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ARTICLE INFO ABSTRACT

Keywords: To address the challenges of developing eco-friendly and sustainable asphalt binders, this study explores the use

Waste material of three primary waste materials from the automobile and pavement industries: crumb rubber (CR), waste engine

EA.P oil (WEO), and reclaimed asphalt pavement (RAP). While previous studies have explored the use of individual or
ejuvenators

dual rejuvenators, limited research has examined multiple additives for rejuvenating 100 % RAP binders. This
study addresses this gap by evaluating the effect of sequentially adding CR, WEO, and SBS on the aging, cracking,
rheological, and bonding properties of laboratory-produced RAP binders. Kinetic modeling (via Arrhenius
equations) was employed to quantify aging activation energy (E,q), cracking activation energy (E,), and viscous
flow activation energy (E,). Four rejuvenated binders were prepared using different contents of additives (6 %
CR, 7.5 % and 10 % WEO, and 2 % and 3 % SBS), and their performance was compared to virgin and RAP
binders. Results indicate that adding 10 % WEO, 6 % CR, and 3 % SBS improves fatigue resistance, as evidenced
by higher cracking activation energy and improved adhesive bond strength. The blend with 7.5 % WEO, 6 % CR,
and 3 % SBS demonstrated superior high-temperature performance in multiple stress creep and recovery (MSCR)
tests. Notably, the blend with 10 % WEO, 6 % CR, and 2 % SBS exhibited the lowest viscosity among the
rejuvenated binders, enhancing workability and flow characteristics. These findings demonstrate the potential of
multi-additive blends to improve the durability and sustainability of RAP binders, offering a promising solution
for extending pavement service life.

Kinetic approach
Activation energy
Additives

1. Introduction

Asphalt pavement, renowned for its cost-effectiveness and dura-
bility, plays an important role in economic and societal development. It
is widely used in various sectors, especially pavement construction,
where asphalt binder is a primary material. Asphalt binder, composed of
asphaltenes and maltenes, undergoes oxidative aging, altering its
chemical and physical properties. It becomes more viscous and prone to
fatigue and low-temperature cracking, with increased asphaltene con-
tent leading to pavement distress and the generation of reclaimed
asphalt pavement (RAP) [1].

China generates over 200 million tons of RAP each year [2]. Reusing
RAP provides a sustainable solution, offering economic benefits while
reducing greenhouse gas emissions and energy use [3]. However, the
aging of RAP binders leads to increased stiffness and viscosity, decreased
surface free energy, and a weakened asphalt-aggregate interface, mak-
ing RAP more susceptible to early fatigue and moisture damage
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compared to virgin asphalt [4-6].

To address these issues, petroleum or organic-based rejuvenators are
added to RAP (i.e., aged binder), reducing viscosity and improving
resistance to low-temperature and fatigue cracking [4,7]. Commercial
rejuvenators, mainly derived from oil industry byproducts, are widely
used for this purpose. In pursuit of more sustainable alternatives, studies
suggest using waste oils like waste engine oil (WEO) and waste cooking
oil (WCO) to improve fatigue resistance, low-temperature cracking, and
mix workability [8,9]. WEO, a petroleum byproduct that causes envi-
ronmental issues when improperly disposed of after use, is particularly
effective as a rejuvenator by restoring the binder’s light fractions,
adjusting the asphaltene/resin ratio, and enhancing workability
[10-12]. The addition of WEO to RAP binder significantly improves its
rheological properties, making it less stiff and more resistant to aging
[13]. Another study examined the effects of WEO and WCO on RAP
asphalt binders, finding that both oils enhanced penetration, ductility,
and workability while improving fatigue performance and lowering the
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softening point and Brookfield viscosity [14]. While these benefits are
significant, excessive use of oil-based rejuvenators can negatively affect
elastic recovery, rutting resistance, and low-temperature cracking
resistance [15].

Another major waste material is tire-derived crumb rubber (CR).
With approximately 3.2 million tons of waste tires generated annually,
CR presents an opportunity for sustainable asphalt modification [16].
CR, composed of natural and synthetic rubber with sulfur-carbon black
cross-links, improves binder recovery, reduces moisture damage, and
enhances stiffness and rutting resistance when added to asphalt [16,17].
Studies indicate that effective CR content typically ranges from 5 % to
10 % by weight [18]. On the other hand, CR-modified asphalt binders
face challenges such as increased viscosity, incompatibility, reduced
stability, and higher mixing and compaction temperatures [18,19].
Styrene-butadiene-styrene (SBS) copolymer is commonly employed in
asphalt binders due to its excellent thermal stability and longevity. As a
thermoplastic elastomer, SBS enhances elastic recovery, adhesion,
cohesion, and resistance to both low-temperature cracking and
high-temperature rutting [20,21]. Nevertheless, increased SBS content
raises binder viscosity, reduces economic feasibility, and increases
production costs [22].

To address the limitations of WEQO, CR, and SBS in asphalt binder,
researchers have explored combining these materials to optimize per-
formance. For instance, the combination of WEO and re-refined engine
oil bottoms (REOB) with polymers, particularly SBS, has been found to
enhance rutting resistance, fatigue performance, and flexibility of
asphalt binders [22,23]. Additionally, adding bio-oil to SBS-modified
asphalt has been shown to improve intermediate and low-temperature
performance while slowing the aging process [24]. Studies on WEO
and CR addition to asphalt binders suggest that 5 % WEO with 8 % CR
improved workability, oxidation resistance, and rutting resistance [20].
Similarly, SBS and CR have been evaluated using Linear Amplitude
Sweep (LAS) and Time Sweep (TS) tests to assess fatigue performance.
Results indicated that adding CR with SBS significantly increased the
fatigue life of the base asphalt [22]. Furthermore, adding CR and SBS to
asphalt binders has been shown to influence thermal oxidative aging
mechanisms, resulting in superior anti-aging performance compared to
their individual addition [25]. In addition, waste oils (WCO and WEO)
with styrene-butadiene rubber (SBR) have demonstrated improved fa-
tigue and rutting resistance [26].

