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The debate continues regarding whether different mineral fillers and asphalt technologies mitigate or accelerate
aging formation in bituminous mastics. Hence, this study was centered on investigating the concurrent impact of
aging stages, mineral composition of filler components (e.g., limestone, basalt, and diabase), and asphalt binder
technology on the formation and evolution of physicochemical interactions in bituminous mastics. Various
bituminous mastics at different aging stages were analyzed using rheological oscillatory testing and Attenuated
Total Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR) measurements to study their chemical
characteristics. A generalized self-consistent scheme (GSCS) and Hashin micromechanical models were utilized
to estimate immobilized binder volume and adsorbed binder thickness values from rheological data. Addition-
ally, aging-related indices such as carbonyl and sulfoxide indices were calculated from FTIR-ATR results. In
addition to the typical comparison of these results, a multivariate clustering approach was employed, comprising
Partial Least-Square Regression (PLSR) as a dimensionality reduction protocol and Hierarchical Clustering
Analysis (HCA) as a clustering technique. This approach segregated the mastics into four distinct clusters without
prior knowledge of their labels. The clustering results grouped variants with similar physicochemical attributes
in specific clusters, revealing the mitigating role of various filler types based on the dominant components of
each cluster. Based on the physicochemical results obtained from the clustering analysis, limestone filler is ex-
pected to play a more significant mitigating role in foamed bitumen mastics, helping to alleviate the effects
induced by aging protocols.

1. Introduction

The aging dynamics within asphalt mixtures are shaped not only by
the inherent characteristics of the asphalt binder but also by the
chemical composition and properties of attributes of the added fillers
[1]. Given that aging primarily occurs at the interface of the binder and
mineral constituents within the asphalt mix, a comprehensive under-
standing can be attained through an examination of the composite
structure of binder and mineral components. This composite framework,
referred to as bituminous mastics, forms the macrostructure of asphalt.

Bituminous mastics exhibited a stronger correlation with asphalt
mixture performance compared to asphalt binder alone [2]. The effec-
tiveness of bituminous mastics relies heavily on the reinforcing mech-
anisms of the fillers [3,4], which can be classified into three primary
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scenarios: (i) volume filling, (ii) particle structurization, and (iii) phys-
icochemical interactions. The first two scenarios involve mechanical
reinforcement, addressable based on mechanical behaviors, while the
third necessitates investigation with higher resolution. Physically rein-
forcing mechanisms impact aging by mitigating oxygen diffusion, while
physicochemical interactions influence the aging process by affecting
the adsorbed interphase layer [1]. Physical reinforcement primarily
relies on the stiffening effect of mineral fillers on the composite structure
of bituminous mastics, leading to an increase in viscosity. In contrast,
physicochemical reinforcement is governed by interfacial interactions
between the bitumen and mineral components, influenced by the
mineralogical and physical properties of reinforcing constituents [1].
Notably, fillers play a more substantial role in shaping the physico-
chemical interactions in asphalt mixtures than coarser aggregates,
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attributed to their larger surface areas and increased interfacial
interactions.

Adsorption, a crucial process involving bitumen and mineral com-
ponents, anchors the polar elements of the binder onto the filler surface
[1]. Asphaltenes, highly polar constituents of bitumen, stand in contrast
to resins, aromatics, and saturates, which are considered less and
non-polar [5]. Moraes et al. [5] highlighted that the adsorption process
plays a mitigating role in aging evolution, countering the catalyzing role
of mineral components in fillers. The extent to which various mineral
compositions and components affect bitumen oxidation has been a
subject of debate. Additionally, it is noteworthy to mention that the
chemical and physical components of the adsorbed binder layer differ
from those in the bulk asphalt binder [6]. In simpler terms, the aging
mechanism in bituminous mixtures is intricately governed by the
characteristics of the asphalt binder, mineral components, and the mo-
lecular interaction between the two components.

Beyond known factors affecting aging, the role of mineral compo-
nents can be analyzed based on polar fractions. Higher adsorption
capability results in lower oxidation intensities. Understanding the
structure of the asphalt constituent fractions and their dependency on
the presence of fillers is beneficial in this context. Asphaltene molecules,
surrounded by the resins, constitute the dispersed phase, while saturates
and aromatics form the continuous phase. Incorporation of mineral filler
particles subsequently changes the distribution of these phases, altering
the characteristics of the asphalt binder [7]. On the other hand, it was
discovered that filler concentrations significantly affect the stiffening
mechanisms, transitioning from physical reinforcement to physico-
chemical and particle interaction effects [8]. Given that effective filler
concentration in asphalt mixtures varies between 20 % and 45 % by
volume [7], and filler particle interaction effects are expected at con-
centrations greater than 40 % (by volume) [9], physicochemical inter-
facial interaction between filler and binder dominates the stiffening in
asphalt structure. This effect can be explained by binder adsorption to
the aggregate surface, significantly dependent on filler concentration,
surface area, and composition.

Distinguishing asphalt binder based on the polarity levels yields four
major fractions termed SARA (Saturates, Aromatics, Resins, Asphaltene)
fractions, where increased molecular polarity increases the binder
stiffness [10]. This concept, the relationship between the molecular
polarity and stiffness, can be therefore used to explain the mechanism of
bitumen-filler interaction by distinguishing between the adsorbed
(structural) and bulk (free) bitumen components in the presence of filler
particles. Guo et al. [11] differentiated between the structural and free
bitumen components in the bitumen-filler structure, confirming that the
complex shear modulus of structural bitumen was larger due to the
presence of stiff and polar molecules like asphaltenes and resins. This
observation by Guo et al. [11] confirmed that molecules with higher
polarity levels were more readily adsorbed onto the surface of mineral
filler particles. On the other hand, the use of various asphalt mix tech-
nologies significantly changes the polarity level and consequently alters
the interfacial physicochemical interaction in the bitumen-filler
structure.

