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Abstract: This research focuses on the aging resistance
properties of asphalt, which are crucial for determining
the lifespan of asphalt pavement. To combat aging, waste
tire pyrolysis oil (TPO) is often added to asphalt, enhancing
its resistance to aging but compromising high-temperature
performance. This study offered a pioneering solution by
integrating TPO with polyphosphoric acid (PPA) to address
these issues. In this study, we conducted a series of tests to
characterize the properties of PPA/TPO modified asphalt,
including temperature sweep and bending beam rheometer
tests. The results demonstrated that the presence of PPA in
the PPA/TPO modified asphalt could improve its high-tem-
perature performance while maintaining its low-temperature
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properties. Moreover, PPA in the PPA/TPO modified asphalt
enhanced the modified asphalt’s resistance to fatigue and
deformation during the aging process, while the presence
of TPO effectively reduced the impact of thermo-oxidative
aging on the modified asphalt during the aging process.
Additionally, physicochemical interactions between the base
asphalt and modifiers were observed before and after aging.
In summary, this study had offered an innovative method to
enhance the anti-aging properties of asphalt, and had pro-
vided more options for sustainable, environmentally friendly
roads.

Keywords: modified asphalt, tire pyrolysis oil, polypho-
sphoric acid, asphalt aging characteristics, high-tempera-
ture rheological properties

1 Introduction

In the field of road construction, asphalt becomes the pre-
dominant pavement material. During their operational
period, asphalt pavements undergo aging due to exposure
to heat, oxygen, light, and water [1]. This aging process
diminishes the stiffness and crack resistance of the asphalt
mixtures, resulting in degraded pavement performance,
shorter lifespan, and higher maintenance costs [2]. The
aging of asphalt materials is a significant cause of pave-
ment distress. Therefore, improving the anti-aging capabil-
ities of asphalt materials is paramount for both extending
road service life and reducing maintenance costs.

By 2030, it is estimated that 1.2 billion waste tires will
have been generated worldwide [3]. Disposing of such a
monumental number of waste tires haphazardly, either
by random stacking or landfilling, not only results in sub-
stantial land resource wastage but also poses significant
environmental hazards [4,5]. Waste tires are commonly
utilized for retreading, as fuel, for recycling, and pyrolysis.
Pyrolysis is considered among the most environmentally
friendly methods compared to other waste tire treatment
approaches [6]. Pyrolysis, a process involving the thermal
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decomposition of waste tires at high temperatures under
anaerobic conditions, yields 40% tire pyrolysis oil (TPO),
35% solid carbon black, 13% flammable gas, and 12% steel
wire [7]. TPO, mainly composed of methyl- and ethyl ben-
zene, limonene, and dimethylcyclohexene, has yet to find
widespread usage, owing to its inferior combustion perfor-
mance and high impurity content [8,9].

With the ongoing exploration of environmentally friendly
road construction materials, researchers have discovered that
TPO can serve as a rejuvenating agent in the preparation
of microcapsules, improving the self-healing properties of
asphalt binders [10]. Additionally, TPO also has acted as an
anti-aging agent for asphalt, boosting its durability while les-
sening the stiffness typically associated with aging [11]. Further
research has revealed that a combination of TPO and waste
ethylene-propylene-diene-monomer (EPDM) rubber improves
asphalt modification more than TPO alone. This approach not
only addresses the poor storage stability of the EPDM rubber
but also markedly improves the aging resistance and fatigue
resistance of the asphalt binder [12-14]. However, while the
inclusion of TPO imparts remarkable anti-aging properties to
asphalt, an excessive amount of TPO can compromise its high-
temperature performance. This stands as one of the major
hindrances to TPO’s widespread application and use in asphalt
modifications [15]. While current researchers have attempted
to enhance the high-temperature performance of TPO-mod-
ified asphalt by incorporating pyrolysis carbon black and
crude palm oil, their studies do not primarily focus on the
anti-aging properties of the asphalt binder [7,16]. Conse-
quently, a key challenge for road research practitioners is
to ensure the high-temperature performance of TPO-modi-
fied asphalt without compromising its anti-aging properties,
to promote its widespread use in road modifications.

Polyphosphoric acid (PPA) is a commonly used asphalt
modifier that can improve the high-temperature perfor-
mance of asphalt binders by reacting with asphalt to create
a more complex macromolecular structure [17]. For instance,
research conducted by Liu et al. has demonstrated that in the
case of PPA/waste engine oil modified asphalt, the presence of
PPA can mitigate the adverse effects of waste engine oil on
the high-temperature performance of the asphalt binder.
Additionally, a 1-2% PPA content positively correlates with
improved high-temperature performance in asphalt binders
[18]. Meanwhile, Han et al. have found that certain amounts
of PPA enhance rubber-modified asphalt’s storage stability.
However, the addition of an excessive amount of PPA leads to
an excessive increase in the asphaltenes content within the
rubber-modified asphalt, consequently impairing its storage
stability [19]. However, what is more noteworthy is PPA’s
influence on the anti-aging performance of asphalt binders.
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For instance, Liu et al discovered that PPA can effectively
enhance the short-term anti-aging ability of modified asphalt
[20]. Based on these findings, it is hypothesized that employing
PPA potentially enhances the high-temperature performance
and anti-aging properties of TPO modified asphalt, a conjec-
ture grounded in the aforementioned empirical evidence.

Asphalt aging is primarily due to thermal oxidation.
Under laboratory conditions, the rolling thin-film oven test
(RTFOT) and the pressure aging vessel (PAV) test can simu-
late both short-term and long-term asphalt aging. When
equipment is limited or variables need to be controlled,
RTFOT replaces PAV for long-term aging simulation by
adjusting certain conditions like extending the aging time
[21]. Furthermore, de Oliveira et al’s research has indi-
cated that the time equivalency between RTFO and PAV
is about 255-340 min. This suggests that asphalt samples
aged in the RTFO for 255-340 min approximate those aged
under standard PAV conditions [22].

From a comprehensive analysis of existing literature,
it becomes evident that extensive research indicates that
utilizing TPO can compromise the high-temperature perfor-
mance of modified asphalt, despite its potential to enhance
resistance to aging. On the other hand, the introduction
of PPA is recognized as amplifying the high-temperature
stability of modified asphalt. However, a conspicuous gap
remains in the literature regarding the simultaneous appli-
cation of PPA and TPO in asphalt modification, and their
combined effects on the high-temperature and anti-aging
attributes of asphalt. The aim of this study is to carefully
examine the high-temperature performance of asphalt mod-
ified with a PPA/TPO composite, and to elucidate the impli-
cations of incorporating PPA/TPO in the aging resistance of
asphalt binders.