Beyond these rejuvenators, other sustainable materials such as
polyethylene (PE), waste plastics, waste glass, waste polypropylene
(PP), low-density polyethylene (LDPE), and polyethylene terephthalate
(PET) have also been explored in pavement applications [27,28].
Despite these advancements, there remains a lack of studies investi-
gating how the combined addition of WEO, CR, and SBS influences aged
asphalt performance. Furthermore, limited research has integrated
chemical aging indices, kinetic modeling, and fatigue performance
evaluation when assessing rejuvenator effectiveness.

Understanding the long-term performance of asphalt binders re-
quires analyzing their behavior across time, temperature variations, and
reaction rates. Kinetic modeling plays a crucial role in predicting binder
aging, fatigue crack growth, viscous flow behavior, and self-healing
properties. Previous studies have effectively used kinetics-based
models to analyze these aspects in both base and recycled asphalt
binders [29-34].

The Arrhenius framework characterizes the temperature dependence
of asphalt binders under the assumption that the activation energy re-
mains constant and the reaction follows fixed-order kinetics over the
studied temperature range, with its validity being most appropriate in
the linear response region. When the rate constant is physically mean-
ingful and properly formulated, the resulting activation energy can be
considered reliable. The temperature susceptibility of asphalt is often
influenced by its viscoelastic properties, such as viscosity, complex
modulus, and phase angle, which further complicates its characteriza-
tion. In addition, it depends on binder type, aging condition, modifier
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type, and viscoelastic parameters applied [35]. Despite these complex-
ities, Arrhenius-based modeling remains a valuable tool, as it enables
comparison of different binders, assessment of aging effects, and pre-
diction of temperature-dependent behavior [36]. Investigating the ki-
netic behavior of asphalt binders is therefore essential for predicting
their prolonged performance and enhancing durability, especially
regarding fatigue cracking and oxidative aging, which are key failure
mechanisms in asphalt pavements [32]. A higher activation energy in-
dicates a greater kinetic barrier, requiring more energy for processes
such as cracking, aging, and flow [29,37]. For instance, higher activa-
tion energy for crack propagation reflects improved resistance to fatigue
cracking, since more energy is required to initiate damage compared to
binders with lower activation energies, thereby corresponding to supe-
rior fatigue performance [38].

This study examines the combined effects of WEO, CR, and SBS on
aged RAP binder performance, addressing the existing research gap in
the application of multiple rejuvenators. It highlights the synergistic
interactions between these materials, where light components in WEO
are absorbed by SBS and CR, leading to improved binder homogeneity
and enhanced overall performance, while balancing the limitations
associated with their individual use. Unlike previous studies that focus
on single or binary rejuvenator systems, this study introduces a multi-
additive approach that leverages the complementary properties of
WEO, CR, and SBS. Kinetic modeling is employed to evaluate the aging
process and fatigue cracking, while rheological and adhesion perfor-
mance assessments provide insights into the long-term durability. These
efforts aim to explore the relationships between activation energy, sur-
face energy characteristics, and rheological properties, ultimately
enhancing our understanding of binder rejuvenation and performance
optimization.

2. Materials & preparation
2.1. Materials

The base asphalt binder (70# binder) was artificially aged using a
Thin Film Oven (TFO) followed by a Pressure Aging Vessel (PAV). The
TFO test, following ASTM D2872-19, was performed on 70# binder at
163 °C for 300 + 5 min. Subsequently, the TFO-aged asphalt underwent
PAV aging according to AASHTO R28-09 at 100 °C for 20 h under
2.1 + 0.1 MPa [39]. The resulting asphalt, referred to as PAV-aged
binder (PB), simulates the characteristics of RAP binder.

The materials used in this study—waste engine oil (WEO), crumb
rubber (CR), and styrene-butadiene-styrene (SBS)—were sourced locally
from Hangzhou, China, shown in Fig. 1. WEO, a black oily liquid with a
viscosity of 93.52 cP (at 60 °C), was collected directly from a local
garage. CR, derived from reclaimed waste vehicle tires, had a particle
size of 80 mesh (0.178 mm). SBS was a linear-grade copolymer

(a) (©

Fig. 1. Raw materials: (a) WEO, (b) SBS, (c) CR.
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(SBS1301-1, YH-791) with an average molecular weight of approxi-
mately 100,000 g/mol and a styrene content of 30 %.

The PB binder was rejuvenated through sequential incorporation of
three additives: WEO, (7.5 and 10 %), CR (6 %, No. 80 mesh/
0.177 mm), and linear SBS polymers (2 and 3 %), all added by weight of
PB. WEO was preheated in an oven at 60 °C and then blended with PB at
150 °C using a shear mixer set at 1000 rpm for 30 min [26]. CR was
subsequently added to the WEO-rejuvenated binder, with initial
low-speed mixing followed by high-shear blending (3500 rpm,
170-180 °C, 35-45 min) to depolymerize rubber hydrocarbon chains.
Finally, SBS was incorporated at 180 °C (4000 rpm, 40 min) to form
cross-linked stable networks within CR-WEO-rejuvenated matrix [40,
41]. The blend was stored for one day to allow stabilization, then
reheated to 160 °C and mixed at 1000 rpm for 30 min to ensure ho-
mogeneity and stabilization of polymer-binder interactions prior to
testing. Table 1 outlines the rejuvenated binders with varying additive
contents.

