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Asphalt binder behaves as a viscoelastic material and its inherit performance is dominated by rheological and chemical properties.
Aging of asphalt binder is a prominent distress for long-term in-service asphalt pavement. In this work, the effect of aging on base
asphalt modified by polyphosphoric acid (PPA) has been investigated. For the objective, virgin asphalt binder was modified by
various dosages of PPA, styrene-butadiene-styrene (SBS), and PPA/SBS compound modification. )e short- and long-term aging
processes were simulated by Rolling )in-Film Oven Test (RTFOT) and Pressure Aging Vessel (PAV) procedure. Rheological
property of five aged modified binders was evaluated by the Dynamic Shear Rheometer (DSR). Meanwhile, gel permeation
chromatography (GPC) was conducted to measure the molecular weight distribution and dispersion coefficient during the aging
process. )e high-temperature stiffness of PPA polymer binders is slightly higher than that of SBS and PPA/SBS compound
modified asphalts. )e aging ratio and molecular weight analysis verify the lower thermal-oxidative susceptibility of PPA/SBS
compound modified asphalts. )is study offers an understanding for the promotion and application of PPA modifier.

1. Introduction

)ermal-oxidative aging is a complicated process and in-
duces damage of asphalt pavement during a long service life.
)is phenomenon has caused the adverse impact on the
flexibility and durability of pavement. )e main damage
caused by aging at intermittent temperature is longitudinal
cracking and the decrease of fatigue life for a long duration
of pavement service [1–4].

To mitigate the premature damage related to the aged as-
phalt materials, it is generally acceptable to utilize modified
asphalts to improve damage resistance since the strategic
highway research program (SHRP) in the 1990s. )e aging
resistance of asphalt binder can be improved by using SBS,
epoxy resin, styrene-butadiene rubber (SBR), and waste rubber
asmodifiers. Polymermodifiers play an active role in preventing
the premature damage caused by long-term aging [5–7].

However, utilizing polymer modified asphalt during con-
struction process cost more than base asphalt. For pavement

engineers, finding an economic and effective way to modify the
binder with better antiaging performance is an important task
[8, 9]. )e preparation of PPA modified asphalt does not
require special asphalt equipment. No special temperature is
required and the preparation process is simple. )e price of
PPA modified asphalt is relatively cheap, only accounting for
20wt%–25wt% of SBSmodified asphalt.)erefore, it is of great
economic value to use PPA modified asphalt. It has been re-
ported that adding PPA to base asphalt can increase its softening
point, viscosity, and needle penetration [10–13].)e application
of PPA can change the high-temperature PG grade to next
higher level, and the critical cracking temperature of asphalt can
also rise 3–5°C [14]. Some studies have shown that PPA can take
the place of some SBS components in polymer modified asphalt
[15, 16]. A small amount of PPA has the similar effect on the
property of SBS polymer binders [17–19]. However, the aging
performance, modification mechanism, and chemical property
of PPAmodified asphalt are uncertain.)ere are few studies on
antiaging property of PPA modified asphalt.
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Heating of asphalt mixture during production or con-
struction process and external environment factors (i.e.,
temperature, light, rain, and traffic load) on asphalt pave-
ment during long service life lead to asphalt mixture aging.
)e two processes are so-called short-term and long-term
aging [20]. RTFOT and PAV test are the most common
methods to simulate the aging procedure [21]. Aging can
notably influence the rheological property of asphalt binder,
resulting in hardening of asphalt pavement and reducing the
service life [22]. )e aging performance can be characterized
by rheological/physical performance before and after aging
[9, 23]. GPC can be utilized to separate solution molecules
into different sizes. It can clearly describe the molecular
weight distribution of solution in medium [24–28]. Some
studies have shown the molecular weight and distribution of
SBS modified asphalt under different aging conditions by
GPC [29]. However, there are fewer research studies on the
aging mechanism of PPA modified asphalt.

Due to the lack of incorporating polymer binders into
initial SHRP work, some specifications are only focused on
unmodified, petroleum-based asphalts (e.g., AASHTOM320
Performance-Grade specification). Polymer asphalts have
been widely used in pavement engineering in recent years.
)e formulation and manufacture of asphalt binders have
undergone great changes since the development of the PG
asphalt binder specifications formulated by SHRP. Recently,
National Cooperative Highway Research Program
(NCHRP) 9–60 project, “Addressing Impacts of Changes in
Asphalt Binder Formulation and Manufacture on Pavement
Performance through Changes in Asphalt Binder Specifi-
cations,” can provide additional information about the
performance-related properties of modified asphalt binder.