To achieve the objectives of this study, a series of
asphalt binder specimens were created to represent dif-
ferent levels of aging by adjusting the duration of RTFOT.
Subsequently, the high-temperature rheological properties
of the asphalt binders were methodically evaluated using
temperature sweep tests. In order to gain a deeper under-
standing of the aging resistance and fatigue characteristics
during the asphalt aging stage, a linear amplitude sweep
(LAS) test was conducted. Additionally, the influence of
modifiers on the creep recovery capability and low-tem-
perature crack resistance of asphalt binders was character-
ized using multiple stress creep recovery (MSCR) and bending
beam rheometer (BBR) tests. Moreover, this study employed
Fourier transform infrared (FTIR) spectroscopy and fluores-
cence microscopy tests to investigate the physicochemical
effects of aging on asphalt binders and to clarify how modi-
fiers physicochemically interact with the base asphalt.
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2 Materials and methods

2.1 Raw materials

The study utilized base asphalt, specifically grade 704, as
per the test methodology outlined in JTG E20 [23], with the
results of its properties documented in Table 1. TPO and
PPA were procured from Hunan Qidi Environmental Tech-
nology Co., Ltd and Shanghai Aladdin Biochemical Tech-
nology Co., Ltd, respectively. The fundamental properties
of each, as provided by the manufacturers, are detailed in
Tables 2 and 3. In normal atmospheric conditions, PPA
appeared as a colorless and transparent liquid, while
TPO appeared as an oil-like liquid of brown or black hue.
Figure 1 exhibits the macroscopic appearance of both
modifiers.

2.2 Preparation of original composite asphalt

In order to investigate the impact of increasing the content
of PPA and TPO additives on the performance of asphalt
binders, and to consider the adverse effects of excessive
TPO addition on asphalt binder properties, this study,
through preliminary research and pre-trials, selected and
prepared three types of modified asphalt with different
modifier contents [18,24]. These three dosages were: 1%
PPA and 4% TPO of the base asphalt mass ratio (referred
to as 1/4), 2% PPA and 4% TPO of the base asphalt mass
ratio (referred to as 2/4), 2% PPA and 6% TPO of the base
asphalt mass ratio (referred to as 2/6). Initially, to ensure
that the base asphalt achieved a fully fluid state, the base
asphalt was heated to 135°C using an oven. Subsequently,
various mass ratios of TPO and PPA were incorporated into
the base asphalt, and the mixture was then blended using a
Yixuan brand GS-1 type high-speed asphalt shearing machine.
The blending was conducted at 135°C at a speed of 4,500 rpm
for a duration of 45 min. This process resulted in the creation

Table 1: Fundamental properties of base asphalt
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Table 2: Fundamental properties of TPO

Index Unit Test results Test method
Density (20°C) kg:m™ 923 I1SO 12185:1996
Moisture % 0.1 1SO 3733:1999
Impurity % 0.0017 1SO 10307:2009

Table 3: Fundamental properties of PPA

Assay (AS- Assay Density Boiling
H3PO,) (%) (P205) (%) (25°C) (g-em™)  point (°C)
>116.77 94 2.06 300

(a)

Figure 1: Macroscopic morphology of raw materials: (a) PPA and (b) TPO.

(b)

of three different types of modified asphalt samples with
varying concentrations of additives (notated as 0 min).

2.3 Preparation of the aged composite
asphalt

To study the impact of aging time on the properties of
modified asphalt, this study introduced composite asphalt
at two distinct stages of aging. These were the composite
asphalt subjected to 85 min of RTFOT to simulate short-

Index Unit Test results Test method
Penetration (25°C, 100 g, 55) 0.1mm 78 T0604
Ductility (10°C, 5 cm:min™") cm 37.5 T0605
Softening point (Tres) °C 46 T0606

Index After RTFOT

Loss of quality % +0.5 T0610
Residual penetration ratio (25°C) % 60 T0604
Residual ductility (10°C) m 1 T0605
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term aging (referred to as 85min), and the composite
asphalt subjected to 270 min of RTFOT aging to simulate
long-term aging (referred to as 270 min) [22]. The RTFOT
aging conditions adhered to the specifications of T 0610-
2011 [23]. The procedure involved placing 35 g asphalt in a
standard sample bottle, then placing it in a preheated
rotating oven. The aging process occurred under specific
conditions, with an airflow rate of 4,000 + 200 mL-min!
and a temperature of 163 + 0.5°C. The preparation process
is illustrated in Figure 2.

2.4 Temperature sweep tests

The high-temperature performance of asphalt under var-
ious aging conditions was assessed by conducting tempera-
ture sweep tests with a dynamic shear rheometer (DSR).
Specifically, the tests were performed using an MCR302
DSR, manufactured by Anton Paar, Austria. The tempera-
ture testing range was 58-84°C, in increments of 6°C per
step. The test samples were 25 mm in diameter and 1 mm
thick, with frequencies and strain levels set at 10 rad-s ™
and 0.5%, respectively.

2.5 LAS tests

To evaluate the fatigue resistance of aged asphalt, the LAS
test with a DSR, using the method described in AASHTO TP-
101-16. Conducted at 25°C, the test specimen had a diameter
of 8mm and a thickness of 2mm. Initially, a frequency
sweep was carried out at 0.2-30 Hz under the same tempera-
ture, applying a 1% strain to identify the undamaged material
parameters. The LAS test was subsequently conducted at the

-~ 4000 rpm
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same temperature, maintaining a constant sweep frequency of
10 Hz and varying the amplitude from 0.1 to 30% over a dura-
tion of 310s. After the conclusion of the LAS test, the fatigue
performance of the asphalt binder was evaluated. In accor-
dance with AASHTO T 391-20, the frequency sweep test and
LAS test results were analyzed and calculated using the viscoe-
lastic continuum damage (VECD) theory. In this study, the
asphalt’s damage accumulation, denoted as D(t), and the
fatigue performance parameter, indicated by Nf, were repre-
sented by Eqgs. (1) and (5), respectively.

D(t)

il a @
= ) [ahy2(|G*[sini1 — |G¥|siné)i+a (& = ti-1)i+a,
i=1

where I, represents the initial value of |G*|, measured at the
1% strain interval, in MPa. y, denotes the applied strain,
expressed as a percentage. G* is the complex shear modulus,
also measured in MPa, while ¢ represents the duration in sec-
onds. The value of parameter a is reported in Eq. (2).

v

1
a=1+—,
m

where the parameter m is determined by simultaneously
fitting both Egs. (3) and (4).

G'(w) = |G¥|(w) * cos 8(w), ®3)
4

where G’(w) represents the energy storage modulus derived
from the dynamic modulus; |G*|(w) corresponds to each
frequency during frequency sweep; and cos 6(w) denotes
the phase angle associated with each frequency.

Nr = ASS(VmaX)_B s

logG’(w) = m(log w) + b.

5)

where the parameter Agss is derived from Eq. (6); ., repre-
sents the maximum expected strain in the pavement struc-
ture, expressed as a percentage; the constant B is defined
as twice the value of a.