Foam bitumen technology, a method to produce asphalt mixes at
lower mixing temperatures can cover a wide range of mixing protocols
consisting of warm mix asphalt (WMA), half-warm mix asphalt, and cold
mix asphalt pavements [12-14]. Among the possibilities to produce
foamed bitumen, the water-based foaming technique can cause changes
in the engineering properties of bituminous mixtures categorized into (i)
the physical changes in bitumen structure, (ii) chemical interactions
with mineral components, and (iii) physical interactions between water,
pressured air, and bitumen. The use of the foamed WMA technique re-
duces the challenges regarding short-term aging despite the increased
concerns regarding the experience of moisture damage [15]. Studying
the impact of the foaming process on the bitumen’s chemistry denied
any significant relationship [16]; similarly, that impact on the micro-
structure of the product was noticed as negligible [17]. It also resolved
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the concerns over the detrimental effects of foaming on the
high-temperature rheological and functional responses of foam bitumen
[18,19], explained by the treating effect of exposure to high tempera-
tures. Despite these promises, some concerns remain over the conse-
quences of the multiphase structure of a foam system. Maciejewski al.
[20] discussed this issue by analyzing the asphalt volumetric charac-
teristics and changes in binder film thickness. Similarly, the infusion rate
of water into the bitumen and the consequent impact on the bitumen’s
molecular structure was assessed [21]. This investigation revealed evi-
dence of chemical conversions and changes in bitumen microstructure.

The intricate role of mineral fillers in shaping the physicochemical
interactions in the asphalt composite structure, coupled with intrinsic
characteristics of foamed-bitumen technology results in highly complex
behavior. Indeed, by increasing the use of WMA mixes in asphalt road
surfacing, the aging-induced stiffening and subsequent distresses will be
altered compared to what is expected from traditional hot asphalt
mixtures. Given the lack of extensive knowledge in explaining the exact
role of mineral fillers in inducing physicochemical interactions, the
application of various asphalt production technologies with ambiguous
impacts on the binder polarity increases the level of uncertainty. In
particular, use of water-based foamed bitumen technology which
directly injects water contents into the asphalt binder makes it more
challenging to predict the asphalt aging intensity. Hence, going in-depth
into the concept of physical and interfacial physicochemical re-
inforcements in foamed bitumen mastics will shed light on more scien-
tific insights into aging evolution.

The micromechanical modeling approach showed promise in
analyzing the reinforcing mechanisms in bituminous mastics caused by
the incorporation of mineral fillers. Considering asphalt mixture as a
composite media, linear viscoelastic characteristics can be approxi-
mated by assuming distinctive subphases, even though it is challenging
to predict the composite modulus of bituminous mastics based on the
characteristics of constituents (i.e., the proportion of the phases and
moduli of each). To overcome this shortcoming, several micro-
mechanical models have been proposed relying on the assumption that
asphalt composites exhibit a multiphase structure [22]. In this context,
the self-consistent model, generalized self-consistent scheme,
Mori-Tanka scheme, and Phy-C models were previously proposed to
estimate the complex modulus of the overall complex medium and the
constituent phases. These models can be categorized based on those of
principal assumptions into multiphase models; to what extent consid-
ering the interfacial physicochemical interactions. Indeed, ignoring the
physicochemical interactions may cause a notable underestimation in
approximating the viscoelastic responses of bituminous mastics since
higher values of fillers’ specific area, compared to those of mineral ag-
gregates, catalyze the physicochemical interactions at the interface of
filler-binder. To address this latter shortcoming, the researchers
attempted to consider some modifications to the precedent models;
Buttlar et al. [23] modified the GSCS model by approximating the
effective volume of filler particles. Another effective approach was also
replacing the filler concentration in Hashin and Shtrikman [24] model
by the effective filler fractions [25]. Further, Underwood et al. [22]
developed a four-phase micromechanical model, termed Phy-C, relying
on the general formulation of Herve and Zaoui [26] by assuming that the
filler (inclusion) is coated with numerous layers which can be an illus-
tration of physicochemical interactions and asphalt binder adsorption.
Another form of GSCS, a two-phase model introduced by Christensen
and Lo [27], offers promises in elucidating the bitumen absorbance
process over mineral particle surfaces when the particle fraction is low
enough, typically around 25 %. However, as the filler volume fraction
surpasses this threshold, these models lose efficiency in predicting the
linear viscoelastic behavior of mastics. The reinforcement effect of filler
particles becomes underestimated in such scenarios. It’s important to
highlight that beyond the intended aim of employing micromechanical
models to predict the complex modulus of the composite, additional
insights into the characteristics of adsorbed binders can be obtained.
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This includes determining the volume of the immobilized binder
through the GSCS model [28] and estimating the thickness of the
adsorbed binder using the Hashin model.

Within this context, assessing the impact of various filler types on the
aging evolution in water-based foamed WMA bituminous mastics given
the notable role of interactions between binder and mineral fillers in the
aging evolution [29]. By determining different aspects of material
characteristics, a general pattern behind aging evolution was searched
relying on the rheological and chemical characteristics of bituminous
mastics. The ultimate objectives of this research are as follows:

(i) Exploring the role of mineral fillers on the adsorbed interphase
layer and mastic microstructure,

(ii) Assessing the physicochemical interaction between mineral
fillers and foamed bitumen using calculating the interfacial
adsorbed film thickness and volume of immobilized binder
volume,

(iii) Elucidating the latent role of the aging process on the physico-
chemical and chemical characteristics of bituminous mastics

2. Research approach

This research paper is focused on exploring the evolution of aging in
bituminous mastics by characterizing the physicochemical interaction
between asphalt binders and mineral components. To this end, bitumi-
nous mastics were studied by incorporating three different filler types
into bitumen after those exposed to various aging protocols. The mastics
were examined by performing the oscillatory tests using dynamic shear
rheometer and the derived complex shear moduli were analyzed by
means of time-temperature superposition principle, generalized self-
consistent scheme (GSCS) and Hashin micromechanical models. The
chemical characteristics of the bituminous mastics were also assessed
through the Fourier Transform Infrared (FTIR) spectroscopy test. The
aim was to distinguish the significance of the filler’s mineral composi-
tion and the bitumen aging stage on the formation of adsorbed binder
components in bituminous mastics.