In the study, RTFOT and PAV aging procedures were
selected and the influence of different aging modes on the
rheological property of polymer binders was studied. )e
effect of PPA dosage on the aging characterization (i.e., aging
ratio in this work) was also analyzed for modified asphalt
binder. GPC was selected to analyze the molecular weight
and dispersion coefficient in the aging process. )is study
can provide some theoretical basis for the application of PPA
modifier.

2. Materials and Methods

2.1. Materials. To study the effect of different PPA dosages
on the antiaging property, five different modified asphalts
were prepared including 1.0 wt% PPA (weight of base as-
phalt), 1.5 wt% PPA, 3.5 wt% SBS modified asphalt, 1.0 wt%
PPA+ 3.5wt% SBS, and 1.5 wt% PPA+ 3.5wt% SBS com-
pound modified asphalt. At the same time, 3.5 wt% SBS
modified asphalt was used as a control sample of polymer
binder.

)e base asphalt binder SK90 and ZH90 was modified in
this study. YH791 SBS modifier of Yueyang Sinopec was
used in the test. Polyphosphoric acid was utilized as a
modifier with the H2PO3 content of 105wt%.

2.2. Sample Preparation. )e process of sample preparation
is shown in Figure 1.

2.3. Aging Performance Test. )e short- and long-term aging
processes of asphalt binder were simulated by RTFOT and
PAV according to the AASHTOT240 and R28. After the two
types of aging process, the rheological property of the
modified asphalt was studied by DSR (Anton Paar, smart-
pave-102) at intermediate temperature. )e viscoelastic
properties were characterized by complex modulus and
phase angle of asphalt binder. )e two parameters were
measured by DSR. Under various aging conditions, the
temperature sweep (based on AASHTO T315) was con-
ducted ranging from 20 to 60°C with 1°C increasing rate per
60 seconds, which can be attributed to obtaining the ther-
mosensitivity and temperature dependence of modified
binder. )e oscillatory test was conducted at a certain fre-
quency of 10 rad/s under strain-controlled mode, attributed
to simulation of 90 km/h traffic speed by the recommen-
dation form SHRP [30]. 8mm plate and 2mm gap between
parallel plates were set up during this test.

Gel permeation chromatography (GPC) is a chro-
matographic column consisting of polymer solution through
porous materials. )e polymeric molecule can be separated
by different particle sizes. )e high polymer in solution
exists in the form of random coil, and the polymer molecular
size is a certain value. Large polymer molecules can only
diffuse into large holes and retain in the column for a short
time. )e small size of polymer molecules can diffuse into
almost all the holes. It will lead to deeper diffusion into the
holes and the polymer molecules of smaller size remain in
the column for a long time. )erefore, polymer molecules
can be separated in sequence according to different mo-
lecular weights.

)e analytical test of GPC can provide molecular weight
distribution of polymer asphalt binder and separate mole-
cules in polymers by size. In this work, the GPC test was
conducted for PPA binders of different aging conditions. In
the GPC test, test sample was made into 4mg/ml asphalt-
tetrahydrofuran solution. )e test temperature was 40°C.

2.4. Rheological Aging Parameter. )e antiaging perfor-
mance of PPA binders can be evaluated by rheological aging
index. )e test results (fatigue factor G∗ Sin δ at interme-
diate temperature based on AASHTO M320) were selected
to calculate the aging index (AI):

AI �
aged fatigue factor − unaged fatigue factor

unaged fatigue factor
. (1)

)e fatigue factor for a given binder at intermittent
temperature is not satisfactory to capture the whole effects of
embrittlement with aging. At a certain temperature and
frequency, G∗ Sin δ can only reflect the variations of viscous
portion in the complex modulus domain. Viscoelastic
materials can exhibit both viscous and elastic behavior.
Complex modulus (G∗) comprises the following two parts:
storage modulus (G′) representing the elastic portion as-
sociated with the stored energy and loss modulus (G″) il-
lustrating the viscous portion corresponding to the energy
dissipated as heat, shown in Figure 2.
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3. Results and Discussions

3.1. Rheological Analysis of the Aged Materials

3.1.1. Effect of Aging on Binder Stiffness. Figure 3 shows that
the complex modulus of five different modified binders
increased significantly after short- and long-term aging
procedure. G∗ in current superpave PG system is an indi-
cator of binder’s stiffness for a given loading history. At
different temperatures of 1.0 wt% PPA, the G∗RTFOT/G

