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Abstract: As an environmentally friendly alternative for the production of high-performance mod-
ified asphalt by chemical reactions, a liquid-state polyurethane-precursor-based reactive modifier
(PRM) was developed and employed in the asphalt modification. In contrast to the traditional solid
bitumen modifier, for example, rubber and thermoplastic elastomers, the PRM as a liquid modifier
has more significant advantages in reducing energy consumption and improving asphalt perfor-
mance, which has attracted widespread attention. However, the aging resistance and its mechanism
are not clear. In view of this, the aging performance of two PRM-modified bitumen (PRM-70 and
PRM-90), under the short-term thermo-oxidative aging, long-term thermo-oxidative aging, and ul-
traviolet (UV) aging conditions, was investigated through chemical and mechanical methods. The
results show that the PRM-90 is more susceptible to the thermos-oxidative aging and UV aging. The
use of low-penetration-grade bitumen and ensuring an adequate reaction are beneficial to enhance
the aging resistance of PRM-modified bitumen. The impact of aging on high-temperature perfor-
mance of PRM-modified bitumen is great, followed by the low-temperature performance and the
anti-fatigue performance. The mechanic-relevant rheological aging index (RAI) and fracture energy
index (FEI) are recommended to evaluate aging properties for PRM-modified bitumen. This study
not only provides support for further research on the relationship between the aging properties and
mechanical performance of PRM-modified bitumen, but also provides a reference for conducting
mechanism analysis.

Keywords: polyurethane precursor; modified bitumen; aging resistance; thermal-oxidation aging;
ultraviolet aging

1. Introduction

With the increased environmental concerns and traffic demands in pavement con-
struction, the liquid-based polyurethane-precursor-based reactive modifier (PRM) was
developed as an eco-friendly approach to improve the high-temperature performance of
bitumen, which demonstrates dual values in environmental protection and performance
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improvement of pavement [1,2]. Due to the wide presence of free radicals in asphalt bind-
ers, the covalent crosslinking network structure is expected to be established by the reac-
tions of active sites in asphalt and isocyanate groups in PRM. PRM as a liquid-state chem-
ical modifier makes the preparation process of modified bitumen simple, more conven-
ient, and reduces the equipment cost. Moreover, a lower energy consumption in the prep-
aration process can be obtained due to the advantages of liquid-liquid blending, which
can reduce the production temperature to 140-150 °C. On the other hand, the decreasing
of the production temperature can also reduce the base bitumen damage caused by high
temperature. Therefore, PRM is an ideal, ecological, and economically viable chemical
modifier for bitumen.

However, bitumen aging is regarded as a critical factor that leads to the degradation
of pavement performance and severely shortens the service life of asphalt pavement [3,4].
The aging resistance of PRM-modified bitumen has not been fully expounded, which still
need to be further investigated.

As the bonding material in mixture, the bitumen is usually characterized using rela-
tive quantities of saturate, aromatic, resin, and asphaltene (SARA) fractions [5]. Due to the
complex composition of bitumen, there will be inevitable bitumen aging accrued during
storage, mixing, transport, and laying down as well as in service life under the compre-
hensive effects of heat, oxygen, and ultraviolet (UV) irradiation and traffic activities [6-9].
It is commonly regarded that bitumen aging is closely related to oxidation, loss of volatile
components, and exudation of oily components from bitumen into the aggregate [10-13].
Aging effects can be represented by the irreversible mobility of the light components into
resins and asphaltenes using the analysis of SARA fractions [14-16]. Those transfers even-
tually lead to the physical hardening and stiffing of bitumen with aging time increasing
[17,18]. Consequently, the physical and rheological properties of bitumen will change de-
pending on the aging degree. The most common result is the penetration and ductility
decrease while the softening point and viscosity increase. Specifically, the aging behavior
is dependent on the characteristics of bitumen, mixing conditions of the binder, and envi-
ronmental conditions of the asphalt pavement [16]. Therefore, bitumen aging is a compre-
hensive and complex process.

As the same with bio-oil-modified bitumen [19], obviously aging also accrues in
PRM-modified bitumen, which significantly affects the performance of bitumen. The ag-
ing process of PRM-modified bitumen becomes more complex due to the presence of re-
active functional groups presented in the bitumen. Meanwhile, the aging behaviors of
PRM-modified bitumen before and after aging is influenced by both base bitumen and the
PRM modifier. Thus, it is of great significance to characterize the aging properties and
explain the modification mechanism of the material for expanding its application.

The objective of this study is to investigate the thermo-oxidative and UV aging be-
havior of PRM-modified bitumen made from two base bitumen by the different methods
of the rolling thin film oven test (RTFOT), the pressure aging vessel (PAV), and UV irra-
diation. Analysis of physical and rheological properties of PRM-modified bitumen before
and after aging was carried out. In addition, the aging mechanism was analyzed from the
sight of the energy varying and chemical structure by using the differential scanning cal-
orimeter (DSC) and Fourier-transform infrared (FT-IR) tests.

2. Materials and Methods
2.1. Materials

The bitumen Liaohe-70 (LH-70) and Liaohe-90 (LH-90), separately having 60/80 and
80/100 penetration grades, were used as base bitumen in this study. The main physical
properties of the two base bitumen are illustrated in Table 1.

The polyurethane-precursor-based reactive modifier containing isocyanate func-
tional groups (PRM) was obtained and employed to prepare PRM-modified bitumen.
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Table 1. Physical properties of the base bitumen and PRM-modified bitumen.