3. Materials and method

Unmodified bitumen with a penetration grade of 50/70 was used in
this research as the base binder to produce the water-based foamed
bitumen using Wirtgen WLB-10S laboratory scale plant. The foamed
bitumen production was initiated by determining the optimum water
content equal to 2.9 % according to the process outlined in [12,30-32].
To fabricate the desired bituminous mastics, three filler types with the
specific gravity of 2.851 g/cm®, 3.184 g/cm®, and 2.695 g/cm® for
limestone, basalt, and diabase filler, respectively, were incorporated
maintaining the constant volumetric concentration of 27 %. Maintaining
this volumetric concentration in all the mastic variants, which was taken
following the suggestion of [33], eliminates the contribution of particle
reinforcing phenomenon from the mechanical and rheological re-
sponses. Further characteristics of mineral fillers including filler-specific
surfaces and AR&B (DIN EN: 13179-1) have been measured as reported
in Table 1. It should be mentioned that the AR&B testing has been
conducted by employing 50/70 Pen bitumen for the sake being

Table 1
Mastics compositions.
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consistent with the testing program. A detailed process of the mastic
mixing design can be reached in [28,33]. The components and the
corresponding volumetric composition of four desired mastic variants
are illustrated in Table 1.

The mastics were generated by heating the mineral fillers for 6 h at
160 °C and added to the foamed bitumen 60 min after the foaming
process. The mastics were mixed for 20 min using a low-shear mixing
device. It is important to note that during mastic preparation, the fillers
were added to the foam bitumen and virgin bitumen at temperatures of
130 °C and160 °C, respectively. To proceed with the experimental
program, the generated mastics underwent laboratory short-term and
long-term aging procedures relying on the Rolling Thin Film Oven Test
(RTFOT) and Pressure Aging Vessel (PAV) protocols proposed by ASTM
D 2872 and ASTM D 6521, respectively.

The mastic variants at various aging levels as well as the water-based
foam bitumen and base binder were characterized in the linear visco-
elastic domain by subjecting to the temperature-frequency sweep (TFS)
test. TFS testing was carried out using a dynamic shear rheometer
(Anton Paar Physica MCR 302) by setting the temperatures ranging
between —8 °C and 88 °C, with the 6°C increments, and applying nine
various angular frequencies (with a logarithmic ramp) varying between
1 rad/s to 100 rad/s. Two parallel geometries of 25 mm, for the tem-
peratures comprising 34 °C to 88 °C, and 8 mm, for the temperatures
comprising 34 °C to —8 °C, were employed to implement the TFS testing.
To ensure avoiding the lateral impact of testing and/or operational er-
rors, two replicates were performed for each variant.

To analyze the chemical composition of each mastic, the Attenuated
Total Reflection Fourier-Transformation Infrared (ATR-FTIR) spectros-
copy was conducted by employing a Bruker Alpha device equipped with
an attenuated total reflection unit. The spectral wave numbers were
targeted ranging from 4000 to 400 cm™! with 24 scans performed for
each spectrum. To ensure the reproducibility of the observations and
avoid any bias in observations five samples (droplets) were prepared for
each testing variant, and each sample was examined five times. The
testing was conducted per the protocol provided by Ref. [34].

The aging evolution in bituminous mastics with different mineral
components has been investigated in another study [35] using multi-
variate discriminant analysis. Consequently, these discussions are
omitted here for brevity.

4. Formal analyses
4.1. Raw data analysis

The raw data collected from TFS tests were utilized to construct the
Black and Cole-Cole diagrams, as depicted in Fig. 1, serving two primary
purposes: validating the applicability of the time-temperature super-
position (TTS) principle and examining the linear viscoelastic charac-
teristics of the mastics. Fig. 1 compares the findings from unaged control
mastic (CM) with those from CM mastics subjected to both RTFOT and
PAV aging protocols. For the sake of brevity, the results of additional
mastics were excluded. As discerned from Fig. 1, all mastics displayed
continuous singular curves, affirming the integrity of the TTS principle
[28]. The influence of various filler types appeared negligible on the
Black and Cole-Cole diagrams of unaged and RTFOT-aged mastics,

Filler type  Binder type Mastic Filler Specific gravity (§/  Filler specific surface AR&B Binder Mass Filler Mass Filler to binder volume
D cm3) (em®/g) 50/70 63) (2 ratio
Pen
Limestone  Virgin 50/70 CM 2.815 5030 15.5 500 518 27 %
bitumen
Limestone  Foamed bitumen LM 2.815 5030 15.5 518
Basalt Foamed bitumen BM 3.148 3985 31 580
Diabase Foamed bitumen DM 2.695 5210 12 490
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Fig. 1. Representation of the mastics raw data: (a) Black and (b) Cole-Cole diagrams.

whereas the distinct fillers’ significance became apparent after exposure
to long-term aging.

Analyzing the TFS results revealed a characteristic transition in the
curve associated with base bitumen and foam bitumen from a glassy to a
viscous state, with the complex shear modulus values decreasing as the
phase angle magnitude increased until reaching 90°. Meanwhile, the
role of foaming technology in shaping the rheological responses of
mastics in the presence of different filler types was investigated, illus-
trating the minimal impact of bitumen technology on the time-
temperature-dependent responses of bituminous mastics when lime-
stone filler is incorporated. In terms of aging, it can be concluded that
implementation of aging protocols in bituminous mastics led to more
elastic responses with a higher proportion of stored energy compared to
dissipated energy.

Examining the impact of fillers on aging-induced stiffening revealed
distinct responses. For instance, the presence of diabase fillers exhibited
the least changes in material elasticity after exposure to aging protocols,
while the presence of basalt filler recorded the most significant change
in the black area. Additionally, analysis of raw data based on the Cole-
Cole diagram indicated that different filler types and bitumen technol-
ogy induced changes in both loss and storage moduli. Particularly in
long-term aged mastics, the use of foamed bitumen instead of neat
bitumen in the presence of limestone, decreased the storage and loss
moduli at low temperatures (and/or high frequencies), while the
incorporation of diabase filler resulted in higher moduli compared to
limestone and basalt fillers. This suggests that in long-term aged mastics,
the use of foamed bitumen shifted the Cole-Cole diagrams leftward
(lower storage modulus values), indicating a shift towards less elastic
responses. In terms of filler types, the degree of aging-induced elasticity
can be correlated with limestone, basalt, and diabase, respectively.