∗
unaged

ratios are within 1.9–2.3 after short-term aging, whereas the
G∗RTFOT/G

∗
unaged ratios of 1.5 wt% PPA modified asphalt are

from 1.7 to 2.1. At a certain temperature, the modulus in-
creasing multiple of 1.0 wt% PPA was always greater than
1.5 wt% PPAmodified asphalt. For the five modified binders,
the aging modulus ratio G∗PAV/G

∗
RTFOT was greater than

G∗RTFOT/G
∗
unaged, indicating a larger discrepancy between

RTFOT and PAV aging conditions. Especially for PPA and
SBS compound modified binder, the aging modulus ratio of
G∗PAV/G

∗
RTFOT was higher in Figures 3(c) and 3(d), which can

be attributed to the sensibility of different aging level.
Utilizing a colloidal model can characterize the chemical

property of asphalt binders, which is comprised of asphal-
tene phase dispersed in maltene phase [31]. )e mechanism
of aging-induced embrittlement is associated with the vol-
atility of light oil in the maltene phase and partial transition
from maltene into asphaltene content, which leads to an
increase in the asphaltene content and a decrease in the
maltene content [22]. Asphalt became hard and modulus
increased in the aging process as a result of the migration of
asphalt component, as described in Figure 3. )e four
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Figure 1: Flowchart of the sample preparation process.
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Figure 2: Illustration of G∗ in complex plane.
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Figure 3: Variations of complex modulus at different aging levels.
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compositions of saturate, aromatic, resin, and asphaltene
changed because of the internal and external factors: aro-
matics becoming resins and resins becoming asphaltenes
[32–35].)e twomodulus ratios after aging of PPAmodified
binder were slightly larger than SBS modified binder. SBS
modifier was decomposed in the aging process, leading to
the relatively smaller value of modulus. Besides, the modulus
ratios after aging of PPA/SBS compound modified binder
were between PPA and SBS polymer binders.

3.1.2. Effect of Aging on the Phase Angle. Phase angle can
characterize the relative amount of viscous component and
elastic component for a certain viscoelasticity material.
When the phase angle is larger than 45°, the lagging period of
strain phase will be longer than stress, and the proportion of
viscous component of material will be larger [21, 36]. )e
results from Figure 4 showed that the phase angle of all
selected samples decreased after two aging processes. )is
indicated that the proportion of viscous component de-
creased and elastic component increased after aging.
Chemical reactions of volatilization and oxidation occurred
in some components of asphalt binder during the period of
the aging process.

During the aging procedure, the saturation of smaller
molecular weight transformed to the colloid with larger
molecular weight; then the colloid transformed to the
asphaltene with larger molecular weight. However,
asphaltene is solid at intermittent temperature, and colloid
is semisolid. )e outward manifestation of component
transition is that the elastic component rises and the viscous
component drops. At the same temperature, comparing with
the phase angle data of five modified asphalts, 1.5 wt% PPA
modified asphalt was 2°–5° smaller than 3.5 wt% SBS after
short-term aging and 2°–6° smaller than 3.5 wt% SBS after
pressure aging. As the increase of temperature, the difference
value of phase angle between 1.5 wt% PPA modified asphalt
and 3.5 wt% SBS modified asphalt would be larger.

)e analysis showed the elastic property of PPA mod-
ified asphalt would be better after aging. For SBS modified
binder, there was the condensation of base asphalt and the
degradation of SBS modifier during the aging process.
Condensation increased the elastic component, but degra-
dation removed a part of elastic component of SBS [37, 38].
)erefore, the phase angle of SBSmodified asphalt was larger
than PPA polymer asphalt after aging at a certain temper-
ature, which can be attributed to a larger viscous component
of SBS polymer binder. )e phase angle of compound
modified asphalt was between SBS and PPA modified as-
phalt. A larger dosage of PPA in the compound modified
asphalt indicates a smaller phase angle after aging.

On the whole, the complex modulus of PPA modified
asphalt was greater than that of SBS modified asphalt after
aging, whereas the phase angle was smaller than SBS
modified asphalt. )erefore, after the aging process, the
antirutting property of PPAmodified asphalt was better than
SBS modified asphalt. Some studies have verified that PPA
modifier can increase the high-temperature stiffness without
notably sacrificing low-temperature performance of

modified binders [39]. Adding PPA modifier to base asphalt
makes the elastic component increased more than SBS
modifier.