Physical Properties Measured Values Method
LH-70 LH-90 LH-70+2.5%LH-90 +2.5%
Penetration

12 12 1 46, T 0604-2011

25 °C (0.1 mm) 6 8 35 6.9 0604-20
Softening point (°C) 49.0 46.4 55.7 53.6 T 0606-2011
Ductility @5°Cand T em/min o) ), 6.4 11.1 T 0605-2011

(cm)
Brookfield viscosity

287 027 607 544 T 0625-2011

135 °C (Pas) 0287 0279  0.60 05 0625-20
Brookfield viscosity 0084 0065  0.165 0129 T 0625-2011

@175 °C (Pa-s)

2.2. Preparation of PRM-Modified Bitumen

The modified bitumen was prepared using a high shear mixer (HSM-100L) manufac-
tured by ROSS Equipment Co. Ltd. Approximately 850 g of base bitumen was poured into
a metal container, then it was heated up to the blending temperature of 145 °C. The PRM
modifier was added to bitumen within 20 min afterwards and then sheared at 3000 r/min
for 2 h. The typical weight percentage of 2.5% of PRM modifiers were employed.

2.3. Aging Methods

Aging of PRM-modified bitumen was carried out through short-term aging, long-
term aging, and ultraviolet (UV) aging according to the JTG025-2000 Standard Test Meth-
ods of Bitumen and Bituminous Mixtures for Highway Engineering. Short-term aging of
the PRM-modified bitumen was performed by the rolling thin film oven test (RTFOT).
The standard test method is conducted at 163 °C for 85 min with continuous hot air being
injected into the rotating sample bottles at the flow rate of 4000 mL/min, in order to sim-
ulate the degradation of bitumen that occurs during the hot-mix process. Following short-
term aging, each RTFOT-aged sample was further aged in a Pressure Aging Vessel (PAV)
machine at a temperature of around 100 °C under 2.1 MPa air pressure for 20 h to simulate
long-term aging.

The Ultraviolet (UV) aging test was conducted in the ultraviolet radiation oven with
eight ultraviolet lamps at 60 °C and lasted for 5 days. The ultraviolet lamps (UVA-340)
were manufactured by the Q-Lab Corporation (USA) and the power of each is 40 W. An
amount of 14.2 g melted bitumen was poured into a culture dish with a diameter of 77.5
mm. The thickness of the bitumen film was about 3 mm. The average UV intensity on the
bitumen surface was about 2650 uW/cm?. Through the continuous monitoring of UV in-
tensity for 5 days from 5:00 to 17:00 in September, the average UV intensity in Harbin
(China) is 793 uW/cm?. The UV test conducted in this research lasted for 5 days (16 h of
light, 8 h of darkness), which is equivalent to 22 days of natural light radiation in Harbin.
Specifically, in order to eliminate the interference between the thermal-oxidation aging
and UV aging, the samples for UV test were not subject to RTFOT aging before.

2.4. Chemical Characterization
2.4.1. Fourier-Transform Infrared (FTIR) Analysis

Functional groups are responsible for the characteristic of the materials in the chem-
ical reaction, which can be determined by infrared absorption under special wave number
ranges using an infrared spectrometer [20,21]. In this approach, the infrared spectrum of
PRM-modified bitumen was obtained by using Nicolet is50 Fourier-transform infrared
(FTIR) spectroscopy through the attenuated total reflection (ATR) mode. The test spec-
trum ranges from 4000 cm™ to 500 cm™.
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2.4.2. Differential Scanning Calorimeter (DSC) Analyses

The differential scanning calorimeter (DSC) test is a kind of thermo analytical method
that was developed to determine the physical changes of samples associated with a heat
exchange under a controlled temperature [22,23]. Planche et al. [24] have shown that the
glass transition temperature (T5) is one of the important properties that are especially rel-
evant for the physical hardening. In addition, the Ty temperature obtained from the heat-
ing scans are more repeatable and easier to obtain in comparison to the cooling scans [23].
The Ty of PRM-modified bitumen pre- and post-aging was determined by using the NE-
TZSCH 200F3 DSC manufactured in Germany.

After being sealed in the aluminum crucible, the bitumen sample was placed in the
DSC apparatus and conditioned at 20 °C for 5 min. Then it was heated from 20 °C to 140
°C at 10 °C/min where it was left for 10 min isotherm at a high temperature, followed by
the cooling process from 140 °C down to =100 °C at =10 °C/min. After this cooling process,
the sample was left another 10 min isothermally at =100 °C, followed by the measurement
of Tg temperature from the low temperature of ~100 °C to 100 °C at a heating rate of 10
°C/min. The sample was left for 3 min isothermally then cooled to the terminal tempera-
ture of 20 °C at —20 °C/min.

2.5. Mechanical Properties
2.5.1. Physical Properties Tests

The physical properties of base bitumen and PRM-modified bitumen, including the
penetration (25 °C), softening point, and Brookfield viscosity were tested according to T
0604-2011, T 0606-2011, and T 0625-2011 specified by the Chinese specification of Standard
Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-
2011), respectively.