To quantify these observations, normalized |G*| and & values were
calculated based on the values associated with unaged mastics as re-
ported in Tables 2 and 3. Following the methodology outlined in [28],
these values were determined at an angular frequency of 10 rad/s and
temperatures of 4°C, 22°C, 58°C, and 82°C. The results demonstrated an
increase in the normalized |G*| and a decrease in the normalized & due
to various aging protocols. Notably, normalized |G*| values for mixes
exposed to RTFOT+PAV were significantly higher than those for RTFOT
aging alone. Moreover, the impact of aging was more pronounced at
higher temperatures than at lower temperatures. Conversely, phase
angle values were notably reduced due to aging protocols, with aging
accumulation leading to an intense reduction in phase angle. Contrary to
the normalized |G*| observations, normalized & values experienced
greater changes at lower temperatures, aligning with previous research
on reclaimed asphalt pavement fillers in bituminous mastics [28] and
the analysis of aging in bitumen [36].

Beyond aging intensity and temperatures, various filler components
can alter material rheological responses. The presented results in

Tables 2 and 3 indicate that incorporating foamed bitumen instead of
base bitumen mitigated the evolution of aging-induced stiffness. Spe-
cifically, lower normalized |G*| ratios and higher normalized & ratios
were observed in mastics incorporating foamed bitumen. Concerning
filler types, foamed bitumen mastics with diabase filler exhibited highly
significant mitigation effects, while limestone filler mitigated rheolog-
ical changes, particularly at higher temperatures. Consequently, the
impact of filler types and bitumen technology can significantly influence
the overall linear viscoelastic responses of aged bituminous mastics.

4.2. Master curves

The Christensen, Anderson, and Marasteanu (CAM) model, along
with the Williams-Landel-Ferry (WLF) model, was employed to derive
master curves of the complex shear modulus (|G*|) and phase angle (5)
by applying the time-temperature superposition principle [37,38]. This
involved determining the reduced frequency (or) based on the actual
angular frequency and shift factor. To accurately determine the shift
factor, the WLF model was utilized, which integrates the effects of both
time and temperature into a master curve, as represented in Eq. (1). In
this equation, C; and Cy were utilized to tailor the shift factor for optimal
fitting [39].

log(aT) _ ( C (T - Tref) 6))

Co+ T —T)

The CAM model was introduced as a mathematical framework to
generate master curves of asphalt binders using Eqs. (2) and (3).

16 (w) = 6], [1 4 <fj’7j>“} ' @
Swy) = =20 3)
{1 + (g)}

where G* () is the complex shear modulus; |G*|g is the glassy dynamic
modulus; o, is the reduced frequency (rad/sec) at the defined temper-
ature; and w, is cross-over frequency (rad/sec) at the defined tempera-
ture. Additionally, v and m (where m=log(2)/R) are the dimensionless
shape parameters that are obtained through the optimization process.
The CAM model (Fig. 2) is formulated as a function of glassy modulus,
the rheological index (R), and the crossover frequency. Among these, the
crossover frequency characterizes the overall stiffness of bituminous
mastics, which increases with decreased w.. Moreover, the rheological
index is utilized to delineate the transition of bituminous materials from
elastic behavior to steady-state flow. Higher magnitudes of rheological
index denote less brittle (more elastic behavior) materials under inter-
mediate loading rates and temperatures. Table 4 represents the
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Fig. 2. CAM model parameters.

coefficients obtained from the fitting of CAM model.

Fig. 3 illustrates the master curve of complex modulus and phase
angle of the mastics at the reference temperature of 25 °C. To enhance
clarity and conciseness, the master curves of PAV-aged mastics were
separated from other aging levels. It is noteworthy that the imple-
mentation of RTFOT and PAV aging protocols resulted in progressive
changes in the rheological responses of different bituminous mastics.
Conversely, the influence of aging intensity on the rheological charac-
teristics of various bituminous fillers can be attributed to the filler type
and binder technology. Figs. 3a and 2b signified that the incorporation
of mineral fillers led to increased stiffness and elasticity of the mastics.
Similarly, the impact of sequential aging protocols is evident, demon-
strating that higher aging levels correlate with increased stiffness and
elasticity across the entire range of reduced frequencies. This observa-
tion aligns with the preliminary analysis of the raw data. To distinctly
observe the impact of PAV aging on the rheological responses of the
bituminous mastics, the master curves of complex modulus and phase
angle of PAV-aged mastics were plotted in Figs. 3c and 2d. These curves
not only depict the effect of aging on material stiffness and elasticity but
also underscore the role of foam bitumen in mitigating aging-induced
stiffness. Fig. 3c illustrates that PAV aging resulted in higher stiffness
levels in CM compared to LM, particularly at higher temperatures (and/
or lower frequencies). Regarding the role of fillers in foamed bitumen
mastics, the most significant mitigating effect was observed with diabase
fillers, while the least mitigating role was observed with basalt fillers. A
similar trend is apparent in Fig. 3d, indicating the mitigating effect of
foamed bitumen and filler types at higher temperatures (and/or low
frequencies). This figure demonstrates that bituminous mastics pro-
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5. Micromechanical modeling
5.1. Immobilized binder layer

The micromechanical modeling approach was used to evaluate the
influence of different compositions of mineral filler, to approximate the
immobilized binder volume (Viymm) by fitting the generalized self-
consistent scheme (GSCS) model. Generally, the incorporation of min-
eral fillers in a bituminous matrix contributes to the overall product
characteristics through three main mechanisms: volume filling rein-
forcement, physicochemical reinforcement, and particle interaction
reinforcement [28]. The stiffness of the composite matrix can be altered
by each of these mechanisms, depending on whether filler concentration
or interfacial contribution predominates. Notably, since the filler con-
centration in this study was maintained at 27 % of the total volume of
the bituminous mastic, the contribution of the particle-interaction
reinforcement can be disregarded.

