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A B S T R A C T

This study aims to improve laboratory aging procedures for bituminous materials to better replicate field con-
ditions. Two binders and mixtures were subjected to various levels of humidity, temperatures, pressures, film 
thicknesses, and aging durations. By comparing these lab-aged samples to field-aged samples, the study aims to 
simulate real-world aging more accurately. Fourier-transform infrared (FTIR) spectroscopy and frequency sweep 
tests were employed to analyse these samples. Multivariate techniques—Principal Component Analysis (PCA), 
Multiple Linear Regression (MLR), and Support Vector Regression (SVR)—were used to explore chemical and 
rheological relationships, evaluate the interchangeability of aging factors, and quantify the equivalency between 
laboratory and field aging. The findings revealed that increased temperature, pressure, and duration lead to more 
oxidative products. The PCA distinguished between two binders and aging trends, highlighting the importance of 
both FTIR and rheological measurements. The SVR model demonstrated strong predictive performance for 
rheological properties, identifying critical FTIR region, 710–912 -1cm. By MLR model, optimal aging conditions 
to simulate nine years of field aging for porous asphalt and stone mastic asphalt were back-calculated. The 
Euclidean distance found laboratory conditions that closely match field-aged samples. SVR models provided 
predictions of simulated field aging time for various laboratory aging conditions.

1. Introduction

Bituminous binder, an organic material characterized by its hetero-
geneous composition and viscoelastic properties, serves a pivotal role in 
road construction applications [1,2]. Binder must adhere to specific 
standards, typically relating to its physical, particularly rheological, 
properties, to ensure optimal performance and durability of asphalt 
pavements [3]. However, the hydrocarbon nature of binder makes it 
susceptible to environmental aging factors, which increases the risk of 
pavement damage, particularly cracking [4]. This degradation occurs in 
two separate phases: short-term aging (STA) and long-term aging (LTA) 
[5]. Processes like the evaporation of volatile components, steric hin-
drance, and oxidation play a role in the aging of bitumen during these 
stages. Oxidative aging, in particular, significantly impacts the long- 
term performance of pavements. To ensure optimal performance and 
durability of asphalt pavements, it is essential to evaluate binder per-
formance under the laboratory aging procedures that can accurately 
simulate field aging conditions [2].

Short-term aging (STA) occurs primarily during production, mixing, 

transportation, and construction of the asphalt mixture [5]. In this 
phase, elevated temperatures are typically employed to facilitate mix-
ing, which leads to rapid oxidation and the loss of volatile components 
from the binder. These effects, compounded by exposure to high tem-
peratures for relatively short durations, result in an initial hardening of 
the binder, influencing its immediate properties and workability during 
pavement construction [5,6]. The Rolling Thin Film Oven (RTFO) and 
Thin Film Oven (TFO) protocols are the standard methods used to 
simulate STA in the laboratory setting. The RTFO method subjects 
binder films to a controlled air flow at 163 ◦C for 75 min, while the TFO 
ages binder films of 3.2 mm thickness at the same temperature but for 5 
h [7].

Long-term aging (LTA), on the other hand, occurs gradually over the 
pavement’s service life under environmental conditions that promote 
ongoing oxidative aging and further hardening of the binder. Unlike 
STA, which is primarily temperature-dependent, LTA is influenced by a 
combination of factors, including temperature, pressure, and prolonged 
exposure to oxygen. Laboratory simulation of LTA is typically achieved 
using the Pressure Aging Vessel (PAV) method, which ages 3.2 mm 
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binder films in a pressurized vessel with air at 2.07 MPa and tempera-
tures ranging from 90 to 110 ◦C for 20 h [8]. This method attempts to 
replicate the oxidative conditions the binder experiences over years in 
the field, accounting for environmental stressors that progressively alter 
binder properties. For asphalt mixtures, long-term aging is commonly 
simulated using extended oven aging and pressure oxidation. The SHRP 
method involves aging compacted specimens at 85 ◦C for 5 days [9], 
whereas pressure oxidation utilizes a low-pressure oxidation technique 
in a forced draft oven with an oxygen flow rate of 1.9 L/min at 85 ◦C for 
the same duration [10]. In this study, the primary focus is on long-term 
aging, with particular attention to the effect of different aging parame-
ters—such as temperature, pressure, and exposure time—on the binder’s 
rheological and chemical properties.

However, several studies emphasize the challenges in precisely 
reproducing field conditions and predicting the natural aging of pave-
ments using the above mentioned methods [5]. Discrepancies between 
samples aged in the laboratory and those aged in the field are addressed 
in existing literature sources [10–20]. Variations between laboratory 
and field-aged samples can occur due to the absence of environmental 
aging factors in laboratory procedures. Binder undergoes aging in real- 
world conditions where it is exposed to moisture, temperature varia-
tions, and traffic factors that are often overlooked in standard aging 
protocols. A comprehensive aging protocol should incorporate these 
elements and accelerate their effects to mimic field aging accurately. 
Before integrating these factors, it is crucial to comprehend their indi-
vidual impacts. This study examines the influence of temperature, 
pressure, binder thickness, moisture, and time on bituminous binder 
aging in binder and mixture levels.

Temperature plays a critical role in the aging of bituminous binders, 
as oxidation reactions in binders proceed more rapidly at higher tem-
peratures. Many aging protocols, such as the PAV method, use elevated 
temperatures to simulate aging; however, these are typically higher than 
temperatures experienced by pavements during their service life. 
Elevated temperatures not only accelerate the rate of reaction but can 
also influence the pathways of the reaction, deviating from natural field 
aging, particularly at temperatures exceeding 90–100 ◦C [5]. In the 
Netherlands, maximum air temperatures generally reach only 30–35 ◦C 
[21]. Though pavement temperatures are not commonly measured 
directly, they are known to exceed air temperatures by 27–50 ◦C on 
sunny days, which implies potential pavement surface temperatures 
between 60 ◦C and 85 ◦C [22]. The upper temperature of 85 ◦C chosen 
for this study accounts for this air-pavement temperature difference, 
making it suitable not only for the Netherlands but also for regions with 
higher average temperatures [23]. Moreover, several recent long-term 
aging protocols have adopted similar maximum temperatures, such as 
80 ◦C, to maintain reaction pathways that closely mimic natural field 
aging while accelerating aging rates [10,24]. Other protocols, by 
contrast, use a lower temperature, around 60 ◦C, to avoid excessive 
reaction deviations [10,25]. Consequently, this study examines tem-
peratures of 60 ◦C, 70 ◦C, and 85 ◦C to provide a comprehensive range 
that balances accelerated oxidation rates with realistic field-like condi-
tions and includes an intermediate temperature for a nuanced under-
standing of aging progression [21].

In addition to temperature, pressure also plays a role in influencing 
the aging reaction of binder. This is because pressure enhances the 
diffusion rate of oxygen in the binder, leading to a higher rate of 
oxidation reaction [21]. Previous studies commonly utilize 20 bar as the 
upper limit for pressure in binder aging experiments. To assess the ne-
cessity of applying such high pressure, this study examines other pres-
sures, including 5 and 10 bar. Furthermore, an exceptionally high 
pressure of 150 bar is included to investigate the accelerated impact of 
pressures exceeding 20 bar.

Selecting an appropriate binder film thickness is a critical aspect of 
developing an effective aging protocol. In actual pavement structures, 
binder film thickness varies significantly, ranging from approximately 
100 to 700 μm around large aggregates and 9 to 100 μm around filler 

particles [26–28]. Research on polymer-modified mixtures indicates 
that binder films that are too thin compromise aggregate bonding and 
overall pavement performance, while excessive thickness reduces 
mixture stiffness and lowers resistance to cracking and fatigue under 
load [29]. However, replicating submicron thicknesses in the lab is 
challenging, as factors like substrate and application method influence 
film uniformity and aging behaviour. To develop a practical aging 
protocol, it is necessary to select a film thickness that realistically rep-
resents the binder thickness in actual pavements, while also being 
feasible to produce consistently with standard laboratory equipment. 
Importantly, the chosen thickness should allow sufficient material for 
post-aging rheological and chemical characterization. Various studies 
have demonstrated that changes in film thickness lead to different aging 
effects [10]. For instance, studies have shown that reducing film thick-
ness from 3.2 mm to 1 mm leads to a significant increase in oxidized 
molecules, as well as higher complex shear modulus and lower phase 
angle after aging, indicating increased stiffness and reduced viscoelas-
ticity [30]. Different binder aging protocols utilize specific film thick-
nesses based on these considerations. For example, the Viennese Binder 
Aging (VBA) protocol employs a film thickness of 0.5 mm to enhance 
aging efficiency [24], while the widely-used Pressure Aging Vessel 
(PAV) protocol typically employs a 3.2 mm film thickness [30]. How-
ever, the authors’ own experience has shown that producing consistent 
0.5 mm films in petri dishes is time-consuming and challenging. 
Consequently, this study evaluates a range of thicknesses, beginning 
with 1 mm and extending to 3.2 mm, with an intermediate thickness of 
2 mm. This range was selected to examine how varying film thickness 
influences aging behaviour and to identify a practical balance between 
accelerated aging effects and experimental feasibility. By assessing 
thicknesses of 1, 2, and 3.2 mm, this study aims to develop an optimized 
protocol that maximizes relevance to field conditions while ensuring 
sufficient material is available for detailed characterization post-aging.

Moisture plays a crucial role in binder aging protocols due to its 
significant impact on binder properties and asphalt performance. Mo-
lecular dynamic simulations have revealed that increased moisture 
content leads to various detrimental effects on binder, such as reduced 
density, glass transition temperature, viscosity, and cohesive energy 
[31]. Furthermore, it was shown experimentally that hygrothermal 
aging can accelerate aging processes in bituminous binders compared to 
thermo-oxidative aging [32]. Despite some studies indicating minimal 
influence of moisture on binder aging or variations among binder types 
[33], further research is necessary to fully understand the specific effects 
of moisture and develop more accurate aging protocols. Hence, this 
study examines how the presence of humidity during aging, at various 
temperatures and pressures, affects binder, considering different thick-
nesses and types of binders.

The final crucial aging factor investigated in laboratory protocols is 
time. As aging duration increases, more pronounced aging effects 
become evident in the binder properties [5]. However, selecting the 
appropriate aging duration requires a reference sample to determine the 
desired level of aging. Additionally, the aging duration should align with 
industrial requirements, avoiding excessively long durations. Therefore, 
this study employed field-aged samples aged for 9 years as a benchmark 
to devise a duration for simulating 9 years of field aging. The binder was 
subjected to aging in a PAV for durations ranging from 5 to 80 h.

Other aging factors such as atmospheric ROS, including ozone (O3) 
and nitrogen oxides (NOx), significantly contribute to binder aging 
under ambient conditions [34,35]. The Viennese Binder Aging (VBA) 
method, which enriches air with O3 and NOx, has shown NO2 induces 
significant aging, while O3 has milder effects [24,36,37]. Moreover, UV 
radiation also causes chemical changes in binders, particularly in the 
300–350 nm range [38,39]. However, UV aging is shallow due to the 
formation of an impermeable surface layer over time, limiting oxygen 
penetration [40,41]. While these factors are critical, their inclusion re-
quires specialized equipment, which will be a focus of future studies.