135°C oil bath

Rolling thin-film oven

Figure 2: Preparation process of original composite asphalt and aged composite asphalt.
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Dk
Ags = f(Dr)

- SO (6)
k(nlhGiCr)*

where f represents the load frequency, set at 10 Hz.; k is
defined as k=1+ (1 - G)a; C; and C, are parameters
derived from linear fitting, as per Eq. (7); the term Dr
denotes the failure damage, which is calculated using Eq. (8).

log(Co - |G*|-sin 8) = log(C)) + GlogD),  (7)

where (, is the average value of |G*|-sin$ at 0.1% strain
interval.

@][612] (®)
G '

D = (0.35)[

For each data point corresponding to Eq. (1), D(¢t) must
also satisfy the relationship outlined in Eq. (9) with |G*|-sin§.

|G*-siné = Cy - C1(D). )

2.6 MSCR tests

To evaluate the asphalt’s creep recovery ability under
varying aging conditions after exposure to stress, MSCR
tests were conducted using a DSR. Testing followed the
AASHTO T 350-14 guidelines, utilizing the MCR302 DSR
manufactured by Anton Paar, Austria, as the equipment.
Tests were conducted at three temperatures: 58, 64, and
70°C. Samples measuring 25 mm in diameter and 1 mm in
thickness were used. The procedure included two stress-
controlled modes at stress levels of 0.1 and 3.2 kPa.

2.7 BBR tests

To characterize the low-temperature crack resistance of
asphalt binders, this study conducted BBR tests on asphalt
samples. Before the BBR testing, all asphalt samples under-
went the PAV aging procedures. The aged asphalt samples
were then tested using the BBR at temperatures of -12, -18,
and -24°C, following the AASHTO T 313-2008 standard. The
BBR test equipment used was the TE-BBR model BBR, made
by Cannon, USA.

2.8 FTIR tests

Differences are noted in the intensities of functional groups
within asphalt both before and after the aging process [25].
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The FTIR test was performed to analyze the alterations in
the functional groups of modified asphalt, based on the
varying aging circumstances, and to gauge how different
modified dosages affected asphalt’s resistance to aging.
The experiment was carried out using the Thermo Scientific
Nicolet iS20 instrument, with a sweep range of 400-4,000
em™, and was repeated 32 times.

2.9 Fluorescence microscopy tests

When subjected to ultraviolet radiation, various compo-
nents within asphalt exhibit different levels of fluorescence
intensity. Generally, the lighter components predominantly
induce the fluorescence observed in asphalt, while asphal-
tene components contribute minimally to fluorescence. As
the asphalt ages, the increased presence of asphaltene com-
ponents and decreased concentration of lighter components
leads to reduced fluorescence intensity. Consequently, asses-
sing the average fluorescence intensity is a viable strategy to
evaluate the anti-aging properties of asphalt [26]. For this
experiment, the LEICADM4M fluorescence microscope from
the German firm Leica was selected for fluorescence micro-
scopy testing. Asphalt specimens were affixed to glass slides
and examined under 400-fold magnification for detailed
analysis of fluorescence intensity.

2.10 RTFOT mass loss rate, flash point, and
ignition point tests

To assess the impact of modifiers on the stability and safety
characteristics of asphalt binders, this study conducted
tests to measure the RTFOT mass loss rate of both base
and modified asphalts, along with flash and ignition point
tests. The testing methodologies adhered to the guidelines
specified in ASTM standards D2872 and D8254.

3 Results and discussion

3.1 High-temperature rheological properties

The results of temperature sweep for the complex shear
modulus (G*) are shown in Figure 3, where a higher G*
value indicated a higher hardness of the asphalt. The
research findings suggested that adding modifiers overall
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Figure 3: Complex shear modulus of asphalt binder with varying modifier

increased the G* values of the base asphalt under different
aging conditions, effectively enhancing its resistance to
deformation in various aging states. Additionally, for all
asphalt binder types, the G* values rose with aging time,
indicating that aging leads to a greater degree of asphalt
binder hardening.

For the unaged original composite asphalt, when the
TPO dosage was fixed, G* increased with the addition of
PPA; inversely, when the PPA dosage was fixed, the G*
value of the asphalt binder decreased as the quantity of
TPO rose. This suggests that while TPO lowers the high-
temperature performance of the asphalt binder, the pre-
sence of PPA can effectively mitigate and improve the
negative impacts of TPO on its high-temperature behavior.

In aged composite asphalt, a decrease in the G* value
was observed as the modifier dosage increased. This pat-
tern demonstrates that the inclusion of modifiers can effec-
tively reduce the phenomenon of the asphalt’s hardening
in the aging process. Among the three examined modified
asphalts, the 2/6 asphalt binder exhibited the smallest var-
iation in the G* value under different aging time conditions.
For instance, at 52°C, the overall standard deviation of the
G* value for the 2/6 asphalt binder across three different
states (0, 85, 270 min) was 16736.5, which was reduced by 29
and 44% compared to the 1/4 and 2/4 modified asphalts,
respectively (as shown in Table 4). This indicates that,

contents and aging conditions.

relative to PPA, an increase in TPO dosage has a more sig-
nificant effect in reducing asphalt aging hardening, as TPO
helps offset the loss of light components caused by thermal
oxidative aging in the asphalt binder [27].

To quantitatively assess the impact of aging on the
temperature sensitivity of asphalt binders quantitatively,
the G* values are used, employing Eq. (10) to fit the Com-
plex modulus index (GTS) [28]. A smaller absolute value of
GTS indicates lower temperature sensitivity for the asphalt
binder. The fitting results for each parameter can be found
in Table 5, while those specific to GTS values are shown in
Figure 4.

1g(0gG*) = GTS1g(T) + C, (10)

where G* is the complex shear modulus in pascals, GTS
represents the slope, T represents the test temperature in
degree Celsius, and C represents the intercept.

