence of the
carbonyl stretching vibrations is linked to the formation of conjugated
systems, including ketones and carboxyl compounds, as well as the
evolution of aromatic groups in the material. These carbonyl-related
bands indicate the ongoing oxidation and breakdown of aliphatic
chains, leading to the incorporation of oxygenated species. Additionally,
the increase in aromatic C—=C stretching, and the reduction of aliphatic
components further emphasize the aging process, where aromatic
condensation and oxidation contribute to the changes in the chemical

11

composition of the material.

The 2600-3100 cm ™! region is dominated by C-H stretching vibra-
tions of methyl and methylene groups. The decreased absorbance in this
region is likely due to oxidative degradation processes such as the
breaking of C-H bonds in aliphatic chains, leading to the formation of
carbonyl-containing compounds (e.g., aldehydes, ketones, and carbox-
ylic acids) or the complete cleavage of these chains, leading to the loss of
methyl and methylene groups. This process is consistent with the gen-
eral understanding of bitumen aging, where the material becomes more
oxygenated, leading to a decrease in the intensity of aliphatic C-H
stretches. As a summary, oxidative aging results in the depletion of
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aliphatic and hydrocarbon structures, the formation of oxygenated and
sulfur-containing species, and increased aromatic condensation.

The peak positions within these regions are specific to each sample.
This shift reduces the accuracy of Euclidean distance for comparing
aging similarity. To achieve a more precise chemical similarity com-
parison without being affected by the shifts of peaks positions, the dy-
namic time warping (DTW) method was employed. DTW realigns the
deconvoluted peak positions, allowing for comparison between samples
with shifted peaks due to aging. Only the six samples previously iden-
tified as closest to Field-9y by the Euclidean distance analysis (based on
the two principal components obtained from PCA analysis, Table 2S)
were included. Samples that did not rank in the top six based on
Euclidean distance had a limited likelihood of exhibiting the highest
similarity using the DTW method.

Table 4 presents the alignment cost (peak position shifts) and
Euclidean distance of peak areas corresponding to the aligned peak
positions of the six samples. The alignment cost indicates the extent to
which peak positions need to be adjusted to match the reference spec-
trum (Field-9y), with lower alignment costs suggesting a more similar
peak alignment to Field-9y, and peak positions that better resemble
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those observed in the field sample. Similarly, lower Euclidean distances
of peak areas indicate a closer chemical resemblance to the field sample.
Results showed the sample 33 %-60C-6H as the closest to the field-aged
sample based on peak position shifts, with 33 %-60C-9H being the least
similar. When the Euclidean distances of peak areas were considered
(Table 4), 33 %-60C-6H remained the closest, while the ranking of other
samples changed. This ranking difference underscores the importance of
both peak position and peak area in determining the similarity between
samples. It is worth noting that, based on both peak positions and peak
areas, the sample 33 %-60C-6H shows the closest resemblance to the
field sample, with a significantly lower Euclidean distance compared to
other samples. Interestingly, considering both peak positions and peak
areas suggests that incorporating ROS molecules at 60 °C for 6 h into
aging conditions brings the chemical aging process closer to field aging
compared to other aging conditions. This indicates that UPA aging most
effectively replicates field aging, demonstrating both a high degree of
chemical similarity and an accelerated aging rate, as evidenced by aging
rate analyses. These findings establish UPA as a laboratory aging method
that is both efficient and accurate.

