o

% materials ﬁw\n\l’y

Article

Effect of Short-Term Aging on Asphalt Modified
Using Microwave Activation Crumb Rubber

Bo Li 1"?*, Jianing Zhou !, Zhihao Zhang !, Xiaolong Yang ? and Yu Wu 13

1 National and Provincial Joint Engineering Laboratory of Road & Bridge Disaster Prevention and Control,

Lanzhou Jiaotong University, Lanzhou 730070, China; zjn1409@163.com (J.Z.); tmgcxyyb@163.com (Z.Z.);
glhyyfzx@gslqg.com (X.Y.); gsgfjt@163.com (Y.W.)

Research and Development Centre of Transport Industry of Technologies, Materials and Equipment of
Highway Construction and Maintenance, Gansu Road and Bridge Group Co., Ltd., Lanzhou 730070, China
Key Laboratory of Highway Net Monitoring in Gansu Province, Gansu Hengda Road and Bridge Group Co.,
Ltd., Lanzhou 730070, China

*  Correspondence: libolzjtu@hotmail.com

Received: 7 March 2019; Accepted: 25 March 2019; Published: 29 March 2019

Abstract: Effective approaches are required to be developed to solve the poor compatibility and
thermal stability problems of crumb rubber-modified asphalt (CRMA). This study focuses on a
method called microwave activation. However, seldom researches pay attention to the properties
of MACRMA after aging. The objective of this study was to prepare microwave-activated CRMA
(MACRMA) and investigate the performance of asphalt after aging. The samples were subjected
to thin-film oven test (TFOT) at different times and temperatures. The effect of heat aging on the
properties of MACRMA was evaluated by three indicator tests: viscosity, dynamic shear rheology test
(DSR), and repeat creep recovery test (RCRT). The test results indicated that the MACRMA after two
aging conditions had noticeably lower performance values (e.g., penetration, ductility) compared to
unaged samples, and thus, the need to control temperature and time for mixing and construction was
verified to be important. In addition, the G*/sin 6 and phase angle values were largely influenced
by the TFOT aging temperature and time. The MACRMA's ability to recover was improved after
aging. Compared with the aging temperature, the aging time had a more significant effect on the
deformation and recovery ability of MACRMA.
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1. Introduction

Approximately 1.4 billion tires are produced every year for vehicles of industrialized and
developing countries, which leads to more tires that need to be recycled or disposed [1-4]. Disposal
of used and discarded tires have posed a significant environmental threat worldwide every year
due to fire hazards and have become a habitat for insects/rodents. In recent years, many modern
technologies have been invested in producing crumb tire from tire rubber while removing fibers,
steel, and other contaminants [5-8]. One of the means for utilizing crumb rubber is as a modifier for
producing rubberized asphalt, since crumb tires contains a variety of rubber polymers, predominantly
natural rubber and styrene-butadiene rubber.

Currently, the technology of crumb rubber-modified asphalt (CRMA) has been widely used in
the asphalt pavement industry [9-15]. The addition of crumb rubber is typically accomplished using
the wet process, in which the crumb rubber is blended with the asphalt binder to produce a crumb
rubber modified binder that is then mixed with the aggregate. In this wet process, asphalt binder
modification is due to physical and compositional changes from interactions between rubber and
asphalt, characterized by a swelling of the rubber particles in the asphalt binder due to absorption of
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some lighter fractions (aromatic oils) from asphalt. The swelling of these rubber particles and their
absorption, in turn, results in a viscous gel. CRMA developed using the wet process has been proven
by many research projects and field applications to be an effective method to increase the performance
grade of the asphalt, improve the high temperature properties, decrease susceptibility to permanent
deformation, and provide resistance against reflective cracking. In addition, using crumb rubber as
a modifier instead of expensive polymer modifiers (SBS, SBR, etc.) can reduce the cost of the road
asphalt [16-19].

However, CRM has poor compatibility with asphalt since the waste rubber powder is an inert
material, which limits the partial performance of CRMA. The final performance of asphalt with CRM
modified binder is greatly influenced by the physical and chemical properties of CRM. As crumb rubber
molecules are vulcanized, the three-dimensional network is difficult to crack in the asphalt, even after
blending at high temperatures for a long period of time. This leads to incompatibility between CRM
and asphalt, and settlement of rubber particles at the bottom of the bulk asphalt phase, which further
affects the performance of CRMA [20-24]. The literature shows that in order to minimize the problem
of CRM particle sedimentation, the prepared CRM binder should be used within four hours. Many
attempts have been made to improve the properties of CRM, such as regenerated desulphurization
modifications and grafting to break the C-S or S-S bonds in the rubber chemical linking networks.
However, these modification methods are done by adding CRM to rubber or plastic but not to asphalt.
In addition, the modification process is complicated and difficult to control. In recent years, researchers
have used microwaves to modify CRM, and then add the activated CRM to asphalt. Many studies
have shown that microwave activation is similar to previous methods that break the internal S-S bond
of the rubber powder and improve the surface activity, and the storage stability of the microwave
activated CRM asphalt (MACRMA) and pavement performance is better [25-27].

Despite its significantly modified properties, MACRMA is vulnerable to aging, which is an
inevitable process in its service life that can significantly deteriorate the asphalt binding properties.
Asphalt has always been in adverse conditions due to excessive temperatures and long heating times
in the actual production, transportation, and construction, which will inevitably cause short-term
aging of the asphalt and weaken the function of the asphalt binder and mixture. Short-term aging
mainly takes place during the manufacturing process of asphalt mixtures in which the aggregates are
covered by a thin asphalt film at high temperatures. The thin asphalt film has large surface areas that
are exposed to air, causing the oxidative aging of asphalt components and the volatilization of light
fractions. It is noted that the performance of asphalt mixtures in pavement after short-term aging was
determined universally [28,29].

Numerous laboratory aging methods have been proposed to simulate asphalt aging. Among
these methods, the rolling thin-film oven test (RTFOT) is the most commonly applied as recommended
by the Strategic Highway Research Program [30]. However, researchers have shown that the RTFOT is
not suitable for CRM asphalt owing to its relatively low aging temperature of 163 °C. The aging of
RTFOT relies on spreading the fluid asphalt into thin films. With a reduced asphalt film thickness, the
exposure to oxygen is increased and thus the aging process is accelerated. The CRM is usually too
stiff to flow at 163 °C inside the RTFOT aging bottle, and thus it cannot form thin films, resulting in
insufficient aging. Many studies have indicated that the current 163 °C aging temperature should be
elevated because it was established on field investigations of neat asphalt and is apparently lower than
the CRM mixing temperature. As MACRMA brings notably enhanced engineering properties and
higher viscosity, this results in increased mixing and compaction temperatures. Contractors in China
have reported that CRM asphalt usually has a mixing temperature of 190 °C and a paving temperature
of 170-185 °C, depending on the time spent in transport. RTFOT does not have a comparable aging
temperature in the field and fails to form an asphalt film of a small uniform thickness for asphalt
binders with different viscosities, and its application for MACRMA is questionable [31].

The objective of this study is to investigate the influence of different aging factors on the properties
of MACRMA from the perspective of rheological properties, and gradually exploring the thermal
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oxygen aging law of MACRMA. The MACRMA was subjected to a thin film oven test (TFOT) for
different times (0, 5, 15, and 20 h) and temperatures (150, 160, 170, 180, and 190 °C). A serious of lab
tests including three indicator tests: viscosity, dynamic shear rheology (DSR) test, and repeated creep
recovery test have been conducted.

2. Materials and Experiments

2.1. Materials

The neat asphalt binder used in this study was petroleum asphalt of penetration grade 90. Table 1
presents some detailed technical properties of neat petroleum asphalt of penetration grade 90. Each
index was tested based on the Standard Test Method of Bitumen and Bituminous Mixture for Highway
Engineering (JTG E20-2011) by the Chinese Ministry of Communications [32]. The 40-mesh crumb
rubber powder produced by the normal temperature method was selected, and the physical and
chemical properties of the test results are shown in Table 2. At the same time, considering the influence
of the production method of the crumb rubber powder on the particle size, the crumb rubber powder
is sieved through the 40-mesh filter prior to using.

Table 1. Technical properties of neat petroleum asphalt.

Item Specification Result Test Methods
Penetration (25 °C, 100 g, 5 s) (0.1 mm) 80~100 92 T 0604-2011 [32]
Softening point (°C) >42 46.2 T 0606-2011 [32]
Ductility (5 cm/min, 10 °C) (cm) >100 >100 T 0605-2011 [32]
o Loss (%) <+0.8 0.07 T 0610-2011 [32]
RTF;)STnglifj C Penetration ratio (%) >54 70 T 0604-2011 [32]
Ductility at 10 °C (cm) >6 9 T 0605-2011 [32]

Table 2. Physical and chemical specifications of rubber powder.

. Water Metal Fiber Acetone Rubber
Density Ash Carbon
Item (kg-m~3) Content  Content  Content %) Extract (%) Hydrocarbon
& (%) (%) (%) ’ (%) ’ (%)
Specification ~ 260~460 <1 <0.03 <1 <8 <22 28 >42
Result 302.5 0 0.009 0.065 7.3 7.2 30 52

2.2. Experimental Procedures

The waste tire rubber powder was placed in a constant-temperature oven at 60 °C for 30 min for
drying and dehydration, and then 100 g of the rubber powder was placed in the microwave oven.
In this experiment, the activated rubber powder was prepared by activating the rubber powder for
90 s at 800 W and then cooling to room temperature. The asphalt binder was heated to approximately
135 °C as measured with a thermometer and poured into a beaker. Then, the beaker was placed
in a constant temperature magnetic heating stirrer to raise the temperature to 190 °C. Additionally,
the activated rubber powder was slowly added at a stirring rate of 1500 r/min. After reacting with the
asphalt for 60 min, the microwave rubber modified asphalt was obtained. The cigar tube test showed
that the difference of softening point of the upper and lower ends of the tube was only 2.3 °C, which
indicated that the modified asphalt had been uniformly mixed. Some of its performance indicators are
shown in Table 3.
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Table 3. Technical properties of microwave-activated crumb rubber-modified asphalt (MACRMA).