3. Testing

The testing and evaluation methods are illustrated in Fig. 2.

3.1. Aging test

Oven aging procedures were conducted to evaluate the oxidative
aging reaction kinetics and assess the aging resistance of various binder
samples. PAV aging was conducted at various temperatures and dura-
tions. To replicate oxidative aging for each asphalt binder, three tem-
peratures (90 °C, 100 °C, and 110 °C) and three durations (10 h, 20 h,
and 40 h) were chosen. Asphalt samples of approximately 50 g + 0.5 g
were used for each aging condition.

3.2. FTIR test

Fourier Transform Infrared (FTIR) spectroscopy is used to analyze
the chemical structure and functional groups, particularly carbonyl
groups, in asphalt samples. Thirty-two scans were performed across the
4000 cm™ to 650 cm™! range at a 4 cm™! resolution. Changes over time
can be observed, and the aging activation energy (E,) can be
determined.

3.3. Surface energy test using Wilhelmy Plate (WP)

Surface Free Energy (SFE) was evaluated using the Wilhelmy Plate
(WP) technique. In this method, a thin glass plate coated with asphalt is
immersed in a liquid, and then slowly withdrawn to measure the contact
angle (0) between the liquid and the asphalt surface [42].

Contact angles were measured using three different probe liquids
(Formamide, Glycerol, and distilled water) with known SFE properties
at 20 °C. Each type of asphalt was tested in parallel in triplicate for each
liquid. The SFE components of the binders and liquids were calculated
using the Young-Dupre equation, shown in Eq. (1) [43].

(1+ cos F))yL :2<,/ygwy§w +a/rérn + \/Vs’n*) €y

Where y;Wandy:Ware the Lifshitz-van der Waals components of asphalt

Table. 1
Rejuvenated binders with different additive contents.
No Different contents of additive for rejuvenation
M1 PB + 7.5 % WEO + 6 % CR + 2 % SBS
M2 PB + 7.5 % WEO + 6 % CR + 3 % SBS
M3 PB + 10 % WEO + 6 % CR + 2 % SBS
M4 PB + 10 % WEO + 6 % CR + 3 % SBS
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binder and the liquid, respectively; y¢andy; are the Lewis acid compo-
nents of the asphalt binder and the liquid, respectively; yg andy; are the
Lewis base components of the asphalt binder and the liquid, respec-
tively.

The cohesive and adhesive energies of the asphalt-aggregate inter-
face were calculated using Eqgs. (2) and (3) [42]. For adhesive bond
energy, SFE of limestone aggregate was selected from the previous study
and evaluated using Eq. (3) [44]. The SFE components of the test liquids
and limestone for asphalt are detailed in Table 2.

AGH = AGHY +AGY =2/ + 4\ /riry 2

AGyy = AGHY + AGYS = 20/¥A"rAW + 24 /rirs +2\/rivs 3

Where the subscripts 1 and 2 refer to the asphalt and aggregates,
respectively.

3.4. Rotational viscometer (RV)

The rotational viscosity (RV) test, performed using a Brookfield
viscometer, measures the flow characteristics of the asphalt binders at
elevated temperatures to assess its workability. This test determines
suitable temperatures for asphalt construction and enables the evalua-
tion of activation energy characteristics. RV testing was conducted at
120°C, 135°C, 150 °C, and 177 °C using a 27# rotor according to ASTM
D4402-06 standard [45]. As asphalt binders are heated, they undergo
viscous flow, a process driven by thermal activation. To characterize the
binder’s resistance to flow and workability, flow activation energy (E,)
was employed. The relationship between viscosity and temperature was
evaluated using the Arrhenius equation to determine E,,.

3.5. Rheological testing

The rheological properties of various asphalt binders were analyzed
using a TA Instruments Discovery Hybrid Rheometer (DHR). This
assessment involved multiple stress creep and recovery (MSCR) tests
along with time sweep tests.

MSCR tests were performed on asphalt samples at 64 °C, applying
stress levels of 0.1 kPa and 3.2 kPa. The tests measured percent recovery
(R%) and non-recoverable creep compliance (J,) in accordance with
AASHTO TP 70 [46].

Time sweep tests were performed to evaluate fatigue properties using
a parallel plate with a 2 mm gap and an 8 mm diameter. Non-destructive
tests at 0.1 % strain and destructive tests at 5 % strain were conducted at
a fixed frequency of 10 Hz across temperatures of 15 °C, 20 °C, and
25 °C. Shear modulus and phase angle were monitored to analyze the
dynamic behavior and fatigue characteristics of asphalt binders.

3.6. Pull-off strength test

A Dynamic Testing System (DTS) machine was utilized to carry out
the pull-off test, aimed at evaluating the adhesion performance of
asphalt. The test was performed at 20 °C with a loading rate of 0.7 MPa/
s. Small cylindrical limestone samples were used for their uniformity.
The testing setup included a bottom holder for the limestone and a top
steel stub designed to apply a precise asphalt film, as done in previous
studies [47]. Limestone samples and steel stubs were cleaned with
distilled water and reheated to 200 °C before applying pre-weighed
asphalt, which was spread evenly and cured for 30 min at 20 °C [47,
48]. The asphalt mass was calculated using the formula:

m= ar’tp @

Where m is the mass of asphalt; r is the radius of the circular area on the
limestone; t is the asphalt film thickness; p is the asphalt density.
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Fig. 2. Flow Chart for Experimental plan and Evaluation Method.