Multivariate analysis has been broadly used to uncover complex 
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relationships between various parameters, leading to more informed 
decisions in pavement engineering and material selection. In the field of 
pavement engineering, Siroma et al. [42] exclusively employed phase 
angle master curves and multivariate statistical methods, like principal 
component analysis (PCA) and hierarchical cluster analysis (HCA), to 
determine the aging status of binder samples. In another study by Ma 
et al., PCA-linear discriminant analysis (LDA) on FTIR spectra was uti-
lised. The study classified different types of binder at various aging 
stages, highlighting key chemical differences necessary for accurate 
classification. Aliphatic and aromatic bonds in the spectrum were 
important for identifying binder types, with notable chemical changes 
seen in the 1800–900 cm− 1 range [43]. In a study by Primerano et al., 
they aimed to distinguish between light, PAV, and VBA aged samples 
based on original FTIR spectra. To achieve this, they applied multivar-
iate analysis utilizing random forest, PCA, and partial least squares 
discriminant analysis (PLSDA) methods. The study identified crucial 
wavenumbers for efficient classification of samples at different aging 
conditions [44]. Except using chemical or rheological parameter sepa-
rately, Khalighi et al. used both chemical indices and rheological indices 
to compare lab-aged samples with field-aged samples using HCA [32]. 
Weigel and Stephan [45] used the FTIR spectra and its first derivative to 
fed the LDA and PLS regression algorithms, showing that despite varying 
grades and aging states, bituminous binder samples could be well- 
distinguished based on the refinery. Moreover, in another study by 
Weigel and Stephan [46], the calculated FTIR peak areas were used to 
create PLS regression models for describing and predicting different 
bituminous binder parameters such as penetration, complex shear 
modulus, phase angle, and asphaltene content. In the work of Ma [47], 
the PCA-LDA modelling was applied to the pre-processed FTIR datasets 
to differentiate among binder types, laboratory aging states, and lab/ 
field conditions. Moreover, the FTIR datasets utilized for predicting 
rheological properties by PLS and Support Vector Regression (SVR). 
Comparing PLS and Support Vector regression, the conclusion in this 
thesis was that the prediction accuracy of SVR model is higher than PLS 
perhaps due to its ability to capture better the inherent nonlinear 
chemical-rheological relationship of bituminous binders, which can be 
achieved through the use of various kernel functions. To optimize binder 
aging protocols, multivariate analysis was used to provide a compre-
hensive understanding of the aging process. By analysing both chemical 
and rheological data simultaneously, multivariate methods offered a 
holistic approach to characterize binder properties. These techniques 
allowed for the identification of key chemical changes and rheological 
behaviours associated with different aging conditions, facilitating the 
development of accurate aging protocols.

2. Objective

The aim of this research is to develop more precise laboratory aging 
protocols for bituminous materials to better simulate their field aging 
process. Moreover, this research aims to develop a comprehensive 
chemo-mechanical analysis of the aging process in bituminous materials 
using multivariate techniques, focusing on pinpointing laboratory-aged 
samples that closely match field-aged samples.

The experiment framework examines the impact of combined 
moisture (0 and 99 % environment relative humidity), temperature (60, 
70, 85 ◦C), pressure (5, 10, 20, 150 bar), film thickness (1, 2, 3.2 mm), 
and aging time (5, 10, 20, 40, and 80 h) on two binders from different 
sources (Q and T binder),along with two Q-mixture types, namely 
porous asphalt (PA) and stone mastic asphalt (SMA). The unmodified 
binder, which had undergone short-term aging, was subjected to long- 
term aging with the abovementioned conditions. To characterize the 
aged binder samples, Fourier-transform infrared (FTIR) spectroscopy 
and frequency sweep test were conducted.

The multivariate analysis objectives are structured as follows:
First, for chemical-rheological analysis, PCA was initially utilized to 

group all samples based on binder type and ageing impact using both 

chemical and rheological parameters. The critical chemical and rheo-
logical parameters contributing to the differentiation of ageing was then 
identified utilizing the PCA results.

Second, SVR was applied to understand the relationship between 
chemical and rheological properties by correlating each rheological 
parameter with all the chemical parameters.

Third, MLR was employed to analyse the relationships between in-
dependent variables (temperature, pressure, and time) and to estimate 
the aging levels of samples based on FTIR and DSR results. The goal is to 
determine how each factor uniquely or interactively influences the aging 
process. The model further will be used to back-calculate the aging 
conditions that simulate nine years of field aging for porous and stone 
mastic asphalt.

Fourth, for comparing laboratory and field aging PCA-based dis-
tances were used to compare laboratory-aged samples with field-aged 
samples, identifying which laboratory aging conditions closely 
resemble the field-aged ones.

Finally, SVR was implemented to train a model based on field data, 
predicting the equivalent years of field aging for various laboratory 
aging conditions. This helps establish a direct comparison between 
laboratory procedures and actual field aging.

These five steps aim to ultimately develop laboratory aging pro-
cedures that more accurately mimic natural field aging, enhancing the 
reliability of laboratory tests in predicting the long-term performance of 
bituminous materials in real-world conditions.

3. Materials and methods

3.1. Materials and samples preparation

3.1.1. Materials
Binder PEN 70/100 is one of the most used bituminous binders for 

road construction in the Netherlands. In this study, two PEN 70/100 
bituminous binders from two different suppliers (namely Q and Total) 
and thus from different crude oil sources were evaluated, named as Q 
and T, respectively. Table 1 shows the basic properties of the binders.

3.1.2. Samples preparation
To prepare binder samples, 50 g of fresh binder were poured onto 

pans which yielded films of 3.2 mm in thickness. These pans were 
subjected to short-term aging using oven aging at a temperature of 163 ̊C 
for 5 h, in line with the EN 12607–2 [1] standard. Specific amounts of 
short-term aged binders were then poured onto glass petri-dishes to 
achieve the desired thicknesses of 1, 2, and 3.2 mm. Uniformity of the 
binder films was achieved by placing all petri-dishes in an oven at a 
temperature of 163 ̊C for 3 min. The entire process of sample preparation 
and aging is graphically depicted in Fig. 1S.

For the mixture samples, asphalt slabs were prepared using Norwe-
gian sandstone, with a nominal maximum size of 16 mm (density 2740 
kg/m3), and Q binder (Q-mixtures). The target air void contents were 16 

Table 1 
Properties of Q 70/100 and T 70/100 in fresh (unaged) state.

Property Unit Q PEN 70/ 
100

T PEN 70/ 
100

Penetration at 25 ◦C 0.1 
mm

70–100 70–100

Softening point ◦C 43–51 43–51
Complex shear modulus at 1.6 Hz & 

60 ◦C
kPa 1.8 2.3

Phase angle at 1.6 Hz & 60 ◦C ◦ 88 88
Elemental 

composition
Nitrogen N 
Carbon C 
Hydrogen 
H 
Sulfur S 
Oxygen O

(%) 0.59 
79.19 
10.81 
4.47 
2.25

0.93 
87.23 
11.26 
3.35 
0.60
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% and 5 % for the PA and SMA mixtures, respectively. The binder 
contents were 5.0 % and 6.4 % for the PA and the SMA mixtures, 
respectively. The mixture composition and grading details are outlined 
in Table 1S.

After the artificial aging in the lab, the binders from all the various 
aged asphalt mixture cores were extracted according to NEN-EN 
12697–1:2012. The cold extraction method was used, where the 
binder was dissolved using dichloromethane. The binder was recovered 
from the dichloromethane by means of a rotary evaporator following the 
European standard (EN 12697–3:2013).

3.1.3. Aging conditions
The binder samples were tested at three states: unaged binder 

(fresh), short-term ageing (STA), and long-term ageing (LTA). For LTA, 
short-term aged binder underwent PAV treatment at varied conditions: 
temperatures (60, 70, 85 ◦C), pressures (1, 5, 10, 20 bar), durations (5, 
10, 20 h), humidity levels (0 and 99 % RH), and thicknesses (1, 2, 3.2 
mm), across two binder types (Q and T) and two Q-mixture types (PA 
and SMA). Additionally, the impact of extended hygrothermal aging was 
examined by subjecting 1 mm binder films to prolonged exposure under 
hygrothermal conditions for 40 and 80 h. To introduce humidity into the 
Pressure Aging Vessel (PAV), a quantity of 1000 g of demineralized 
water at room temperature was utilized to create > 99 % relative hu-
midity via evaporation (Fig. 2S). Further information regarding the 
humidity measurement in the PAV chamber can be found in the sup-
porting information. To study the effect of extreme pressure, a custom- 
built oven was employed to elevate the pressure within the aging 
environment to 150 bar. This chamber facilitated the investigation of the 
exceptionally high pressures effects on the aging characteristics of both 
binders and mixtures. Notably, due to limitations, moisture could not be 
introduced to this chamber, thereby restricting the experiment to 
thermo-oxidative conditions. Table 2 presents all testing conditions.

3.1.4. Nomenclature
In this study, the nomenclature of samples is based on their binder/ 

mixture type and the specific aging conditions applied. The fresh and 
short-term aged binder samples are labelled as F and STA, respectively. 
The designation of long-term aged binder samples adheres to a consis-
tent framework, presented in Fig. 1a. This naming structure comprises 
five segments. The initial part designates the binder type, either Q or T. 
Subsequently, the letter “L” signifies long-term aging, followed by either 
“D” (representing dry, i.e., thermo-oxidative) or “W” (indicating wet, i. 
e., hygro-thermal) aging conditions. The fourth part contains informa-
tion about the specific aging variables, with temperature, pressure, and 
time, signified by their units, denoted as C (Celsius), B (Bar), and H 
(Hours), respectively. Notably, this experiment maintains one variable 
while the rest remain fixed, as explained in Table 2. For instance, the 
inclusion of “85C” in the name implies that temperature serves as the 
varying factor, with pressure and time remaining constant at 20 bar and 
20 h, respectively. The final section denotes the thickness of the binder 
films, which may take values of 1, 2, or 3.2 mm. In the case of 3.2 mm 
films, the value “3″ was adopted for simplicity in the naming scheme. 
Fig. 1b illustrates the nomenclature format used for mixture samples. 
This format comprises three components: the type of mixture (PA for 

porous asphalt or SMA for stone mastic asphalt), the presence or absence 
of humidity during aging (indicated by W or D), and the temperature 
applied. Similar to the approach seen in Fig. 1a, one factor is varied 
while other parameters are held constant, as demonstrated in Fig. 1b.

3.2. Characterization

3.2.1. Attenuated total reflectance-fourier transform infrared (ATR-FTIR) 
spectroscopy

ATR-FTIR spectroscopy serves as a valuable tool for acquiring in-
sights into the chemical composition of binder samples, particularly as it 
undergoes specific chemical changes during the aging process. To pre-
pare FTIR samples, approximately 1 g of the material was meticulously 
heated in a metal spoon above a heat gun until it reached a temperature 
of 110 ◦C. Subsequently, stirring was performed for 3 min using the tip 
of a thermometer. Small droplets of the material were then carefully 
transferred onto a silicon foil and covered with a lid to prevent 
contamination from dust or light-induced aging on the surface of the 
binder [24]. The measurements were conducted using a Nicolet iS5 
Thermo Fisher Scientific instrument, equipped with an attenuated total 
reflection unit featuring a diamond crystal. Each spectrum was gener-
ated by collecting data from 24 scans, employing a resolution of 4 cm− 1. 
For each aging state, four samples were prepared and analysed in the 
solid state, resulting in four spectra per aging state in the range of 
4000–400 cm− 1.