The discrepancy in aging order (using field sample as the reference)



S. Khalighi et al.

Construction and Building Materials 476 (2025) 141272

) b) 0.40
0.12 —— Original ' —— Original
_____ 0.35{ ----- Fitted
]
20.08 20.25
g 8 0.20
S 0.06 50
3 § 0.15
<
0.04 0.10
0.021 0.05
0.00 0.00
700 750 800 850 900 900 1000 1100 1200 1300 1400 1500
Wavenumber (cm™1) Wavenumber (cm™1)
C) d)
0.06 —— Original —— Original
0.05 Fitted 0.8
Jo0.04 )
§ § 0.6
'g 0.03 2
[}
a n 0.4
Q
< 0.02 2
0.01 0.2
0.00 0.0
1550 1575 1600 1625 1650 167?1 1700 1725 1750 2600 2700 2800 2900 3000 3100
Wavenumber (cm™) Wavenumber (cm-1)
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Table 4

Alignment cost and Euclidean distance of peak areas corresponding to the
aligned peak positions of the six samples closest to Field-9y based on PCA and
Euclidean distance analysis (Table 28S).

Sample Peak position shifts/ Euclidean distance of peak areas
DTW Alignment cost corresponds to aligned peak
(em™) positions
Field—9y 0 0
(Reference)
Q—33 %-60C- 288.03 12.68
6H
Q-PAV-MOD 291.85 32.58
Q-VBA-WET 333.83 32.95
Q-VBA-DRY 345.71 32.77
Q—33 %-85C- 369.72 33.49
3H
Q—33 %-60C- 381.35 32.79
SH

between Euclidean distance calculations from PCA (linear combination
of FTIR indices) and deconvolution likely results from their differing
focus. PCA based on FTIR indices captures the cumulative effect of
multiple overlapping bands, potentially masking subtle changes,
whereas deconvolution isolates individual peaks, highlighting specific
chemical changes that might be more sensitive to aging. The differences
in how these methods handle spectral overlap, sensitivity to minor
chemical changes, and the contributions of various functional groups, as
well as potential artifacts from the deconvolution process, can lead to
variations in the observed aging order.

4.5. Aging effects on rheological properties

To further compare the various aging protocols, rheological
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properties were utilized to complement and verify the chemical analysis
results. Due to the large number of conditioned samples (22 for each
binder), only those with the highest chemical aging rates were included
to maintain plot clarity. For both Q and T binders, the selected samples
were fresh, STA, OVEN/UV-85C-3H, 12/33 %-60C-9H, 12/33 %-85C-
3H, PAV-STD, PAV-MOD, VBA-DRY, VBA-WET, and field-aged samples.

The master curves for Q and T binders are shown in Fig. 7a and b,
respectively. The G* master curve of various lab-aged samples show
increasing stiffness. This increased stiffness is primarily driven by
polymerization and oxidative crosslinking reactions, which increase
molecular weight and reduce molecular mobility, leading to stiffening of
the binder. As oxidation progresses, the formation of polar functional
groups (e.g., carbonyl and sulfoxide) enhances intermolecular in-
teractions, promoting the development of a more rigid network. For all
aging protocols, a similar G* master curve shape like that of the field-
aged sample was observed, expect the VBA-aged samples, which devi-
ated slightly to lower G* values at high frequencies. The slight deviation
of the VBA-aged samples from other aging methods suggests that this
protocol might introduce specific chemical modifications that differ
from conventional aging mechanisms. For & master curve, the field-aged
sample showed the steepest slope, indicating more rapid hardening from
low to high frequencies, while all other lab-aged samples had gentler
slopes, demonstrating slower changes. This suggests that field aging
leads to a broader distribution of molecular structures, resulting in a
more heterogeneous network that hardens more significantly across the
frequency spectrum. The laboratory aging protocols, although effective,
do not fully replicate the complex interactions occurring over long-term
field exposure. Furthermore, compared to complex modulus, the phase
angle exhibits a more significant variation in both shape and magnitude
across different aging protocols. This suggests that the phase angle
master curve is more sensitive to aging and can better differentiate aging
conditions.