Fig. 3 illustrates the test samples and experimental setup used in this

Table. 2 study.

SFE components of test liquids and limestone for asphalt (mJ/m?).

Liquid LW AB + . . .
d s Y Y ! ! 4. Results and discussions

Distilled water 72.8 21.8 51 25.5 25.5

Glycerol 64.0 34.0 30 3.92 57.40 .

Formamide 80 290 1o 2.8 39.60 4.1. Calculation of carbonyl content

Limestone 49.8598 49.3293 0.527 0.0054 12.8407

The PB and rejuvenated binders are indicated by the intensities of
carbonyl (1650-1800 cm™) and sulfoxide (950-1050 cm™) peak areas,

(e ® ) (h) @)
Fig. 3. Test samples and experimental setup: (a) asphalt binder samples, (b) Thin Film Oven (TFO), (c) pull-off strength test, (d) rotational viscometer (RV), (e)

surface energy test using Wilhelmy plate method, (f) Pressure Aging Vessel (PAV), (g) dynamic shear rheometer (DSR), (h) DSR MSCR test sample, (i) DSR fatigue
test sample.
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where elevated levels indicate asphaltene accumulation and binder
aging. PB exhibited the highest indices of these functional groups due to
oxidation and volatilization, while the 70# binder have lower carbonyl
content. The introduction of rejuvenators into the blend substantially
reduces the carbonyl and sulfoxide indices of the binders [49], demon-
strating their effectiveness in mitigating aging effects and stabilizing
functional groups, as shown in Fig. 4. Notably, formulations with higher
rejuvenator content, such as M4, show a more significant decrease in
these indices, indicating enhanced binder softening due to increased
maltene content and a reduced asphaltene fraction. This reduction
suggests improved resistance to aging and a decrease in carbonyl con-
tent, with no change in absorption peak positions, implying that reju-
venation primarily involves physical interactions rather than chemical
modifications [11,50].

The degradation of CR and the absorption of WEO light fractions by
CR and SBS improve elasticity, compatibility, and promote an increase
in soluble fractions, thereby reducing crosslinking density and
enhancing compatibility with the PB binders [51]. FTIR analysis
revealed that the incorporation of rejuvenators influences peak in-
tensities, particularly by reducing the carbonyl (C—=0) and sulfoxide
(S=0) functional group content, indicating mitigation of oxidative
aging effects (Fig. 4). The incorporation of WEO restores the colloidal
structure by increasing maltene content and adjusting the
asphaltene-to-maltene ratio, which improves workability and reduces
carbonyl content. Simultaneously, swelling of CR particles and their
interaction with SBS form a stable gel-phase structure, enhancing the
cohesive energy of the binder and improving its fatigue resistance [19,
51].

However, excessive maltene restoration at high WEO content (10 %)
disrupts the colloidal stability of the binder, causing over-softening and
a notable reduction in carbonyl content. This imbalance likely di-
minishes the synergistic benefits of combining rejuvenators. The domi-
nance of light components (maltenes) lowers the binder’s stiffness,
increases susceptibility to rutting and deformation [23,52].

4.2. Calculation of kinetic oxidative aging and activation energy

Aging, accelerated by prolonged environmental exposure and high
temperatures, is characterized by rapid and constant carbonyl growth
rates, which are critical for determining aging kinetics [53]. The dual
phases of oxidative aging, characterized by rapid and constant-rate pe-
riods, are described using the Arrhenius equations (Eqgs. (5)-(7) [29,54].

CA = CA; + (CAy — CA)) (1 — ™) + ket 5)
0.2 1
Ml
0.16 A M2
- - M3
......... M4
o2{ —PB

1800 1750 1700 1650

Absorbance

o
1=
&

0.04

0 T T T T T T d
4000 3500 3000 2500 2000 1500 1000 500
Wave Number (cm!)

Fig. 4. Infrared spectra of asphalt binders.
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kf = AfeiE“f/RT (6)
k. = A e7Ba/RT )

Where CA is the carbonyl content; CA; is the initial carbonyl content;
CAy is the intercept of the constant-rate line; t is the oxidative aging
time; Aris the pre-exponential factor, Eis the activation energy, and k¢
is the reaction rate constant for the fast reaction period; A is the pre-
exponential factor; E, is the activation energy; and k. is the reaction
rate constant for the constant reaction period.

Kinetics-based modeling advances our understanding of asphalt
binder reaction mechanisms. The increase in CA within the spectral
range of 1650 cm™ and 1820 cm™ , calculated at different temperatures
using Eq. (5), were used to assess the kinetic parameters of oxidative
aging in rejuvenated binders. For long-term analysis, the constant CA
reaction rate is especially significant, as it reflects the material’s
behavior during advanced service life.

ACA = ACA_V:/V* ®

WhereACA.,,p.andp. are fitting parameters calculated for binders using
the optimization method utilizing Excel Solver. The representative rate
of change of ACA for long-term aging is explained as follows:

kACA = ACAmﬂc (9)
The Arrhenius equation is:

In(ksca) = In(Asca) —% (10$)
Where E,, is the aging activation energy;Aacais the pre-exponential
factor related to the Constant reaction rate period; R is the gas con-
stant (8.314 J/mol-K); and T is the temperature in Kelvin.