The results in Figure 4 show that, except for the base
asphalt, the |GTS| values of all other modified asphalts tend
to decrease as aging time increases. However, the base
asphalt under 85 min RTFOT aging conditions had exhibited
a|GTY value higher than the unaged base asphalt. This indi-
cates that the base asphalt, once aged for 85 min RTFOT,
reduced temperature sensitivity compared to when it is
unaged. Similar observations have been made in the studies
by Xue et al, suggesting a connection to asphalt’s unique

Table 4: Complex shear modulus and overall standard deviation of various asphalt binders at 52°C

Asphalt type and aging time Base asphalt 1/4 2/4 2/6

0 min 85 min 270 min 0 min 85 min 270 min 0 min 85 min 270 min 0 min 85 min 270 min

Complex shear modulus 87733 14,646 33,551 12,696 49,969 85,689 19,359 46,228 77,045 13,360 34,901 54,338

Overall standard deviation 10,572 29,802

23,569 16,737
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Table 5: GTS fitting results for different types of asphalt binders

Asphalt type |GTS| C R Overall standard
and aging time deviation
Base 1.04266 2.36493 0.96600 0.1564
asphalt (0 min)

Base asphalt 112750  2.55764 0.98261

(85 min)

Base asphalt 0.76153  1.94896 0.93353

(270 min)

1/4 (0 min) 0.87970 2.10222 0.95216 0.1882
1/4 (85 min) 0.59716  1.69722  0.98944

1/4 (270 min) 0.42291 1.41109  0.96672

2/4 (0 min) 0.64686 1.73387 0.94203 0.0296
2/4 (85 min) 0.61812  1.72983  0.98774

2/4 (270 min) 0.57492 1.67664 0.97055

2/6 (0 min) 0.73816  1.86182 0.93787  0.1407
2/6 (85 min) 0.71420 1.88487 0.98607

2/6 (270 min) 0.42837 1.40222 0.93512

properties, particularly the ratios of components in the
asphalt binder [29].

When discussing the impact of modifiers on the tem-
perature sensitivity of asphalt binders, research findings
showed that for the unaged original composite asphalt, the
addition of modifiers could lessen the temperature sensi-
tivity of the base asphalt. As modifiers were incorporated,
the |GTS| value decreased with an increase in PPA content,
while conversely, this value increased as the content of
TPO rose.

Concerning the temperature sensitivity of aged com-
posite asphalt, the |GTS| values of the 2/4 asphalt binder
exhibited the least dispersion in three different states (0,
85, 270 min), showing an overall standard deviation of only
0.0296 (Table 5). This value is significantly lower than that
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270min

0.2

0.0

Base asphalt 1/4 2/4 2/6

Figure 4: Absolute values of GTS for various types of asphalt binders.

of other modified asphalts, indicating that PPA improves
the temperature sensitivity of asphalt binders and miti-
gates the impact of aging.

Figure 5 displays the temperature-sweep phase angle
(6), where smaller § values indicate better elastic proper-
ties of the asphalt binder. In all asphalt binders, a decrease
in &§ values is observed as aging time increases, indicating
enhanced resistance to deformation with aging. Further-
more, adding modifiers reduces the § values in the base
asphalt as it ages, suggesting that modifiers improve the
base asphalt’s elastic performance.

Regarding the unaged original composite asphalt, at a
constant PPA content, an increase in TPO content led to a
rise in the § value of the asphalt binder. Conversely, at a fixed
TPO content, the § value of the asphalt binder decreased with
an increase in PPA content. This phenomenon can be attrib-
uted to the oiliness of TPO, which softens the asphalt binder,

—=—1/4 (Omin)
“||—e—1/4 (85min)

Phase angle (°C)
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Figure 5: Phase angles of various types of asphalt binders.
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while PPA interacts with the asphalt binder, transforming it
from a sol-like state to a gel-like state [17].

In the case of aged composite asphalt, the fluctuation
range of 6 values for the 1/4 modified asphalt was broader
under various temperature conditions. However, with the
increased PPA content, as demonstrated by the 2/4 and 2/6
modified asphalt, the fluctuation range of § values in these
two asphalt binders was reduced compared to that of the 1/
4 modified asphalt. This suggested that a higher PPA con-
tent led to a significant decrease in the fluctuation range of
6 values in modified asphalt across various aging condi-
tions. The reason for this is that more cross-linked macro-
molecular structures generate within the asphalt binder by
increased PPA content, thereby ensuring a stable viscous-
elastic component under various aging scenarios [30].

To analyze how modifiers and aging influence the viscoe-
lastic properties of asphalt binders, a black diagram is uti-
lized. This diagram maps the phase angle data from the
asphalt binder’s temperature sweep onto the x-axis (abscissa)
and the complex shear modulus on the y-axis (ordinate), as
shown in Figure 6. The results indicated that for unaged
original composite asphalt, the phase angle-complex shear
modulus curve of the modified asphalt shifted to the left
compared to the base asphalt, in the order: 1/4 < 2/6 < 2/4.
This suggested that adding PPA improves the viscoelastic
behavior of asphalt binders, while incorporating TPO is coun-
terproductive. For aged composite asphalt, the curve shifted
leftward with increased aging, indicating that aging enhances
the asphalt binder’s viscoelastic behavior.

Figure 7 displays the results for the rutting factor
(G*/sin &) of the asphalt binder across different aging

DE GRUYTER

conditions. An increase in the rutting factor indicates enhanced
stiffness and reduced plasticity of the asphalt binder. In this
study, the addition of modifiers allowed for a varying degree
of improvement in the base asphalt’s rutting factor, indicating
that the modifier positively contributes to bolstering the asphalt
binder’s stiffness. Furthermore, as the aging time increased, the
rutting factor of the asphalt binder showed a growing trend,
indicating that the aging process diminishes the asphalt binder’s
plasticity.

Regarding the unaged original composite asphalt, an
escalation in PPA content served to increase its rutting
factor, while an increment in TPO content triggered a
reduction in this factor. This phenomenon is attributable
to the fact that PPA reacts with asphalt, thereby increasing
the asphaltene content within the binder [31]. However, the
presence of numerous light components in TPO negatively
influences its resistance to deformation.

In aged composite asphalt, an increasing TPO content
reduced the rutting factor of modified asphalt. The No. 2/6
asphalt binder exhibited the smallest fluctuation in the
rutting factor among the three types of modified asphalt
under various aging time conditions. As an example, at
52°C, the overall standard deviation of the G* values for
the No. 2/6 asphalt binder at three different states (0, 85,
270 min) was 28145.79, the lowest value compared to the
other three types of modified asphalt in Table 6. This indi-
cates that increasing the TPO content mitigates the aging-
induced effects on the asphalt binder’s plasticity.

To thoroughly assess the influence of modifiers on
asphalt’s high-temperature rheological properties, the study
employs the critical temperature as the evaluation metric. A
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Figure 6: Black diagram of various types of asphalt binders.
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Figure 7: Rutting factor of various types of asphalt binders.

Table 6: Rutting factors of various types of asphalt binders at 52°C and overall standard deviation

Asphalt type and aging time Base asphalt

1/4

2/4 2/6

Omin 85 min 270 min 0 min 85 min 270 min 0 min 85 min 270 min 0 min 85 min 270 min

Rutting factors
Overall standard deviation

88373 14,898
13027.437

39,000
40244.823

13,433 61,369

15,024 40,945 83,310
28145.790

11,2000 22,861 56,400 95,100

29516.526

higher critical temperature indicates a higher maximum
operating temperature limit. The critical high temperature
(Tc(High)) for unaged asphalt binder is determined by Egs.
(11) and (12) and is applied to determine the critical high tem-
perature (Iz(High)) for asphalt binder subjected to 85 min of
RTFOT aging. The lesser of these two values denotes the critical
high temperature [32].