For extracted binder from mixture samples of the last two rows of 
Table 2, the measurements were conducted using a Frontier Perkin 
Elmer instrument. Each spectrum was generated by collecting data from 
8 scans, employing a resolution of 4 cm− 1. For each aging state, one 
sample was prepared and analysed in the solid state, resulting in four 
spectra per aging state in the range of 650 – 4000 cm− 1.

The use of two different FTIR devices was due to the collaborative 
nature of this work between two institutes, which provided access to 
different instruments. Data from both devices were used to ensure a 
comprehensive analysis, with reproducibility confirmed through mul-
tiple measurements on the same samples. Sample preparation and 
measurement protocols were standardized to minimize discrepancies, 
ensuring consistent results.

The spectral data underwent pre-processing steps. Initially, an 8- 
point baseline correction was applied to address spectral shifts 
(Table 3S) [48]. Subsequently, a normalization step known as normal-
ization to change the maximum to 1 (NMO) was conducted [49]. This 
step aims to standardize absorbance values across data collected from 
different devices by scaling them to a fixed range of 0 to 1. Specifically, 
the minimum point within the range of 2800–3200 is set to zero, and the 
maximum point is adjusted to 1(Table 3S).

Table 3 lists the wavenumber ranges of main functional groups 
identified by the FTIR spectra. Equation (1) was used to calculate the 
indices for each functional group with the full area under the curve and 
the vertical limits mentioned in Table 3.

The computation of indices followed this equation: 

index = Ax/ATotal (1) 

The symbol Ax denotes the peak area under the curve within specific 

Table 2 
Aging conditions for binder and mixture samples.

Sample Variable Thickness(mm) Temperature 
(◦C)

Pressure 
(bar)

Time 
(hour)

Humidity # of samples

Q and T Binder Temperature 1, 2, 3.2 60, 70, 85 20 20 <10 %, >99 % 18
Q and T Binder Pressure 1, 2, 3.2 85 1,5, 10,20 20 <10 %, >99 % 18 + 1

1 mm 150 <10 %
Q and T Binder Duration 1, 2, 3.2 85 20 5,10,20 <10 %, >99 % 18 + 2

1 40,80 >99 %
PA and SMA Mixture Temperature / 60, 85 20 20 <10 %, >99 % 8
PA and SMA Mixture Pressure / 85 150 20 <10 % 2
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ranges outlined in Table 3.

3.2.2. Dynamic shear rheometer (DSR) − Frequency sweep
The Complex shear modulus (G*) and phase angle (δ) were measured 

over a range of temperatures and frequencies using dynamic shear 
rheometer (DSR) with oscillatory loading. The DSR tests were completed 
with an 8-mm-diameter parallel plate and a 2-mm gap at temperatures 
range of 0 to 40 ◦C (with an increment of 10 ◦C). The tests were done in a 
frequency range from 15.9 to 0.0159 Hz (100 to 0.1 rad/s) and a strain 
load of 0.05 % and 0.1 % for 0–20 ◦C and 30–40 ◦C, respectively. These 
strain levels were selected based on the need to maintain measurements 
within the linear viscoelastic range of the binder while ensuring reliable 
data across the test temperature range. Lower temperatures (0–20 ◦C) 
typically yield higher binder stiffness, requiring a smaller strain load 
(0.05 %) to avoid exceeding the linear viscoelastic limit and risking non- 
linear responses that would compromise the accuracy of complex 
modulus (G*) and phase angle (δ) measurements. At higher tempera-
tures (30–40 ◦C), the binder becomes less stiff, allowing for a slight in-
crease in strain (0.1 %) without surpassing the linear viscoelastic 
threshold. This approach aligns with the standard protocol (14770 
2012) [51]), which supports strain adjustments according to the mate-
rial’s stiffness properties at various temperatures to maintain data 
integrity. Each sample was tested with two replicates to confirm 
repeatability and reliability of the results.

Based on the time–temperature superposition principle (TTSP), 

master curves of complex modulus and phase angle were constructed at 
a reference temperature of 20 ◦C. Shift factors, typically denoted by “aT”, 
are used in time–temperature superposition (TTS) to horizontally shift 
the binder response data obtained at various temperatures along the 
logarithmic frequency axis. The principle behind TTS is that the effects 
of temperature and frequency on the material’s viscoelastic properties 
are equivalent. Therefore, multiple isothermal curves at different tem-
peratures can be shifted into a single master curve at different fre-
quencies, characterizing the material’s behaviour across various 
conditions. The magnitude of the shift factors indicates the sensitivity of 
the binder’s viscoelastic properties to temperature changes, with larger 
shift factors reflecting a greater temperature dependence.

The Sigmoidal Model, commonly employed to describe the rate de-
pendency of the modulus master curve, has been extensively utilized by 
researchers to characterize the complex modulus master curve of asphalt 
mixtures and bituminous binders [52]. The model is mathematically 
represented as follows: 

log|G*| = σ+
α

1 + eβ+γ(log(ω)) (2) 

In this model, log(ω) represents the log of the reduced frequency, σ 
(sigma) denotes the lower asymptote, and α (alpha) represents the dif-
ference between the upper and lower asymptotes. Parameters β (beta) 
and γ (gamma) define the shape of the curve between the asymptotes 
and the location of the inflection point, which is determined by 10(β/γ) 

[53].
The α (alpha) parameter reflects the overall stiffness or viscoelastic 

properties of the binder. A higher alpha value suggests a stiffer binder, 
while a lower value indicates a more flexible binder. The beta parameter 
represents factors such as the temperature dependence of the binder’s 
stiffness or the transition between different rheological regimes (e.g., 
from elastic to viscous behaviour). The gamma parameter denotes the 
sensitivity of the binder’s stiffness to changes in frequency, with a higher 
gamma value indicating a more pronounced change in stiffness with 
frequency or strain rate. The sigma parameter represents the baseline 
stiffness of the binder or any inherent structural characteristics that 
influence its rheological behaviour.

In this study, the parameters of the sigmoidal model, the shift factors 
from the TTSP construction of master curves, and the crossover values 
(crossover frequency (CR-Fr) and crossover complex modulus (CR-CM) 
were utilized for subsequent multivariate analysis. CR-Fr represents the 
frequency and CR-CM represents the complex modulus at which the 
phase angle is 45◦ and the storage modulus equals the loss modulus. 
These values provide insights into the viscoelastic transition of binder 
from fluid-like to solid-like behaviour.

Fig. 1. Annotation used for a) binder samples and b) mixture samples, i.e. SMA and PA.

Table 3 
Main functional groups of binder in FTIR spectra [50].

Area Vertical band 
limit(cm¡1)

Functional groups

A810 710–734 
734–783 
783–833 
833–912

Hydrocarbon chain, (CH2)n, C–H in isolated/two/ 
four adjacent hydrogen aromatic rings or C–CH2 

rocking in alkyl side chains with more than four 
carbons

A1030 984–1047 Oxygenated function-sulfoxide, S = O
A1200 1100–1180 

1280–1330
Tertiary alcohol C-C-O, C-O in carboxylic acid, C-C-C 
in diaryl ketones, C-N secondary amides, O = S = O 
in sulfone

A1376 1350–1395 Branched aliphatic structures, CH3

A1460 1395–1525 Aliphatic structures, CH3 and CH2

A1600 1535–1670 Aromatic structure, C = C
A1700 1660–1750 Oxygenated function-carbonyl, C = O
A2953 2820–2880 

2880–2990
Aliphatic structures, Symmetric, Asymmetric 
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
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3.3. Multivariate analysis

3.3.1. Principle component analysis (PCA)
PCA is a statistical technique used to reduce the dimensionality of 

data by transforming it into a set of uncorrelated variables, called 
principal components, that capture the most variance in the data. For 
the chemical-rheological analysis, PCA was employed to categorize 
samples according to binder type and the effects of aging. This was 
achieved by utilizing both chemical and rheological parameters, 
allowing for an assessment of the significance of these parameters in 
characterizing binder types and aging effects which is essential for 
classification and regression purposes. The dataset used for PCA analysis 
were constituted by both FTIR results, encompassing all the indices 
listed in Table 3, where four peaks in the range of 710 – 912 cm− 1 were 
considered as separate indices, and DSR results, which includes four 
sigmoidal model parameters (alpha, beta, gamma, sigma), four shift 
factors at 0, 10, 30, and 40 ◦C, and the CR-Fr and CR-CM. In total, 20 
features were selected as the input for the analysis instead of the entire 
FTIR spectra or master curves to avoid the curse of dimensionality.

To perform PCA, the scores of target samples are computed using the 
equation Y = X × W, where X represents the dataset comprising m 
samples (grouped into l categories) and n variables. W denotes an n × p 
loading matrix, with p indicating the number of selected principal 
components, while Y forms an m × p score matrix describing the pro-
jection of X into a p-dimensional feature space. To derive W, the ei-
genvectors and eigenvalues of the covariance matrix of the variables 
within a spectral dataset are calculated. Subsequently, the eigenvalues 
are arranged in descending order, and p eigenvectors with the largest 
eigenvalues are chosen to construct W. Additionally, PCA loadings are 
analysed to identify significant regions for cluster formation [43].

3.3.2. Multiple linear regression (MLR)
Multiple linear regression is a statistical method that models the 

relationship between a dependent variable and two or more indepen-
dent variables by fitting a linear equation to the observed data. To 
evaluate the relationship between the independent varia-
bles—temperature, pressure, and time—during the aging process of 
bituminous binders, a multiple linear regression (MLR) approach was 
utilized. Moreover, MLR model was used to determine the relative in-
fluence of each aging condition on the aging indices and to capture the 
combined effects of temperature, pressure, and time on aging. This 
analysis focuses on Q binder samples, as further comparison with field 
samples, which contain only Q binder, will be conducted. A dataset 
comprising 52 lab-aged samples was employed for this purpose. The 
data points were divided into two subsets: thermo-oxidative and 
hygrothermal. The analyses were performed separately for thermo- 
oxidative and hygrothermal data. Each sub-dataset was further 
divided into three additional datasets based on the sample thickness. For 
further analysis, only the dataset with a thickness of 1 mm was 
considered, as it is the only group with a sufficient number of data 
points, with at least 10 points available for modelling.

The multiple linear regression (MLR) analysis was conducted using a 
combined index from FTIR and DSR as the dependent variable. This 
combined index was calculated for each sample by summing all stan-
dardized FTIR indices (as shown in Table 4) and DSR parameters, which 
included eight sigmoidal parameters and crossover values. The 

combined aging index considered whether the FTIR and DSR indices 
increased (+1) or decreased (− 1) with aging during the summation 
process.