Item Specification Result
Penetration (25 °C, 100 g, 5 s) (0.1 mm) 30~70 40.6
Softening point (°C) >65 68.7
Ductility (5 cm/min, 10 °C) (cm) >5 7.7
Viscosity values (Pa-s) 2.0~5.0 293

To simulate the effect of short-term aging on the performance of MACRMA, the asphalt was aged
by the thin film oven test (TFOT, Figure 1). This test uses a single variable method: (1), keeping the
aging time at 5 h and changing the aging temperature (150, 160, 170, 180, and 190 °C); (2), keeping the
aging temperature at 163 °C and changing the aging time (5, 10, 15, and 20 h).

(a) (b)

Figure 1. Rubber powder activation equipment: (a) microwave oven and (b) microwave-activated

crumb rubber.

The dynamic shear rheology test (DSR) was used to test the complex shear modulus G*, phase
angle (8), and other rheological properties with respect to AASHTO T315. The temperature sweep,
frequency sweep and repeated creep recovery test of MACRMA samples were carried out by AR1500ex
dynamic shear rheometer. The temperature scanning range was 58-82 °C and the frequency was
10 rad/s. The frequency sweep range was 0.1~10 rad /s with a test temperature of 70 °C and 12% strain.

The RCRT test is an abbreviation for the repeated creep recovery test specified by AASHTO
MP19-1. The test temperature was set to 60 °C, and the loading stress was 100 Pa and 300 Pa,
respectively. In addition, the loading parallel plate diameter was 25 mm, and the test spacing was
1 mm. One creep recovery cycle included the 1 s loading mode and the 9 s unloading mode, which gave
50 time measurements in total. This loading mode can better simulate the intermittent characteristics
of actual asphalt pavement load. In other words, the characteristics of higher elastic recovery of the
modified asphalt could be considered by this test.

3. Experiment Results

3.1. Penetration/Softening Point/Ductility Tests

These three indicator tests are the most widely used methods for evaluating asphalt performance
in China. The penetration test is the standard method for determining the consistency of asphalt.
The penetration degree indicates the consistency of the asphalt. The larger the index, the lower the
viscosity of the asphalt.

The penetration values in terms of increased aging temperature and time are shown in Figure 2a,b,
respectively. As shown in Figure 2a, the results indicate that the increased aging temperature results in
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a decrease of penetration values for all the modified asphalts. The linear fit analysis result found that
the correlation coefficient between the penetration values and aging temperature was 0.905. Similar
trends for the modified binders can be found in Figure 2b, where the penetration values are reduced
when the aging time increases. The MACRMA with 20 h TFOT aging has the lowest penetration values.
In addition, the penetration values have a better correlation with aging time.
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Figure 2. Penetration values of MACRMA at different aging conditions: (a) aging temperature and (b)
aging time.

The ductility indicates the plastic deformation ability and the low temperature performance of
the asphalt. The test results shown in Figure 3a illustrate that the ductility values of all the asphalts
reduce as the aging temperature increases from 150 to 190 °C. The lowest ductility value is 7.0 cm,
which correlates to the 190 °C aged asphalt. The linear fit analysis results found that the correlation
coefficient between the ductility values and aging temperature is 0.939. Additionally, the results shown
in Figure 3b indicate that the ductility values reduced as the aging time increased from 0 to 20 h, and
the lowest ductility value is 3.6 cm when the aging time rose to 20 h. Moreover, the ductility values
also have a better correlation with aging time.
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Figure 3. Ductility values of MACRMA at different aging conditions: (a) aging temperature and (b)
aging time.

The softening point of the asphalt is the conditional temperature when asphalt reaching a certain
viscosity, which indicates the thermal stability of the asphalt. The higher the softening point, the better
the thermal stability of the asphalt. As shown in Figure 4a, all samples after aging have higher softening
point values, and the highest softening point values reach 75.5 °C when the aging temperature is
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190 °C. In Figure 4b, the samples exhibit similar trend results under various aging times. However, the
softening point value is more than 76 °C when the aging time exceeds 10 h. In addition, the highest
softening point value is 83.7 °C when the aging time is 20 h. Moreover, the linear fit analysis results
found that the correlation coefficient between the softening point values and aging time was 0.990.
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Figure 4. Softening point values of MACRMA at different aging conditions: (a) aging temperature and
(b) aging time.

In general, it can be observed that the softening point of the MACRMA increased with the
increase of aging temperature and time. However, the penetration and ductility gradually decreased.
Consequently, it could be concluded that TFOT aging will increase the aging degree of leaching,
regardless of aging time and temperature.

3.2. Viscosity

As mentioned above, the classical properties test can properly characterize the performance of
crumb rubber asphalt. However, the human error of the test has large significance on its performance
accuracy. Therefore, we also need to describe its performance with other indices. The viscosity is the
flow characteristics of the asphalt binder to provide some assurance that it can be pumped and handled
at the hot mix facility. It is also used to develop temperature—viscosity charts for estimating mixing
and compaction temperature for use in mix design as a reference. Generally, a higher viscosity value
results in higher mixing and compaction temperatures and may increase the energy consumption.

As shown in Figure 5a, it can be observed that the viscosity values of MACRMA increase as the
aging temperature increased except at 180 °C. When the aging temperature is increased from 150 to
170 °C, the viscosity gradually increased from 3.04 Pa's to 3.53 Pa-s. As the aging temperature rises
to 180 °C, the viscosity is 3.20 Pa-s. The reason may be that the crumb rubber is degraded at high
temperature, and the internal net structure is cracked into small chains, and the light component
in the bitumen absorbed by the swelling action is released. However, this does not mean that the
asphalt does not age. In fact, this process reflects the combined effect of the continuous swelling
reaction of the rubber powder and the aging degradation on the rheology at 180 °C [33]. When the
temperature continues to rise to 190 °C, the viscosity of the MACRMA increases rapidly and reaches
51 Pa-s. Therefore, it can be concluded that the production and construction temperature of microwave
crumb rubber modified asphalt is recommended to be below to 190 °C.

Similarly, as shown in Figure 5b, the viscosity of MACRMA after different aging times increases
rapidly from 2.93 to 4.71 Pa-s from 0 to 10 h. It might be a result of a strong swelling reaction in
the modified asphalt at the initial stage of aging. It seems that the light component in the asphalt is
absorbed by crumb rubbers, which cause volume expansion, and the oil content in the mixed system is
reduced. Moreover, the viscosity is rapidly increased. In addition, in the 10-20 h segment, the viscosity
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growth tends to be stable, and reaches 5.76 Pa-s, which is the highest value of any of the modified
asphalt samples. In general, the TFOT asphalts have a noticeably higher viscosity value than the
unaged asphalt. This indicates that the TFOT aging causes the asphalt to stiffen at the maximum
pavement service temperature, which is beneficial in improving resistance to permanent deformation.
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Figure 5. Viscosity values of MACRMA at different aging conditions: (a) aging temperature and (b)
aging time.
3.3. G¥/sin &

The G*/sin § is often used to characterise the rutting resistance of an asphalt pavement at high
temperature. A greater G*/sin § value indicates a pavement with better permanent deformation
resistance. It is worth mentioning that a frequency sweep is a particularly useful test as it enables
the viscoelastic properties of a sample to be determined as a function of timescale. In this study, the
frequency sweep test was used to determine the G*/sin & values of different MACRMA samples.

The G*/sin & values of the MACRMA regarding an increased frequency after the aging
temperature and aging time respectively are shown in Figure 6. In Figure 6a, it can be observed that
with the increase of loading frequency, the G*/sin  values of MACRMA tend to increase gradually.
All G*/sin b values of modified asphalt at 0.1 kPa are very close, which is not significantly different
between aged and unaged asphalt. In addition, the G*/sin § values are higher than 1.2 kPa when the
frequency increased to 1 rad/s, and some are even greater than 3.2 kPa when the aging temperature
was 190 °C. At 10 rad/s, the lowest G*/sin b value found was 7.29 kPa when the MACRMA was
unaged. However, at 150 °C or higher to, the G*/sin § values of aging asphalts are greater than 8.6 kPa.
Among them, the MACRMA after 190 °C aging conditions have the greatest G*/sin & values, which
reach 13.37 kPa. Generally, all modified asphalts after different aging temperature have greater G*/sin
b values than unaged. This indicates that the aging temperature stiffens asphalts at pavement service
conditions, which is beneficial to improve the resistance to permanent deformation.

Similar trends for those modified asphalts at different aging times can be found in Figure 6b. It was
observed that G*/sin b values of all MACRMA samples tend to increase with frequency. The reason
might be that the higher loading frequencies correlate well with faster driving speeds. The load action
time is so short that the load dissipated quickly. Therefore, the road surface is less prone to rutting.
Compared with Figure 6a, there are more significant differences in G*/sin § values among overall
asphalt sources, and the trend is directly correlated with frequency. Moreover, when the aging time
is long enough, the G*/sin 6 values of MACRMA are significantly higher than the G*/sin § values
of MACRMA under different aging temperatures. For instance, when the aging time exceeds 10 h,
the G*/sin 6 values of MACRMA is more than 16 kPa at 10 rad/s. It was concluded that the TFOT
aging results in a stiffer asphalt binder, which is beneficial in improving the rutting resistance of
MACRMA, regardless of the aging temperature and time.
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Figure 6. G*/sin 6 values of MACRMA at different aging condition (a) aging temperature and (b)
aging time.