Log(1.00) — Log(G1)
a

Te(High) = [ ] + T, (11)

Log(1.00) - Log(Gy)
a

(12)

Tc(High) = [ ] + T,

where T; denotes a specific temperature in °C, G, represents
the rutting factor (G*/sin &) at a specified temperature (7;)

Table 7: Critical high temperature of various types of asphalt binders

in kPa, and “a” represents the gradient of the stiffness-tem-
perature curve.

Table 7 delineates the critical high temperatures for
different asphalt binders. Overall, the integration of modi-
fiers enabled a varying degree of enhancement in the base
asphalt’s high-temperature performance. For the three
types of modified asphalt, the critical high temperature
rose by 9.5, 33.5, and 14.7%, respectively, compared to the
base asphalt. Furthermore, the asphalt binder’s critical
temperature ascended with an increase in PPA content
and descended with a rise in TPO content. A comparison
between the No. 1/4 and No. 2/4 asphalt binders reveals that
a 1% increment in PPA content elevated the critical tem-
perature of the No. 1/4 asphalt binder by 21.9%, indicating

Asphalt type Property Tc (High) (°C) Critical high temperature (°C)
Base asphalt G*/sin 6 (0 min) 67.19 66.25
G*/sin 6 (85 min) 66.25
174 G*/sin 6 (0 min) 72.51 72.51
G*/sin & (85 min) 88.36
2/4 G*/sin 6 (0 min) 83.45 83.45
G*/sin 6 (85 min) 87.46
2/6 G*/sin § (0 min) 75.90 75.90
G*/sin 6 (85 min) 81.27
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that PPA effectively suppresses and ameliorates the
deleterious effects of TPO on the high-temperature perfor-
mance of the asphalt binder. This phenomenon is attrib-
uted to the fact that PPA augments the quantity of heavy
fraction within the asphalt binder [33].

3.2 LAS test results

Figure 8 presents stress—strain curves of asphalt binder
subjected to varying aging periods. In these curves, there
is an inverse relationship between the peak width of the
asphalt binder and its stress dependency, and the peak
width shows a positive correlation with the macromolecule
content [34,35]. For both the unaged original composite
asphalt and the aged composite asphalts, with constant
TPO content, the peak width increased as the PPA content
rose. Conversely, at a fixed PPA content, increasing the TPO
content led to a narrower peak width in the asphalt binder.
These findings indicate that the presence of PPA diminishes
the asphalt binder’s stress dependency while enhancing the
macromolecule content. In contrast, TPO increases stress
dependence and raises the small molecule content.

A nonlinear fitting of the LAS data, in accordance with
AASHTO T 391-20, is performed for an in-depth analysis of
the asphalt binder damage properties before and after
aging. These data are subsequently normalized. The integ-
rity parameter D(t) serves as the y-axis, and the cumulative
damage parameter C(t) as the x-axis, for plotting the VECD
damage curve of the asphalt binder (Figure 9). With a fixed
C(t) value, a larger D(t) value indicates enhanced resistance
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4E+5 . . | m Base asphalt (270min)
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B 2E+5
—
s
»
—
(]
2
+5 |
» 1E+5
0E+0 |-
1 1 1 1 1 1 1

shear strain (%)

Figure 8: Stress-strain results of various types of asphalt binders under
LAS test conditions.
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to damage under specific load conditions. An undamaged
asphalt binder is indicated by a C(¢) value of 1, which
decreases to 0 when the asphalt binder is completely
damaged.

Experimental outcomes demonstrated that within a
limited damage range, all asphalt binder damage curves
exhibited significant similarity. However, this was not the
case in a wider damage range. For the unaged original com-
posite asphalt, the damage resistance of the base asphalt
was significantly better than that of other unaged modified
asphalts. For the 85-min-aged composite asphalt, the 1/4
binder showed optimal damage resistance. Meanwhile, the
2/4 modified binder presented the best damage resistance in
the context of the 270-min-aged composite asphalt. Nevertheless,
the aforementioned discussion serves as an initial assess-
ment of the load damage attributes of the asphalt binder.
For a comprehensive evaluation of the fatigue life of the
modified asphalt binder, it is imperative to base the evalua-
tion on the damage criterion [34].

As shown in Figure 10, we calculated the fatigue life
(Np) of the asphalt binder under various strain levels based
on the damage criterion of VECD shear stress. A larger N;
value indicates a longer fatigue life of the asphalt binder.
Experimental results showed that at a lower strain level,
with the increase in aging time, the N; value of the asphalt
binder increased. However, when the strain exceeded
a certain threshold, the N; value of the asphalt binder
decreased with the increase in aging time, which is consis-
tent with the research results of other researchers [36].For
this study, we found that under lower strain conditions
(Figure 10a), the addition of the modifier enhanced the
fatigue life of the base asphalt under various aging
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—e—1/4 (Omin)
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Figure 9: Stress-strain curves of various types of asphalt binders under
LAS testing conditions.
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Figure 10: Fatigue life of various types of asphalt binders. (a) Low strain level condition, (b) Overall view, and (c) High strain level condition.

conditions. Whether in the unaged original composite the 1/4 and 2/4 asphalt binders, we observed that an
asphalt or the aged composite asphalt, the 2/4 asphalt increase in PPA content significantly enhanced the fatigue
binder exhibited the longest fatigue life. By comparing resistance as indicated by N; values of the asphalt binder
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under different aging conditions. Furthermore, a compar-
ison between the 2/4 and 2/6 asphalt binders revealed that
although a rise in TPO content might have shortened the
fatigue life of the asphalt binder under unaged or short
aging (85min) conditions, it decreased the range of varia-
tion in N values. This demonstrates that TPO, despite its
potential to reduce the fatigue life under certain condi-
tions, can mitigate the impact of aging on the fatigue resis-
tance of the asphalt binder.

However, observing Figure 10c, when the asphalt binder
was in a high strain level state, it was observed that both the
unaged original composite asphalt and the aged composite
asphalt demonstrated the pattern of their fatigue life rising
and falling, respectively, with the increase in PPA and TPO
content. Interestingly, the 270 min aged composite asphalt of
sample 1/4 exhibited the lowest fatigue life (N;) value. How-
ever, with an upsurge in PPA content, the asphalt binder from
sample 2/4 exceeded the N value of sample 1/4. This can be
attributed to a possible threshold effect of PPA content on the
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fatigue performance of long-term aged asphalt binder under
significant strain. Only when the PPA content exceeds this
threshold does it effectively enhance the fatigue performance
of the long-term aged asphalt binder under high strain.