Once the combined aging index was calculated, it was plotted against 
the aging variables to check for a linear relationship. However, the plot 
(Fig. 3S) indicated that the relationship was more exponential, so the 
natural logarithm of the combined index was used for the MLR model-
ling. The purpose of the MLR was to quantify how aging conditions 
affected the combined index and to assess the relative influence of each 
condition on binder properties.

Interaction terms—accounting for the combined effects of tempera-
ture, pressure, and time—were not included to avoid overcomplicating 
the model, especially since only 8 to 10 data points were available. 
Including these terms could risk overfitting, capturing noise rather than 
the actual relationship. This simplified approach also helped explore 
whether high values of one variable could offset low values of another. 
Additionally, the model can be applied to back-calculate aging condi-
tions that would produce similar aging levels as those observed in field 
samples. The regression models used in this analysis are shown in 
Equation (3). 

Ln(CombinedIndex) = α0 +α1(Temperature)+α2(Pressure)+α3(Time)+ ε
(3) 

where αi are coefficients to be determined, and ∊ is the error term.
Prior to performing the MLR analysis, the Pearson correlation coef-

ficient (Equation (4) and Variance Inflation Factor (VIF) (Equation (5)
were calculated to evaluate the multicollinearity among the indepen-
dent variables. 

ρxy =
Cov(x, y)

σxσy
(4) 

ρxy is Pearson product-moment correlation coefficient, Cov(x,y) is 
covariance between variables x and y, σx and σy are standard deviation 
of x and y, respectively. 

VIFi =
1

1 − R2
i

(5) 

Ri
2 is unadjusted coefficient of determination for regressing the ith in-

dependent variable on the remaining ones. The correlation coefficient, a 
statistical measure of the strength of a linear relationship between two 
variables, ranges from − 1 to 1. A correlation coefficient of − 1 signifies a 
perfect negative or inverse correlation, indicating that values in one 
series rise as those in the other decline, and vice versa. Variance inflation 
factors provide a rapid assessment of the extent to which a variable 
contributes to the standard error in regression analysis. A VIF exceeding 
10 indicates the presence of substantial multicollinearity, necessitating 
alterative measures to address this issue. In cases of significant multi-
collinearity, the variance inflation factor will be notably high for the 
involved variables. This preliminary analysis was essential to verify the 
independence of the predictors.

3.3.3. 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 
Euclidean space. To identify the laboratory conditions that are closest to 
the field samples, pairwise distances were calculated based on the first 
three principal components [54]. Euclidean distance was used to mea-
sure the straight-line pairwise distance between two points in the 
selected three-dimensional space, where the distance between two 
points (p1,p2, …,pd) and (q1,q2, …,qd) is computed as follows in Equation 
(6): 

Euclideandistance =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
(p1 − q1)

2
+ (p2 − q2)

2
+ ⋯ + (pd − qd)

2
√

(6) 

Table 4 
Estimated coefficient for each factor of Equation (10) based on MLR model.

Hygrothermal aging

Coefficient P value

Constant (α0) − 4.899 0.000
Temperature (α1) 0.017 0.017
Pressure (α2) 0.026 0.006
Time (α3) 0.036 0.001
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3.3.4. Support vector regression (SVR)
Support vector regression (SVR) is a machine learning method that 

aims to find a hyperplane in a high-dimensional space that best fits the 
target values within a specified margin width, ∊, allowing deviations 
from actual values to be no larger than ∊. Slack variables, ξi and ξ*

i , are 
introduced to account for deviations beyond this margin [47]. The SVR 
method was chosen to leverage its capability in handling non-linear 
relationships and providing robust predictive performance for the 
specified tasks. SVR was utilized in two distinct applications: predicting 
rheological parameters based on FTIR indices and training a model to 
estimate the duration of field aging a laboratory sample simulates. The 
former included FTIR indices as input dataset while the latter used 
laboratory sample data for field aging estimation. SVR seeks to minimize 
both the coefficients of the hyperplane (to ensure flatness) and the sum 
of the slack variables (to reduce errors) simultaneously (Equations (7) 
and (8): 

minimize
1
2
‖w‖

2
+C

∑l

i=1

(
ξi + ξ*

i

)
(7) 

Subject to

⎧
⎪⎪⎨

⎪⎪⎩

yi − wTxi − b ≤ ∊ + ξi

wTxi + b − yi ≤ ∊ + ξ*
i

ξi, ξ
*
i ≥ 0

(8) 

In this context, w represents the feature vector, b is a constant, and xi 
and yi are the independent and dependent variables in X and Y, 
respectively. The constant C > 0 balances the trade-off between the 
flatness of the hyperplane and the deviations from the marginal range 
[55]. A high value of C emphasizes correct prediction of all training 
examples, which is not recommended for datasets with many noisy 
observations.

Kernel functions, such as linear, polynomial, radial basis function 
(RBF), can be used to preprocess X, facilitating the effective description 
of non-linear relationships between predictors and responses. When 
employing kernel functions, the kernel coefficient γ(gamma) must be 
determined, as it defines the influence of a training sample on the 
regression process. A high γ value indicates better fitting of the training 
data but comes with the risk of overfitting.

The SVR model was initially optimized through hyperparameter 
tuning, a process of optimizing the set of hyperparameters (C, ∊, kernel, 
gamma). This process was conducted using grid search, which involves 
specifying a set of possible values for each hyperparameter and sys-
tematically evaluating the model’s performance for every combination 
of these values. The optimized hyperparameters, which provide the best 
performance on a validation set (a subset of data used during model 
training to tune parameters and prevent overfitting), improve the 
model’s generalizability to unseen data (new data that the model has not 
encountered during training or validation, typically referring to the test 
set or real-world data).

3.3.5. Model validation
For the SVR analysis of predicting rheological parameters, the 

dataset of 60 data points was split into training (70 %) and testing (30 
%) sets using the scikit-learn library in Python, with a fixed random state 
to ensure reproducibility. A 10-fold cross-validation strategy was 
applied, wherein the dataset was divided into 10 equal segments. Nine 
segments were used for model training, and one segment was reserved 
for testing, iterating this process 10 times with a different testing 
segment each iteration. The accuracy outcomes were averaged to pro-
vide a robust evaluation of the model’s effectiveness.

The regression model’s performance was evaluated using several 
metrics to ensure a comprehensive assessment. These metrics include 
the root mean square errors of calibration (RMSEC), cross-validation 
(RMSECV), and prediction (RMSEP) (Equation (9), along with the 
determination coefficients of calibration (R2

c), cross-validation (R2
cv), and 

prediction (R2
p) (Equation (10), and the relative percent difference (RPD) 

(Equation (11) [47]. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i=1
(ŷi − yi)

2

√
√
√
√ (9) 

R2 = 1 −

∑N
i=1(ŷi − yi)

2

∑N
i=1(yi − yi)

2 (10) 

RPD =
SD

RMSE
(11) 

In these evaluations, yi and ŷi represent the measured and predicted 
values for sample i, yi is the mean value of yi, N denotes the number of 
samples for calibration, cross-validation, or prediction, SD is the stan-
dard deviation of measured values for N samples.

RPD indicates the model’s predictive ability relative to data vari-
ability. An RPD value higher than 2 implies good model accuracy, while 
an RPD larger than 3 indicates excellent performance [56]. The Coeffi-
cient of Determination (R2) quantifies the proportion of variance in the 
dependent variable predictable from the independent variables, RMSE 
measures the average magnitude of prediction errors, and RPD is the 
ratio of the standard deviation of the training data to the RMSE, indi-
cating model predictability. These metrics were used in parallel to 
provide different perspectives on the model’s performance, allowing for 
a thorough evaluation and comparison of all models to identify the most 
robust and accurate one for our specific objectives.

When applying SVR to the prediction of equivalent field ageing time 
of a laboratory sample, Leave-One-Out Cross-Validation (LOOCV) was 
employed due to the limited field data (8–10 points). LOOCV uses one 
observation as the validation set and the remaining observations as the 
training set, repeating this process for each observation in the dataset. 
The RMSE was calculated and reported to evaluate the model 
performance.

For the MLR analysis of aging factors, the LOOCV was also used 
considering the limited number of field samples involved.

Fig. 2 shows the methodology flowchart used in this work. The de-
tails of each section are extensively explained in the material and 
method section.

4. Results and discussion

4.1. Attenuated total reflectance-fourier transform infrared (ATR-FTIR) 
spectroscopy

FTIR spectra of some of the lab-aged and field-aged samples, before 
and after preprocessing, are plotted in Fig. 3. As observed, the main 
changes in the spectra of samples with varying aging conditions occurs 
in the range of carbonyl and sulfoxide region, consistent with the finding 
from literature that sulfoxide and carbonyl indices are the most infor-
mative indices for oxidative aging effects [57]. Therefore, for the eval-
uation of the effects of various factors including pressure, time, and 
thickness on aging, sulfoxide and carbonyl indices will be utilized. 
Fig. 4S − 6S in supporting information show the mean values of the 
carbonyl and sulfoxide indices.

4.1.1. Effect of aging factors on chemical properties of binders

4.1.1.1. Temperature factor. Fig. 4S shows sulfoxide and carbonyl 
indices of binder samples at different aging temperatures. Higher tem-
perature led to higher sulfoxide and carbonyl indices in the binder. 
Hygrothermal aging resulted in higher indices than thermo-oxidative 
aging, especially at higher temperatures and thinner films. The indices 
increased with decreasing binder film thickness for both Q and T 
binders, especially at 85 ◦C. Notably, hygrothermal aged samples at 
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85 ◦C exhibited a sharp rise in the carbonyl index, particularly in 1 mm 
thick samples, indicating that high temperature and hygrothermal aging 
of thin films represent the most severe aging condition.

Fig. 4 presents the combined FTIR index as a function of aging 
temperature. The FTIR index changes exponentially with temperature 
under both hygrothermal and thermo-oxidative aging conditions, 
consistent with previous studies [5]. Furthermore, compared to thermal- 
oxidative aging, the Q binder exhibits a higher power under hygro-
thermal aging, indicating an accelerating effect of humidity on aging at 
higher temperatures. In contrast, the T binder did not display an 
accelerating effect of humidity on aging at higher temperatures.

4.1.1.2. Pressure factor. Carbonyl and sulfoxide indices of Q and T 
samples at different pressures (1, 5, 10, 20, and 150 bar) are shown in 
Fig. 5S. The carbonyl and sulfoxide indices increased with rising pres-
sure, indicating more severe aging for higher pressure. Higher indices 
are observed for hydrothermally aged samples compared to thermo- 
oxidative aged samples at higher pressure, with a more noticeable in-
crease in both indices is shown for samples with 1 mm thickness. This 
suggests that the presence of water vapor, combined with harsh aging 
conditions such as higher pressure or thinner films, accelerates binder 
oxidation more effectively than thermo-oxidative aging alone. The dif-
ference between hygrothermal and thermo-oxidative aging was more 
pronounced in Q samples than in T samples.

Fig. 5 depicts the combined index at various pressures for samples 
with 1 mm thickness. A logarithmic correlation between the index and 
pressure was revealed, indicating that aging increases with pressure, but 
at a decreasing rate. This suggests a threshold beyond which higher 

pressure has limited impact on binder oxidation. Additionally, different 
sensitivities of Q and T binders to pressure with and without humidity 
were observed. The higher coefficient for hygrothermal aging compared 
to thermal-oxidative aging in the Q binder indicates that pressure has a 
more substantial effect on aging in the presence of humidity, while for T 
binder, humidity caused limited changes.