Based on the physical test, the aging indexes were utilized for the evaluation of aging
susceptibility of PRM-modified bitumen. The aging indexes were calculated by using the
test results of bitumen before and after aging. According to Equations (1)-(3), the semi-
empirical aging index of the retained penetration ratio (RPR), viscosity aging index (VAI),
and softening point increment (SPI) of the aged bitumen were calculated as:

Aged vicosity value — Unaged vicosity value
VAI = —— x 100 (1)
Unaged vicosity value

SPI = Aged softening point value — Unaged softening point value (2)

Aged penetration value

RPR x 100 3)

" Unaged penetration value

2.5.2. Rheological Properties Tests

The viscoelastic behaviors of PRM-modified bitumen pre- and post-aging were meas-
ured by the ARES-G2 rotational rheometer made by TA Instruments, USA. A sinusoidal
shearing load was applied on the bitumen. The complex shear modulus (G*) and the phase
angle (6) were obtained based on the mechanical response. In this research, all the DSR
tests were conducted within the scope of linear viscoelastic (LVE) for the bitumen sam-
ples. Frequency sweeps were carried out over a range of 0.1-30 Hz at a series of specified
temperatures (12, 24, 36, 48, 60, 72, and 84 °C). At intermediate test temperatures (12, 24,
and 36 °C), the diameter of the parallel plates and the gap between two plates used were
8 mm and 2 mm. At high temperature conditions (48, 60, 72, and 84 °C), the diameter and
gap used were 25 mm and 1 mm, respectively. According to the time-temperature super-
position principle, the results of the G* and 6 obtained from frequency sweep test were
then used for the construction of master curves at a reference temperature of 36 °C based
on the Williams-Landel-Ferry (WLF) equation. Temperature sweeps were employed to
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draw the isochronal plots over the temperature range from 12 °C to 84 °C at a shear fre-
quency of 1.59 Hz.

2.5.3. High-Temperature Properties Tests

The multiple stress creep recovery (MSCR) test was used to evaluate the high-tem-
perature performance of the binders. According to AASHTO T 350-14, the non-recovera-
ble creep compliance (Jnr) was calculated as a measure of the binder’s contribution to the
mixture, and the permanent deformation behavior and percent recovery (R%) reflects the
elasticity of bitumen. The test was carried out at 60 °C, which is the highest work temper-
ature of the asphalt pavement in most areas of China. During this test, the samples were
subjected to two creep stress levels (0.1 kPa and 3.2 kPa) for 1 s, followed by a recovery
duration of 9 s. A total of 10 loading recovery cycles were repeated for each test. For each
type of binder, three samples were prepared for the MSCR test.

2.5.4. Low-Temperature Properties Tests

The low-temperature cracking resistance of bitumen is sensitive to the aging level. It
has been reported that the single-edge notched bending (SENB) test can be used to distin-
guish the cracking resistance of different bitumen effectively [25,26]. By using the SENB
device developed by the Harbin Institute of Technology, the fracture behaviors of aged
and unaged bitumen were evaluated at 12 °C. During the SENB test, the loading rate at
0.05 mm/s was applied on the center of the beam. The span length L = 110 mm and the
depth of pre-notch = 2.8 mm. In the test, the displacement and load are recorded with
time. The schematic diagram of SENB test is illustrated in Figure 1.

P l Load
A
Notch - 1Tz |:|

w
[«
L o ;

Figure 1. The illustration of the SENB test.

&
N

In this study, the fracture load and fracture energy (Gy) were used for the evaluation
of the fracture behaviors of bitumen. The Gris calculated as:
_wr

Alig S
where Wy = [ pdu is the total area under the entire load-deflection curve and Ayg =
b(w — a) is the area of the ligament.

f

2.5.5. Fatigue Properties Tests

Under current specifications, the G*-sin 0 is used to classify the fatigue performance
of asphalt materials, which cannot effectively distinguish the fatigue resistance, especially
for modified bitumen. In this regard, the linear amplitude sweep (LAS) test was proposed
based on the viscoelastic continuum damage (VECD) method. The LAS test consists of
two steps. The first step is the frequency sweep at a constant frequency of 0.1%. The sec-
ond step is the linear amplitude sweep. During this step, the amplitude of the sinusoidal
load increases linearly from 0.1% to 30%. According to the AASHTO TP 101, the fatigue
failure criterion of the materials is selected as the damage level reaches 35% of the initial
value. In this research, the test was carried out at 25 °C.
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3. Results and Discussion
3.1. Chemical Characterization
3.1.1. Functional Groups Analysis by FT-IR

The FT-IR analysis of PRM-modified bitumen, including the bas bitumen, are plotted
in Figure 2. It is noted that all base bitumen samples after UV aging failed, but this did not
affect the result analysis. The chemical bonding of carbonyl (C=0) and sulphoxide (5=O)
are commonly regarded as the critical indexes that can be used to characterize the degree
of oxidative hardening or aging within organic compounds. The investigation of the re-
lated carbonyl bonding index (Ic-0) and sulphoxide bonding index (Is-0) properties within
the aged and unaged PRM-modified bitumen provides an effective way to reveal the ag-
ing behaviors of the PRM-modified bitumen on the molecular level. The research of Pe-
tersen et al. shown that the 5=O bond peak shows a trend of increasing first and then
decreasing during oxidation [10]. As can be seen from the Figure 2, the carbonyl peak and
sulphoxide peak already appeared at the unaged state of PRM-70 and PRM-90 binders,
which was mainly attributed to the incorporation of modifier as well as the chemical mod-
ification between the polar groups of base bitumen and -NCO group of modifiers. Based
on the FT-IR spectra of the PRM bitumen, the quantitative calculation of Ic-o and Is-o are
conducted according to Equations (5) and (6).

Area of the carbonyl band around 1700 cm™?!