3.1.3. Effect of Aging on the Viscoelasticity Proportion.
Figure 5 shows the ratio of storage modulus and loss
modulus at multiple aging conditions for differing modified
binders. )e G′ value is related to the stored energy in the
elastic proportion of asphalt binder, whereas G″ value is
pertaining to viscous part of energy dissipated as heat. )e
general trend is that the G′/G″ ratio decreases with the
increase of temperature, which can be contributed to the
lower elastic proportion at higher temperature. Meanwhile,
the aging of a certain binder generally led to the increase of
G′/G″, and this characteristic can be proven by the phase
angle values in Figure 4. For the five modified binders, the
storage modulus was larger than loss modulus at 20°C and
PAV aging condition, indicating that lower temperature and
harsh aging procedure were associated with less dissipating
energy for a given binder. )e G′/G″ ratio larger than 1 was
also tied to the phase shift below 45°. For modified binders
shown in Figures 5(c) and 5(d), the difference of G′/G″ ratio
between RTFOTand unaged conditions was not significant,
which can be attributed to the complex effect of PPA and
SBS modifier.

3.1.4. Aging Ratio Analysis. )e fatigue factor G∗ Sin δ at
intermittent temperature is indicative of dissipated energy
for a certain strain amplitude. In general, a higher fatigue
factor is associated with more dissipated strain energy,
which can be attributed to premature damage subjected to
the cyclic sinusoidal loading history (e.g., fatigue cracking).
)e aging ratio can be considered as a good indicator of
modified binders’ resistance to damage at intermittent
temperature. Based on Figure 6, aging ratios at RTFOTaging
level are smaller than one in most cases, whereas aging ratios
at PAV aging level are within 2.0–4.0 for most polymer
binders. )is indicates that the 20-hour standard PAV
procedure can inducemore rigorous aging effect for polymer
binders.

In general, the compound modification of PPA and SBS
can effectively enhance the antiaging property for a given
binder corresponding to a lower aging ratio. For SBS/PPA
compound modified binder, the aging ratio is significantly
smaller than PPA polymer binder in most cases. )e aging
ratio of 3.5 wt% SBS polymer binder is similar to that of
compound modified binder. )e aging ratio-based approach
verifies SBS/PPA compound modification has a lower
propensity to aging.

3.2. Link theGPCResults toAntiaging Property. In this work,
GPC was utilized to characterize the molecular distribution
rules for base asphalt modified by SBS and PPA.)e purpose
of this section is to understand the relationship between
rheological investigation and chemical property of modified
binders, further measuring the influence of polymer mod-
ification at different aging levels.
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Figure 4: Variations of phase angle at different aging levels.
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Figure 5: Continued.
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Figure 6: Continued.
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3.2.1. Analysis of GPC. For the five polymer binders, two
absorption peaks appeared on gel permeation chromatog-
raphy spectrogram, which belonged to SBS modifier phase
and asphalt phase. )us, analysis was conducted separately
based on these two phases. )e test results are shown in
Figures 4 and 5.

)e molecular weight (Mw) of five asphalt increased
significantly after aging in Figure 7(a). )e naphthene and
polar aromatics produce more asphaltenes after aging, and
the increase in asphaltene leads to larger size of the
asphaltene structure [40]. In Figure 7(a), the Mw of asphalt
phase for compound modified asphalt increased relatively
rapidly after aging.)eMw of all modified binders increased
after the two aging processes and it indicated that the in-
termolecular force was enhanced during the aging proce-
dure. In addition, strong intermolecular force made it
difficult to generate relative displacement among molecules.

)is characteristic holds the potential to improve the
property of shearing deformation resistance. For compound
modified asphalt, the molecular weight and intermolecular
force were larger than individual PPA or SBS polymer
binders at different aging levels. Meanwhile, the shearing
deformation resistance of compound modified asphalt
would be better, which could link to lower aging ratios
mentioned in the previous section. For PPA modified as-
phalt, the molecular weight peak value (Mp) increased after
aging, whereas the Mp of SBS modified asphalt decreased,
shown in Figures 7(d) and 8(d). )e chemical reactions of
two polymer binders were distinct during the aging pro-
cedure. Condensation of PPA modifier and degradation of
SBS modifier occurred in the aging process of polymer
binders. In general, more stable cross-linked network of
polymer is associated with higher molecular weight for a
given asphalt binder [41].
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Figure 6: Aging ratio for polymer modified binders at different temperatures: (a) 20°C, (b) 30°C, (c) 40°C, (d) 50°C, and (e) 60°C.
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Comparing with Figures 7(a) and 8(a), the Mw of SBS
modifier phase was reduced after aging. )erefore, it can be
considered that the aging procedure caused the degradation
of SBS modifier, and the SBS modifier partially lost the
elastic properties. )is characteristic can account for the
decrease of Mw for SBS modified asphalt after the aging
process.