4.1.1.3. Time factor. Besides temperature and pressure, aging time was 
evaluated at 5, 10, and 20 h (Fig. 6S a-d). Sulfoxide and carbonyl indices 
increased with aging time for all Q and T samples (Fig. 6S). Hygro-
thermal aging resulted in a higher carbonyl index after 20 h compared to 
thermo-oxidative aging, indicating its greater effectiveness within this 
time frame. Thin films exhibited higher indices than thick films, sug-
gesting that thicker films require more time to reach similar index 
values. For durations of 40 and 80 h, the indices continued to rise, 
indicating the formation of more aging products with longer exposure 
times.

As show in Fig. 6, the combination of carbonyl and sulfoxide indices 
showed faster hygrothermal aging during the initial 20 h at 85 ◦C 
compared to thermo-oxidative aging.

This suggests that humidity accelerates the reaction, possibly due to 
hydrogen peroxide formation: 

2H2O(g) + O2(g) → 2 H2O2(g)                                                            

The potential formation and infiltration of H2O2 molecules into the 
binder binders can accelerate the oxidation of polycyclic perhydroar-
omatics [5]. However, the activation energy for this reaction is typically 
high, and further studies are needed to confirm the effectiveness of the 

Fig. 2. Methodology flowchart including sample preparation, aging conditions variables, post aging process, number of obtained samples, characterization with FTIR 
and DSR, and Multivariate analysis steps.
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aging conditions for producing significant amounts of hydrogen 
peroxide without a catalyst in the dark.

Before 20 h, a linear relationship between FTIR indices and time is 

observed. For durations beyond 20 h, a linear relationship with a smaller 
slope was observed (Fig. 6), consistent with prior studies [58,59]. The 
two different slopes suggest two phases in long-term hygrothermal 

Fig. 3. FTIR spectra illustrating fresh, short-term aged, long-term aged (with and without humidity), and a 9-year field-aged sample are presented in: a) raw spectral 
form, b) baseline-corrected and normalized spectra, and c) the 900–1800 cm− 1 region to highlight variations in carbonyl and sulfoxide peaks.

Fig. 4. Summation of carbonyl and sulfoxide indices versus aging temperature for a) Q and b) T binders with a thickness of 1 mm. Blue color represents the hy-
drothermally aged samples and orange color represents the thermo-oxidatively aged samples. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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aging: an initial fast phase followed by a slower phase. Aging time less 
than 20 h reveals faster reaction due to higher availability of oxidizable 
molecules at the onset of the reaction.

4.1.2. Effect of aging factors on chemical properties of recovered binders of 
laboratory aged mixtures

4.1.2.1. Temperature factor. Fig. 7 shows the carbonyl and sulfoxide 
indices of mixture samples aged at 60 ◦C and 85 ◦C. Increasing the 
temperature increased both indices for both types of mixtures. For 
porous asphalt (PA), adding humidity during aging significantly 
increased both indices. In contrast, stone mastic asphalt (SMA) aged at 
60 ◦C shows no difference between hygrothermal and thermo-oxidative 
aging. At 85 ◦C, SMA aged with humidity shows less aging than in 
thermo-oxidative conditions. This can be attributed to the higher air 
voids in PA, which allow greater oxygen access and interaction of 
humidity-induced intermediates with the binder. SMA samples show 
less aging under hygrothermal conditions due to fewer voids, limiting 
oxidative molecule penetration and exposing only the sample surface to 
reactive components. Thus, hygrothermal aging accelerates aging more 
in PA compared to SMA.

4.1.2.2. Pressure factor. Mixture samples of were aged under different 
pressures (20 and 150 bar) as shown in Fig. 8 a-b. By increasing pressure, 
the carbonyl index increased sharply, while the sulfoxide index changed 
slightly, consistent with the results for binder samples after thermo- 
oxidative aging at these pressures. Comparing the sulfoxide indices of 
PA and SMA aged at 85 ◦C under 20 and 150 bar shows that SMA con-
tains slightly more oxidative products. Despite the higher air voids of 
PA, the denser structure of SMA might retain heat more effectively, 

accelerating oxidative aging at higher pressures. These preliminary re-
sults suggest further experiments with additional repetitions and CT 
scans to examine air void connectivity and oxygen distribution are 
necessary for comprehensive analysis.

4.1.3. Effect of field aging on chemical properties of mixture samples
The chemical composition of PA and SMA samples during 9 years of 

field aging were investigated using FTIR and the results are shown in 
Fig. 7. For PA samples, both carbonyl and sulfoxide indices increased 
with time (Fig. 9). Notably, the carbonyl index after 4 years of aging is 
unexpectedly higher than that of 5 to 9 years, likely due to the 
complexity of field aging. For SMA, samples from years 5 to 9 show 
minimal differences in indices. The sum of both indices exhibits a linear 
relationship with time for both PA and SMA (Fig. 7S). This field data will 
be compared with lab-aged samples in subsequent sections.

4.2. Dynamic shear rheometer (DSR) − Frequency sweep

4.2.1. Effect of aging factors on rheological properties of binders

4.2.1.1. Temperature factor. The frequency sweep test was conducted 
for all binder samples and their master curves are presented in Fig. 8S- 
10S. Fig. 8S shows the effect of temperature, with a higher temperature 
increasing G* and decreasing phase angle. Moreover, Fig. 9S and 10S 
illustrate the impact of hygrothermal and thermo-oxidative aging on Q 
and T binders, respectively. At 60◦C and 85◦C, Q samples aged with 
humidity exhibited higher G* and lower phase angle for each thickness. 
As expected, the 1 mm films showed more severe aging than the 2 mm 
and 3.2 mm films. Interestingly, Q samples aged at 70 ◦C showed 
overlapping results for hygrothermal and thermo-oxidative aging across 

Fig. 5. Summation of carbonyl and sulfoxide indices versus pressure for a) Q binder and b) T binder. The data for hygrothermal aging and thermo-oxidative aging is 
shown in blue and orange, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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all thicknesses. The effect of hygrothermal aging on Q binder is pre-
dominantly visible at low frequencies, suggesting greater resistance to 
deformation under slow-loading conditions like heavy, slow-moving 

traffic, potentially improving performance against permanent defor-
mation (rutting). Conversely, under fast-loading conditions like high- 
speed traffic and temperature fluctuations, the convergence at high 

Fig. 6. Summation of carbonyl and sulfoxide indices versus aging time (Hours) for a) Q binder, b) T binder. Blue and orange colors represent the hygrothermal aged 
and the thermo-oxidative aged samples, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 7. FTIR results for mixture samples, a) carbonyl index, b) sulfoxide index. The samples were aged in a PAV under hygrothermal (W) and thermo-oxidative (D) 
conditions at 60 and 85◦C for 20 h under 20 bar pressure.
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frequencies implies comparable resistance to cracking for both hygro-
thermal and thermo-oxidative aged samples. The most severe aging 
condition for Q binder was observed in the 1 mm film aged with hu-
midity at 85 ◦C and 20 bar. For T binder, the results showed slight dif-
ferences. At 60 ◦C, samples displayed more aging at low frequencies for 
thinner films with humidity. T samples aged at 70 ◦C and 85 ◦C 
demonstrated similar outcomes for hygrothermal and thermo-oxidative 
aging. The impact of different film thicknesses was evident, with the 1 
mm films exhibiting the most aging. The most severe aging condition 
was observed in samples aged at 85 ◦C. The DSR results are consistent 
with the FTIR findings for both Q and T binders.

Moreover, two key parameters were calculated: crossover frequency 
(CR-Fr) and crossover complex modulus (CR-CM). Crossover values are 
significant points on the viscoelastic spectrum, independent of test fre-
quency and temperature. Previous research indicates that lower CR-Fr 
values in aged binder correlate with higher molecular mass, longer 
relaxation time, and higher softening point [14,60]. Lower CR-CM 
values suggest higher polydispersity due to a wider distribution of mo-
lecular masses. Higher crossover frequency indicates more elastic 
behaviour at higher frequencies, contributing to better resistance 
against permanent deformation or rutting, especially under repetitive 
traffic loading. Higher crossover modulus indicates greater stiffness at 

the crossover frequency, also enhancing resistance to rutting.
Fig. 10 a-b presents the CR-CM versus CR-Fr for samples at different 

temperatures, revealing Q-LW85C-1 and T-LD85C-1 as having the 
lowest CR-Fr and CR-CM values, indicating their most severe aging. This 
underscores the varying sensitivity to hygrothermal aging for different 
binders. Elevated aging at 85 ◦C was identified as a major factor in the 
aging of thin films, particularly those with a thickness of 1 mm. Addi-
tionally, incorporating humidity during aging was shown to be benefi-
cial for binders sensitive to hygrothermal conditions. A linear 
relationship was found between crossover values, regardless of binder 
type or aging conditions.

4.2.1.2. Pressure factor. The effect of varying pressures (1, 5, 10, 20, 
and 150 bar) for both Q and T binder on different binder thicknesses is 
presented in Fig. 11S − 13S. As pressure increases, the gap between 
long-term and short-term aged samples widens, showing a marked in-
crease in G* and a decrease in phase angle, highlighting the severe 
impact of elevated pressure on binder aging. The effect of hygrothermal 
aging at higher pressures is observable in the phase angle master curves 
at lower frequencies for Q binder, aligning with previous observations 
on temperature effects showing lower sensitivity of T binder to hygro-
thermal aging. 1 mm films experience the most significant aging, with 

Fig. 8. FTIR results, for the effect of different pressures of 20 and 150 bar. The results are presented for PA and SMA mixture samples after thermo-oxidative (D) 
aging at 85 ◦C for 20 h, a) carbonyl index, b) sulfoxide index.

Fig. 9. FTIR results, effect of field aging on PA and SMA mixture samples. In 2022 (year 8) no sampling was performed and for SMA samples, those from 2019 (year 
5) to 2023 (year 9) were available.
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higher G* values and lower phase angle values. Interestingly, samples 
aged at 150 bar do not show significant changes in G* or δ values, 
suggesting that extremely high pressure does not necessarily cause 
harsher aging in binders. This rheological observation aligns with FTIR 
results, indicating that a limited number of reactive sites in the binder 
might render extremely high pressure unnecessary for accelerated aging 
protocols. For the Q binder, the distances between master curves are 
larger compared to the T binder, indicating higher pressure sensitivity.

Crossover values in Fig. 11 a–b illustrate the linear relationship be-
tween these values for both binders. The Q binder shows overlapping 
crossover values for aged samples, while the T binder exhibits clear 
differences between aged samples at different pressures. The Q binder 
displays similar results for samples aged at 20 and 10 bar under 
hygrothermal conditions, whereas the T binder shows more aging for 
samples aged at 20 bar. Notably, the Q binder film aged at 20 bar under 
thermo-oxidative conditions shows significant error bars, indicating 
substantial variation between repetitions. Future research should 
investigate the reasons for this variability.