For the Q binder, the G* and 5 master curves of the OVEN/UV-85C-



S. Khalighi et al. Construction and Building Materials 476 (2025) 141272

a) 90 Q-F- G

Q-STA- G*
Q-OVEN-85C-3H- G*

Q-UV-85C-3H- G*

Q-12%-60C-9H- G*

Q-12%-85C-3H- G*

Q-33%-60C-9H- G*

Q-33%-85C-3H- G*

Q-PAV-STD- G*

Q-PAV-MOD- G*

Q-VBA-DRY- G*

Q-VBA-WET- G*

Field-9y- G*

Q-F- 8
Q-STA- b
Q-OVEN-85C-3H- 6

Q-UV-85C-3H- 6

Q-12%-60C-9H- 6

Q-12%-85C-3H- 6

Q-33%-60C-9H- 6

Q-33%-85C-3H- 6

Q-PAV-STD- &

120 Q-PAV-MOD- &
Q-VBA-DRY- &
Q-VBA-WET- &

{ Field-9y- &

OCxy
”'1'1%0 180
A % v

oVRaAD>OHO

[e2]
o

Log(G*(Pa))
[e)]
v
o
Phase Angle (°)

(9]
oVRILI>OO0e

= = 5 ; 10

Reduced Frequency (Hz)

T-F- G*

T-STA- G*
T-OVEN-85C-3H- G*
T-UV-85C-3H- G*
T-12%-60C-9H- G*
T-12%-85C-3H- G*
T-33%-60C-9H- G*
T-33%-85C-3H- G*
T-PAV-STD- G*
T-PAV-MOD- G*
T-VBA-DRY- G*
T-VBA-WET- G*
T-F- 6

T-STA- ©
T-OVEN-85C-3H- 6
T-UV-85C-3H- 6
T-12%-60C-9H- &
T-12%-85C-3H- 6
T-33%-60C-9H- &
T-33%-85C-3H- 6
T-PAV-STD- &
T-PAV-MOD- &
T-VBA-DRY- 6
T-VBA-WET- &6

eVRaA>ONO

Log(G*(Pa))
o
o
Phase Angle (°)

ovV81>oO0

3 = 5 5 10

Reduced Frequency (Hz)
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3H samples overlapped with the STA sample, indicating minimal aging.
This suggests that the thermal and UV exposure for 3 h at 85°C is not
sufficient to induce significant oxidative aging, as observed in the
chemical analysis. The lack of substantial changes in G* and & implies
that this aging condition does not generate enough oxidative species to
alter the binder’s rheological response. The PAV-STD aged samples
displayed slightly less aging compared to the PAV-MOD samples for both
Q and T binders. The VBA-WET and VBA-DRY samples behaved simi-
larly for the Q binder. For the T binder, the T-12 %-60C-9H and T-VBA-
WET samples exhibited extreme aging, consistent with FTIR results. This
highlights the influence of binder composition on aging susceptibility.

For UPA aged samples with 12 % Hy0», those aged at 85°C for 3 h
exhibited less aging than those aged at 60°C for 9 h. Samples aged with
33 % H203 showed similar master curves for both aging conditions. This
indicates that, at lower concentrations (12 %), longer exposure at a
moderate temperature (60°C for 9 h) results in more pronounced aging
than a shorter duration at a higher temperature (85°C for 3 h). In
contrast, at a higher concentration (33 %), the impact of temperature
and time appears to be less significant, suggesting that oxidation is
predominantly driven by the H20: concentration rather than thermal
effects.

Comparison with 9 years of field aging revealed that UPA aged
samples, Q-33 %-60C-9H and Q-33 %-85C-3H, closely matched the
G* master curve and had minimal deviation in the & master curve,
indicating the suitability of these UPA protocols for rapid simulation of
field aging. This provides strong evidence that the UPA method,
particularly with 33 % H20., effectively replicates the long-term
oxidative aging observed in field conditions.