3.3 MSCR test results

As depicted in Figures 11-13, various types of asphalt bin-
ders exhibited varied strain response curves during the
initial load cycle under distinct temperature and stress
conditions. As anticipated, the maximum strain of the
asphalt binder decreased with the progression of aging
time and increased as the load level escalated. This out-
come suggests that aging leads to a hardening of the
asphalt binder, thereby reducing its deformation under
load conditions. Moreover, with an increase in the test
temperature, all asphalt binders demonstrate a trend of
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Figure 11: Strain response curves of various types of asphalt binders at 58°C: (a) 0.1 kPa and (b) 3.2 kPa.
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Figure 12: Strain response curves of various types of asphalt binders at 64°C: (a) 0.1 kPa and (b) 3.2 kPa.

greater strain amplitude with temperature elevation, indi-
cating that higher temperatures adversely affect the asphalt
binder’s ability to resist deformation.

Under three distinctive temperature conditions, both
unaged original composite asphalt and the aged composite
asphalt consistently exhibited lower maximum strain values
compared to the base asphalt under similar conditions. This
observation suggests that the addition of modifiers substan-
tially enhances the deformation resistance of the base asphalt.
Using the strain response curves of various asphalt binders at
64°C and 0.1 kPa (Figure 12) for reference, when the TPO
content was kept constant, increasing the PPA content lowered
the maximum strain of the asphalt binder. Conversely, if the
PPA content remained stable, an increase in TPO content
resulted in increased maximum strain. This demonstrates
that adding PPA effectively enhances the asphalt binder’s
deformation resistance and counteracts the effects of TPO.

For aged composite asphalt, the strain response curves
of various types of asphalt binders at 64°C and 0.1 kPa, as

shown in Figure 12, were used as an example. When com-
paring asphalt binders No. 1/4 and No. 2/4, increasing the
PPA content could mitigate the effects of aging on the
asphalt binder, reduce the fluctuation of maximum strain
under varying aging conditions, and promote stability.
Conversely, a higher TPO content intensified aging’s effects
on the binder, increasing strain fluctuation, leading to
instability. This is due to PPA’s capacity to consume and
convert light components to heavy ones in the asphalt
binder, thereby lowering the percentage of oxidizable
and loss-prone light components, thus preserving binder
stability during aging. TPO helps replenish light compo-
nents lost to thermal oxidation, consequently extending
the complete aging timeline for the binder.

Figures 14 and 15 display the evaluation indicators
of the MSCR tests performed at three different tempera-
tures. Ry; and Rs, represent the recovery percentages
of the asphalt binder under test conditions of 0.1 and
3.2kPa, and R-diff represents the difference in recovery
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Figure 13: Strain response curves of various types of asphalt binders at 70°C: (a) 0.1 kPa and (b) 3.2 kPa.
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percentages of the asphalt binder under test conditions of
0.1 and 3.2 kPa. In general, a larger R value indicates
greater elasticity in the asphalt binder, and a smaller R-
diff value suggests a slight impact of stress on its elastic
recovery ability.

The R value of the asphalt binder increased with pro-
longed aging and decreased as the load increased. This
indicated that aging reduces the total strain of the asphalt
binder under a fixed load, thereby increasing the creep
recovery rate; that is, under a lower load level, the asphalt
binder is more likely to exhibit elastic behavior. For our
research, the R values of base asphalt and modified asphalt
showed a linear relationship in the range of 58-70°C; that
is, as the temperature rose, the R values decreased.

For unaged original composite asphalt and aged com-
posite asphalt for 85min, by comparing asphalt binders
No. 1/4 and No. 2/4, we found that an increase in PPA con-
tent could increase and decrease the R values and R-diff
values of the asphalt binder under different temperature
and load conditions. However, when the TPO content was
further increased on the basis of No. 2/4 asphalt binder, the
R values and R-diff values of No. 2/6 asphalt binder actually
decreased and increased. This indicates that the addition of
PPA can improve the rutting resistance of the asphalt
binder, while it reduces the extent to which its elastic
recovery is affected by stress, while the addition of TPO
is harmful to the deformation recovery of the asphalt
binder under load conditions.

However, for aged composite asphalt for 270 min, No.
1/4 asphalt binder had actually demonstrated the highest R
values and the lowest R-diff values. When the modifier
content was increased beyond No. 1/4 asphalt binder, the
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R values of the asphalt binder decreased, and the R-diff
values increased. This implies that under long-term aging
conditions, the excessive addition of modifiers would nega-
tively impact the asphalt binder’s elastic properties.

Figures 16 and 17 display the results of the J,, and
Jur-aiee from the MSCR experiments on various asphalt bin-
ders. Generally, a higher J,,, value indicates a greater per-
manent deformation of the asphalt binder under load,
while a larger J,,qir value suggests a greater disparity in
permanent deformation across different load conditions.
The results demonstrated that, for various asphalt binders,
the J,,, values increased with the rising test temperatures
and decreased with increased aging. This suggests that
asphalt binders are more prone to permanent deformation
at high-temperature load conditions, while aging mitigates
the deformation caused by loading in these binders.

For unaged original composite asphalt, the addition
of modifiers effectively reduced permanent deformation
under various load conditions compared to base asphalt.
Compared to the Jy,; values of the 1/4 and 2/4 asphalt binders,
the 2/4 binder consistently showed the lowest J,,, values
under various stress conditions. This indicates that incor-
porating PPA into the asphalt binder reduces its permanent
deformation under loading. However, increasing the TPO
content in the asphalt binder, as demonstrated by the 2/6
binder, resulted in higher Jn, values. This suggests that
adding TPO to the asphalt binder leads to an increase in
its permanent deformation under load conditions.

In the case of aged composite asphalt, compared to
other asphalt binders, the No. 2/4 asphalt binder shows
less variability in J,, value under different aging condi-
tions. This indicates that an increase in PPA content can
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Figure 15: Percent recovery difference of various types of asphalt binders.
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Figure 16: J,,, results of different asphalt binders.
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aging in asphalt binders. However, ], qir data indicated that

although modifiers improve the base asphalt’s resistance to
permanent deformation, they also raise the asphalt binder’s
Jar-aiee value. This implies that adding modifiers can exacer-
bate the base asphalt’s variability in permanent deforma-

tion under various load conditions.