3.4. Phase Angle

In Superpave specifications, phase angle is defined as the time lag between strain and stress
under traffic loading and is highly dependent on the temperature and frequency of loading. It can be
used as an indicator of viscosity and elasticity of binders. In general, for a perfectly elastic material,
an applied load causes an immediate response, thus, the time lag is zero. Conversely, a viscous material
has a relatively large time lag between load and response; its phase angle approaches 90°. Under
normal pavement temperatures and traffic loadings, asphalt binders act with the characteristics of
both viscous liquids and elastic solids. However, this property can be influenced by the nature of the
polymer such as visco-elastic, visco-plastic, and elastic—plastic at a high temperature. In this study, all
TFOT residues of MACRMA were tested at the high temperatures from 58 to 82 °C and thus exhibit
viscoelastic properties.

As shown in Figure 7a, phase angles of various modified asphalts increase as the test temperature
increased when the test temperature increased from 58 to 82 °C. In addition, at the frequency of
10 rad/s, the phase angles of the unaged sample reached its highest at 82 °C, and the peak value
at this time was 2.54. The results indicated that the unaged sample has a greater phase angle than
other modified binders and exhibited a more viscous behaviour. The phase angles of different aging
samples reduced as the aging temperature constant increased compared with the unaged sample.
However, no significantly different phase angles were found between 150 and 160 °C of modified
asphalts. Therefore, for the asphalts tested, it could be concluded that the aging temperature has an
impact on the viscoelastic characteristics of the MACRMA at high temperatures.

As shown in Figure 7b, all modified asphalts except unaged samples show increased phase
angles when the test temperature is in the range of 58 to 82 °C, showing higher viscous characteristics.
Compared with Figure 7a, when the aging time is long enough, the phase angles of MACRMA are
significantly lower, and the growth trend is not obvious. It was concluded that, for the asphalts tested,
the aging time has an influence on the elastic and viscous characteristics of MACRMA, which causes
an increase in the elastic properties of modified asphalt. However, it also indicated that the phase
angles are close to each other (5 and 10 h, 15 and 20 h). Therefore, it is necessary to do some further
research to identify the visco-elastic behaviour of these polymer materials at high temperatures.
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Figure 7. tan § values of MACRMA at different aging conditions: (a) aging temperature and (b)
aging time.

3.5. The Deformation Recovery Ability

The creep test is a simple test, in principle, with the application of a constant stress where the
strain is measured accurately from the time of the application of the stress. Creep recovery is found
when the stress is removed and the sample’s recovery response is monitored with time. Generally,
if the material is elastic and the elasticity has not been disturbed by the creep test, it may recoil back to
its original position. Otherwise, it will stay where it is.

During the creep recovery process, the elastic portion of the asphalt is gradually recovered over
time, which is due to the presence of the viscoelastic properties of the asphalt and gives a certain
retardation elastic property. The residual strain in the recovery stage of asphalt is defined as ¢P, and the
initial strain in the recovery stage of asphalt is defined as L. The ratio of eP/¢L is used to characterise
the deformation recovery ability of asphalt. The smaller the value of ¢P/¢L, the greater the recovery
ability of asphalt deformation [19,20].

Figure 8 shows the relationship between the ¢P/¢L and the number of loadings for MACRMA
under different aging conditions at a temperature of 60 °C and pressures of 100 and 300 Pa. It can
be seen from Figure 8 that all asphalts tested in this study show an increase in eP/¢L in the initial
stage of loading (0~10), but with higher numbers of loads, the ¢P/¢L values gradually becomes stable
with some slight increases. The reasons might be the asphalt becomes fatigued with an increased
number of loadings, which increases the irreversible deformation and deterioration ability of the
deformation recovery. As shown in Figure 8a, it can be seen that, as expected, the unaged sample has
the highest eP/¢L value, which exhibits a higher viscosity than the other modified binders, whereas
the asphalt under different temperatures of TFOT aging exhibits lower values with higher elastic
properties. Additionally, similar trends for those modified asphalts under different aging times at
300 Pa can be seen in Figure 8b. However, there are no significant differences in eP/eL values between
any two stresses for all samples, apart from 20 h of TFOT aging time of MACRMA.

As shown in Figure 8c,d, there are similar trends for MACRMA after different aging temperatures.
At a stress of 100 Pa, there is only slight differences in the ¢P/eL values among 170, 180, and 190 °C
of MACRMA. Additionally, no significantly different eP/eL values were found between 100 and 300
Pa. It indicated that stress has little effect on the deformation recovery ability of asphalt. Therefore, it
could be concluded that TFOT aging could make the asphalt harder, which is beneficial in improving
the performance of the deformation recovery of MACRMA.
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Figure 8. Relationship between ¢P/¢L and load times of asphalt under different aging conditions: (a)
different aging time at 100 Pa; (b) different aging time at 300 Pa; (c) different aging temperature at
100 Pa; and(d) different aging temperature at 300 Pa.

3.6. Cumulative Strain

The cumulative strain reflects the total strain of the asphalt during the total process of loading
and unloading. During the creep recovery process, this test is studied by monitoring the total stress
processing over the decay load procedure.

Figure 9 shows the cumulative strain of the MACRMA under different stress conditions. As shown
in Figure 9, the cumulative strain of asphalt increases with an increase in the number of stresses
and loads, which is consistent with the fact that heavy traffic leads to rutting damage in roads. In
addition, it can be noted that unaged asphalt has the highest cumulative strain regardless of the
number of loads, while the cumulative strain of other aging samples is lower, although this value
increases with the number of loads. In addition, the results shown in Figure 9a indicate that there
are significant differences in the cumulative strain before and after aging conditions of the modified
binders. The cumulative strain of aged MACRMA generally reduced as the aging time increased at the
same number of loads under stress of 100 Pa. Similar trends for those modified binders can be found
in Figure 9b, but the MACRMA exhibits a higher cumulative strain at a stress of 300 Pa compared to
100 Pa, which indicated that stress has a large effect on the resistance to the deformation of MACRMA.
Additionally, there were no obvious differences among the 10, 15, and 20 h aging tests, but these values
are noticeably different for the modified binders under stress of 100 Pa (Figure 9a).
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Figure 9. Relationship between cumulative strain of asphalt and number of loading times: (a) different
aging time at 100 Pa; (b) different aging time at 300 Pa; (c) different aging temperature at 100 Pa; and
(d) different aging temperature at 300 Pa.

Figure 9¢,d show the cumulative strain of the MACRMA at aging temperatures from 150 to 190 °C
at stresses of 100 Pa and 300 Pa. In Figure 9¢, it was observed that the cumulative strain of aged
MACRMA decreases with an increase of aging temperature at the same number of loads compared
with unaged asphalt. For instance, the cumulative strain of unaged asphalt at 50 times is 29.52%, while
the cumulative strain of aged asphalts is less than 20%. Thus, it seems that the anti-deformation ability
of MACRMA increases. As shown in Figure 9d, the aged modified asphalts under stresses of 300 Pa

show increased cumulative strain compared with 100 Pa, showing lower anti-deformation ability.

4. Conclusions

Based on the test results in this study, the following findings and conclusions can be observed of

the properties of MACRMA before and after aging.

The performance of microwave crumb rubber modified asphalt after aging is closely related to

aging time and aging temperature, both of which will increase the aging degree of asphalt,

so that the penetration and elongation of asphalt decrease, while the softening point and

vi

scosity increase.

There may be a strong swelling and degradation reaction of the rubber powder during the aging
process. This effect presents the opposite viscosity characteristics of the MACRMA with the aging
trend. Additionally, the MACRMA with 190 °C or 20 h TFOT aging had the highest viscosity
values. A lower mixing and compaction temperature (<190 °C) could be used to produce the
MACRMA mixture, and thus, reducing the energy demand and retain the performance during
the mixing and compaction procedures.
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e  The G*/sin § and phase angle values reported in this research were mainly influenced by the
TFOT aging temperature and time. The aging will gradually increase the rutting factor of asphalt
and reduce the phase angle, which could increase the elasticity of asphalt and improve the rutting
ability at high temperatures.

e It canbe observed that, in this study, the behaviours of creep and creep recovery of all modified
asphalts were generally affected by TFOT aging. The aging effect reduces the cumulative
deformation of the rubber modified asphalt, increases the elasticity of asphalt and improves
its deformation resistance. Compared with the aging temperature, the aging time has a more
significant effect on the deformation recovery ability of the MACRMA.
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Abstract: Crumb rubber modified bitumen (CRMB) has been widely used in pavement construction
and provides an effective way to recycle waste tires and helps alleviate the “black pollution” problem.
There are no current specifications regarding the appropriate mixing and compaction temperatures of
the CRMB mixture. There is a direct relationship between the mixing and the compaction temperatures
of the CRMB mixture and the viscosity of the CRMB mastic. In this study, we first prepared CRMB
using crumb rubber powder and penetration grade 70 neat bitumen, then prepared the CRMB mastic
using CRMB and fillers (limestone mineral powder and cement). Finally, we used the CRMB mastic
and aggregate to make mixture specimens. The best air void of the specimens was subsequently used
to demarcate the viscosity of the CRMB mastic, and the construction temperatures (including the
mixing temperature and the compaction temperature) were calculated based on the viscosity of the
CRMB mastic from the viscosity-temperature curves. Test results indicated that the best viscosity of
the CRMB mastic was 2.7 + 0.2 Pa-s and 3.9 + 0.3 Pa-s that corresponded to the mixing and compaction
temperatures, respectively.