The GSCS model, which is the interest of this section, treats the filler
granules as spherical inclusions suspended in bitumen, forming a soft
continuous matrix (Fig. 4). In this, the effective volumetric concentra-
tion of filler (c.y) represents the volume theoretically approximated
based on measured TFS results. This value can be utilized to estimate the
volumetric concentration of spherical hard inclusions not associated
with mineral fillers. In essence, cc,1, alongside the real filler concentra-
tion (c), can be used to estimate the volumetric concentration of the
binder hard shell surrounding filler particles [28]. Considering the role
of the actual volumetric concentration of mineral fillers in
volume-filling reinforcement, the approximated binder hard shell
around filler particles serves as a representative factor of physi-
ochemical reinforcement. It is important to recall that due to the filler
concentration in this research, particle reinforcement interaction can be
neglected.

The volume of the hard shell surrounding the filler particles, termed
Vimm, can be determined by subtracting ¢ from cc,, as illustrated in Eq.
(4). Since the chemical composition of various filler types, combined
with the aging level, influences interfacial effects between filler and
bitumen, different combinations may result in distinct physicochemical
reinforcement intensities. Therefore, Vimy, serves as a representative
value in this context.

Vimm = Ceat — € ()]

To derive ccq), the GSCS micromechanical model was applied, uti-
lizing the TFS results of the base binder and the desired mastics as in-
puts, along with the shear modulus of inclusion and Poisson’s ratios of
inclusion and matrix. The formulation corresponding to the GSCS model
is presented in Egs. (5)-(11).

duced using foamed bitumen and/or incorporating diabase fillers 1G], \ 2 G|
m m —

exhibit better resistance to gaining elasticity. A ( 1G], ) + B ( G, ) +C=0 ®

Table 4

CAM model parameters.
Sample ID Aging level Tref (°C) WLF coefficients CAM model

Cy Cy log(Gg)/[kPa] log(w.)/[rad/s] 0 m R

CM-Unaged Unaged 25 13.99 130.15 5.86 2.49 1.43 0.99 0.30
CM-RTFOT RTFOT 14.51 131.74 6.09 2.16 1.65 1.01 0.30
CM-PAV PAV 19.79 152.73 6.26 0.004 2.42 0.95 0.31
LM-Unaged Unaged 12.74 117.70 6.11 2.49 1.59 1.04 0.29
LM -RTFOT RTFOT 14.12 127.09 6.16 2.12 1.73 1.03 0.29
LM -PAV PAV 12.41 93.09 6.04 0.004 2.30 1.21 0.25
BM-Unaged Unaged 13.46 119.62 6.08 2.32 1.52 1.02 0.29
BM -RTFOT RTFOT 14.10 128.11 6.11 2.18 1.61 1.01 0.30
BM -PAV PAV 11.90 98.30 6.26 0.004 2.62 1.12 0.27
DM-Unaged Unaged 14.05 128.09 5.89 2.41 1.36 0.99 0.30
DM -RTFOT RTFOT 13.72 122.32 6.17 2.02 1.77 1.04 0.29
DM -PAV PAV 13.54 128.55 6.64 0.004 2.64 1.28 0.23
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G;
Ny == (8—101)+ (7 —5w)
1G],

1D
where |G*|;, and |G*|p are the norm of the complex modulus of the
mastic and base binder, respectively, acquired through the TFS testing;
G; is the shear modulus of the inclusion (i.e. mineral fillers); vy and v; are
the Poisson’s ratios corresponding to the base binder and inclusion,
respectively. Gj, vy, and v; were set to 24 GPa, 0.4, and 0.15, respec-
tively, aligning with the assumptions made in previous research studies.

Relying on the relationships in Eqs. (5)-(11), the value of c is itera-
tively back-calculated by minimizing the convergence error between the
measure and predicted |G*|n values, thereby determining cca. To
highlight the combined influence of temperature and aging on the
influenced binder layer, TFS results were solely utilized at the reference
angular frequency of 10 rad/s across the tested temperatures to back-
calculate c¢o and subsequently the Viyy,. Fig. 5 summarizes the results
of GSCS micromechanical model, representing Viyn, of the mastics at
various aging levels across a temperature range.

In this figure, the phenomenon of physicochemical-induced stiff-
ening (associated with interfacial interaction of filler and binder) can be
assessed, where Viny, values associated with unaged mastics varied in
the range of 0.16-0.38. Given the volumetric concentration of mineral
fillers set at 27 %, it can be inferred that interfacial stiffening deviated
from the filler type.

Further, the impact of temperature is evident, demonstrating a
gradual increase in Vinm with rising temperature up to intermediate
conditions, while Vjy, values remained almost constant in high-
temperature conditions. Comparing various aging levels underscores
the significant role of aging protocols in forming higher volumes of
immobilized binder. Exposure to the PAV aging protocol notably
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increased the volume of immobilized binder, surpassing even the values
associated with unaged and RTFOT-aged mastics. Similar to Viyn, curves
of unaged bituminous mastics, increasing the temperature from low to
intermediate levels increased the volume of immobilized binder, while
at temperatures above the intermediate range, the component reached a
steady state. While this observation suggests that aging intensity plays a
more significant role in shaping the immobilized binder layer compared
to other considered factors, it can be inferred that the role of various
filler components in mitigating aging-induced stiffening becomes more
apparent at higher levels of aging.

5.2. Thickness of adsorbed binder layer

Given that the mineral fillers’ concentration remained consistent
across all variants, any rheological and chemical differences among
different bituminous mastics can be attributed to the physicochemical
reinforcement resulting from the interfacial interaction between the
inclusion and matrix. Among the micromechanical models, the Hashin
model is an analytical tool to assess the impact of physicochemical
interaction alongside filler-filling reinforcement [25].

The Hashin model is primarily designed for analyzing an isotropic
heterogeneous medium containing spherical-shaped inclusions. Within
this framework, the effective shear modulus of the desired composite,
which constitutes a two-phase linear elastic composite, can be deter-
mined using the following relationship in Eq. (12).