Figure 17: J,qifr results of different asphalt binders.
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3.4 BBR test results
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Figures 18 and 19 illustrate the creep stiffness (S) and creep
rate (m) of asphalt binders under a 60 s load at various
temperatures. The results indicated that, with the decrease
in the temperature, the S values increase while the m

values decrease. This suggests that at lower temperatures,

240 [
220 |
200 [
180 [
160 [

-

N

o
T

Temperature (°C)



DE GRUYTER Investigating the anti-aging properties of asphalt modified with PPA and TPO == 17

800 I—— Base asphalt (Omin)|
—— 1/4 (Omin)
—=— Base asphalt /4 (omin)
700 |-l —e—1/4 e Eions rouss —— 2/6 (Omin)
—A—2/4
600 |- -[—v—26 ... A 3 Sulfoxide <1— L+ Carbony
© 1230cm"‘<
(@500 [ T g fo12em’
S g )
S gl AW
" QOO frvvmmmrreeee e S L 5
ALY
<
W T AW/
439cm’’ Y
200 [ - AT N2
1 1 : II 1 1 1 1 1
100 L1 ! ! 0 500 1000 1500 2000 2500 3000 3500 4000 4500
-12 -18 -24 Wavenumber (cm™)
Temperature (°C) (a)
Figure 18: Creep stiffness of asphalt binders at different temperatures. Base asphalt (85min)
[——1/4 (85min)
[—2/4 (852:2)
[——2/6 (85min)
asphalt binders become more susceptible to cracking and Ettylene groups
—~ Sulfoxide <=—
damage. 3
In comparison to the base asphalt, all modified asphalts N L caony
exhibited reduced S values and increased m values. This 8 | st5em’
. . . . =
indicated an effective enhancement in the low-temperature S X
crack resistance of asphalt binders due to the addition of §
N
modifiers. Furthermore, when comparing the S and m <

values between the 1/4 and 2/4 asphalt binders, it was
observed that the 2/4 asphalt binder exhibited higher S
values and lower m values. This suggests that the addition

Base asphalt

g

of PPA makes the asphalt binder more brittle at low tem- 0 500 1000 1500 2000 2500 3000 3500 4000 4500
N . . . -1
peratures, negatively impacting its low-temperature crack Waveng;ber (em™
{—— Base asphalt (270min)
0.50 [——1/4 (270min)
—=— Base asphalt 2% czromm>
045 b oo —— 1/4 N Ethylene groups:
I —A—2/4 = Sulfoxide<—
0.40 —v— 2/6 3
A
o —+>Carbonyl
0.35 g 515cm’"
©
e o NV\'\/\
[e]
030 21 M
VA
0.25 ,\/J“\
N
!
0'20 1 1 : 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
0.15 L—1 1 ! Wavenumber (cm™)

12 -18 -24 ()
Temperature (°C)

Figure 20: FTIR results of asphalt binder at different aging times: (a)
Figure 19: Creep rate of asphalt binders at different temperatures. 0 min, (b) 80 min, and (c) 270 min.



18 =—— Chuangmin Li et al.

Table 8: Position of the significant peaks of asphalt binder and their
corresponding functional groups

Ref. Peak Functional Details
position groups
[38] 439 Si-0-Si Bending vibration
[39] 515 Si-0-Al Functional groups
[401 733 -CH, Rocking
[371 1,012 P-0-C Ester; stretching
[40]1 1,373 CHs Aliphatic; plan deformation
[40] 1,451 CHs and CH, Aliphatic; deformation
[40] 1,600 =C Conjugated ring vibration
[40] 2,850 C-H Aliphatic hydrogen; CH,;
symmetric stretching
[40] 2,919 C-H Aliphatic hydrogen; CHs

and CHy; Asymmetric
stretching

resistance. However, a comparison between the 2/4 and 2/6
asphalt binders revealed that the 2/6 asphalt binder exhib-
ited smaller S values and larger m values. This implies that
increasing the TPO content in modified asphalt results in
superior low-temperature crack resistance. This phenom-
enon is attributable to the softening effect of TPO on the
asphalt, which enhances its ductility at lower temperatures.

3.5 FTIR spectroscopy test results

In an effort to delve into the physicochemical interactions
of asphalt with its modifiers before and after aging, we
perform FTIR tests. The smoothing and baseline correction
of the results enable clearer observation of changes in
functional groups induced by the application of modifiers.
Figure 20 and Table 8, respectively, present the post-pro-
cessing outcomes and the significant characteristic peaks
and their affiliated functional groups.

The results showed that for the unaged original com-
posite asphalt, after adding modifiers, the absorption peak
at 439 cm ™ vanished, which corresponded to the bending vibra-
tion of Si—O-Si. Concurrently, a notable increase was observed
in the intensity of the absorption peak at 1,012 cm ™. Comparing
samples 1/4 and 2/4, a rise in PPA concentration leads to an
increase in this peak intensity, attributable to the phosphatiza-
tion of asphalt’s —OH group [37]. Additionally, comparing
samples 2/4 and 2/6 showed a decrease in the absorption
peak around 1,230 cm™ (characteristic of PPA), aligning
with an increase in the TPO content. This suggests a poten-
tial interaction between TPO and PPA, leading to PPA con-
sumption. For the aged composite asphalt, a new absorption
peak associated with the Si-O-Al functional group appeared
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Figure 21: Sulfoxide index of various types of asphalt binders.

at 515cm™, differing from the base asphalt. The disparity in
these absorption peaks indicates physicochemical interactions
between asphalt, its modifiers, and the PPA and TPO entities,
regardless of the aging state.

Asphalt has undergone thermal oxidation during the aging
process, leading to the oxidation of the asphalt and changes in
the intensity of certain functional groups. Importantly, there
has been significant increase in the intensity of sulfoxide
(S=0) and carbonyl (C=0) groups during the aging process
[40]. This has formed a crucial foundation for assessing the
impact of aging on asphalt binders by analyzing functional
group intensity changes before and after aging. In this study,
semi-quantitative analysis, using the sulfoxide index (ratio of
sulfoxide to ethylene group intensity) and carbonyl index (ratio
of carbonyl to ethylene group intensity), has been employed to
further investigate the impact of modifiers on asphalt aging. In
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Figure 22: Carbonyl index of various types of asphalt binders.
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Figure 23: Fluorescence images of various types of asphalt binders after binarization: (a) Base asphalt, (b) 174, (c) 2/4, and (d) 2/6.
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Figure 24: Average fluorescence intensity of various types of asphalt
binders.

this context, the ethylene group (CH,) has been deemed a func-
tional group that is less affected by aging [41]. To guarantee the
authenticity of the results, intensity data for the sulfoxide, car-
bonyl, and ethylene groups rely solely on unaltered raw FTIR
data, with no smoothing or baseline correction. Finally, the
processing results of the sulfoxide index and carbonyl index
are shown in Figures 21 and 22.

The results show that adding a modifier to the base
asphalt, either before or after aging, increased its sulfoxide
index with noticeable variability. This phenomenon is
attributed to the variety of sulfur-containing compounds
in TPO, including thiophene, benzothiazole, and benzothio-
phene [42]. This indicates that for modified asphalt con-
taining TPO, the sulfoxide index is not a reliable indicator
of its aging level. In this study, however, the carbonyl index
displayed a more consistent trend, with all asphalt binders
showing an increase in this index as aging progressed.
Discussing the impact of modifiers on asphalt’s anti-aging
properties, the modified samples 2/6 had the lowest car-
bonyl index and the least variation compared to other bin-
ders. The modified samples 1/4 and 2/4 showed a similar
carbonyl index. This suggests that the addition of TPO can
effectively mitigate the impact of thermo-oxidative aging on
asphalt binders, whereas PPA does not have a significant
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effect on the resistance to thermo-oxidative aging on asphalt
binders. This is due to TPO’s relatively lower polarity com-
pared to asphalt. Thus, during extended thermo-oxidative
aging, TPO is preferentially oxidized, consuming thermal
energy and oxygen. This indirectly lessens thermo-oxida-
tion’s impact on the asphalt binder itself.