Ie—o = ©)
&0~ Area of the spectral bands betweeen 2000 and 600 cm~1
P Area of the carbonyl band around 1030 cm™?! ©)
50" Area of the spectral bands betweeen 2000 and 600 cm™?
0.4 0.4
—— LH-70Unaged ——PRM-70Unaged
t—— LH-70RTFOT ——PRM-70RTFOT
——LH-70PAV —— PRM-70PAV
03} 0.3 ——PRM-70UV
g 02 8 02
E “T Sulfoxide § l Carbony Sulfoxide
5 $=0 5 c=0 $=0
1723 172
fle) o
< o01f < o1f
0.0} 0.0}
1 1 1 1 1 1 1 1

Wavenumber (cm ')

" 1 1 1 n 1 1 1 n 1 n 1 n
4,500 4,000 3,500 3,000 2,500 2,000 1,500 1,000 500 0

4,500 4,000 3,500 3,000 2,500 2,000 1,500 1,000 500 0

Wavenumber (cm )

(a) (b)
0.4 0.4
—— LH-90Unaged ——PRM-90Unaged
t——LH-90RTFOT ——PRM-90RTFOT
—— LH-90PAV ——PRM-90PAV
0.3} 0.3 =——PRM-90UV
153 I5)
S 021} . 2 02}
20
g Carbony Sulfoxide 8 Carbony Sulfoxide
8 5
2 2
< 0.1F < 0.1}
0.0 0.0k
1 1 1 1 1 1 1 1

4,500 4,000 3,500 3,000 2,500 2,000 1,500 1,000 500 0

Wavenumber (cm ')

4,500 4,000 3,500 3,000 2,500 2,000 1,500 1,000 500 0
Wavenumber (cm ™)

(0) (d)

Figure 2. The FT-IR spectra of bitumen: (a) LH-70 base bitumen, (b) PRM-70-modified bitumen, (c¢) LH-90 base bitumen,
(d) PRM-90-modified bitumen.
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Figure 3 presents the chemical bonding indexes of Ic-o and Is-o of the PRM-modified
bitumen, including the base bitumen. The aged binders show visible increase in the bond-
ing index of Ic-o, especially after the PAV aging. However, as for the bonding index of Is-o,
the aged binders show no visible increase. Only after the PAV aging can the distinct dif-
ference in Is-o be detected as compared to the unaged binder. Through the sum of chemical
bonding indexes of Ic-o and Is-o, the chemical aging index (CAI) was proposed to deter-
mine the difference in the binders in terms of their combined chemical susceptibility to
aging. The CAI is expressed as Equation (7)

I + Is.
CAI = C=0,aged S=0,aged

)

IC=O,unaged + IS=O,unaged

—_
N
—
[=)}

L4 [ I /_-PRM-70 [ ] I_-PRM-90 s _- I_-LH-70 [ ]17_ -LH-90
I 7, -PrM-70 [ 7, -PRM-90 [ 7 -LH-70 [ I, -LH-90
% 12F w 1.2
Q
E e
E10 €10
& 2
g 03 B 0s
= 06 2
g ‘ 506
504 § 04
©asl @)
02 0.2
0.0 0.0
4 .
SIS > & &
& & L ¥
N s ¢ R S
AN S & §& O
@' & SRS
& ) AN

@) (b)

Figure 3. The chemical bonding of all the tested binders: (a) Base bitumen, (b) PRM-modified bitumen.

For the PRM-70 bitumen, the chemical aging index of the RTFOT-aged binder, the
PAV-aged binder, and the UV-aged binder are 1.390, 2.818, and 1.096, respectively. For
the PRM-90 bitumen, the chemical aging index of the RTFOT-aged binder, the PAV-aged
binder, and the UV-aged binder are 1.534, 3.008, and 1.195, respectively. The result of CAI
indicated that the PRM-90 is more susceptible to short-term aging, long-term aging, and
UV aging. This is due to the fact that the PRM-90-modified bitumen has more light frac-
tions. It is subjected to more loss of volatiles and oxidation than the virgin PRM-70-mod-
ified bitumen that eventually leads to higher RAIs. Besides, it is generally accepted that
the asphaltenes have the strongest polarity in asphalt. Obviously, the LH-70 has more
heavy components than LH-90, and a more sufficient reaction between asphalt molecules
and PRM is expected to be obtained. The potential aging sites (such as phenols and benzyl
alcohols) in LH-70 are expected to be reduced to a greater extent than LH-90 and thus the
aging level of LH-70 is lower than LH-90.

3.1.2. Physical Change Analysis by DSC

Figure 4 shows a typical analysis on the glass transition temperature from the DSC
curves. In terms of partially crystalline materials, the glass transition is regarded as a re-
versible transition of amorphous substances (or amorphous zones) from a hard, brittle
(latent) state into a fused mass or a rubber-like state [27]. The glass transition temperature,
also referred to as the midpoint temperature (T;), was employed to evaluate the evolution
of the aging state from the aspect of the chemical properties of bitumen. As shown in
Figure 4, the T, values can be determined from a shift in the baseline of DSC curves.
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Figure 4. The illustration of the determination of glass transition point using the DSC curves.