As aging temperature increases, the reaction rate constant (k) in-
creases, demonstrating high sensitivity to temperature variations.
Higher activation energy values imply lower temperature sensitivity,
indicating that minor temperature fluctuations exert less influence on
reaction rates. Among the rejuvenated binders, M3 and M4 exhibited
higher overall carbonyl accumulation during aging, which can be
attributed to their greater WEO content (10 %). Their initial carbonyl
area values, however, were lower than those of M1 and M2, likely due to
the presence of lighter WEO fractions, which volatilize during aging and
accelerate subsequent oxidation. In contrast, M2 showed a more gradual
and less steep increase in carbonyl content across both time and tem-
perature as compared to other binders, indicating a slower oxidation
rate and improved stability. This behavior is likely due to the synergistic
effect of its SBS content and balanced WEO dosage, which together
promote a stable polymer network that resists oxidative aging. Overall,
the increase in WEO content, as seen in Fig. 5, reduces the carbonyl
content, lowers the kinetic barrier for the reaction rate, and correlates
with a decrease in Eqq. In Fig. 5, “Meas” denotes the experimentally
measured carbonyl area (CA), while “Pred” represents the values pre-
dicted by the CA model.

M2 exhibits a higher E,, compared to M1 (Fig. 6). The increased SBS
content raises Egq, reducing temperature sensitivity [55]. This variation
underscores the intricate interplay between additives in modulating the
temperature sensitivity of the aging process. Notably, PB exhibits the
highest Eqq (95.36 kJ/mol), attributed to the elevated concentration of
polar molecules and a deficiency of active molecules to react with ox-
ygen. These strong intermolecular forces require more energy to over-
come, resulting in higher activation energy [56].

However, the Egq of M2 (84.328 kJ/mol) surpasses that of other
rejuvenated binders, following the sequence: PB
> M2 > M1 > M4 > M3. This phenomenon is explained by the SBS-CR
interactions within the binder. The light components introduced by
WEO are absorbed by the polymers, leading to the formation of a stable
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Fig. 6. Aging Activation energy (E4,) of asphalt binders.

network and larger molecular structures, which enhances the binder’s
ability to resist oxidation [40]. Specifically, the polymeric network
formed by SBS and CR increases the binder’s resistance to aging,
resulting higher E,, for M2.

On the other hand, when a higher amount of WEO is added, as seen
in M3 and M4, the increase in light components accelerate oxidation,
causing a decrease in Egq. In contrast, M1 and M2, which have lower
WEO content, exhibit higher oxidation resistance due to the lower
presence of light components and a higher concentration of polymeric
structures compared to M3 and M4. The low light components and high
polymeric structure formed by polymers contribute to a higher E,, of M2
and M4.

4.3. Calculation of pseudo strain energy-based kinetic cracking model

Fatigue damage in asphalt binders is evaluated using the cumulative
dissipated pseudo strain energy (DPSE), which is crucial because it
quantifies the cumulative energy dissipation of asphalt under shear
loading while excluding the viscous effects, as per Schapery’s elastic-
viscoelastic correspondence principle [57]. The apparent pseudo-shear
strain y4(t,r) is determined by:

R ot

11
& an

rR(tT)

Where y4(t,r) is the apparent shear pseudo strain; G*(t—¢) is the

relaxation modulus; M%f")df is the rate of change of the apparent shear

G
The apparent shear stress and strain in the asphalt binder at any
particular point r is explained as follow:

strain; is the reference modulus.

YAt 1) = 75 (to, r)sin(wt) = %rsin(wt) (12)

A(t,r) = tasin(ot + 5) (13)

By integrating the apparent pseudo shear strain across the material’s
volume and applying

the equation for apparent shear stress, the dissipated pseudo strain
energy DPSE‘: (v) is calculated using Eq. (14):

DPSEA(t) = /// N { /t o o~ (t, r) dry (t7 r)} av 14)

Where V¢ is the volume of asphalt failure caused by cracking; 74 (t,r) is
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the apparent shear stress at any loading time t and radius r.
The accumulated dissipated pseudo strain energy caused by cracking

DPSE. , is calculated as follows:
N

Dppsg. = »_ DPSEL(t) @s)
0

Where ty is the final loading time.
The three-parameter model fit the curve with the calculated value
ofDppgg,, with parameters optimized via Excel Solver:

Fea
Dppsg, = Dppsk,, €7< ‘ ) (16)

Where Dppsgo, represents the maximum value that DPSE, of asphalt
binder can reach under the action of controlled shear load; p ,represents
a proportionality factor on the horizontal axis; and f_,characterizes the
representative rate of change of Dppsg,.

The rate constant f,, is expressed using the Arrhenius equation [32]:

Bea = Acqe Eecl/RT a7
Taking the natural logarithm of both sides of Eq. (17) yields:

In(,) = In(Aq) - 2o as)

The representative energy change rate (§,,) during the damage stage
is plotted as In(f,,) against 1/RT, where the slope represents the
cracking activation energy Eq. [29].

As shown in Fig. 7, the PB binder exhibits higher Dppsg, and is more
susceptible to cracking at 20 °C compared to other binders. However,
the inclusion of WEO, CR, and SBS in PB leads to a notable reduction in
cumulative DPSE,, indicating improved fatigue resistance and enhanced
durability of the binder under cyclic loading conditions.

The calculated and predicted values of accumulated DPSE,, obtained
under dynamic loading conditions and leading to fatigue cracking in
different asphalt samples, are illustrated in Fig. 8. The dashed lines
represent the predicted DPSE. derived from the three-parameter
Dppsg ,model. The fitting curves exhibit a close alignment with
experimentally measured DPSE, across various binder types, affirming
the model’s accuracy and reliability. DPSE, increases with loading time,
though the rate of increase diminishes progressively. Increasing the
content of WEO and SBS in the rejuvenated binders resulted in a
continued decrease in accumulated DPSE.. While DPSE, generally in-
creases with loading time, it decreases at relatively higher temperatures
within the tested range (i.e., 20 °C-25°C), corresponding to reduced
fatigue cracking rate.