Keywords: crumb rubber modified bitumen mastic; Brookfield viscosity; mixing and
compaction temperatures

1. Introduction

Increasing attention has been paid to modified bitumen and modified bitumen mixture over time.
Pavement materials require a higher quantity of bitumen mastic because of the higher volume of traffic,
load, and dynamic water pressure they are exposed to. Rubber powder made from old tires is added
to neat bitumen to obtain modified bitumen, which is termed crumb rubber modified bitumen (CRMB)
or rubber bitumen. The CRMB mixture has a favorable ageing resistance, fatigue restraint ability,
high-temperature stability, low-temperature anti-cracking performance and water resisting properties.
It also contributes to alleviating the “black pollution” problem. Stone mastic asphalt (SMA) displays
good pavement performance and has been widely applied in pavement construction. Bitumen mastic
plays a key role in SMA; however, there is increasing concern about the use of it. Improved adhesive
attraction between the bitumen and aggregate occurs only after the formation of the bitumen mastic by
bitumen absorbing onto the surface of the filler. Bitumen mastic is one of the three space grid structure
dispersed phases in modern mastic theory, being the first and most important phase. The filler is the
dispersed phase and the bitumen is the medium. The structure, composition and performance of the
bitumen mastic have a direct bearing on the performance of the pavement composed of the bitumen
mixture [1]. Therefore, research only on the bitumen binder is inadequate and it is more important to
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research the bitumen mastic. However, most road workers ignore the dispersed effect of the filler and
the interface chemistry effect between the filler and the bitumen and just treat the filler as an inert filler.
In addition, although the bitumen binder itself is good, the actual pavement performance is less than
satisfactory. Therefore, it is necessary to study the material made from the filler and the bitumen, i.e.,
the bitumen mastic.

Puzinauskas, V. found that the filler has two functions in the bitumen mixture when he researched
cement-filler bitumen mixtures [2]. He found that the filler was not just a pure filler, but was
combined with the bitumen to obtain the bitumen mastic. Tunnicliff, D.G. found that mineral powder
below 0.075 mm had a great effect on the water stability and the anti-aging performance of bitumen
mixtures [3]. Huang Baoshan et al. chose three filler types and four different filler-bitumen ratios
to study bitumen mastics, and the results showed that the filler-bitumen ratio must be controlled
by the overall performance of the bitumen mixture [4]. Wu Yuhui used a dynamic shear rheometer
(DSR) and a bending beam rheometer (BBR) to study the effect of mineral powder content on the
high- and low-temperature performance of penetration grade 90 neat bitumen mastic [5]. The results
showed that a filler—bitumen ratio between 0.8 and 1.2 could provide a balance between high- and
low-temperature performance.

Previous studies showed that the construction temperatures of the CRMB mixture are significantly
higher than that of the road bitumen mixture due to the higher viscosity of the CRMB, which leads to
higher levels of energy consumption and air pollution [6-10]. There are no specifications for determining
the construction temperatures of the CRMB mixture. Several researchers have concentrated on studying
the construction temperatures of modified bitumen in recent decades. Yildirim, Y. et al. used high shear
rate viscosity—temperature curves to determine the construction temperatures of modified bitumen
mixture [11]. In 2001, Bahia, H.U. et al. used the change in zero shear viscosity to determine the
construction temperatures by changing the shear rate [12]. In 2003, Reinke, G. obtained the construction
temperatures by the shear stability viscosity of DSR [13]. Akisetty, C.K. et al. used the phase angle and
the angular frequency of DSR to determine the construction temperatures [14]. West, R.C. et al. [15]
and Cai Jun et al. [16] used the air void to determine the construction temperatures of warm mix
rubber bitumen mixtures. Ozturk, H. I. et al. found that the compaction temperature could be lowered
by 15 °C and warm mix asphalt additive can be used as a compaction aid to lower the compaction
effort [17].

The research regarding bitumen mastic to date has been concentrated on mostly non-modified
bitumen mastic. There is limited research on the construction temperatures of the CRMB mixture, if
any, based on the air void of the CRMB mixture. Hence, studying the determination of the construction
temperatures of the CRMB mixture based on the viscosity of the CRMB mastic is required. In the
present study, the viscosity of the CRMB mastic was used to determine the construction temperatures
of the CRMB mixture, and the temperatures were verified by the air void of the CRMB mixture.

2. Materials and Methods

2.1. Raw Materials

Penetration grade 70 neat bitumen produced in SsangYong, Incheon, Korea, was used in the
present study. Table 1 summarizes the properties of this bitumen binder based on the Chinese standard
JTG E20-2011 [18] and the test method by the Strategic Highway Research Program A [19].
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Table 1. Properties of the penetration grade 70 neat bitumen used in the present study.

Properties Requirements Test Results
Penetration (25 °C; 0.1 mm) 60-80 68.9
Ductility (15 °C; cm) >40 68
Softening point (°C) >46 483
Flash point (°C) >230 263
Wax content (%) <3 1.84
Density (g/cm?) report 1.032
Solubility (trichloroethylene; %) 299.5 99.7
Mass change (%) <0.8 0.3
RTFOT (163 °C, 75 min) Retained penetration (%) >58 78
Ductility (15 °C; cm) >15 44
PG grade 64-22

The rubber powder (20 mesh size) was made from truck tires in Changzhou, China. Tables 2 and 3
summarize the physical properties and the chemical properties of the rubber powder, respectively.

Table 2. Physical properties of the rubber powder.

Testing Items Relative Water Ratio Metal Content  Fiber Content Screenings
8 Densities (%) (%) (%) (%)
Test results 116 0.6 0.01 0.5 8.3
Requirements 1.10-1.30 <1 <0.05 <1 <10
Table 3. Chemical properties of the rubber powder.
Testing Items Ash Content Acetone Extract Carbon Black Rubber Hydrocarbon
8 (%) (%) Content (%) Content (%)
Test results 7.2 49 31.3 55.2
Requirements <8 <22 >28 242

The fillers were limestone mineral powder and cement (strength degree of 42.5). Table 4
summarizes their various properties.

Table 4. Properties of the mineral powder and the cement.

Kinds of Filling Apparent Density (g/cm®)  Hydrophilic Coefficient
Mineral powder 2.71
Cement 2.80

<0.075 mm Content (%)

0.89 (<1) 90.4
0.78 (<1) 9223

The diameter of the mineral powder and cement used in the present study was smaller than 0.075
mm. Table 5 summarizes the screening results of the mineral powder.

Table 5. Sieve analysis of the mineral powder.

Screen Size (mm) Passing percent (%)
0.075 83.4
0.15 91.2
0.3 97.3
0.6 100

The aggregate used in the CRMB was basalt. Tables 6 and 7 summarize the technology parameters
of the basalt.
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Table 6. Test results of the aggregates’ properties.

Aggregate Properties #1 #2 #3 #
858 P (9.5-16 mm) @75-95mm)  (2.36-475mm)  (0-2.36 mm)
Apparent density (g/cm?) 2.868 2.857 2.839 2.865
Bulk density (g/cm?) 2797 2.766 2.757 2.749
Water absorption (%) 0.89 1.15 1.05 1.47

Table 7. Analysis results of different mineral aggregates.

Screen Size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

#1 100 832 104 03 0.3 0.3 0.3 0.3 0.3 0.3
#2 100 100 985 121 0.6 0.6 0.6 0.6 0.6 0.6
#3 100 100 100 853 25.7 14.0 8.1 4.0 29 1.9
#4 100 100 100 100 86.3 64.1 392 185 10 7.6

Passing-percent (%)

2.2. Preparation of Bitumen Mastic

The present study used CRMB binder and CRMB mastic to compare the accuracy of determination
based on viscosity. The CRMB mastic was made by adding the filler to the CRMB binder. Hence, the
preparation process parameters did not influence the comparison results and the parameters have
been commonly used.

The CRMB binder was made by adding rubber powder (20 mesh size) to penetration grade 70 neat
bitumen. The mass ratio of rubber powder to penetration grade 70 neat bitumen was defined as the
generalized filler-bitumen ratio. The ratios used were 0.16, 0.18, 0.20, and 0.22. The preparation
parameters of the generalized base bitumen mastic were as follows: the mixing temperature was
180 °C, the mixing time was 45 min, and the shear rate was 1000 r/min.

The CRMB mastic was made by adding fillers to the CRMB binder. The ratio of filler to CRMB
binder was defined as the filler-bitumen ratio. The ratio of filler was between the weight of the mineral
powder and the rubber bitumen. The ratios used were 0.10, 0.25, 0.40, 0.50, 0.60, and 0.80. We used a
small mixer in the laboratory to mix the samples by mechanical agitation. The preparation parameters
of the rubber bitumen were as follows: the mixing temperature was 180 °C, the mixing time was 45 min,
the shear rate was 1000 r/min and they were the same for different ratios of samples. The preparation
parameters of the CRMB mastic were as follows: the mixing temperature was 200 °C, the mixing time
was 20 min when the ratio was less than 0.6 and was 30 min when the ratio was less than 0.8, and the
shear rate was 1000 r/min. The preparation processes for the CRMB binder and the CRMB mastic are
shown in Figure 1.

Rubber Filler
powder (mineral powder and cement)
The ratios are 0.16, The ratios are 0.10, 0.25,
0.18,0.20 and 0.22 0.40, 0.50, 0.60 and 0.80
ot Mixing 45 min Ratio< 0.6, Mixing 20 min
Pegeggm“t 180 °C CRMB at 200 °C, Shear rate 1000 r/min CRMB
grade b lnea Shear rate 1000 binder 0.6 <Ratio< 0.8, Mixing 30 min mastic
asphalt t/min at 200 °C, Shear rate 1000 r/min

Figure 1. Preparation processes of the crumb rubber modified bitumen (CRMB) binder and the
CRMB mastic.
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2.3. Research Methodology

There are three commonly used methods for determining the viscosity of bitumen. The present
study used the Brookfield viscosity method, which tested the viscosity of the bitumen binder and the
bitumen mastic at different temperatures. Then, the construction temperatures were calculated by the
relationship between the viscosity and temperature. Table 8 summarizes the test parameters for the
CRMB that is used mainly in America [20].