The T results of all the investigated binders were plotted in Figure 5. It can be seen
that the T values are reduced to a different degree after aging tests. Under the long-term
and short-term impacts of thermal-oxidation aging, the volatilization of the light compo-
nent, for example, saturates, and the transformation of the polar component (i.e., the aro-
matics and resins) to asphaltenes lead to the hardening of bitumen. Since the good fluidity
and deformability of bitumen are desirable at low temperatures, the increase of Tg implies
a reduction of the low-temperature performance of bitumen. In terms of the effect of UV
aging on the Ty of PRM-70 and PRM-90 bitumen, the trend of the change is the same with
the thermal-oxidation-aged samples. As a consequence of the irradiation of the ultraviolet
spectrum, the molecules of certain substances in the bitumen may absorb the energies.
The chemical bonds may be stimulated from the ground state to the active state, leading
to the breaking of chemical bonds. Through the combination of hydrogen bonds between
the polar functional groups, the components with a relatively low molecular weight in
bitumen are transformed into components with a relatively high molecular weight. This
mechanism leads to the increase of the glass transition temperature.

Glass transition point ("C)

LH-70

Glass transition point ("C)

LH-90 PRM-70 PRM-90

Asphalt binder

()

Figure 5. The glass transition point of all the tested binders: (a) Base bitumen, (b) PRM-modified bitumen.

Asphalt binder

(b)
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3.2. Physical Properties Analysis
3.2.1. Viscosity Change Analysis by VAI

The VAI values of PRM-modified bitumen, including the base bitumen, after the
RTFOT, PAV, and UV aging, are plotted in the Figure 6. The higher VAI means that the
bitumen samples are more sensitive to aging. As can be seen, the PRM-modified bitumen
after PAV aging shows the highest VAI value, followed by RTFOT aging, and the VAI
value after UV aging is the smallest. The difference in the VAI value may be due to the
transition of SARA fractions brought about by the aging effect, which eventually led to
the increase of viscosity for bitumen after aging. Moreover, the VAI values of PRM-90 after
RTFOT and PAV are higher than those of PRM-70, whereas the VAI value of PRM-90 after
UV is lower than that of PRM-70. It indicates that the influence of short- and long-term
thermal-oxidation aging on PRM-90 is more significant than PRM-70 when evaluated us-
ing the VAI value. In terms of UV aging, the deterioration of PRM-70 is faster than that of
PRM-90 after PAV aging.

160 160
B 1.H-70 I PRM-70 1405 4363

140 |- I LH-90 140 |- I PRM-90
S 120 1089 S 120
» »
% 100 | 93.0 % 100 |
R= R=
2 8or 2
& &

60
2
= 47.7 ‘E’
S 40} 36.6 S
2 2
> >

20 F 153 11.8

. i |
RTFOT PAV RTFOT PAV uv
Aging methods Aging methods
(a) (b)

Figure 6. Viscosity aging index of the base bitumen (a) and PRM-modified bitumen (b) after RTFOT, PAV, and UV aging.

3.2.2. Penetration Change Analysis by RPR

Figure 7 shows the retained penetration ratio (RPR) of RTFOT, PAV, and UV-aged
PRM-modified bitumen samples, including the base bitumen samples. The RPR of PRM-
modified bitumen was reduced after thermal-oxidation aging and UV aging. A lower RPR
value implies a more serious aging impact. Similar to the result of VAI, the degree of de-
crease after PAV is the largest and the decreasing degree after UV radiation is least. PRM-
70 bitumen presented a better performance in thermal-oxidation resistance than PRM-90.
However, compared with UV aging resistance evaluated by VAI, the deterioration rate of
physical properties for PRM-70 is much smaller than that of PRM-90.
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80
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B LH-70
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38.1 389
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Figure 7. Retained penetration aging index of the base bitumen (a) and PRM-modified bitumen (b) after RTFOT, PAYV,
and UV aging.

Softening point increment (°C)

3.2.3. Softening Point Change Analysis by SPI

Figure 8 describes the variance in softening point increment (SPI) of two PRM-mod-
ified bitumen before and after aging, including the base bitumen. Generally, a large incre-
ment of the softening point means a gap between original and aged bitumen. Obviously,
it can be seen that the physical property of the softening point of the binders has been
significantly improved after the PAV test. The increased trends of SPI for the two PRM-
modified bitumen are very similar to their VAI, and the magnitude order of SPI is con-
sistent among different aging methods, which is consistent with the changing trend of

VAL
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uv

Figure 8. Softening point increment of the base bitumen (a) and PRM-modified bitumen (b) after RTFOT, PAV, and UV

aging.

By using the indexes of VAI, RPR, and SPI, the analyses of the influence of RTFOT,
PAV, and UV aging on bitumen performance imply that the deterioration degree of the
physical properties of PRM-90 is larger than that of PRM-70 during thermal-oxidation ag-
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ing. However, when using the semi-empirical aging index to evaluate the UV aging re-
sistance of PRM-90 and PRM-70, there is no consistency in the results presented. It can be
concluded that the same PRM-modified bitumen has different sensitivities to thermal-ox-
idation aging and UV aging. There is a big difference between the thermal-oxidation aging
resistance and UV aging resistance. The thermal-oxidation aging evaluation results ob-
tained by semi-empirical aging index cannot accurately reflect its UV aging resistance.