Furthermore, two critical parameters—crossover frequency (CR-Fr)
and crossover complex modulus (CR-CM)—were calculated. These
crossover values represent significant points on the viscoelastic spec-
trum that are independent of test frequency and temperature. Previous
studies have shown that lower CR-Fr values in aged binders correlate
with higher molecular mass, longer relaxation times, and higher soft-
ening points [48,49]. Lower CR-CM values indicate higher poly-
dispersity, reflecting a broader distribution of molecular masses. A
higher crossover frequency suggests more elastic behaviour at higher
frequencies, contributing to enhanced resistance against permanent
deformation or rutting, especially under repeated traffic loading. A
higher crossover modulus indicates increased stiffness at the crossover
frequency, further improving resistance to rutting.

Fig. 8 shows the CR-Fr vs. CR-CM plot for Q binders. An aging trend
toward lower CR-Fr and CR-CM values is observed. Samples aged by
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OVEN, UV, and 12 % UPA exhibited similar CR-Fr and CR-CM values.
Increasing the aging temperature resulted in lower crossover values, and
adding humidity further decreased these values for PAV-aged samples.
This suggests that oxidation-driven molecular weight increases, and
structural modifications contribute to reduced crossover values, with
temperature playing a significant role in accelerating aging. However,
for VBA-aged samples, humidity appears to have a minimal impact,
potentially indicating that this protocol primarily induces oxidation
through mechanisms less dependent on moisture.

Comparing lab-aged samples with field-aged ones, two samples—Q-
33 %-60C-9H and Q-33 %-85C-3H—were found to be closest to the field
samples. This observation is consistent with findings from master curve
analyses, strengthens the reliability of these protocols as effective field-
aging alternates.

For the T binder, similar aging direction was observed towards lower
crossover values (Fig. 9). Similar to Q binder, OVEN and UV-aged
samples sharing similar crossover values. PAV aged samples are
located lower than oven and UV aged samples. Adding humidity
increased aging for both PAV and VBA aged samples. Moreover, PAV
aged samples with or without humidity are located between oven and
UV aged samples with high crossover values and UPA samples with
lower crossover values showing that T binder is sensitive to the presence
of ROS during aging. This again emphasizes the role of ROS in modifying
the T binder’s molecular structure, with UPA samples exhibiting the
most significant oxidation effects. The lower crossover values for UPA-
aged samples indicate substantial molecular restructuring, consistent
with advanced oxidative aging.

The sample T-12 %-70C-3H is located higher than fresh sample
showing fresh condition of binder. further repetitions and testing are
needed to assure the location of this sample. Other UPA samples moved
towards lower crossover values by increasing temperature or time.
Similar to the observation from master curves and FTIR data, T-VBA-
WET and T-12 %-60C-9H are extremely aged. Interestingly, considering
standard deviations, all the 33 % UPA aged samples are located in the
same range of crossover values indicating stronger effect of high con-
centration H202 than temperature or time of aging for T binder. This
suggests that for T binder, oxidative aging is primarily driven by H20-
concentration rather than temperature or exposure duration.

4.6. Cumulative aging and aging rate based on rheological properties

Next, the cumulative aging (CA) and aging rate (AR) were calculated
using rheological properties (Eqs. 10 and 12). Fig. 10 a) and Fig. 10 b)

Fig. 8. Crossover complex modulus versus crossover frequency of Q binder samples, including fresh, short-term aged, long-term aged samples and a 9-year field-

aged sample.
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Fig. 9. Crossover complex modulus versus crossover frequency of T binder samples, including fresh, short-term aged, long-term aged samples.

present the CA and AR values for Q and T binders, respectively. For the Q
binder, UPA aged samples Q-33 %-60C-9H and Q-33 %-85C-3H were
the most aged in the lab, CA values close to the 9-year field-aged sample.
The Q-33 %-85C-3H sample also exhibited the largest AR value. The
higher rheological aging rate in UPA-aged samples, particularly Q-33 %-
85C-3H, is due to the combined effects of ROS-induced oxidation and
elevated temperature, which together accelerate molecular restructur-
ing. For the T binder, the T-12 %-60C-9H and T-VBA-WET samples
showed the CA values, but their ARs were much slower than that of the
T-33 %-85C-3H sample, which had the highest aging rate. The di-
vergences between the effects of various aging conditions on rheological
behaviour of Q and T binders, as also observed in the chemical prop-
erties, result from compositional differences, such as variations in
asphaltene content, which influence the extent and rate of rheological
changes under different oxidative conditions.