Table 8. Test parameters of the CRMB binder and the CRMB mastic.

Test Parameters Rotor Revolving Speed (r/min)
CRMB binder 27# 20
CRMB mastic 274 30

3. Results and Discussion

3.1. Determination Based on the CRMB Binder

Four groups of the CRMB binder were tested based on the different ratios described previously
and the viscosity-temperature curves were calculated with the Saal formula (Equation (1)) from the
ASTM D2493 standard:

Lglg (n x 1000) =n — m x 1g( T + 273.15) (1)

where, 1 is the viscosity (Pa-s) and T is the temperature (°C).
The viscosity—temperature curves calculated by Equation (1) using the viscosity of the CRMB
binder at 165 °C and 177 °C are shown in Figure 2.

0.60 T T
y022=-1.6559x+4.9609 ¢0.16 ®0.18 4020 x0.22
X\
0.58
< \
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N W -1.7204x+ 5.1024
yo.16= -2, X+ 6.
~—
0.52
2.640 2.644 2.648 2.652 2.656
1gT/K

Figure 2. Viscosity—temperature curves of the CRMB binder.

The viscosity ranges of the mixing and the compaction temperatures were 0.17 + 0.02 Pa-s and
0.28 + 0.03 Pa-s, respectively, based on the Chinese standard JTG E20-2011 [18]. The construction
temperatures were obtained from Figure 2 and are shown in Table 9.

Table 9. Construction temperatures of the CRMB mixture.

Generalized Filler-Bitumen Ratio 0.16 0.18 0.20 0.22
Mixing temperature (°C) 269-281 299-315 313-329 329-346
Compaction temperature (°C) 246-256 270-283 282-295 298-311
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Table 9 shows that the construction temperatures were too high and against real-life engineering.
Thus, these construction temperatures that were determined based on the viscosity of the CRMB binder
are inaccurate.

3.2. Determination Based on the CRMB Mastic

3.2.1. The Relationship between Viscosity and Temperature of the CRMB Mastic

Six groups of the CRMB mastic were tested based on the different ratios described previously and
the viscosity—temperature curves were calculated with Equation (1) from the ASTM D2493 standard.
Figure 3 shows the viscosity-temperature curves made with the Brookfield viscosity method at 165 °C
and 177 °C.
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Figure 3. Viscosity—temperature curves of the CRMB mastic.
3.2.2. Demarcating the Viscosity Ranges of the CRMB Mastic

The air void is a very important index of the bitumen mixture. The type of CRMB mixture was
AR-AC-13. The generalized filler-bitumen ratio was 0.18. The shaping method used was the superpave
gyratory compactor (SGC). The best air voids of the CRMB mixture were used to calculate the viscosity
ranges of the construction temperatures. The other construction temperatures of the mixture at the
different generalized filler-bitumen ratios were calculated using the viscosity ranges.

Table 10 shows three types of gradation (A, B and C) of the CRMB mixture. The bitumen aggregate
ratio was 8.2%.

Table 10. Three grading results of the CRMB mixture.

Types of Gradation Screen Size (mm)
HLH2:#3:#4 16.0 132 9.5 475 236 118 0.6 0.3 0.15  0.075
A (35:38:7:20) 1000 941 681 307 194 141 8.7 43 2.5 2.0
B (37:38:7:18) 1000 938 663 287 177 129 8.0 3.9 2.3 1.8
C (39:38:7:16) 1000 934 645 267 160 116 7.2 3.6 21 17

The air voids of three types of gradation are shown in Table 11.
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Table 11. Volume analysis of preliminary grading.

Types of Gradation Bitumen Aggregate Ratio (%) Air Void (%)
Gradation A 8.2 3.1
Gradation B 8.2 4.8
Gradation C 8.2 52

Requirements - 4.5-6.5

Table 11 shows that the air voids of gradation B and gradation C were satisfactory. The present
study chose gradation C as the experimental gradation next, as shown in Figure 4, and Table 12
summarizes the volume index of the CRMB mixture.

100 —+—Grading A M

90 .

I i /44

0 —+—Upper li.mi.t of gradi.ng % /

o —e—Lower limit of grading / f /

0 v

0 ¥
i

/

passing rate { %)

0.0750.1503 0.6 1.18 236 475 95 132 16
Screen size (i)

Figure 4. Gradation curves of the CRMB mixture.

Table 12. Volume indexes of gradation B.

Bitumen Aggregate Ratio (%) Air Void (%) VMA (%) VFA (%)
8.2 52 21.59 77.77
Requirements 55+1 >19 —

The mixing temperature was approximately 170-180 °C for the actual construction. Therefore, the
mixing temperature was approximately 170-180 °C in the test and the compaction temperatures were
180 °C, 170 °C, 160 °C, and 150 °C using the SGC. The results are shown in Figure 5.
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Figure 5. Relationship between the air voids and the compaction temperatures.

Figure 5 shows that the relationship between the air voids and the compaction temperatures was
a hyperbolic curve. It can be seen that with increasing the compaction temperature, the air voids first
decreased, reaching a minimum level, and then began to increase gradually. Furthermore, it can be
calculated from the above figure that the CRMB mixture has the lowest air void when the compaction
temperature is 168.2 °C. Therefore, a compaction temperature range of 164-172 °C was determined.
Generally, the mixing temperature is higher than the compaction temperature by approximately
10 °C [21-24]. Therefore, a mixing temperature range of 174-182 °C was determined. Corresponding
to the viscosity—temperature curve y0.18 = —1.7204x + 5.1024 in Figure 2, the viscosity ranges of
the mixing and compaction temperatures were selected as 2.4-3.1 Pa-s and 3.3-4.5 Pa-s, respectively.
In order to avoid the range of construction temperatures being too wide, the final viscosities for mixing
and compaction were selected as 2.7 + 0.2 Pa-s and 3.9 + 0.3 Pa-s, respectively.

3.2.3. Determination of Construction Temperatures Using Viscosity of the CRMB Mastic

Corresponding to the viscosity—temperature curves in Figure 3, the mixing and compaction
temperatures were calculated by the viscosity of the CRMB mastic and the results are shown in Table 13.

Table 13. Construction temperatures of the CRMB mixture.

Filler-Bitumen Ratio 0.10 0.25 0.40 0.50 0.60 0.80

Mixing temperature (°C) 178-185  181-188  183-189  185-192  188-195  189-196
Compaction temperature (°C) 162-169 165-172 167-174 169-180 171-178 171-179

Table 13 shows that the difference between the mixing and the compaction temperatures was
about 12-17 °C, which agrees with engineering practice overall. However, the difference between
the mixing and the compaction temperatures was not approximately 10 °C, with the reason for this
requiring further study.

4. Conclusions

The viscosity ranges of the mixture binder at the mixing and compaction temperatures were
0.17 + 0.02 Pa-s and 0.28 + 0.03 Pa-s based on the Chinese standard JTG E20-2011, respectively. However,
it can be seen from the data in this paper that the construction temperatures calculated based on
the viscosity of the CRMB binder were too high and were inconsistent with the actual construction
parameters, that is, the construction temperatures of the CRMB mixture determined by this method
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may be inaccurate. The results of this paper show that the construction temperatures of the CRMB
mixture can be determined based on the viscosity of the CRMB mastic instead of the CRMB binder and
the construction temperatures determined according to this recommendation are consistent and feasible
with engineering practice overall. In detail, it is recommended that the viscosity ranges of the CRMB
mastic in the mixing and compaction process should be 2.7 + 0.2 Pa-s and 3.9 + 0.3 Pa-s, respectively.
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Abstract: The main objective of this paper was to develop a mesostructure-based finite element
model of rubber modified asphalt mixture to predict both the dynamic modulus master curve and
phase angle master curve under a large frequency range. The asphalt mixture is considered as a
three-phase material consisting of aggregate, asphalt mortar, and air void. The mesostructure of
the asphalt mixture was digitized by a computed tomography (CT) scan and implemented into
finite element software. The 252P1D model was used to obtain the viscoelastic information of an
asphalt mortar under a large range of frequencies and temperatures. The continuous spectrum of the
252P1D model was converted to a discrete spectrum and characterized by the generalized Maxwell
model for numerical simulation. The Prony series parameters of the generalized Maxwell model
and the elastic modulus of the aggregates were inputted into the finite element analysis as material
properties. The dynamic modulus tests of a rubber modified asphalt mortar and asphalt mixture
were conducted under different temperatures and loading frequencies. The dynamic modulus master
curve and phase angle master curve of both asphalt mortar and asphalt mixture were constructed.
The frequency of the finite element simulations of the dynamic modulus tests ranged from 107 to
10*%. The dynamic modulus and phase angle of the asphalt mixture was calculated and the master
curves were compared with the master curves obtained from the experimental data. Furthermore, the
effect of the elastic modulus of aggregates on the master curves was analyzed. Acceptable agreement
between dynamic modulus master curves obtained from experimental data and simulation results
was achieved. However, large errors between phase angle master curves appeared at low frequencies.
A method was proposed to improve the prediction of the phase angle master curve by adjusting the
equilibrium modulus of the asphalt mortar.