3.3. Rheological Analysis
3.3.1. Temperature Sweeps

The Isochronal plots of PRM-modified bitumen, including the base bitumen, before
and after aging are plotted in Figure 9. Compared to the unaged PRM-modified bitumen,
it was observed that PRM-70 and PRM-90 have larger G* values after aging. For PRM-
modified bitumen aged by PAV, G* is higher than the samples aged by RTFOT and UV,
which implies the highest age hardening degree was caused by the oxidation and volati-
lization of light compounds of bitumen [28]. With respect to the phase angle, the variation
of 0 shows more complex behaviors. For the aged bitumen, it is observed that the 6 of UV-
aged bitumen is the highest and the 6 of PAV-aged bitumen is the lowest, which implies
a remarkable transformation of the viscous component to an elastic component in bitu-
men. When compared with unaged bitumen, it can be seen that 6 of PRM-modified bitu-
men is higher than that of the sample after aging at low and medium temperatures. This
can be explained by the fact that the aging process promotes the increases of the elastic
component of bitumen, which directly leads to the reduction of 6. However, when the
temperature reaches 72 °C, the 6 values of aged PRM-modified bitumen begin to be higher
than that of unaged PRM-modified bitumen. Moreover, this result is more prominent for
PRM-90 bitumen. It is widely recognized that the phase angle can be used as a sensitive
indicator of the damage of the polymeric network structure in bitumen [29-31]. In this
sense, the higher 6 values displayed at higher temperatures may imply the broken of pol-
ymeric network and deterioration of the PRM modifier in bitumen.
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Figure 9. Effects of aging on the temperature dependence of rheological properties of bitumen: (a) LH-70 base bitumen,
(b) PRM-70-modified bitumen, (c¢) LH-90 base bitumen, (d) PRM-90-modified bitumen.
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By using the complex modulus index (G* index, CMI) and phase angle index (G* in-
dex, PAI), the aging effect on PRM-modified bitumen was evaluated by Equations (8) and

).

G *
G* index = —28°9_ (8)
*unaged
)
& index = —&4 )
unaged

The G* index and 6 index of PRM-modified bitumen, including the base bitumen,
before and after aging are plotted in Figure 10. A higher G* index and a lower 6 index
imply greater deterioration of the rheological performance for bitumen. As can be seen,
with the increase of temperature, the overall curves of the G* index first increase and then
decrease with a turning point at medium temperature. However, the temperature point
corresponding to the turning point of G* value is inconsistent. The ¢ index shows a con-
tinuous increasing trend with the increase of temperature. Compared with PRM-70, PRM-
90 shows a larger G* index within the temperature scope and a smaller 6 index at high
temperatures. In this sense, it can be concluded that the influence of thermal-oxidation
and UV aging on the high-temperature rheological performance of PRM-90 is more obvi-
ous than that of PRM-70.

9
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Figure 10. Effects of aging on the temperature dependence of rheological properties of bitumen: (a)
Complex modulus, (b) phase angle aging index.

3.3.2. Master Curves

Based on the “Time-Temperature Superposition” principle (TTSP), the master curves
of G* and 0 versus the reduced frequency are constructed at a reference temperature of 36
°C. By using the master curves, the rheological behaviors of bitumen can be presented
over a wide range of reduced frequencies. The master curves of G* and 6 for the unaged
and aged PRM-70- and PRM-90-modified bitumen, including the base bitumen, are plot-
ted in Figures 11 and 12, respectively. As expected, there is a significant increase in G*
throughout the frequency range for PRM-70- and PRM-90-modified bitumen after
thermo-oxidative and UV aging, especially in the low and intermediate loading frequen-
cies, which indicates stiffening of bitumen due to aging. Aged PRM-modified bitumen
exhibits lower 6 values than the respective unaged sample at intermediate and high load-
ing frequencies whereas the 6 of bitumen after aging has higher values at high tempera-
tures. This result is in accordance with the previous research of Zeng and Dondi et al.
[29,32], which may be attributed to the increase of the elastic component and the deterio-
ration of the internal networks in PRM-modified bitumen.
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Figure 11. Effects of aging on the master curves of complex modulus
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Figure 12. Effects of aging on the master curves of G* and 0: (a) G* for LH-90, (b) G* for PRM-90, (c) 6 for LH-90, (d) 6 for
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The Christensen—Anderson—-Marasteanu (CAM) model [33,34] is used to characterize
the master curves of the G*and 6, as follows:

G

* = g

O ST Gyl (10)
5o 0me ”
1+ (R/F (11)

where fis the loading frequency, f. is a location parameter, Gg is the glassy shear modulus,
k and me is a dimensionless shape parameter, and ar is shift factor related to the Williams-
Landel-Ferry (WLF) equation:

_Cl (T - Tref)

Gt (T —Toup) (12)

log(ar) =
where ar is the shift factor at temperature T, and Ci and Cz are the empirical constants.
For example, Figure 13 illustrates the G* master curves of PRM-90-modified bitumen pre-
and post-PAV aging. According to the method developed by Cavalli et al. [35], the rheo-
logic aging index (RAI) is determined by calculating the difference between the area under
the aged and virgin G* master curves.

6
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Figure 13. The illustration of the calculation of the aging index using the area between the aged and
unaged G* master curve.