By applying DPSE, to quantify fatigue damage in asphalt binders, a
kinetic analysis examines the correlation between temperature and the
rate of DPSE change (f.q). The representative change rate (f.) of

0.014 A

—70#

0.012 A

0.01 A

0.008 A

0.006 A

DDPSEC (J/m?3)

0.004 A

0.002 4

0 500 1000 1500 2000
Time (s)

Fig. 7. DSPE cracking of different asphalt samples at 20 °C.
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accumulated DPSE. during the damage phase is analyzed using an
Arrhenius plot of In(f.,) verses 1/RT, enabling to calculate the cracking
activation energy (Eq) [29,32].

Fig. 9 reveals that the PB binder has the lowest E,., which is asso-
ciated with a shorter fatigue life and a higher level of fatigue damage.
This is likely due to increased agglomeration of asphaltene content and
polar molecules, which causes stronger interaction and enhances binder
stiffness [58]. In contrast, the M4 binder, with higher SBS and WEO
rejuvenator content, exhibits the highest E,. (85.34 kJ/mol), indicating
improved resistance to cracking. The sequence of Eg values is as follows:
M4 > M3 > 70# > M2 > M1 > PB. This increase in E,. in M4 is due to
the recovery of maltene content and the formation of a stable network
structure, enhancing the E,. of the PB binder from 30.73 kJ/mol to
85.34 kJ/mol. This indicates that higher rejuvenator content enhances
the cracking resistance of PB binders [8,58].

4.4. MSCR test result

The MSCR test was employed to characterize asphalt at 64 °C under
stress levels of 0.1 kPa and 3.2 kPa, evaluating two critical rutting pa-
rameters: non-recoverable creep compliance (J,,) and percentage of
recovery (R%) [59,60]. These parameters are calculated as follows:

€1 — €10

R% = 19

€1
Jpr = — (20)

Whereo is the applied shear stress;e;g = & — gorepresents the net re-
sidual strain;

&1 = g, — gorepresents the net creep strain;eorepresents initial creep
strain for each cycle; ¢represents the final strain in the recovery stage
for each cycle; ec.represents the strain at the end of the creep phase.

The stress level significantly influenced the R% and J,, values of
asphalt samples. Under 0.1 kPa stress, samples M3 and M4 showed
higher strain values compared to M1 and M2, as shown in Fig. 10(a). In
contrast, under a 3.2 kPa stress, all binders showed increased J,,, and
decreased R% values, as illustrated in Fig. 10(b). The PB binder, in
particular, exhibited the highest R% and the lowest Jy;, with minimal
influence from the increased stress, indicating superior deformation
resistance and elastic performance due to enhanced stiffness [61].

Binder M2 demonstrated higher R% and lower Jy; at 0.1 kPa, indi-
cating superior rutting resistance under light traffic compared to other
rejuvenated binders. Similarly, under 3.2 kPa stress, M2 exhibited lower
Jnr, confirming its superior high-temperature performance. In contrast,
M4 showed higher Jp,r at 3.2 kPa and 64 °C, while M2 had the lowest Jp,,
among the rejuvenated binders. The binders are ranked for R% at both
stress levels (0.1 kPa and 3.2 KkPa) as follows: PB
> M2 > M1 > M4 > M3 > 70+#.

Higher WEO content in M3 and M4 increased the maltene fraction,
softening the binder and raising Jy,r values [14]. M3 exhibited lower R%
and lower Jy, than M4, whereas the excessive WEO in M4 counteracted
the benefits of SBS, resulting in higher J,; and R% compared to M3. The
higher SBS content in M2 and M4 enhanced R% compared to M1 and
M3. Among all rejuvenated binders, M2 showed the lowest Jp,; and the
highest R%, confirming its superior rutting resistance.

The addition of SBS and CR enhanced elasticity by forming a cross-
linked polymer network, partially mitigating the softening effect of
WEO [40,62]. Despite this improvement, excessive WEQO reduced binder
stiffness and deformation resistance, highlighting the importance of
dosage balance. Overall, rutting susceptibility decreases with a reduc-
tion in Jy;, while R% reflects the elastic recovery ability of the binder,
where higher values indicate superior elasticity. J,r increased and R%
decreased for all binders as the stress level increased (Fig. 10(b)).
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Fig. 8. DPSE cracking, both measured and predicted, for rejuvenated binders at various temperatures.
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Fig. 9. Activation energy for cracking of different binders.

4.5. Viscous flow and rotational viscosity test result

The viscous flow behavior of the asphalt binders across a broad
temperature spectrum was evaluated using rotational viscosity tests.
Viscosity measurements were conducted at 120 °C, 135 °C, 150 °C, and
177 °C (Fig. 11). Viscosity, defined as a fluid’s resistance to deformation,
is significantly influenced by temperature, aging, and the type of addi-
tives used. Among the binders, PB exhibited the highest viscosity, while
70+# showed the lowest. This difference is attributed to the higher polar
components content in PB, which increased intermolecular forces and
viscosity [63].

The addition of WEO and CR to the PB binder resulted in a notable
reduction in viscosity. Conversely, increased SBS content elevated

viscosity, highlighting the role of additive type in governing the binder’s
resistance to flow [64]. Increasing the content of rejuvenators (WEO,
CR, and SBS) significantly influenced variations in stiffness, particularly
at higher concentrations, compared to binders using equivalent amounts
of WEO and CR. Moreover, increasing the WEO content reduces vis-
cosity, which is advantageous during the mixing process.