Keywords: rubber modified asphalt mortar; asphalt mixture; continuous and discrete spectrum;
finite element model; dynamic modulus; phase angle; master curves

1. Introduction

The asphalt mixture exhibits linear viscoelasticity (LVE) under small strain conditions (150 pe).
The dynamic complex modulus test was introduced by NCHRP 9-19 to characterize the viscoelastic
mechanical behavior of asphalt mixture. The dynamic modulus and phase angle master curves can
be constructed by employing the time-temperature superposition principle (TTSP) [1-3]. However,
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laboratory tests are time-consuming and require expensive advanced testing equipment. In the past
few decades, scholars have been working on virtual test methods to obtain mechanical properties
more efficiently [4-8]. Meanwhile, with the development of CT technology and digital image
processing, virtual test simulations based on the mesostructure or microstructure model were
conducted using a numerical algorithm like the finite element model and discrete element model [9-14].
You [15] employed DIC (digital image correlation) to reconstruct a mechanical model of the asphalt
mixture. A two-dimensional (2D) clustered DEM (discrete element method) model was built to
simulate the dynamic modulus test of sand mastic and asphalt mixture. You and Dai [16,17] used
a micromechanical-based FEM (finite element method) model to simulate the dynamic modulus
of the hot mix asphalt mixture. A two-phase model consisting of aggregates and sand mastic was
modeled with finite element method. The results had good agreement with that of the DEM models.
Dai [18] employed the same procedure to predict both the dynamic modulus and phase angle of the
stone-based composites of the asphalt mixture. Ying et al. [19] reconstructed a 3D heterogeneous FEM
model by X-ray tomography images. Dynamic modulus test simulations were conducted. It indicated
that the mastic had more influence on the dynamic modulus than the aggregates. Liu and You [20]
analyzed the creep stiffness of the three-dimensional heterogeneous structure of the asphalt mixture. It
was found that the geometric characteristics of aggregate orientation and sphericity have a certain
comprehensive influence on the creep stiffness of the mixture. Chen proposed a random packing
algorithm to generate a 3D virtual asphalt mixture sample called RAGS (random aggregate structures).
The dynamic modulus and phase angle were simulated using both the 2D and 3D finite element model.
It was shown that the 2D model underestimates the dynamic modulus while overestimating the phase
angle. Cao [6] generated 2D FEM models of asphalt mixture by random packing. A large number
of simulations were conducted and a theoretical statistic formula for describing the size effort of a
dynamic modulus was proposed.

The studies mentioned above mainly focused on the prediction of a dynamic modulus at one
temperature, which means in a small frequency range. In order to obtain the full viscoelastic information
of an asphalt mixture, the prediction of a dynamic modulus and phase angle master curves under a
wide range of frequency needs to be studied.

Many attempts were made to obtain master curves of an asphalt mixture from mechanical
properties of an asphalt mortar or asphalt binder. Olard [21] proposed a relationship between the
binder and the mixture complex modulus. The dynamic modulus of the asphalt mixture can be
calculated using the glassy modulus and equilibrium modulus of both the asphalt mixture and asphalt
binder. Kuna [22] proposed a method to construct stress dependent master curves of foamed bitumen
treated mixes (FBMs). The laboratory data were shifted both horizontally and vertically according to
the TTSP to create a single master curve. Blasl [23] employed the Christensen and Anderson model
(CAM) and the Olard-Di Benedetto model (252P1D) to characterize the master curves of the bitumen
samples extracted from stone mastic asphalt mixtures. Different objective functions were used to fit the
master curves, but the master curves of the asphalt mixture were not predicted. Nobakht [24] proposed
a kinetic-based aging model to predict the dynamic modulus master curve of asphalt mixtures. The
influence of aging on the dynamic modulus and phase angle master curves was analyzed. Yin [25]
conducted dynamic modulus tests of four asphalt binders and corresponding asphalt mixtures. The
dynamic modulus master curves were constructed using both the Williams-Landel-Ferry (WLF)
equation and the Arrhenius equation. It can be seen that the relationship between the master curves of
the asphalt mixture and asphalt mortar was not fully studied. In these studies, the influence of the
mesostructure of an asphalt mixture on the dynamic modulus and phase angle was not considered.

In this study, dynamic modulus test simulations using a mesostructure-based finite element model
were conducted under a large frequency range to calculate the dynamic modulus and phase angle
of asphalt mixture. To be able to accurately predict the master curves of the asphalt mixture, the
mechanical behavior of the asphalt mixture and asphalt mortar under a wide range of frequency needs
to be accurately characterized by viscoelastic constitutive models.
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In the past decades, many viscoelastic constitutive models have been proposed. The generalized
Maxwell model (GMM) was widely used to characterize the viscoelastic mechanical behavior of asphalt
concretes. It consists of a combination of springs and linear dashpots and is known as the discrete
spectrum model. The relaxation models in the time domain can be expressed by the Prony series,
which can be analytically converted into the frequency domain and conveniently implemented into the
hereditary integrals of numerical simulation [1,3,26]. However, the determination of model parameters
is a big problem for the generalized model, especially when employed to characterize the dynamic
modulus and phase angle master curves of the asphalt mixture. The number of relaxation times in the
discrete spectrum needs to be large enough to cover a wide range in the frequency domain to ensure
accuracy. Since the fitting process needs to solve a set of ill-posed nonlinear equations, a large number
of parameters will cause severe difficulties in the numerical calculation [27-31].

Other than discrete spectrum models, the continuous spectrum models can characterize the
dynamic modulus and phase angle master curves in a wide frequency range with few parameters.
The continuous spectrum model is usually expressed by a complex function and can represent the
dynamic modulus and phase angle simultaneously. A lot of continuous spectrum models have
been proposed. Superpave-A-357 proposed a creep equation in the form of a power law function to
characterize the viscoelastic mechanical behavior of asphalt concretes. Zeng [32], based on the CAM
(Christensen—Anderson-Marasteanu) constitutive model of an asphalt binder [33], proposes a model
for characterizing the master curve and phase angle master curve of the dynamic shear modulus
of asphalt concrete. Olard [21] proposed a continuous spectrum model for asphalt concrete based
on the Huet model and Huet-Sayegh (HS) model. The 252P1D model can accurately describe the
mechanical behavior of the asphalt concrete over the entire frequency range and temperature range.
Havriliak and Negami [34] proposed the HN model based on the Cole-Cole model and Davison-Cole
model. However, the numerical implementation is difficult for the continuous spectrum model since
the analytical expression of the relaxation modulus in the time domain does not exist.

The main objective of this study is to propose a method to predict the dynamic modulus and
phase angle master curves of rubber modified asphalt mixture. The continuous spectrum model is
used to capture the viscoelastic information of an asphalt mortar and then converted into a discrete
spectrum model for finite element implementation. Simulations with a large frequency range are
conducted and the dynamic modulus and phase angle master curves are calculated. The effect of the
aggregate modulus on the dynamic modulus and phase angle of the asphalt mixture is studied. The
prediction of the phase angle is improved by adjusting the equilibrium modulus of the asphalt mortar.

2. Theoretical Background

2.1. Continuous Spectrum Model for an Asphalt Mortar and Asphalt Mixture

The rheological models consisting of a combination of linear springs and linear dashpot can
characterize the viscoelastic behavior of an asphalt binder, asphalt mortar, and asphalt mixture. The
relaxation modulus and creep compliance are commonly represented by the generalized Maxwell
model and generalized Kevin-Voigt model, which can be expressed by the Prony series and Dirichlet
series, respectively.

The constitutive relation for linear viscoelastic materials can be written as a convolution integral:

t .
o(t) = fo E(t- .E)jl—édé 1)

where o is stress; E is the relaxation modulus; ¢ is the strain; t is time; and ¢ is the integral variable.
The relaxation modulus of the generalized Maxwell model is written as:

n
E(t) =E.+) Ee/o 2
i=1
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where E, is called the equilibrium modulus, which is the relaxation modulus when the time approaches
infinity; E; and 7; are the relaxation modulus and the relaxation time of the ith Maxwell model; and n
is the number of the sub-models.

The set of E; and 7, is called the discrete spectrum, which represents the distribution of relaxation
modulus over relaxation time. When the number of the sub-models increases to infinity and the
interval between relaxation time decreases to zero, the Prony series becomes an integral and the
discrete spectrum becomes the continuous spectrum. The relaxation modulus function expressed by a
continuous spectrum model is:

_ “HE) e
E(t)fEe-i-fO Setreas )

where H(&) is the continuous spectrum function.

The relaxation modulus represents the viscoelastic behavior in the time domain. It can be
converted into the complex modulus to represent the viscoelastic behavior in the frequency domain by
the Laplace transform. The complex modulus, storage modulus, and loss modulus can be expressed as:

E* (i) = LG omio = E' (i) + iE” (i0) @
by CH() o*&?

E'(iw) = E. + L deé ®)
i) = [ HE) _wf

E (i) = fo e ®)

where E* is the complex modulus; L is the Laplace transform; s is the Laplace transform variable;
E’ is the storage modulus; E” is the loss modulus; and w= 27nf is the angular frequency, and f is
the frequency.

The 252P1D model was proposed to characterize the viscoelastic properties of both the asphalt
binder and asphalt mixture. It is expressed by a complex function and can characterize the dynamic
modulus and phase angle simultaneously. It consists of two springs, two parabolic elements, and one
dashpot. The phenomenological structure of the 252P1D model is shown in Figure 1.

E,: glassy modulus
Eg-Ee £ 8 . 4y . o
E,: equilibrium modulus
E, ? S k o, k: parameters of the first
parabolic element
h: parameters of the second
parabolic element

B - Newtonian viscosity of the
dashpot

Figure 1. Phenomenological structure of the 252P1D model.

The parabolic element, also called the Abel model, can be seen as a rheological element between
the linear spring and the linear dashpot. Its constitutive relation in the time domain can be expressed
by a fractional order derivation, while the constitutive relations of the spring and the dashpot are zero
order and first order respectively.