15(1 — vm) (% - 1)(pf

G =+ (12)

m 7—5ym+2(4—5ym)[%— (%— )q;f}
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Fig. 5. Immobilized binder volume of various mastics; a) control mastics, b) limestone mastics, ¢) basalt mastics, and d) diabase mastics.
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where G, is the effective shear modulus of composite mastic; G, is the
shear modulus of matrix; Gy is the shear modulus of filler; vy, is the
Poisson’s ratio of matrix; and ¢s is the volume fraction of filler. In the
context of bituminous mastics, the abovementioned model can be
simplified by assuming that Gt is significantly greater than Gp,. There-
fore, the relationship presented in Eq. (13) can be restructured as shown
in Eq. (13).

Gc 15(1 _Vm)(pf

Gn T2 501 g)) a3

Given that the model presented in Eq. (13) only considers the rein-
forcement causes by the volume-filling phenomenon, the role of physi-
cochemical interactions between the mineral filler and the asphalt
binder can be incorporated into the computation by replacing ¢; with
@g- The former is the actual filler concentration in the mastic while the
latter is the effective volume fraction of mineral filler. Thereafter, the
total volume of the adsorbed binder together with the volume of filler
inclusion can be achieved by back-calculating the value of ¢;;. Having in
hand the values of ¢y, ¢, and physical characteristics of mineral filler,
the thickness of adsorbed binder layer can be calculated through Egs.
(14) and (15).

2((%; - 1) (4 — 5up)

Peff = a4
15(1 — vp) + z(g—; - 1) (4 — 5up)
d— Pefr — @5 (15)
QX gXS

where d is the film thickness (pm); g is specific weight of filler (g/ pm3); s
is specific surface area of the filler (um2/g).
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To determine the thickness of the adsorbed binder film in this study,
the master curves developed by the CAM model were employed as the
input values, determining the simultaneous impacts of temperature and
frequency on shaping distinct thicknesses of adsorbed binder layers. It
has been noted in the literature that higher temperatures lead to
increased thicknesses of the adsorbed binder layer [28], while thickness
decreases as frequency increases [25]. Fig. 6 depicts the approximated
values of the adsorbed binder thickness, indicating that aging protocols
resulted in increased thicknesses of the adsorbed binder layer. Besides
the governing role of aging, both temperature and frequency played
significant roles in shaping this component. The influence of mineral
filler components on the thickness of the layer is also apparent,
emphasizing the physicochemical-induced stiffness in bituminous
mastics.

Fig. 6 depicted that increased angular frequencies decrease the
thickness of the adsorbed binder layer, and similarly, higher tempera-
tures, associated with lower reduced frequencies, result in greater
binder thicknesses. These two observations were aligned with the find-
ings of previous research works. However, beyond intermediate tem-
peratures (i.e. 28-34 °C), the thickness of the adsorbed binder layer
reaches a local limit, suggesting a limitation in forming the adsorbed
binder layer despite the exposure to high temperatures. This value varies
depending on the mineral composition of the filler and aging intensity,
implying the role of different fillers’ mineral compositions in absorbing
the polar components of asphalt binder.

From the perspective of filler mineral composition, the results of the
adsorbed film thickness can be analyzed in relation to the origin of
different fillers. The role of mineral filler composition can be investi-
gated in different manners, where these components solely lead to
distinct film thicknesses in unaged mastics. Further, their contribution to
aging protocols and the mixture technology in shaping distinctive film
thicknesses is of interest to the field. Firstly, mastics incorporating
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Fig. 6. Adsorbed film thickness variation of various mastics; a) control mastics, b) limestone mastics, c¢) basalt mastics, and d) diabase mastics.
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limestone fillers (produced using water-based foamed bitumen) exhibit
thinner film thicknesses compared to those incorporating basalt and
diabase fillers. Additionally, a notable decrease in the thickness of the
adsorbed film is apparent with the use of foaming technology when
comparing the CM and LM.

Fig. 6b illustrates that PAV-aged LM mastics exhibit a high degree of
dependency on the combination of temperatures and angular fre-
quencies. This indicates that the use of foamed bitumen and the incor-
poration of limestone fillers render the film thicknesses sensitive to
changes in angular frequencies. In contrast, a comparison of the plots in
Fig. 6b-d revealed that the inclusion of basalt and diabase significantly
reduces the dependency of film thicknesses on temperature changes. To
elaborate further, the film thickness curve associated with PAV-aged
diabase mastics follows a continuous shape without any disruptions
across various combinations of temperature/frequency. This suggests
that when mastics incorporate diabase fillers, the impact of angular
frequencies on film thickness at specific temperatures is lower compared
to mixes incorporating limestone and basalt.

5.3. Discussion on the adsorbed/immobilized binder fractions

The micromechanical modeling results unveiled that the combina-
tion of aging levels and the fillers composition influenced the relation-
ship between temperature and immobilized binder volumes. As depicted
in Fig. 5, increasing the temperature led to higher immobilized binder
volumes until reaching a steady equilibrium point, indicated by arrows.
Notably, aged mastics necessitated higher temperatures to reach this
equilibrium point. This observation underscores the significance of
binder viscosity in the formation of the immobilized binder fraction, as it
enables bitumen to sufficiently cover the fillers and facilitates the
attraction of polar components in bitumen to the surface of mineral
fillers. However, at temperatures exceeding that corresponding to this
equilibrium point, the role of temperature becomes less significant as the
bitumen has already transitioned to its required liquid state. Fig. 7 il-
lustrates the role of temperature on the formation of the immobilized
binder fraction.

Besides, the adsorbed binder thicknesses signified the concurrent
impact of temperature and frequency. At lower reduced frequencies,
corresponding to higher temperatures, angular frequency played a
crucial role in forming the adsorbed binder layer, while its impact was
opposite at conditions associated with higher reduced frequencies.
Additionally, heightened aging levels, attributable to increased viscos-
ity, diminished the importance of angular frequency. These findings
underscore the role of mixture viscosity in shaping the adsorbed binder
layer, while angular frequency predominates in scenarios where the
mixture exhibits lower viscosity.