At low temperatures, the addition of WEO significantly reduces vis-
cosity. However, this effect diminishes at elevated temperatures
(177 °C), where the viscosity differences between binders became less
pronounced. The decrease in viscosity at elevated temperatures is
attributed to the reduction of intermolecular forces, illustrating the in-
verse relationship between temperature and viscosity due to increased
molecular motion. These findings highlight the significant impact of
temperature on the flow properties of asphalt binders, with additives
inducing measurable changes in viscosity.

4.5.1. Viscous flow activation energy (E,)

The temperature sensitivity of asphalt binder viscosity is clarified by
the viscous flow activation energy (E,), which is pivotal in under-
standing the binder’s resistance to flow. Using rheological kinetics, the
relationship between viscosity and temperature is assessed across
various temperature ranges and described by the Arrhenius equation:

E,
n = AeRT 21)
Applying logarithm on both sides of Eq. (21), we obtain:
Iny = L2 +InA (22)
"= RT

Where 7 is the viscosity; A is the pre-exponential factor; E, is the acti-
vation energy of viscous flow in kJ/mol; T is the absolute temperature in
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Fig. 11. Viscosity Test of asphalt binders at various temperatures.

K; R is the gas constant, 8.314 J/(mol-K).

As temperature increases, the intermolecular forces in binder
weaken, reducing the energy required to initiate viscous flow. This leads
to a decrease in viscosity, which aligns with the well-established inverse
relationship between temperature and viscosity as described by the
Arrhenius model. The PB binder exhibits the highest E, (82.1 kJ/mol,
Table 3) indicating greater temperature stability compared to rejuve-
nated binders. This can be attributed to the increased concentration of
polar molecules due to aging, enhanced polarity, and promoted stronger
intermolecular adhesion bonds within the binder matrix, thereby sta-
bilizing its structure, resulting in higher viscosity and activation energy
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Table. 3
Flow activation energy of different binders.
Type of Arrhenius Model (Iny-1/T) E, (kJ/mol)
binders
PB y = 9874.2x - 16.945 82.1
70# y = 7289.8x - 10.959 60.6
M1 y =9417.1x - 16.155 78.3
M2 y = 9585.5x - 16.425 79.69
M3 y =9106.2x - 15.63 75.97
M4 y = 9322.3x - 16.026 77.5

compared to other binders [63,65].

The reduction of intermolecular forces at elevated temperatures
directly accounts for the viscosity reduction in asphalt binders. E,,
calculated from the Arrhenius relationship between viscosity and tem-
perature, serves as a quantitative measure of the binder’s resistance to
flow under thermal stress. When compared to the base 70# binder, the
incorporation of SBS and CR, particularly at higher SBS content, resulted
in increased E, value, as seen in M2 (79.7 kJ/mol) and M4 (77.5 kJ/
mol), signifying enhanced viscosity.

The incorporation of WEO reduces both viscosity and E,. Thus, E,
serves as a comprehensive indicator of temperature-dependent rheo-
logical properties, offering critical insights into how the binder’s
chemical structure and aging influence its performance.

4.6. Bonding properties of asphalt

The asphalt binder’s surface free energy (SFE), including dispersion
and polar components, was evaluated using Eq. (1). Aging significantly
reduces the SFE, leading to a net reduction in the dispersion component.
For instance, the PB binder exhibited lower SFE (13.77 mJ/m?)
compared to 70# binder (16.89 mJ/m?), attributed primarily to an
amplified ratio of asphaltenes and the polar component [66], alongside
a decrease in Lifshitz-van der Waals component, as shown in Fig. 12.

However, incorporating WEO, SBS, and CR into the PB binder re-
stores its SFE. These additives revitalize the aged asphalt’s colloidal
structure and enhance the SFE components by increasing the pro-
portions of both Lifshitz-van der Waals and polar components. WEO
contributes by increasing the lighter components and restoring the
colloidal structure, while its absorption by elastic polymers forms a gel-
phase structure, further improving the binders adhesion performance
[67]. Increasing the WEO content enhances the polar component,
whereas the addition of SBS and CR primarily increases the Lifshitz-van
der Waals component, leading to an overall increase in total surface
energy. Through the incorporation of these additives, the SFE of the
binders (M1 to M4) increased from 18.513 mJ/m? to 21.304 mJ/mz, as
shown in Fig. 12. M4 exhibited the highest SFE (21.304 mJ/m?) due to
the higher additive dosage, while M1 had the lowest SFE
(18.513 mJ/m?).
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Fig. 12. Surface energy and its components of different binders.
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Cohesion energy, an intrinsic property of the binder, signifies the
energy necessary to split two binder layers into distinct surfaces.
Adhesion energy, which reflects the compatibility between the binder
and aggregate surfaces, is required to separate them and is calculated
using Egs. (2) and (3).

As WEO and SBS are incrementally added, viscosity changes along
with changes in the dispersion and polar components. The dispersive
component becomes the predominant factor in the asphalt SFE. Higher
dispersive components indicate stronger adhesion, leading to increased
SFE, cohesive energy, and adhesive energy [20,64], as depicted in
Fig. 13.

Cohesive energy exhibits a similar trend to SFE, following the
sequence: M4 > M2 > M3 > M1 > 70# > PB, as shown in Fig. 13. Ad-
ditives amplify cohesion with an increase in concentration, thereby
improving the work of cohesion of PB from 27.55 mJ/m? to 42.61 mJ/
m?. Among the rejuvenated binders, M4 (42.61 mJ/mz) exhibited the
highest cohesion due to the higher additive content.