4.7. Chemo-rheological analysis

To further discuss various aging protocols by combining chemical
and rheological properties, we first analysed the chemo-rheological
correlations and then compared the efficiency and accuracy of those
protocols combining results from both aspects.

The linear relationships between key chemical and rheological pa-
rameters were analysed using the Pearson correlation analysis, as show
in Fig. 11. High Pearson values were observed between rheological
properties and some chemical parameters, indicating strong relation-
ships between chemical changes and rheological properties due to aging.
The high negative correlation (-0.70) between 1100-1330 cm™ and CR-
Fr suggests that oxidation-induced polar functional groups contribute to
increased stiffness. The inverse correlation of 1535-1670 cm™ with CR-
Fr (-0.81) reflects that the formation of condensed aromatic structures
results in increased stiffness. Except this, the generally low correlations
between most FTIR indices and rheological parameters indicate that a
peak does not represent fully binder chemical properties and thus cannot
be correlated well with rheological properties. Therefore, a combination
of multiple peaks is necessary for a more comprehensive chemo-
rheological analysis.

To determine the optimized aging protocol, both chemical and
rheological analysis based on the PCA, Euclidean distance, cumulative
aging and aging rate indices, and integrated deconvolution and DTW
were used. From a chemical perspective, aging with 33 % H202 at 60°C
for 6 h was found to closely replicate the characteristics of field-aged
samples. Subsequently, the condition of 33 % H20: at 60°C for 9 h
emerged as the closest and fastest alternative for chemical replication.
Rheologically, the aging conditions of 33 % H202 at 85°C for 3 h or 60°C
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for 9 h were found to closely align with the field-aged reference samples.
By combining the results of chemical analysis with rheological assess-
ments, it can be concluded that a 33 % H20: solution at 85°C for 3 h, or
at 60°C for 6-9h, provides an optimized protocol. This condition
effectively mimics both the chemical and rheological properties of field-
aged materials while offering a faster alternative to conventional aging
methods, such as PAV or VBA. As a result, this protocol is recommended
for future studies.

4.8. UPA aging mechanisms

The probable mechanism of accelerated oxidation of UPA are sum-
marized as follows:

In initiation phase, the exposure of hydrogen peroxide to UV light
leads to its photolysis, producing hydroxyl radicals (HOe) as described
in reaction (9). This reaction is the rate-limiting reaction, since the other
reactions’ rates (reactions 10-20) are way higher than Eq. 8.

H505-+hv—2HOe 9

Given the similarity to field aging where oxidative degradation is a
key process, the formation of HOe can be seen as analogous to the
initiation of oxidation in the field, where atmospheric oxygen and
environmental factors contribute to the formation of ROS such as HOe.

In propagation phase, hydroxyl radicals react with H20. to form
perhydroxy radicals (HOze) and water (Eq. 10). HOze further reacts with
H:0: to regenerate HOe, producing water and oxygen (Eq. 11).

H505,+HOe—HO5e+H50 (10)

1)

Binder aging happens at this stage when hydroxyl radicals abstract
hydrogen from binder (RH), forming alkyl radicals (Re) (Eq. 12). Then,
alkyl radicals react with oxygen to form peroxyl radicals (ROze), and
peroxyl radicals react with more binder, forming hydroperoxides
(ROOH) and regenerating alkyl radicals (Eqs. 13 and 14).

H505,+HO50—HOe+H50+0,

RH+HOe—Re+H-50 12)
Re+02—-R0O5e (13)
ROye¢+RH—ROOH+Re (14

Moreover, hydroperoxides (ROOH) react with sulfides in the binder
to form sulfoxides (Eq. 15).