3.6 Fluorescence microscopy test results

To investigate the microscopic morphology of modifiers in
asphalt and assess the fluorescence intensity of asphalt
binders, we use Image] software for processing the original
images captured from fluorescence microscopy. To ensure
comparability of results while optimally selecting signals
from the modifier and minimizing those from the asphalt
background, the threshold range of the algorithm is set
between 13 and 255. In this study, the mean fluorescence
intensity is calculated using Eq. (13). A reduced mean fluor-
escence intensity indicates a severe aging effect on the
asphalt binder and significant loss of lighter components.
The post-threshold processing results, along with the mean
fluorescence intensity before and after aging of different
modifier proportions, are presented in Figures 23 and 24.

_ IntDen

, (13)
Area

Mean
where Mean represents the mean fluorescence intensity of
the region; IntDen is the total fluorescence intensity; and
Area is the area of the region.

In the results of binarization, the asphalt phase is repre-
sented by the black region, while the prominently visible
white region symbolizes the modifier phase. Calculations of
mean fluorescence intensity showed a consistent decrease
in the overall mean fluorescence intensity of various types
of asphalt during aging, indicating an increase in the asphal-
tene content in the asphalt with prolonged aging. Regardless
of the aging conditions, the modified asphalt with a PPA and
TPO ratio of 1/4 exhibited the highest mean fluorescence
intensity compared to other modified asphalts. Whether
the unaged original composite asphalt or the aged composite
asphalt that underwent 85 min of aging treatment, the trend

Table 9: Different asphalt binder mass loss rates, flash point, and fire point results

Property Unit Base asphalt 1/4 2/4 2/6
Flash point (ASTM D 92 standard) °C 254 241 245 237
Fire point (ASTM D 92 standard) °C 260 245 251 240
RTFOT mass variation (ASTM D2872 standard) % +0.5 +0.316 +0.337 0.013
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in mean fluorescence intensities remained consistent (1/4 >
2/6 > 2/4 > Base asphalt). When PPA content is constant and
TPO content is increased, the mean fluorescence intensity
rose with the increase in TPO content, suggesting that addi-
tion of TPO can decrease the overall asphaltene proportion
in the asphalt, mitigating the effects of short-term aging.
Conversely, when the TPO content is constant and the PPA
content is increased, the mean fluorescence intensity
decreased with the rise in PPA, indicating that PPA can
interact with asphalt to produce more asphaltene, consis-
tent with previous study results [43].

Nevertheless, for aged composite asphalt subjected
to a 270 min aging treatment, the mean fluorescence inten-
sity trend of the asphalt binder altered, with its ranking
by mean fluorescence intensity being 1/4 > Base asphalt
> 2/4 > 2/6. It was noteworthy that, while maintaining a
constant content of PPA, a decrease in the mean fluores-
cence intensity of the asphalt binder was observed with the
increase in the content of TPO. This phenomenon can be
explained by the following mechanism: the primary com-
ponent of TPO is a light fraction. When an excessive
amount of TPO is added to the asphalt binder, the surplus
light fractions brought by TPO cannot be fully absorbed by
the asphaltenes. This leads to the unabsorbed light frac-
tions remaining in a free state, thereby increasing their
exposure to oxygen and consequently promoting oxida-
tion. Such oxidation results in the formation of more
asphaltenes, which in turn reduces the mean fluorescence
intensity of the asphalt binder.

3.7 Stability and safety

As Table 9 demonstrates, adding modifiers to base asphalt
lowered its flash and fire points. A comparison of the 2/4
and 2/6 modified asphalts showed that increasing TPO con-
tent in the asphalt binder decreased its flash and fire points.
In contrast, higher PPA content in the binder increased its
flash and ignition points. Regarding the RTFOT mass varia-
tion, the data indicated that modifiers accelerated the base
asphalt’s mass loss rate, enhancing its volatility. An increase
in TPO content was linked to a higher mass loss rate in the
binder. However, a rise in PPA content in modified asphalt
did not significantly alter the rate of mass variation, as the
1/4 and 2/4 modified asphalts demonstrated. These effects
can be attributed to the volatile components in TPO, which
make the binder more ignitable and increase the volatile
fraction in modified asphalt. Conversely, PPA’s ability to
transform lighter asphalt components into larger molecules
makes the binder more resistant to thermal oxidation.

Investigating the anti-aging properties of asphalt modified with PPA and TPO =— 21

4 Conclusion

This study conducts a series of experiments to explore the
feasibility of using PPA/TPO as anti-aging modifiers for
asphalt, leading to the following conclusions:

1) The presence of PPA in PPA/TPO modified asphalt has
mitigated and enhanced the adverse effects of TPO on the
high-temperature performance of the modified asphalt,
while ensuring its low-temperature crack resistance.
Additionally, while TPO presence has adversely affected
the high-temperature performance of modified asphalt,
it significantly slows the hardening effect caused by
aging.

2) In terms of the mechanical response of PPA/TPO mod-
ified asphalt, the addition of PPA has improved its
fatigue resistance under aging conditions and lessened
the impact of aging on its deformation resistance.

3) Regarding the thermo-oxidative aging resistance of PPA/
TPO modified asphalt under thermal and oxygen condi-
tions, TPO, due to its higher polarity, can be preferen-
tially oxidized by oxygen, thus reducing the impact of
oxygen on the asphalt binder itself.

4) For modified asphalt containing TPO, due to the pre-
sence of a substantial number of sulfur-containing
substances in TPO, it is not recommended to use the
sulfoxide index as a measure for the anti-aging beha-
vior of TPO-modified asphalt, in comparison to the
carboxyl index.

5) The results of the FTIR and fluorescence microscopy
tests indicate that, regardless of whether in an unaged
or aged state, there is a physicochemical interaction
between the asphalt and the modifiers, PPA, and TPO.
Furthermore, an increase in the PPA content within the
modified asphalt is manifested by a reduction in the
fluorescence intensity of the modified asphalt, sug-
gesting that PPA reacts with the asphalt binder to pro-
duce more asphaltenes.

In summary, this research has confirmed the feasibility
of PPA/TPO as anti-aging modifiers for asphalt. However,
performance tests on TPO and PPA modified asphalt mix-
tures, including low-temperature performance tests, are yet
to be conducted. Therefore, before deploying TPO and PPA
modified asphalt in actual projects, it is critical to perform
further tests assessing the road performance of these mix-
tures, including evaluations of water stability and freeze-
thaw resistance.
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