4.2.1.3. Time factor. The influence of aging time on the rheological 
properties of both Q and T binders was presented (Fig. 14S – 16S). Aging 
durations of 5, 10, and 20 h were chosen for both hygrothermal and 
thermo-oxidative conditions, with extended durations of 40 and 80 h for 
hygrothermal aging. By increasing aging time, the G* increases while 
the phase angle decreases, indicating a greater aging impact. For the Q 
binder, the differences between hygrothermal and thermo-oxidative 
aged samples became more pronounced with longer aging. In contrast, 
the T binder showed no significant effect from humidity, regardless of 
aging duration, indicating higher sensitivity of Q binder to hygrothermal 
aging. The results show that 1 mm films exhibit the most aging, with 
increased G* values and decreased phase angle values. Aging effects 
were more pronounced at low frequencies.

Crossover values plotted in Fig. 12 a–b show that longer durations 
reduce both CR-CM and CR-Fr, indicating more aging in binder films, 
with a linear relationship between these values. Similar to the master 
curves, crossover values indicate that T binder is less sensitive to 
hygrothermal aging, while Q binder shows greater sensitivity to the 

presence of humidity during aging.
The DSR investigations indicate that the severity of hygrothermal 

aging depends on the binder’s sensitivity to humidity during aging. 
Thinner films aged at high temperatures for longer durations show 
greater increases in G* and more significant reductions in phase angle 
and crossover values. For pressure, samples aged at 20 bar exhibit 
similar results to those aged at 150 bar, suggesting that 20 bar is suffi-
cient for future binder aging studies, and higher pressures are unnec-
essary to accelerate aging. Furthermore, crossover values and lower 
frequencies are more effective in distinguishing differences between 
aged samples than higher frequencies and the entire master curve. Thus, 
using lower frequencies and crossover values is recommended for 
comparing aging conditions in future studies.

4.2.2. Effect of aging factors on rheological properties of asphalt mixtures
Comparing the master curves of G* and phase angle for PA and SMA 

mixtures aged at 60 ◦C and 85 ◦C in a PAV under hygrothermal and 
thermo-oxidative conditions shows that by increasing temperature, G* 
increases and phase angle decreases (Fig. 17S). For PA samples at 60 ◦C, 
no significant differences are observed between hygrothermal and 
thermo-oxidative aging, while at 85 ◦C, hygrothermal aging results in 
lower phase angles and higher G* values. SMA samples show over-
lapping master curves with fresh and short-term aged samples, likely 
due to the softening effect of extraction solvents [61]. PA samples 
exhibit lower phase angles and higher G* values than SMA, indicating 
more aging, particularly at 85 ◦C. phase angle is more sensitive to aging, 
especially at intermediate frequencies. The effect of pressure on mixture 
samples during thermo-oxidative aging indicates that increasing pres-
sure from 20 to 150 bar decreases phase angle and increases complex 
modulus, showing harsher aging (Fig. 18S). PA samples show more 
aging than SMA due to higher air voids, with differences diminishing at 
150 bar due to the forcing of oxygen into samples. Medium pressures 
like 20 bar are recommended for mimicking field aging over extreme 
pressures like 150 bar.

Fig. 13 shows crossover values of lab-aged mixture samples, which 
differentiate samples more clearly than master curves. Thermo- 
oxidative conditioning ages SMA samples more than hygrothermal 

Fig. 10. Crossover complex modulus versus crossover frequency of 1 mm samples aged at different temperatures, i.e., 60, 70, 85 ◦C after hygrothermal (W) and 
thermo-oxidative (D) aging, a) for Q binder and b) for T binder.

Fig. 11. Crossover complex modulus versus crossover frequency of 1 mm samples aged at different pressures, i.e., 1, 5, 10, 20, 150 bar after hygrothermal (W) and 
thermo-oxidative (D) aging, a) for Q binder and b) for T binder. Aging at 150 bar was performed only with thermo-oxidative aging.
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aging, independent of temperature, due to fewer air voids in SMA 
samples and reduced oxygen availability in the presence of humidity. PA 
samples show more aging for hygrothermal conditions at 85 ◦C. Both 
temperature and pressure reduce crossover values, aligning with ob-
servations from master curves.

4.2.3. Effect of field aging on mixture samples
Investigating the master curves of field-aged porous asphalt over 0 to 

8 years (Fig. 19S) reveals that the phase angle decreases and G* in-
creases over time. Notably, the most significant changes occur during 
the initial four years, with more gradual changes in the final four years. 
This indicates that the initial stage of long-term field aging is more rapid. 
For SMA samples, master curve values are similar from years 5 to 8, with 
only the 8-year sample showing a slight reduction in phase angle and an 

increase in G*. Similar conclusions can be drawn from the crossover 
values (Fig. 14), which align with the observation of hygrothermal aged 
samples, where a reduction in the slope of FTIR indices versus time was 
noted for longer aging durations.

4.3. Multivariate analysis

4.3.1. Chemical and rheological features importance for aging pattern 
recognition by PCA

The PCA analysis was performed on binder samples using their 
combined chemical and rheological properties as input. Based on the 
explained variance, the first two principal components account for more 
than 80 % of the variance in the data (Fig. 20S). Therefore, a two- 
dimensional plot of PC1 versus PC2 (Fig. 15) can effectively represent 
the input data. As shown in Fig. 15, there is a clear distinction between Q 

Fig. 12. Crossover complex modulus versus crossover frequency of 1 mm samples aged at different aging durations, i.e., 5, 10, 20, 40, 80 h after hygrothermal (W) 
and thermo-oxidative (D) aging, a) for Q binder and b) for T binder. Aging for 40 and 80 h was performed only under hygrothermal aging.

Fig. 13. Crossover complex modulus versus crossover frequency of PA and 
SMA asphalt mixture samples hygrothermally (W) and thermo-oxidatively (D) 
aged at different temperatures, i.e., 60 and 85C and thermo-oxidative (D) aging 
under elevated pressure of 150 bar.

Fig. 14. Crossover complex modulus versus crossover frequency of field aged PA and SMA mixtures during 2014 to 2023, a) for PA mixture and b) for SMA mixture. 
In 2022 no sampling was performed and for SMA samples, those from 2019 to 2023 were available.

Fig. 15. PCA score plot of both Q and T binder types based on FTIR + DSR 
input data. The interactive plot can be found in Fig. 21S with anno-
tated samples.
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and T binder samples. Moreover, the aging direction trends towards the 
top right quadrant, indicating an increase in aging with both PCs.

PCA loadings are the coefficients that represent the contribution of 
the original variables to the principal components. A variable with a 
high absolute loading signifies its more significant influence on the 
principal component, and thus on the classification of binder type and 
aging state. In this study, loadings were normalized to a range of − 1 to 
+ 1, and a threshold of ± 0.8 was set, with values beyond this threshold 
considered important. The sign of the loading—positive or neg-
ative—indicates whether the variable is positively or negatively corre-
lated with the principal component.

Fig. 16 presents the loadings of all features for the first principal 
component (PC1). The importance of the PC1 axis lies in aging direction 
of both Q and T binders. Key contributors to PC1 include beta (transition 
between viscous and elastic regimes), gamma (sensitivity of the binder’s 
stiffness to changes in frequency), the shift factor at 10 and 30 ◦C, 
crossover values (viscoelastic transition of binder from fluid-like to 
solid-like behaviour) from rheological measurements, along with FTIR 
indices in the range of 734–833 cm− 1 (C–H bending vibrations in four or 
two adjacent hydrogen aromatic rings), 1100–1330 cm− 1 (C-C-O in 
tertiary alcohol, C-O in carboxylic acid, C-C-C in diaryl ketones, C-N 
secondary amides, O = S = O in sulfone), and 2820–2990 cm− 1 (C–H of 
methine, methylene, and methyl groups).

Fig. 17 presents the loadings of all features for PC2. The importance 
of the PC2 axis lies in both aging direction and differentiating between Q 
and T binders. Key contributors to PC2 include beta (transition between 
viscous and elastic regimes) and the shift factor at 10 ◦C from rheological 
measurements, along with FTIR indices in the ranges of 833–912 cm− 1 

(C–H in isolated adjacent hydrogen aromatic rings), 1535–1670 cm− 1 

(C = C in aromatics (ring mode)), 1660–1750 cm− 1 (C = O in saturated 
carboxylic acids and C = O in saturated esters), and 2820–2990 cm− 1 

(C–H of methine, methylene, and methyl groups).
Both components highlight how aging impacts the viscoelastic 

properties and molecular structure of the binders, enabling effective 
differentiation between the two types. Key contributors include rheo-
logical measurements and FTIR spectral data, suggesting that changes in 
chemical structure correlate with aging and binder performance. This 
understanding could facilitate the development of predictive models 
that integrate these parameters, enhancing material selection and 
formulation strategies for specific applications.

To further understand the correlation between different aging 

conditions, Q binders and Q mixture samples (PA and SMA) aged in both 
laboratory and field were used for PCA. It is shown that over 80 % of the 
variance in the input data can be explained by the first two principal 
components (Fig. 22S). Fig. 18 depicts the PC1 versus PC2 plot for all Q- 
based samples, with detailed sample names omitted for clarity. An 
interactive plot with sample names is available in the supporting in-
formation (Figure 23S). In this plot, the aging direction is towards the 
upper left quadrant.

Three main groups can be identified in this plot. The first group 
(circle 1 in Fig. 18) includes the field-aged PA sample of 2021 (after 7 
years of field aging) and the 1 mm film of Q binder hygrothermally aged 
for 80 h (Q-LW80H-1). The samples are located in the upper left corner 
of the plot, indicating a high degree of aging. Notably, the sample sub-
jected to 80 h of hygrothermal aging is appropriately positioned within 
this highly aged region. Conversely, the placement of the sample that 
has undergone 7 years of field aging is unexpected, raising questions 
about the reliability or consistency of the data for this specific sample. 
The second group comprises all binder films aged under different lab-
oratory conditions (Table 2), along with some PA and SMA samples aged 
in both laboratory and field (from 2019 to 2023). The third group 
contains field-aged samples from 2014 − 2018 and mixture samples 
aged at 60 ◦C and 85 ◦C under 20 bar pressure, with and without hu-
midity. Groups (2) and (3) share similar PC2 values but differ signifi-
cantly in PC1. The main parameters related to this difference will be 
discussed in the next paragraph by analysing the loadings. In all groups, 
both mixture and binder film samples are present, indicating that dif-
ferentiation between binder films and extracted binder samples cannot 
be achieved solely by PCA analysis of specific FTIR indices and rheo-
logical properties.

Fig. 19 shows the loadings on PC1 for all features. High loadings are 
observed for FTIR ranges of 710–734, 833–912, 984–1047, 1100–1330, 
1660–1750, and 2820–2990 cm− 1. Rheological features such as alpha, 
sigma, and shift factors at 0 ◦C also have high loading on PC1. The 
differentiation between groups (2) and (3) can be effectively achieved 
using PC1, with the loadings of PC1 indicating that FTIR indices are 
highly significant. Consequently, there should be a discernible differ-
ence in the FTIR values between these groups. Notably, group (3)
samples were measured using a different sample preparation method 
and FTIR device compared to group (2) samples. Although the carbonyl 
and sulfoxide values of these samples were within the normal range, 
PCA analysis of all FTIR indices collectively distinguished between 

Fig. 16. Loadings of all features (FTIR + DSR parameters) for PC1. All the Q and T binder samples were used as input. A threshold of ± 0.80 was applied and marked 
by the orange horizontal lines to determine the significance of these loadings. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
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measurements taken by different sample preparation and devices. It is 
important to note that normalization, baseline correction, and indices 
calculation did not mask the information. For future studies, it is rec-
ommended to analyse how different sample preparations and devices 
affect FTIR data.