Limestone aggregate, known for its high adhesive properties and
basic nature compared to other aggregates, significantly contributes to
the adhesion work with the rejuvenated binders [68]. The characteris-
tics of limestone, together with the increase in additive content in the
binders, enhance the SFE polar components, particularly acid-base in-
teractions. The light components provided by WEO in the asphalt binder
are absorbed by CR and SBS, forming an interconnected network
structure that enhances the adhesion performance [69]. This results in
stronger adhesive bonds between the rejuvenated binder and alkaline
limestone aggregate due to improved wettability and enhanced molec-
ular interactions at the interface, leading to an increase in adhesion-free
energy [21]. This follows a similar trend to cohesive energy and surface
energy, as illustrated in Fig. 13. It suggests that increasing the additive
content in PB enhances the light components and SFE, ultimately
improving the bonding properties of the binders.

4.7. Pull-off Strength

Fig. 14 illustrates the pull-off strength (POTS) of asphalt samples
with limestone aggregates. The POTS of the PB binder is lower than that
of the 70# binder due to increased stiffness, which aligns with the
surface energy results. An increase in POTS values for limestone
aggregate was observed with the addition of rejuvenators to the PB. The
tensile strength of the rejuvenated binders shows a notable increase
compared to that of the PB binder, with a 53.05 % increase for M1 and a
39.71 % increase for M4. This improvement is attributed to increased
molecular diffusion and superior inner cohesion in the rejuvenated
binders compared to PB binders.

The addition of WEO, in combination with CR restores the PB
colloidal structure, augments CR swelling and increases resin content.
The addition of SBS forms a gel phase and creates a cross-linked stable
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Fig. 13. Surface, Adhesive, and Cohesive Energies of different Asphalt binders.
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Fig. 14. Pull-off strength of different asphalt types and limestone aggregate.

mesh, thereby improving adhesion performance and increasing POTS
[21,69].

The reduction in PB binder stiffness due to WEO addition enhances
POTS by reducing asphalt brittleness and improving adhesion [70].
However, increasing the WEO content introduces more light compo-
nents, which soften the binder, leading to a decrease in POTS and per-
formance, as shown in Fig. 14 [71].

Nevertheless, all rejuvenated binders exhibited higher bond strength
than the PB binder. The findings suggest that adding 7.5 % WEO in-
creases the light components, which is absorbed by CR and SBS to form a
colloid structure with the PB binder. Overall, the incorporation of WEO,
CR, and SBS in PB binders significantly enhances bond strength.

5. Conclusion

This research investigates the aging, cracking, rheological, and
bonding characteristics of laboratory-aged binders (PB) used to simulate
RAP binders, rejuvenated with different additive contents. A 70-penetra-
tion grade asphalt binder (70#) was artificially aged in the laboratory to
simulate long-term oxidative aging, producing the PB binder. Four
rejuvenated binders were prepared by incorporating different additive
systems (6 % CR, 7.5 % and 10 % WEO, and 2 % and 3 % SBS) into PB,
and their performance was compared to 70# and PB binders. A series of
tests, including FTIR measurements, rheological analysis, contact angle,
and pull-off tests, were conducted to analyze the chemical, rheological,
and adhesive bond properties of the binders. FTIR was used to analyze
asphalt samples after PAV aging at various temperatures and durations
to assess resistance to oxidative aging. Time sweep tests were conducted
at 15 °C, 20 °C, and 25 °C to evaluate the mechanical performance of
binders. The analysis established correlations between FTIR results,
aging behavior, rheological characteristics, and adhesion properties.
Furthermore, pull-off tests and contact angle measurements were used
to investigate cohesive and adhesive failures at asphalt-aggregate in-
terfaces. The results offer valuable insights into the longevity and
effectiveness of rejuvenated asphalt binders, promoting more sustain-
able pavement materials.

The key findings of this study are as follows:

1) Higher WEO content increases active molecules and temperature
sensitivity, reducing the kinetic barrier to oxidation and aging acti-
vation energy. However, the incorporation of CR and SBS, due to
their polymeric network structure, mitigates temperature sensitivity,
indicating an increased kinetic barrier to oxidation and a corre-
sponding rise in aging activation energy (Eqq).

The incorporation of additives influenced the cracking behavior of
the rejuvenated binders. The highest fatigue resistance was noted in
M4 (10 % WEOQ, 6 % CR, and 3 % SBS), where higher WEO and SBS
content led to elevated cracking activation energy (E,) and

2
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increased fatigue resistance. Conversely, the PB binder exhibited the
lowest E,, indicating higher levels of fatigue damage.

3) Surface energy results suggest that the increased polymer network

structure formed by SBS and CR in M2 (7.5 % WEO, 6 % CR, and 3 %

SBS) and in M4 (10 % WEO, 6 % CR, and 3 % SBS) asphalt-aggregate

systems results in greater adhesive bond properties compared to the

higher WEO content in M1 (7.5 % WEO, 6 % CR, and 2 % SBS) and

M3 (7.5 % WEO, 6 % CR, and 2 % SBS).

According to rheological test results, M2 exhibited improved elastic

properties and rutting resistance compared to the other rejuvenated

binders. However, the rheological properties degraded markedly
with increasing WEO content. In MSCR tests, higher WEO content
leads to higher J,, values and lower R% at elevated temperatures,
while the CR-SBS network improves high-temperature performance.

5) The E,q correlates positively with the viscous flow activation energy
(E,), underscoring a consistent relationship between the re-
juvenator’s effect on aging and viscosity characteristics. Addition-
ally, a positive correlation between E,. and surface energy was
observed.

6) This study primarily examined the aging, cracking, rheological, and
adhesion characteristics of PB binders rejuvenated with WEO, CR,
and SBS systems. Future research is recommended to assess the
properties of these additives in RAP mixtures to better understand
their practical applications.
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