6. Chemical characteristics

To assess the aging intensity across different bituminous mastics,

Despite the presence of the
free bitumen, further
adsorption does not occur
once equilibrium is reached

b4 S s
¢ @ @ @ @ @ Q
\ Temperature ‘

Fig. 7. Representing the role of temperature in forming the immobilized
binder layer.
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FTIR spectroscopy results underwent preprocessing according to [40],
followed by calculating indices for carbonyl (1725-1665 cm'l) and
sulfoxide (1070-984 cm™) functional groups by integrating areas
beneath normalized spectral curves. Fig. 8 illustrates the distribution of
these indices, revealing an increase in the carbonyl index due to PAV
aging compared to the mastics with RTFOT. On the other hand, at the
post-PAV aging stage, the mastics containing diabase fillers exhibited
higher carbonyl levels compared to other filler types. Moreover, within
the realm of bitumen technology, the carbonyl index in CM (limestone
fillers and base binder) was significantly lower than in LM (limestone
and foamed bitumen).

Regarding sulfoxide indices, BM and DM variants, both unaged and
RTFOT-aged, demonstrated notably higher values compared to mastics
with limestone fillers. Conversely, PAV aging led to a significant in-
crease in the sulfoxide index for CM, surpassing even LM values. This
observation suggests that the higher sulfoxide levels in unaged and
RTFOT-aged BM and DM mastics may be attributed to the mineral filler
compositions, while the relatively lower index of PAV-aged LM and DM
compared to CM can be inferred as the role of foam bitumen in miti-
gating the aging-induced chemical changes.

To wrap up this part, contrasting phenomena were observed in
various aging indices, where the role of foam bitumen was catalyzing the
formation of carbonyl while mitigating sulfoxide increase. Assuming the
carbonyl and sulfoxide functional groups are representative of aging
levels, interpreting the role of mineral components alongside bitumen
technology on aging evolution is challenging. To address this, the
contribution of chemical components to rheological and micro-
mechanical characteristics will be discussed further.

The evolution of carbonyl and sulfoxide functional groups was
investigated in conjunction with rheological parameters, specifically the
cross-over frequency (@), as shown in Fig. 9. This figure reveals a
noticeable consistency among points corresponding to a similar aging
level. Notably, an increase in aging level correlated with a decrease in
the value of w. across the examined bituminous mastics, consistent with
findings in the literature [41]. Furthermore, Fig. 9 highlights the in-
tensity of the respective indices relative to the mineral composition of
the fillers used, at each aging level. This comparison offers insights into
both the chemical and rheological characteristics of the mastics.

7. Chemo-mechanical characteristics of bituminous mastics

Investigating the chemical, rheological, and micromechanical char-
acteristics of bituminous mastics has yielded distinctive information
related to various domains of bituminous mastics characteristics. Un-
derstanding these characteristics necessitates an analysis of their in-
teractions and simultaneous contributions. Hence, the clustering
approach, a form of an unsupervised learning algorithm in the realm of
machine learning (ML) [42], was selected to categorize the dataset into
distinct clusters.

Initially, the dataset comprising chemical indices values was
analyzed using a clustering approach to classify it into subsets repre-
senting different aging states in bituminous mastics. The mastics were
plotted in a 2D graph based on carbonyl and sulfoxide values, though
these results are not presented here due to brevity. This analysis showed
that it is difficult to distinguish various clusters from the examined
mastics based on those chemical compositions. Subsequently, a dataset
comprising (i) chemical indices, (ii) immobilized binder volumes (sec-
tion 5-1), and (iii) adsorbed binder thicknesses (section 5-2) was pre-
pared. Given the complexity of the dataset, the Principal Component
Analysis (PCA), an unsupervised learning algorithm, was employed to
project the dataset into a new space with comparable representation
levels. Hierarchical Cluster Analysis (HCA) was then utilized to identify
various clusters. Both PCA and HCA are multivariate data analysis
techniques capable of yielding reasonable groupings.

Python programming language was utilized for the analysis,
employing PCA and AgglomerativeClustering analyses from the sklearn
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library. The analysis commenced with determining the explained vari-
ance ratios of multiple principal components in PCA, as shown in
Fig. 10a. It was revealed that three principal components are necessary
to adequately explain the phenomena using PCA analysis. Three com-
ponents resulted in a new dataset representation shown in Fig. 10b-d.
While PC1 was identified as the most representative component for
distinguishing aging levels, it was challenging to establish a clear deci-
sion boundary between unaged and RTFOT-aged mastics on PC1 values
alone. However, focusing on PC3 elucidated these values are slightly
greater than those of unaged mastics, suggesting potential utility in
distinguishing between mastics in a 3D projection.

Integrating PCA results into HCA analysis led to the division of the
data surface into four distinct clusters as per Fig. 11a. This clustering
was attributed to the interaction between filler mineral composition and
aging protocols, termed physicochemical interactions. For instance,
cluster 1 comprised LM and CM mastics before and after RTFOT, while
cluster 2 included all BM mastics (i.e., unaged, RTFOT, and PAV) and
PAV-aged CM variant. Comparison between these revealed similarities
in physicochemical characteristics of PAV-aged CM mastic and BM
mastic variants, suggesting a relationship between aging protocols and
mastic compositions. In the same way, unaged and RTFOT-aged CM
mastic variants were included in the same cluster (cluster 1) with
unaged and RTFOT-aged LM variants. Cluster 4 encompassed PAV-aged
LM and DM variants, while Cluster 3 represented unaged and RTFOT-
aged DM mastics.

To enhance the differentiation further, an alternative dimensionality
reduction technique, Partial Least-Squares Regression (PLSR), was
employed. Unlike PCA, PLSR is a supervised learning approach that
considers data labels during dimensionality reduction. To facilitate this,
the label matrix was encoded for compatibility with regression-based
algorithms. Subsequently, the latent variables (LVs) underlying the
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input dataset were determined by fitting a PLSR model. The distribution
of LV importance, shown in Fig. 12a-b, revealed that six latent variables
were necessary to adequately explain the variance between samples in
the dataset, with no significant improvement observed beyond this
point. Notably, the primary variance could be reasonably explained by
the first two LVs. (Fig. 12b).