In this research, the unified reduced frequency limits from 10 to 102 was selected for
the evaluations of all the aging effects, according to Equation (13):

2 - ~
RAI = f lOglG | (faged) - lOg|G *| (funaged) dé (13)

where |G*| is the complex modulus and £ is the logarithm of the reduced frequency be-
tween the integral limits. According to Equation (6), the integration was carried out and
the area between the aged and unaged G* master curves in the log-log scale was subse-
quently obtained, as listed in Table 2.
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Table 2. Physical properties of the base bitumen and PRM-modified bitumen.
Sample Area Under the Master Area b;tg‘zze;i:;ﬁm and % of Virgin
Curve [1g(Pa)-1g(Hz)] [ig(Pa)lg(Hz)] Area (RAD
PRM-70Unaged 25.93 - -
PRM-70RTFOT 28.37 2.44 9.41
PRM-70PAV 29.59 3.66 14.11
PRM-70UV 27.09 1.16 4.47
LH-70-Unaged 23.47 - -
LH-70-RTFOT 25.75 2.28 9.71
LH-70-PAV 27.47 4 17.04
PRM-90Unaged 24.16 - -
PRM-90RTFOT 27.98 3.82 15.81
PRM-90PAV 29.32 5.16 21.36
PRM-90UV 25.78 1.62 6.71
LH-90-Unaged 22.56 - -
LH-90-RTFOT 26.57 4.01 17.77
LH-90-PAV 28.12 5.56 24.65

As presented in Table 2, the influence of different aging methods on the virgin PRM-
modified bitumen shows a significant difference. The RAIs of aged PRM-90-modified bi-
tumen are all higher than that of PRM-70 after the same aging method. Meanwhile, the
PAV-aged PRM-90 bitumen presents higher RAI values, which indicates that the most
significant change of rheological properties, particularly G, occurred after PAV aging.

3.3.3. Permanent Deformation Resistance by MSCR

Aiming at assessing the effect of aging on the linear and non-linear behaviors of bi-
tumen, the MSCR test was carried out on the aged and virgin PRM-modified bitumen.
The MSCR test results with the corresponding percentage recovery (R%) and non-recov-
erable compliance (Jnr) of bitumen are presented in Figures 14 and 15.
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Figure 14. MSCR results of the base bitumen (a) and PRM-modified bitumen (b) samples under a
stress level of 3.2 kPa at 60 °C.
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Figure 15. The recovery (%) and Jnr (kPa™) of the base bitumen and PRM-modified bitumen samples: (a) Recovery of base
bitumen, (b) recovery of PRM-modified bitumen, (c) Jnr of the base bitumen; (d) Jnr of PRM-modified bitumen.

As can be seen, the strains of the aged and unaged PRM-modified bitumen increase
and accumulate rapidly under the circle loading 3.2 kPa. The accumulated strains of PRM-
90 are larger than that of PRM-70, which implies that PRM-90 is more susceptible to the
external loads. After the aging process, the aged bitumen presents a smaller growth rate
of strain, which means that the creep property and the elastic component of PRM-modi-
fied bitumen are reduced.

Figure 15 presents the MSCR results of R% and [nr for the bitumen, and as expected,
the R% and Jnr measured at the stress level of 3.2 kPa are lower and higher, respectively,
than those measured at the stress level of 0.1 kPa. It was found that the aged, modified
bitumen have lower Jnr as compared to the virgin bitumen at both creep loading levels,
which indicates the increase of the stiffness of bitumen due to the impact of the aging
process. In terms of the effect of aging on the R%, it could be noted that the unaged PRM-
70- and PRM-90-modified bitumen exhibit the largest values of R% compared to their
aged samples at the creep loading level of 0.1 kPa, while the aged bitumen have higher
R% as compared to the virgin bitumen at the higher level of 3.2 kPa. Meanwhile, the in-
crease of aging levels will lead to the increase in elasticity for the PRM-modified bitumen.
This result directly shows that the elasticity of PRM-modified bitumen is susceptible to
the creep loading level, and hence the R% is restricted by the dual factors of the creep
loading level and the aging state.
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G f(Fracture energy) (J/mz)

3.3.4. Low-Temperature Cracking Resistance by the Bending Beam Rheometer (BBR)

The SENB test was conducted to evaluate the low-temperature performance of bitu-
men. Figure 16 illustrates a representative load—deflection curve from the SENB test.
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Figure 16. A representative load-deflection curves of bitumen obtained from the SENB test at —12
°C.

By using the load-deflection curves from the SENB test, the fracture energy for all of
the tested binders at —12 °C was calculated for the evaluation of low-temperature perfor-
mance, as illustrated in Figure 17. It was observed that the aging process may result in a
lower fracture energy. The PAV-aged samples exhibited the smallest fracture energy
value. Compared to unaged samples, the fracture energy value of PRM-70 and PRM-90
after PAV aging decreased by 52.4% and 58.3%, respectively. Compared with PRM-70,
PRM-90 shows a larger Gr index. Likewise, the fracture energy index (Gy index, FEI) is
proposed to quantitatively evaluate the effect of aging. The Grindex is calculated as:

G aged
Gy index = 280 (14)
f,unaged
9 9
-Unaged -Unaged
8 [ RTFOT 8 [ RTFOT
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Figure 17. Fracture energy of all the tested binders at —12 °C: (a) Base bitumen, (b) PRM-modified bitumen.
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For PRM-70 bitumen, the Grindex of the RTFOT-aged binder, the PAV-aged binder,
and the UV-aged binder are 0.68, 0.48, and 0.88, respectively. For PRM-90 bitumen, Gy of
the RTFOT-aged binder, the PAV-aged binder, and the UV-aged binder are 0.50, 0.44, and
0.75, respectively. The above result indicates that the aging may make the pavement more
vulnerable to low-temperature cracking. The influence of the aging process on the low-
temperature performance of PRM-90 is more significant than that of PRM-70, which
shows the consistency as compared to the variation of rheological properties.