The parabolic element is defined as:

k
Creep compliance : J(t) = 6(Tt ) (7)
ref
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. k
Complex modulus : E*(iw) (i) ®)
omplex modulus : E*(iw) = —————
P 5T(k+1)
where 6 and k are material constants; w is the angular frequency; I' is the Gamma function; and 7, is
the characteristic time that accounts for the time-temperature superposition principle and determined

by the WLF (Williams-Landel-Ferry) equation:
T(T) = ar* Tref (9)

where ar is the shift factor at temperature T; and 7, is the characteristic time at the
reference temperature.
ar is determined by the WLF equation:

~Ci(T = Trey)

G+ (T - Tref) o

log(ar) =

where C; and C; are constants of the WLF equation; and T,y is the reference temperature.
According to the phenomenological structure, the complex modulus function of the 252P1D
model can be easily derived in the Laplace domain:

Eg—Ee

E'(iw) = E. + = =
1+ 0(iwtyer)  + (iwTper)  + (iwTreB)

— (1)

where E, is the equilibrium modulus; E is the glassy modulus or instantaneous modulus, which is the
relaxation modulus when time equals zero; w is the angular frequency; 0, k, and / are parameters of
the parabolic elements and set as 0 <k <h < 1; § is the Newtonian viscosity of the dashpot; and 7, is
the characteristic time.

2.2. Determination of the Discrete Spectrum

As mentioned above, the continuous spectrum models can characterize the viscoelastic behavior of
the asphalt concrete in the frequency domain more accurately and effectively. The continuous spectrum
models can capture the viscoelastic information under a large range of temperatures and frequencies
with fewer model parameters than that of the generalized Maxwell model. The accuracy of the
generalized Maxwell model can be improved by increasing the number of sub-models. However, when
parameters of the generalized Maxwell model are directly obtained from the dynamic modulus test,
the fitting process needs to solve a set of ill-posed nonlinear equations. As the number of parameters
increases, the difficulty of fitting calculation increases.

The continuous spectrum models have disadvantages in numerical calculation and finite element
analysis. Some continuous spectrum models, like the HS model and the 252P1D model, do not have an
analytical expression of the relaxation modulus in the time domain. Other continuous spectrum models,
like the generalized fractional Maxwell model, can be analytically converted into a relaxation modulus
using the Mittag—Leffler function [35]. In this case, the incremental strain history and incremental time
history need to be stored during the numerical calculation, which requires a large storage space and
decreases computational efficiency. The generalized Maxwell model expressed by the Prony series,
however, can be conveniently written as an incremental form in the finite element algorithm. Only the
incremental strain and incremental time of the last incrementation need to be stored, so the generalized
Maxwell model is more suitable for finite element analysis.

In this paper, the 252P1D model is used to capture the viscoelastic information of the asphalt
mixture from dynamic modulus test data and then the continuous spectrum is converted into a discrete
spectrum in the form of Prony series for finite element implementation.
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The continuous spectrum function of a continuous spectrum model can be derived by the following

formula [3]:
1

1 * +iTt
H(r) = +_ImE (;e ) (12)
where Im denotes the imaginary part of the complex number; E* is the complex modulus function; and
7 is relaxation time.
The continuous spectrum function of the 252P1D model is:

Eg

—n A—Z T BZ s @

H(r) = (13)

where

A=1+ 6(1'7”)_}( coskm + (Mf)_h cos hm — (TrTefﬁ)_l;

T

B= 6( T”’f)ik sinkmt + (T"Tef)w sin hr;

T

— B
@ = arctany.

By interpreting the integral in Equation (3) as discrete approximations, the relaxation modulus
function can be written as: H
E(t) =Eo+ [ H8evige

=E.+ Zn: [@ : AT,‘]e’t/“ (14)
=1t

where the set of 7; is discrete relaxation times as mentioned in Equation (2); and At; is the interval

between relaxation times.

Comparing Equation (14) with Equation (2), the discrete spectrum can be determined as follow:

E,‘ = M -AT i (15)
Ti
where E; is the discrete relaxation modulus as mentioned in Equation (2).

The set of relaxation time 7; needs to be artificially selected. When the relaxation times are evenly
distributed on the time axis, the convergence of the discrete spectrum to the continuous spectrum is
very slow [36]. The convergence can be greatly improved by evenly distributing the relaxation times
on the logarithmic time axis. In this case, Equation (3) and Equation (15) need to be rewritten as:

E(t) = E. + fm H(&)e ™ ¢dIne (16)

E,‘ = H(T,‘) -Aln T (17)

The details of the parameter calibration of the 252P1D model and the determination of the discrete
spectrum will be elaborated in the next section.

3. Experiment and Parameter Acquisition

3.1. Dynamic Modulus Tests of the Asphalt Mortar and Asphalt Mixture

In this study, dynamic modulus tests of both the asphalt mortar and asphalt mixture were
conducted. The test data of the asphalt mortar were used to obtain the parameters of the 252P1D
model and the generalized Maxwell model. The test data of the asphalt mixture were used to verify
the finite element simulation.

The asphalt mixture was dense graded with a 13.2 mm nominal maximum aggregate size. The
gradation is shown in Figure 2.
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Figure 2. Aggregate gradation of the asphalt mixture.

The asphalt binder used was a rubber modified asphalt. The asphalt content was 4.5% by weight
and the air void is 3.1%.

The gradation of the asphalt mortar was the same as that of asphalt mixture finer than 2.36 mm.
The asphalt content of the asphalt mortar was calculated based on the specific surface area of the
aggregates. It was assumed that the asphalt was uniformly dispersed and attached to the surface of the
aggregates. The amount of asphalt coated on the aggregates was proportional to the specific surface
area of the aggregate. Table 1 shows the specific surface area of aggregates with different size. Table 2
shows the calculation of the asphalt content of asphalt mortar.

Table 1. Specific surface area of aggregates.

Sieving Size (mm) >4.75 2.36 1.18 0.6 0.3 0.15 0.075

Specific surface area (m?/kg) 0.41 0.82 1.64 2.87 6.14 12.29 32.77

Table 2. Calculation of the asphalt content of the asphalt mortar.

Properties Coarse Aggregates Fine Aggregates
Sieving size (mm) 16 132 95 475 236 118 06 03 015 0.075
Passing Ratio (%) 100.0 998 770 553 314 235 167 120 95 6.6
Specific surface area (m?/kg) 041 041 041 041 082 164 287 614 1229 3277
Surface area (m?) 0.00 934 888 981 649 11.10 1343 1547 3540 217.59
Aggregate weight (kg) 68.36 31.41
Surface area (m2) 28.03 299.49
Proportion of surface area 0.09 0.91
Coated asphalt (kg) 0.43 4.57
Asphalt content (%) 12.71

The superpave gyratory compactor (SGC) was utilized to compact specimens with 150 mm
diameter and 170 mm height. The asphalt mixture samples were cut into a cylinder with 100 mm
diameter and 100 mm height. The asphalt mortar samples were cut into a smaller cylinder with 50 mm
diameter and 50 mm height to reduce the effect of potential plastic deformation at high temperatures.

The dynamic modulus tests of the asphalt mixture were conducted under four temperatures and
six loading frequencies. The test temperatures were —10 °C, 10 °C, 30 °C, and 50 °C and the loading
frequencies were 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz, and 20 Hz.
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The dynamic modulus tests of the asphalt mortar were conducted under five temperatures and
nine loading frequencies. The test temperatures were —10 °C, 0 °C, 10 °C, 20 °C, and 30 °C and the
loading frequencies were 0.1 Hz, 0.2 Hz, 0.5 Hz, 1 Hz, 2 Hz, 5 Hz, 10 Hz, 20 Hz, and 25 Hz.

All the dynamic modulus tests were performed under stress-control conditions using a UTM-25
testing machine (IPC Global, Melbourne, VIC, Australia). Teflon film was used to reduce the friction
between the sample and the indenter.

The dynamic modulus is the absolute value of the complex modulus:

EY| = \J(E")* + (E")? (18)

It can be determined by calculating the ratio of stress amplitude and strain amplitude at a steady
state of the dynamic modulus test, which is the average value of the last five cycles according to the
Chinese specification JTG E20-2011 [37].

* 90
El=— 19
=22 (19)

where 0 is the stress amplitude; and ¢ is the strain amplitude.
Phase angle is the argument of the complex modulus and determined by the average time delay
of the last five cycles:
T:
¢ = (—1) x 360 (20)
TF’
where T; is the time delay; and T, is the sinusoidal load cycle.
The number of parallel samples is required larger than three by the Chinese specifications and the
number of samples tested in this study is four. The dynamic modulus and phase angle are calculated
using the following equation based on the T-distribution.

o, SE
|E*| = [E¥| tx\/ﬁ (21)
p=F-tx L (22)

Vn

where [E*| and ¢ are the average dynamic modulus and phase angle of parallel samples; S and Sy are
the standard deviation of dynamic modulus and phase angle; # is the number of parallel samples; and
t is the parameter of the T-distribution and determined according to the number of samples and the
confidence rate. When the number of samples is four and the confidence rate is 95%, t equals 2.354.

3.2. Parameter Acquisition

Seven parameters of the 252P1D model and two parameters of the WLF equation need to be
determined. Equations (9), (10), and (11) were utilized to fit the dynamic modulus test data in the
frequency domain. A nonlinear minimization algorithm using differential evolution method was
performed on the target error function F as follow:

1
minF(Ee, Eg, 6,k 1, B, Tref, C1, C2) = (23)

) S
and ¢ ; are the calculated phase angle and test phase angle, respectively; and N is the number of the

test data points at all frequencies.

where ‘EZ i' and 'E: ' are the calculated dynamic modulus and test dynamic modulus, respectively; ¢ ;
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The fitting procedure is conducted using the Mathematica software package. Table 3 lists the
calculated model parameters of the asphalt mortar at a reference temperature of 0 °C.