)e dispersion coefficient (D) was utilized to charac-
terize the degree of dispersion in the relative molecular
weight [42]. )e large dispersion coefficient indicated more
dispersed molecular weight. In Figure 7(c), the dispersion
coefficient of the asphalt phase was larger for the PPA
modified asphalt. )e chemical reaction of PPA modifier in
the asphalt binder led to the increase of the asphaltene

proportion.)emolecular weight of asphaltene is the largest
in the four SARA fractions. )e dispersion coefficient of SBS
and PPA polymer asphalt increased significantly, while the
compound modified asphalt increased less. More dispersion
occurred in the PPA polymer asphalt than the PPA/SBS
compound modified asphalt. More dispersion of the
asphaltenes in the maltene phase increased the compatibility
of asphalt binder and hence increased its durability. Adding
PPA modifier into base asphalt has the potential of im-
proving the antiaging property for an aged binder. Previous
studies showed that adding 1wt% PPA modifier to a virgin
asphalt binder increased the high-temperature performance
grade (PG) by around 10°C and the low-temperature PG by
about 2°C [43].
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Figure 7: GPC results of modified asphalt phase. (a) Weight-average molecular weight (Mw). (b) Number-average molecular weight (Mn).
(c) Dispersion coefficient (D). (d) Peak molecular weight (Mp).
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4. Conclusions

In the research, the effect of PPAmodifier on the rheological
and molecular weight distribution was studied at different
aging levels. RTFOT and PAV test were to evaluate the
influence of different aging modes on the rheological pa-
rameters. GPC was selected to analyze the aging mechanism
and molecular weight distribution of polymer binders with
different dosages. )e main conclusions can be summarized
as follows:

(1) )e complex modulus of five different modified
asphalt increases significantly after RTFOT short-
term aging and PAV pressure aging. )e complex
modulus at intermittent temperature of 1.5 wt% PPA
modified asphalt is greater than the other four
modified asphalts, which can be attributed to the
accelerated hardening effect of PPA modifier. )e
phase angle of the five modified asphalts decreases in
the test after aging. )e phase angle of PPA modified
asphalt is extremely smaller than that of SBS mod-
ified asphalt. Changes of complex modulus and

phase angle in the aging process indicate that high-
temperature stiffness of PPA polymer binder in-
creases more significantly after aging than other
binders in this work. )e PPA/SBS compound
modified polymer binders appear to be less sensitive
to oxidative aging, especially for short-term aging.

(2) )e result of GPC shows that Mw, Mn, D, and Mp of
asphalt phase increase in the aging process, whereas
Mn andMp of SBS modifier phase decrease. )eMw
of asphalt phase for compound modified asphalt
increases relatively rapidly. D of the selected five
polymer binders increases significantly after aging,
and compound modified asphalt increases less. )e
GPC parameters also verify the lower aging sus-
ceptibility of PPA/SBS compound polymer binders
corresponding to higher molecular weight and lower
dispersion coefficient.

(3) )e future research can focus on establishing a
reasonable test method and performance evaluation
specification for PPA modified asphalt mixture.
More theoretical explanations can be provided to the
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Figure 8: GPC results of SBS modifier phase. (a) Weight-average molecular weight (Mw). (b) Number-average molecular weight (Mn).
(c) Peak molecular weight (Mp). (d) Dispersion coefficient (D).
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observed results in terms of oxidative aging chem-
istry, kinetics, and mechanisms and further link to
the rheological properties. Further research is
needed to investigate what happens at the molecular
level when PPA or other modifiers are added. )is
study lays a foundation for the promotion and ap-
plication of PPA modifier in the field of asphalt
pavement.
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recycling agents in asphalt mixtures with high recycled ma-
terials contents in the United States: a literature review,”
Construction and Building Materials, vol. 211, pp. 974–987,
2019.
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