3.3.5. Fatigue Resistance by LAS

The failure criteria employed in the LAS test are employed as the 35% reduction in
G*sin 6 for the bitumen. The number of cycles to failure (also referred to as the fatigue life,
Nf) at 5% strain for all the binders are shown in Figure 18. Obviously, the aging process
accelerates the fatigue damage of the binders. The Nyof TFOT-, PAV-, and UV-aged PRM-
90 bitumen is higher than that of unaged PRM-70 bitumen, which indicates that the fa-
tigue resistance of PRM-90 bitumen outperformed PRM-70 binders. By using the LAS re-
sult, the fatigue life index (Nfindex, FLI) was employed to evaluate the aging resistance
of bitumen from the aspect of fatigue properties. It is calculated by Equation (15). The
higher the FLI value, the better the anti-aging resistance of the sample is.

Nf,aged

N index = (15)

f,unaged

As can be seen in Figure 18a, for the base LH-70 bitumen, the Nrindex of the RTFOT-
aged binder and the PAV-aged binder are 0.92 and 0.86, respectively. For the base LH-90
bitumen, the Nyindex of the RTFOT-aged binder and the PAV-aged binder are 0.89 and
0.83, respectively. As shown in Figure 19b, for the PRM-70 bitumen, the Nyindex of the
RTFOT-aged binder, the PAV-aged binder, and the UV-aged binder are 0.94, 0.89, and
0.97, respectively. For PRM-90 bitumen, the Nrindex of the RTFOT-aged binder, the PAV-
aged binder, and the UV-aged binder are 0.91, 0.85, and 0.97, respectively. It can be con-
cluded that different aging methods have little effect on the fatigue properties of PRM-
modified bitumen samples. In addition, the above results also indicate that PRM-modified
bitumen has potential advantages in resisting fatigue caused by aging.
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Figure 18. Number of cycles to failure of all the tested binders at 5.0% strain and 10 Hz: (a) Base bitumen, (b) PRM-modi-

fied bitumen.
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Figure 19. Radar charts of aging performance: (a) LH-70 base bitumen, (b) PRM-70-modified bitu-
men, (c¢) LH-90 base bitumen and (d) PRM-90-modified bitumen.

3.4. Radar Charts

By using the radar charts, the performance diagrams have been constructed for all
the unaged and aged PRM-modified bitumen, as illustrated in Figure 19. The radar charts
were plotted in such a way that the effect of aging on bitumen performance can be ex-
pected with an increasing distance from the axis cross or the radar origin. The aged bitu-
men that covered a larger area in the diagram implies that bitumen has better anti-aging
resistance. Thus, the radar charts can be used for the assessment and comparison of bitu-
men based on their performance-relevant properties. As can be seen from Figure 19, it
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seems that the RTFOT, PAV, and UV aging result in a large degradation of high-temper-
ature performance, followed by the low-temperature performance and the anti-fatigue
performance.

4. Conclusions

The usage of liquid-based polymeric isocyanate (PRM) as a bitumen modifier shows
huge potential both in actual application and environmental protection. PRM-modified
bitumen was prepared with LH-70 and LH-90 base bitumen in this research. The thermo-
oxidative and UV-aged bitumen samples were obtained by the RTFOT, PAV, and UV ag-
ing tests, respectively. The aging properties of bitumen were investigated by semi-empir-
ical, rheological, MSCR, SENB, and LAS test methods. The aging mechanism was studied
using FTIR and the thermal properties were studied using DSC test. The relationship of
chemical composition and mechanical behaviors were also studied. The applicability of
the indexes to the evaluation of the aging performance of PRM-modified bitumen was
discussed. Based on the above work, some crucial conclusions are drawn as follows:

(1) The chemical investigations using the FTIR show that the thermal-oxidation aging
and UV aging have a stronger influence on the formation of carbonyl structures than
for the sulfoxide structures. The thermal-oxidation aging and UV aging can both lead
to a decrease in the glass transition temperature.

(2) The evaluation of aging behaviors by physical tests shows that the susceptibility of
PRM-modified bitumen to the thermal-oxidation aging and UV aging is different.
The semi-empirical indexes (i.e., VAI, RPR, SPI) cannot accurately reflect the UV ag-
ing resistance of PRM-modified bitumen. There are no consistency results presented
when using the semi-empirical aging index to evaluate the thermal-oxidation and
UV aging resistance of PRM-modified bitumen.

(3) The thermal-oxidation aging and UV aging have a significant influence on the high-
temperature performance, low-temperature performance, and anti-fatigue perfor-
mance for PRM-modified bitumen. The general trends of performance degradation
present consistent results with the rheological tests.

(4) The influence of thermal-oxidation and UV aging on the mechanical and chemical
performance of PRM-90 is more obvious than those of PRM-70. The use of low-pen-
etration-grade bitumen and ensuring an adequate reaction are beneficial to enhance
the aging resistance of PRM-modified bitumen. Due to the effect of aging, the change
of high-temperature performance of PRM-modified bitumen is great, followed by the
low-temperature performance and the anti-fatigue performance. The mechanically
relevant rheological aging index (CAI) and fracture energy index (FEI) are recom-
mended to be used in the evaluation of aging properties.

In the future, the mechanism of aging and the effect of the modifier on the aging
performance of PRM-modified bitumen will be further studied. Taking the SARA frac-
tions of asphalt as the research objective, the experimental tests and theoretical analyses
will be carried out from the perspective of mechanical and chemical properties.
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