ROOH+RSR—ROH-+RSOR (15)
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Fig. 10. Rheological changes due to aging and aging rate of a) Q binder, and b) T binder.
Furthermore, hydroperoxides decompose, especially at higher tem- and sulfoxide vibrations observed in the field-aged sample. The forma-
peratures, to form free radicals which then react with benzylic carbons tion of ketones corresponds to the carbonyl-containing compounds
and lead to ketone formation (Eqs. 16 and 17). observed in the field-aged sample, such as aldehydes, ketones, and

carboxylic acids. The reduction in aliphatic C-H stretches in the

ROOH-RO#+HOs (16) 2600-3100 cm™! region in field-aged samples suggests similar oxidative
ROe—R=0 a7 cleavage of C-H bonds leading to carbonyl formation.
While termination reactions by radical recombination (Eqs. 18-20)
The elevated temperature (85°C) enhances the reactivity of these leads to the formation of less reactive species eventually reduce the
radicals and the overall rate of chemical reactions. The formation of concentration of radicals.

these oxidation products is consistent with the increase in C-O stretching
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2HO.—>H202 (18)
2HO20—H302+0, (19)
HOe-+HO50—H50+0- (20)

The field aging process involves the oxidative degradation of aro-
matic hydrocarbons, breakdown of secondary amides, and shortening of
alkyl side chains, which are paralleled by the reactions in the UPA
protocol. The UPA method reproduces a highly oxidative environment
that mirrors the natural aging processes, and the complex interplay of
photochemical, thermal, and oxidative processes makes it more repre-
sentative of field aging compared to other laboratory methods that may
lack one or more of these critical factors. The hydroxyl and perhydroxy
radicals generated through the photolysis and subsequent reactions of
H20: rapidly attack the binder, leading to the formation of hydroper-
oxides, sulfoxides, and ketones, similar to field aging. By focusing on
these detailed oxidative mechanisms, the UPA protocol can be better
understood as an accelerated aging process that replicates the primary
chemical transformations occurring in field-aged bitumen.

5. Conclusion

This study introduced a novel bitumen aging protocol, termed UPA,
which combines UV exposure and H20: to accelerate aging while closely
replicating field conditions. The effectiveness of UPA was evaluated by
comparing the chemical and rheological properties of UPA-aged samples
with those aged using conventional aging methods (PAV, VBA, UV, and
oven aging) and a nine-year field-aged sample.

FTIR results showed that UPA led to significant oxidation, increasing
carbonyl, sulfoxide, and hydroxyl functional groups while degrading
aliphatic chains. Among all tested aging protocols, the UPA aging with
33 % H20: at 85°C for 3h or at 60°C for 6-9 h provided the closest
match to field aging in both chemical and rheological aspects. The UPA
also presents a higher aging rate compared to the PAV and VBA
methods, attributed to the hydroxyl radicals generated from the
photodecomposition of H20> under UV light.

This study also introduced robust methods for accurately comparing
lab- and field-aged samples, including FTIR-based PCA for visualizing
sample similarities, Euclidean distance for qualifying differences, inte-
grated FTIR spectral deconvolution and DTW alignment to enable pre-
cise comparison unaffected by peak shifts, and rheological parameter
analysis. These methods improve the assessment of aging protocols and
provide a structured approach for comparing binder samples measured
by FTIR and DSR, focusing on identifying the most critical cases.

Future research will be focused on exploring the effects of UPA on
SARA fractions and binder microstructure, as well as its application to
mastic and mixture samples to refine the aging process for broader use in
pavement engineering. Moreover, additional field samples will be
evaluated to validate the feasibility of this method for different field
aging durations. Furthermore, additional aging factors, including
repeated loads and water damage, will be evaluated to provide a more
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comprehensive assessment of the aging process.
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