Aging, as indicated by PCA analysis, is associated not only with 
movement towards negative PC1 values but also towards positive PC2 
values. The loadings on PC2, shown in Fig. 20, reveal that only the 
crossover values from rheological properties are loaded more than 80 % 
on PC2. These loadings suggest that aging is associated with a decrease 
in crossover values. The PC2 component differentiates between groups 
(1) and (2). Given that crossover values are highly significant for PC2, 
differences in crossover values between Q-LW80H-1 and PA-2021 
samples and group (2) samples are expected. The Q-LW80H-1 sample 
exhibits extremely low crossover values (Fig. 12). In contrast, the PA- 
2021 sample does not show unusual crossover values, indicating that 
further investigation is required to understand its positioning.

In summary, combining all the important features identified from 
both PCA analyses shows that all the features, except hydroxyl region of 
FTIR spectrum (3100–3600 cm− 1), are important for aging studies.

4.3.2. Chemo-rheological relationships in aging studies
In this section, the aim is to understand the relationship between 

chemical properties and rheological properties using all the Q-based 
binder, mixture, and field samples. SVR regression was used to correlate 
each of the rheological parameters with all the chemical parameters, and 
R2 and RMSE for calibration, prediction, cross-validation, and RPD are 
reported in Table 4S. The optimal combination of SVR parameters (C, 
epsilon, gamma, and kernel) is presented for each rheological parameter 
and varies across different properties due to the unique nature of the 
dataset and their distinct characteristics.

The only rheological parameter with all R2 values higher than 0.85 is 
the alpha parameter, which reflects the overall stiffness or viscoelastic 
properties of the binder. The RPD value of prediction for alpha is 3.49, 
which is considered to indicate excellent performance. In contrast, At40 
and CR-Fr show negative R2 and zero RMSE values, indicating that the 
model performs worse than simply predicting the mean of the target 
variable. This may be due to overfitting, where the model is too complex 
and captures noise instead of the actual signal, resulting in poor pre-
dictions on new data. Therefore, it is concluded that the chemical 
properties used as features require better model development to be 
strongly correlated with the At40 and CR-Fr properties.

Furthermore, more details were analysed to identify the most rele-
vant region of the FTIR spectrum for predicting alpha values. The rela-
tionship between alpha values and the index of each region of the FTIR 
spectrum is shown in Figure 24S with R2 and RMSE values used to 
compare different kernels. Specifically, Fig. 21 shows the plot of alpha 
values versus index values of the region 734–783 cm− 1, which resulted 
in the highest R2 value (0.74) and lowest RMSE values (0.75). This 
shows that the FTIR region 734–783 cm− 1 has strong predictive power 
for the alpha value. The chemical bonds and functional groups active in 
the 734–783 cm− 1 range likely have a significant impact on the mate-
rial’s rheological behaviour, possibly due to specific interactions or 
structural features influencing the material’s viscosity, elasticity, or 
other rheological properties. This region corresponds to CH bending 
vibrations in aromatic rings, which are indicative of rigid, multi-ring 
aromatic structures. These structures enhance intermolecular in-
teractions and contribute to a more interconnected molecular network 
within the binder, thus affecting its viscosity and elasticity. The reduced 
molecular mobility resulting from these dense aromatic structures 
further influences the material’s flow and deformation behaviour, 
making the 734–783 cm− 1 region a strong predictor for the alpha value.

In addition to 734–783 cm− 1 region, the complete range of 710–912 

Fig. 17. Loadings of all features (FTIR + DSR parameters) on PC2. All the binder samples from both Q and T binder were used as input. A threshold of ± 0.80 was 
applied to determine the significance of these loadings.

Fig. 18. PCA plot based on FTIR and DSR data for Q samples including lab- 
aged binder films, lab-aged mixtures, and field-aged mixtures. An interactive 
version of this plot, showing the exact sample names, is available in the sup-
porting information (Figure 23S).
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cm− 1 also contains information on dense aromatic structures. Therefore, 
it is recommended to focus more on the 710–912 cm− 1 region in FTIR 
analysis to gain insights into the rheological properties of materials. This 
can streamline analysis and reduce the complexity of data interpreta-
tion. The findings highlight the significance of the FTIR region of 
710–912 cm− 1 in predicting the alpha value, demonstrating a strong 
correlation and predictive capability. This region is crucial for under-
standing the chemical-rheological relationship and has the potential to 
provide a reliable basis for predictive modelling in material science.

4.3.3. Quantifying the impact of aging factors and back-calculation of field- 
aging conditions by MLR

This MLR analysis aims to quantify how various aging factors (i.e., 
temperature, pressure, and time) contribute to resulting aging in a 
binder and to elucidate the relationships among these factors. The 
trained model is then used to back-calculate the aging conditions 
required to achieve the same level of aging observed in field samples. A 
combined aging index was utilized for the MLR analysis instead of 

relying solely on FTIR or DSR parameters since based on PCA analysis in 
section 4.3.1, almost all parameters were important for aging studies. 
The analysis separated lab-aged binders into hygrothermal and thermo- 
oxidative aging groups, expecting that the presence of humidity during 
aging could change the effect of other aging factors. This categorization 
aimed to account for the unique impacts of humidity on the aging pro-
cess and binder properties. The low Pearson correlation coefficients 
(between ± 0.30) and VIF values of aging factors (~1) (Table 5S) 
indicated no significant multicollinearity among the input variables, 
justifying the appropriate use of MLR.

For the thermo-oxidative dataset, there is a discrepancy between the 
regression results for training data (R2 = 0.90) and the Leave-One-Out 
Cross-Validation results (LOOCV R2 = -7.19). The negative value of 
LOOCV R-squared suggests that the model might be overfitting the 
training data and thus performing poorly on the test data, as LOOCV 
tests each observation based on the training results of all others. 
Moreover, with only 9 observations, the model is very sensitive to each 
individual data point. Small sample sizes can lead to unstable estimates 

Fig. 19. Loading of all features (FTIR + DSR parameters for Q binder samples, including lab-aged binder films, lab-aged mixtures, and field-aged mixtures) on PC1. A 
threshold of ± 0.25 was applied to determine the significance of these loadings.

Fig. 20. Loading of all features (FTIR + DSR parameters for Q binder samples, including lab-aged binder films, lab-aged mixtures, and field-aged mixtures) on PC2. A 
threshold of ± 0.25 was applied to determine the significance of these loadings.
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of model performance metrics and can exaggerate the differences be-
tween training and test performance. In future works, a model for 
thermo-oxidative dataset should be developed using more data points.

For the hygrothermal dataset, the model had a high R-squared value 
for both training (0.98) cross validation (R2 = 0.94) data, indicating its 
good performance. Despite the small sample size (10 observations), the 
model integrates a large proportion of the variance in the combined 
index. Therefore, the model of hygrothermal aged samples was selected 
for further investigation.

Table 4 presents the estimated coefficients for each factor. The co-
efficients for temperature, pressure, and time are 0.0173, 0.0266, and 
0.0363 respectively. This indicates that for every unit increase in these 
variables, the log-transformed combined index increases by 0.0173 (p- 
value = 0.017), 0.0266 (p-value = 0.006), and 0.0363 (p-value < 0.001). 
The intercept of − 4.899 represents the expected value of the log- 
transformed Combined index when all factors are zero, indicating a 
very low baseline Combined index.

The sensitivity of the combined index to aging factors can be ana-
lysed by comparing the coefficients of each factor, with higher co-
efficients indicating greater sensitivity. Therefore, the combined index is 
most sensitive to the time factor. To determine the compensatory change 
in one variable for a one-unit change in another, the regression model’s 
coefficients can be used. For a one-unit change in Time (ΔTime = 1), the 
relationships α3 × ΔTime = α2 × ΔPressure and α3 × ΔTime = α1 ×
ΔTemperature yield ΔPressure = 1.364 and ΔTemperature = 2.099. 
Therefore, to compensate for a one-unit change in Time, Temperature 
and Pressure need to change by approximately 2.099 and 1.364 units, 
respectively. This insight is valuable for designing future binder aging 
experiments.

Next, the trained MLR coefficients were used in Equation (10) to 
back-calculate the aging conditions that simulate nine years of field 
aging for porous and stone mastic asphalt. The combined indices were 
calculated based on the measured properties of PA-2023 and SMA-2023. 
The boundary conditions were set within the ranges used in this study: 
60 ◦C < Temperature < 85 ◦C, 1 bar < Pressure < 20 bar, and 5 h <
Time < 40 h. The results indicated optimal conditions for PA-2023 as 
74 ◦C, 16 bar, and 28 h, and for SMA-2023 as 70 ◦C, 10 bar, and 20 h. 
This finding suggests that the model can serve as a starting point for 
guiding the design of laboratory aging conditions that simulate a specific 
year of field aging.

It is important to note that these calculations are valid for aging of 1 
mm binder films under hygrothermal aging condition. Further 

investigation is required for thermo-oxidative or aqua-thermal aging 
conditions. Additionally, this study’s limitations include the small 
number of data points and the exclusion of interaction terms to avoid 
model complexity. Future research should consider these terms with 
adequate data. Thus, this discussion provides a basis for future research.

4.3.4. Finding closest lab-aged sample to field aged samples by Euclidean 
distance

To study the similarity between field- and lab-aged samples, the 
Euclidean distance was calculated based on the PCA score plot (Fig. 18) 
For this distance calculation, field samples of PA-2023 and SMA-2023 
were considered as the reference groups. The reason PA-2023 and 
SMA-2023 were considered as references is that these samples are the 
most field-aged samples, each representative of 9 years of field aging for 
their respective mixture types. The distances between reference samples 
and all other samples are presented in Table 6S in an ascending order 
based on distance value. The illustrative distance results are shown in 
Fig. 22. Q-LW20B-1 and PA-LD150B are the binder and mixture samples 
closest to PA-2023, while for SMA-2023, Q-LD10H-1 and SMA-LD150B 
are the closest binder and mixture samples, respectively.

The results based on the Euclidean distance were then compared 
with the MLR analysis discussed in Section 4.3.3. For PA-2023, the MLR 
predicts the optimal laboratory conditions as 74 ◦C, 16 bar, and 28 h. 
Considering the compensatory changes in aging factors revealed by the 
MLR coefficients, the difference between these conditions and those of 
Q-LW20B-1 (closest to PA-2023 identified by Euclidean distance) is only 
2.6 ◦C, indicating that Q-LW20B-1 was aged 2.6 ◦C cooler than necessary 
to precisely replicate PA-2023 properties. This consistency demonstrates 
the high accuracy of the identified aging conditions in replicating field 
samples. Similarly, the MLR-predicted laboratory conditions for SMA- 
2023 are 70 ◦C, 10 bar, and 20 h, with the closest identified condition 
based on Euclidean distance being Q-LW5B-1 (compared with the MLR 
model trained based on hygrothermal conditions). The compensatory 
changes show a difference of 7.25 ◦C, meaning Q-LW5B-1 was aged at 
7.25 ◦C higher temperature than required to precisely replicate SMA- 
2023 properties.