Upon fitting the PLSR model with six LVs, the corresponding weights
for each variable were determined as displayed in Fig. 12¢ and d. Sub-
sequently, a new data set comprising two label features (mastic type and
aging level) along with the six LVs was generated. Clustering analysis
was then conducted using the HCA algorithm, defining four clusters. The
results depicted in Fig. 13 revealed distinct clusters, with PAV-aged CM
forming its own cluster (cluster 4). Additionally, PAV-aged BM and DM
mastics were grouped together in cluster 2, while cluster 3 encompassed
unaged variants of CM and LM. Cluster 1 comprised all RTFOT-aged
variants, along with PAV-aged LM and unaged variants of DM and BM.

The results of the clustering task revealed that the point representing
PAV-aged LM appears relatively close to cluster 2, where the physico-
chemical characteristics of PAV-aged DM and BM are evident. This
suggests that while the characteristics of PAV-aged LM are well repre-
sented by cluster 1, the trace of PAV-aged (foamed) WMA mastics is
apparent. Similarly, the points representing unaged DM and BM variants
are projected in the lower left part of cluster 2, likely due to their con-
trasting properties compared to PAV-aged LM (and in PAV-aged WMA
mastics). All the RTFOT-aged variants are centrally located within
cluster 1, with reasonable overlap.

Examining the clustering pattern in Fig. 13, it’s apparent that points
corresponding to various aging states are projected closely together,
while differences in mineral components (filler types) and mix tech-
nology (foamed or base bitumen) dictate the formation of distinct
clusters. This observation underscores the robustness of the
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Fig. 10. PCA multivariate analysis criteria; (a) the importance of principal components, (b-d) binary projection of PCs.
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Fig. 11. Results of clustering task using PCA-HCA; (a) clusters boundary, (b) Hierarchical clustering dendrogram.

simultaneous use of PLSR and HCA, referred to as PLSR-HCA, in
analyzing datasets comprising indies from FTIR results and micro-
mechanical modeling results. Consequently, it can be concluded that
different bituminous mastics can be effectively distinguished into
various clusters by analyzing their chemical characteristics and attri-
butes related to binder adsorption using the PLSR-HCA clustering
approach.

8. Conclusions

The present research was drawn aiming at characterizing the phys-
icochemical interactions between the mineral components and bitumi-
nous binder induced by aging phenomenon in the bituminous mastics.
To discover this phenomenon various bituminous mastics with various

12

aging levels were exposed to TFS and FTIR testing, resulting in time-
temperature-dependent responses and chemical characteristics of the
produced product. The TFS results were initially analyzed by imple-
menting a CAM modeling approach to fit the master curves and deter-
mine the inputs of micromechanical modeling. On one side, two well-
known micromechanical modeling approaches, termed as GSCS and
Hashin model, were employed to characterize the immobilized binder
volume and adsorbed binder thicknesses, respectively. On the other
hand, the FTIR results were employed to calculate the indices repre-
senting the aging-related functional groups. Combining these three
sources of data, the role of the aging process in altering the physico-
chemical interaction between the constituted components can be
explained. To do so, a clustering approach relying on the ML algorithms
was employed to unveil the latent relationship between the variables by
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discovering the clusters within the dataset. This methodology resulted in

findings as follows:

1) The application of aging protocols on bituminous mastics led to a

gradual alteration in their

rheological properties, resulting in

increased stiffness with higher levels of aging. This trend was evident

in the cross-over frequency
aging levels.

values, which decreased with higher

2) The influence of aging accumulation on the rheological properties of
bituminous mastics varied depending on the type of mineral fillers
used. Diabase filler demonstrated a mitigating effect when combined

with foamed bitumen technology, reducing aging-induced stiffness,
whereas basalt fillers contributed to the highest stiffness levels
among the tested mixes.
3) Throughout rheological analyses, the impact of aging protocols,
mineral fillers, and bitumen technology on the physicochemical in-
teractions in bituminous mastics was apparent. The GSCS micro-
mechanical model was utilized to evaluate the volume of
immobilized binder, reflecting these interactions. Results showed a
significant increase in immobilized binder volume due to aging
accumulation, catalyzing physicochemical interactions.
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The Hashin model was employed to estimate the thickness of
adsorbed binder in various bituminous mastics, reflecting changes in
physicochemical interactions. Consistent with the GSCS model, the
Hashin model results confirmed the role of aging in increasing the
thickness of the adsorbed binder layer. The role of temperature was
also in the same term, where higher temperatures increased thick-
nesses. On the role of mineral fillers, the incorporation of diabase
filler led to a more consistent evolution of adsorbed binder thick-
nesses compared to limestone fillers. This model highlighted the
foamed bitumen technology influencing this phenomenon.
Chemical composition analysis of bituminous mastics revealed in-
sights into carbonyl and sulfoxide functional groups. These indices
highlighted the impact of mineral fillers and bitumen technologies
on forming desired functional groups. Diabase fillers catalyzed the
formation of carbonyl groups, while basalt fillers played a similar
role in forming sulfoxide functional groups.

Chemo-mechanical analysis using PLSR-HCA clustering revealed
four distinct clusters based on interactions between mineral com-
ponents, bitumen characteristics, and aging levels. This clustering
emphasized the significant roles of aging and mineral composition in
shaping physicochemical interactions. Considering both chemical
and mechanical characteristics in PLSR-HCA clustering, limestone
fillers in foamed bitumen technology appeared to mitigate aging-
induced stiffness in mastics. This observation was supported by the
assignment of PAV-aged LM to cluster 1, indicating lower aging
intensities.

The research findings indicate that the integration of ML algorithms
with experimental investigations can significantly enhance the
design specifications of asphalt mixtures. This approach addresses
the issue of aging in asphalt over its lifespan. Such integration is
particularly beneficial for the asphalt industry, especially in the
context of high-RAP mixtures, which incorporate more than 25 %
RAP. Additionally, the role of various mineral fillers in the aging
evolution of recycled asphalt mixtures presents a promising area for
future research.
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