4.3.5. Prediction of field aging for laboratory samples using SVR
In this section, the aim is to predict the equivalence of field aging 

duration for each laboratory aging condition. To achieve this goal, field 
data were used to train an SVR model with rheological and chemical 
parameters as independent variables and years of field aging as the 

Fig. 21. Alpha from sigmoidal model versus FTIR index in range of 734–783 cm− 1. The green line represents the RBF-SVR model for alpha prediction versus FTIR 
index in the range of 734–783 cm− 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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dependent variable. Then, this model was used with properties of lab- 
aged samples to predict field aging years they represent. Two models 
were trained to evaluate their performance on different datasets: one 
based on SMA field data (SMA-SVR model) and the other on PA field 
data (PA-SVR model). The SMA-SVR model achieved an R2 value of 
− 0.71 and an RMSE of 1.75, while the PA-SVR model achieved an R2 

value of 0.78 and an RMSE of 0.91. The RMSE values indicate the 
average magnitude of error between predicted and actual values, with 
lower RMSE values signifying better model performance. The PA-SVR 
model’s lower RMSE (0.91) compared to the SMA-SVR model’s higher 
RMSE (1.75) suggests that it provides more accurate predictions.

The R2 scores, however, provide additional context. The SMA-SVR 
model’s R2 of − 0.71 implies poor fit, indicating that the model per-
forms worse than a simple mean-based model, as it fails to capture the 
variability in the data effectively. In contrast, the PA-SVR model’s R2 of 
0.78 demonstrates a good fit, with the model explaining a substantial 
portion of the variance in the data. Nonetheless, the PA-SVR model’s 
superior R2 and lower RMSE make it the more reliable and accurate 
model. Consequently, the PA-SVR model was selected for further anal-
ysis in this study.

The model was evaluated using Leave-One-Out Cross-Validation 
(LOOCV), which showed that the SVR model with the optimized pa-
rameters (’C’: 100.0, ’epsilon’: 0.0001, ’gamma’: 0.01, ’kernel’: ’rbf’) 
achieved a mean RMSE of 0.91, indicating that the model’s predictions 
are on average close to the actual years of field aging. The Radial Basis 
Function (RBF) kernel is the optimized kernel, which is well-suited for 
capturing non-linear relationships between the input features (rheo-
logical and chemical properties) and the output (years of field aging).

The PA-SVR model was employed to predict the equivalent years of 
field aging for all laboratory-aged samples, using chemical and rheo-
logical properties as inputs. Table 5 shows the most and least laboratory- 
aged samples with their predicted years of simulated field aging (com-
plete table in supporting information, Table 7S), suggesting that the 
chemical and rheological properties of these samples are similar to those 
of field samples aged for approximately the predicted years indicated in 
the table. Given the model’s RMSE, the true field aging of these samples 
is expected to be within the range of the specified year ± 0.91 years, 
accounting for the average prediction error and variability. Based on the 
predicted values, Q-LW1B-3 is the least aged sample (0.57 ± 0.91), and 

Q-LW40H-1 is the most aged sample (10.85 ± 0.91). For this modelling, 
outlier samples such as those in clusters 1 and 3 of the PCA plot in Fig. 16
were not considered due to the sensitivity of the SVR algorithm to out-
liers. The predictions for both the least and most aged samples are 
consistent with the discussions in other sections, demonstrating the 
validity of the developed model. Consequently, this model is suitable for 
preliminary predicting the equivalent field aging of other laboratory- 
aged samples based on their chemical and rheological properties.

The SVR model predicts the equivalent field aging for various 
laboratory-aged samples, providing results that include decimal values. 
These decimal differences are informative, as they indicate the variation 
in the intensity of aging under different laboratory conditions. The 
conditions can be viewed as part of a continuous spectrum of aging in-
tensities, with the decimal places representing the finer distinctions 
between them. For practical application, laboratory conditions should 
be chosen based on how closely they match the desired duration of field 
aging. While the predictions offer a spectrum of aging conditions, it is 
important to select the laboratory aging protocol that most closely 
corresponds to the required field aging duration. This decision should be 
guided by the limitations of the laboratory equipment, such as its limi-
tation in controlling temperature, pressure, and humidity. Therefore, 
instead of rounding the predicted values, selecting the closest match to 
the target aging time will yield the most accurate results within the 
constraints of the available experimental setup.

Fig. 22. Euclidean pairwise distances identifying the samples closest to PA-2023 and SMA-2023. The inset on the right provides an enlarged view of the relevant 
section of the PCA plot. Circles indicate the distances around each field sample.

Table 5 
Predicted years of field aging for select lab-aged samples subjected to extreme 
conditions, derived from the PA-SVR model. A comprehensive table is available 
in the Supporting Information as Table 7S.

Sample names predicted years of field aging ± 0.91

Q-LW1B-3 0.57
Q-LW1B-2 0.76
Q-LD60C-3 0.82
… …
Q-LD85C-1 9.28
PA-LD150B 9.38
Q-LW85C-1 10.24
SMA-LD150B 10.46
Q-LW40H-1 10.85
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It is important to acknowledge limitations of this work, particularly 
related to the size of the dataset used for training the SVR model. The 
current model is based on limited field-aged samples, which presents the 
potential risk of overfitting. However, this risk has been mitigated by 
performing additional validation, including PCA analysis and Euclidean 
distance comparisons between field-aged samples and lab-aged pre-
dictions. The close alignment between the model predictions and actual 
field data suggests that the SVR model is reasonably accurate, providing 
preliminary insights into field aging behaviour. A dataset with at least 
30 field-aged samples would significantly improve the model’s ability to 
generalize across different conditions. Therefore, while the current 
model offers valuable guidelines, the predictions should be considered 
preliminary until further validation with larger datasets is conducted.

5. Conclusion

This study provides a comprehensive investigation into the aging of 
bituminous binders under varying conditions, focusing on temperature, 
pressure, binder thickness, moisture, and aging duration, alongside 
binder sources and mixture types. The key findings are summarized as 
follows: 

• Studying effect of aging factors on chemical and rheological prop-
erties showed that: 
o Increasing temperature, pressure, and aging duration leads to 

more oxidative products and significant changes in rheological 
properties.

o Hygrothermal aging accelerates oxidative aging in moisture- 
sensitive binders.

o Thinner binder films (1 mm) and porous asphalt samples exhibit 
stronger aging effects.

• The goal of categorizing samples based on binder type and aging 
effects was achieved using PCA. 
o PCA successfully categorized samples based on binder type and 

aging effects by analysing chemical (FTIR indices) and rheological 
properties.

o PC1 emphasized FTIR indices and rheological parameters, while 
PC2 highlighted crossover values.

o However, PCA did not distinctly separate binder films and 
extracted mixture samples, suggesting the need for standardizing 
sample preparation methods.

• To predict rheological parameters based on FTIR indices, SVR was 
employed. 
o The relationship between chemical properties and rheological 

properties was analysed by the SVR prediction model, with the 
alpha parameter (reflects the overall stiffness or viscoelastic 
properties of the binder) of sigmoidal model, reflecting overall 
stiffness, showing excellent predictive performance.

o The FTIR region of 710–912 cm− 1 was identified as critical for 
predicting stiffness.

o The findings emphasize the importance of long-chain regions of 
FTIR spectra in future studies.

• The relationship between independent variables—temperature, 
pressure, and time—during the aging process of bituminous binders 
was assessed using MLR. 
o MLR models quantified the contributions of temperature, pressure, 

and time to binder aging, distinguishing between hygrothermal 
and thermo-oxidative aging.

o Sensitivity analysis showed that time has the most significant 
impact on aging, followed by pressure and temperature.

o To offset a one-unit change in time, temperature and pressure need 
to be adjusted by approximately 2 and 1 units, respectively.

o MLR-derived coefficients were used to back-calculate optimal 
laboratory conditions for simulating field aging (e.g., 9 years for 
porous asphalt and stone mastic asphalt). The MLR model thus 
offers a reliable method for predicting equivalent aging conditions 

and designing laboratory experiments that accurately replicate 
field aging.

• To identify laboratory conditions that closely resemble field samples, 
pairwise Euclidean distance was employed. 
o Using Euclidean pairwise distances and PA-2023 and SMA-2023 as 

reference points, the study identifies the laboratory aging condi-
tions closest to the field, with Q_LW20B-1 (binder) and PA-LD150B 
(mixture) closest to PA-2023 and Q-LW5B-1 (binder) and SMA- 
LD150B (mixture) closest to SMA-2023.

o These results underscore the effectiveness of using Euclidean dis-
tance in conjunction with predictive modelling to assess and fine- 
tune laboratory aging conditions to better simulate real-world 
aging scenarios in asphalt binders.

• The objective of estimating the duration of field aging that a labo-
ratory sample simulates was accomplished through the application 
of SVR. Two SVR models were trained to establish the relationship 
between laboratory aging conditions and the equivalent field aging 
years based on PA and SMA field data separately, with the PA-SVR 
model demonstrating higher accuracy. 
o The Radial Basis Function (RBF) kernel effectively captures non- 

linear relationships between input features (rheological and 
chemical properties) and field aging duration.

o A predictive model has been developed to correlate laboratory 
aging protocols with various field aging durations. According to 
the model, replicating approximately 9 years of field aging for 
porous asphalt can be achieved by subjecting a 1 mm film of binder 
to aging conditions of 85 ◦C, 20 bar pressure, and humidity levels 
exceeding 99 % for 20 h. For simulating 11 years of field aging, the 
recommended duration is extended to 40 h, with the temperature, 
pressure, and humidity conditions remaining unchanged.

This study lays a crucial foundation for future research in the field of 
asphalt binder aging by providing a comprehensive understanding of 
how various factors influence the aging process. The insights gained 
from the analysis of temperature, pressure, binder thickness, moisture, 
and aging duration not only enhance our knowledge of oxidative aging 
mechanisms but also provide preliminary guidelines for understanding 
bituminous binder aging. Future studies should focus on exploring the 
critical FTIR regions identified in this study, particularly the long-chain 
regions associated with rheological properties, could lead to more ac-
curate predictive models for binder performance. Expanding the dataset 
for the MLR model will also be essential to mitigate overfitting issues 
and enhance its robustness. Furthermore, investigating the interplay 
between hygrothermal and thermo-oxidative aging in greater detail 
could uncover new strategies for optimizing binder formulations and 
aging protocols. To improve the prediction of field aging, incorporating 
additional field-aged samples into the training of the formulated pre-
dictive model will allow for the development of more accurate labora-
tory aging protocols for various field aging durations, such as 15 or 20 
years. Overall, this research not only contributes valuable findings but 
also opens multiple avenues for further exploration, ultimately aiming 
to improve the durability and longevity of asphalt pavements.
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