Table 3. Model parameters of the asphalt mixture and the asphalt mortar.

. e Eg Threr Relative
Materials v 1pa) (MPa) 8 k f p o G G2 Qe Error
A%phalt 127.33 53,993.61 2.62 0.08 0.45 57,3702 0.07 82.04  804.57 0 4.96%
mixture
Asphalt o
0.00 40,166.80 5.45 0.20 0.52 124725 0.13 83.58 712.76 0 2.02%
mortar

The fitting result is shown in Figures 3 and 4. It shows that the 252P1D model can characterize
the dynamic modulus and the phase angle master curves of both the asphalt mixture and asphalt
mortar accurately.
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Figure 3. Test data and fitting curve of the asphalt mixture for the dynamic modulus and phase angle.
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Figure 4. Test data and fitting curve of the asphalt mortar for the dynamic modulus and phase angle.

Comparing the phase angle main curve of the asphalt mixture and asphalt mortar in Figures 3
and 4, it can be seen that the phase angle of the asphalt mixture and asphalt mortar was significantly
different at low frequencies. The phase angle of the asphalt mixture decreased when the reduced
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frequency approached zero and infinity and peaked at 1073 Rad/s while the phase angle of the asphalt
mortar decreased as the reduced frequency decreased. The maximum phase angle of the asphalt
mixture is 30°, which indicates that the storage modulus accounts for a larger proportion of dynamic
modulus. Due to the inconvenience of conducting the dynamic modulus test for an asphalt mortar at
high temperatures, the minimum reduced frequency of test data in Figure 4 only reached 1073 Rad/s
but the corresponding phase angle already reached 45°. With the decrease of the reduced frequency,
the phase angle of the asphalt mortar would keep increasing. The loss modulus would become larger
than the storage modulus.

As mentioned above, to convert the continuous spectrum into the discrete spectrum efficiently,
the relation times are uniformly distributed on the logarithmic time axis, so Equation (17) can be
rewritten as:

E; = H(t;) - Aln10"/" (24)

where 7 is the number of relaxation time 7; per decade.

According to Equations (13) and (17), the continuous spectrum function and the discrete spectrum
can be calculated. Figure 5 shows the continuous spectrum and discrete spectrum with different values
of n. It can be seen that as n increased, the difference between the discrete spectrum and the continuous
spectrum curve decreased. Whenn = In(10) and Alnt; = 1, the discrete spectrum curve coincides
with the continuous spectrum curve, so n = In(10) was used to calculate the discrete spectrum.

Since At; was obtained, the set of 7; could be calculated once the range of 7; on the relaxation time
axis is chosen. As shown in Figure 5, the range was from 1072 to 101°. It covered the reduced frequency
range of the dynamic modulus tests shown in Figure 4. Additionally, the continuous spectrum H(7)
was less than 1 MPa outside the range and was considered small enough to be ignored. The details of
the Prony series is listed in Appendix A.

To verify the effectiveness of the conversion from the continuous spectrum to the discrete spectrum,
the dynamic modulus and phase angle master curves of the calculated generalized Maxwell model
were compared with the experimental data, as shown in Figure 6. It can be seen that the master
curves had good agreement with the experimental data, which means the conversion was effective.
The relative error between the master curves and the test data in Figure 6 was 2.53%, which was also
calculated using Equation (23). It was slightly larger than the relative error of 252P1D but acceptable.
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Figure 5. Continuous spectrum and discrete spectrum with different values of n.
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4. Construction of the Finite Element Model

4.1. Mesostructure of the Asphalt Mixture

The mixture sample with test data closest to the average value of four parallel samples was
chosen to be scanned by an X-Ray CT. A set of two-dimensional scan images of the horizontal sections
perpendicular to the cylinder axis was first captured. These two-dimensional images were manipulated
by image processing software and reconstructed into a three-dimensional mesostructured as shown in

Figure 7a.

(b)

Figure 7. Mesostructure of the asphalt mixture: (a) Vertical section of the mixture sample; (b) aggregate

skeleton sketch in ABAQUS.

Many studies were devoted to analyzing the differences between 3D models and 2D models
in simulating the dynamic modulus. In general, the 3D models have higher accuracy while the 2D
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models tend to underestimate the dynamic modulus and overestimate phase angles [5]. The differences
between 3D models and 2D models are related to both the contrast between the inclusions and matrix
complex modulus and the contrast between the surface filling rate in 2D models and the volumetric
filling rate in 3D models. Firstly, as the modulus contrast between the inclusions and matrix reduces,
the difference between models reduces. The modulus contrast between the inclusions and matrix of
mastic, mortar, and mixture is studied [38]. It indicates the asphalt mixture has the smallest modulus
contrast. Secondly, the filling rate of 2D models and 3D models of the asphalt mixture is very close.
Additionally, the element number of 2D models in the following simulation is larger than 20,000. The
use of 3D models will dramatically increase the element number and reduce the efficiency of numerical
simulation. Based on the above reasons, only 2D models were used in this study.

Three vertical sections of the mixture sample were obtained from the 3D mesostructure, as shown
in Figure 7a. The image processing techniques were employed to identify the aggregate skeleton of the
2D image. The coordinate information of aggregate polygon was saved as input files(*.sat), which can
be implemented into the finite element software. The aggregate skeleton sketch in ABAQUS is shown
in Figure 7b.

4.2. Finite Element Model

The size of the 2D finite element model was the same as that of the asphalt mixture test sample,
with 100 mm width and 100 mm height, as shown in Figure 8. The element type was CPS8R, an
eight-node biquadratic plane stress quadrilateral, reduced integration. The element number was
23,185.

Figure 8. Finite element model of the asphalt mixture.

The definition of the constraints was on the basis of the real test conditions. The vertical
displacement of the bottom edge was restraint. In order to avoid a large lateral displacement of the
model, the nodes in the lower left corner were fixed. A discrete rigid wire was used to represent
the indenter of the testing machine to simulate a more realistic stress-control loading condition.
The horizontal displacement and the rotation of the indenter was restraint and only the vertical
displacement was allowed. The normal behavior of the contact between the sample and the indenter
was pressure-overclosure relationships. The tangential behavior was considered frictionless since
Teflon film was used in the laboratory test to largely reduce friction between the sample and the
indenter. Considering the lateral deformation of the sample under the compressive load, the rigid wire
was longer than the top edge of the sample to avoid numerical problems in the contact analysis.
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A haversine concentrate force was applied to the reference point of the rigid wire to simulate
the stress-control loading condition. The magnitude of the concentrated force was calculated by
multiplying the loading stress of the tests by the area of the sample.

The material properties of the asphalt mortar are given in Appendix A. The elastic modulus of
aggregates, 58,413 MPa, was obtained from the uniaxial compression test.

Visco Step with the implicit algorithm was adopted. The number of load cycles at each frequency
is required in Chinese specification JTG E20-2011. The displacement of the rigid wire was read from
the simulation results and then converted into the strain of the mixture sample. The average strain
amplitude of the last five cycles was used to calculate the dynamic modulus.

The increment size affects the accuracy of the simulation results especially the phase angle. The
error of the phase angle can be written as:

360°
2N; inc

Error of the phase angle =+ (25)
where Ny is the number of incrementations in one cycle.

Automatic incrementation size was set with a max size of 1/500 cycle, which ensured that Nj,.
was greater than 500 and the error of the phase angle was less than 0.36°.

All three 2D mesostructures of the asphalt mixture sample were used in the following simulations.
The average value of the predicted dynamic modulus and phase angle from different mesostructures
were presented as the simulation results.

5. Simulation Results and Analysis

5.1. Simulations of Dynamic Modulus and Phase Angle Master Curves

The loading frequencies of the dynamic modulus test simulations ranged from 107° to 10* with
an interval of 0.5 on the logarithmic frequency axis. The predicted dynamic modulus and phase angle
is plotted in Figure 9, together with the experimental data. It is shown that the predicted dynamic
modulus master curve was consistent with experimental data over the entire frequency range, while
the magnitude of dynamic modulus was slightly less than the test results. As discussed in the previous
section, the 2D finite element models tend to underestimate the dynamic modulus due to neglect the
geometric characteristics of aggregates in the third dimension.
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Figure 9. Comparison of simulation results and test data.

However, the predicted phase angle master curve was not consistent with experimental data
over the entire frequency range. Good agreement was achieved between the predicted phase angle
and the test data when frequency was larger than 0.1 Rad/s. A significant difference appeared as the
frequency decreased. In previous studies, the frequency range considered in simulations was usually
from 0.1 Hz to 25 Hz as the frequency range of the laboratory tests. It can be seen in Figure 9 that the
simulation results and test data of the phase angle in this frequency range were in a good agreement.
The significant difference at lower frequency range was ignored.

In the frequency domain, the phase angle master curve of a viscoelastic liquid and a viscoelastic
solid was different. When the frequency approached infinity, both the viscoelastic liquid and viscoelastic
solid exhibited pure elastic mechanical behavior, which means the phase angle approached zero. When
the frequency approached zero, the viscoelastic liquid showed pure viscous mechanical behavior while
the viscoelastic solid still showed pure elastic mechanical behavior [3]. In general, the phase angle of a
viscoelastic liquid monotonically decreased as the frequency increased while the phase angle master
curve of a viscoelastic solid exhibited a bell shape. It can be seen in Figure 4 that the phase angle of the
asphalt mortar showed the mechanical behavior of a viscoelastic liquid.

In the finite element simulation, the viscoelastic mechanical behavior was represented only by
asphalt mortar since the aggregates were considered pure elastic. Therefore, as shown in Figure 9, the
viscoelastic mechanical response of the mesostructure was consistent with the asphalt mortar and the
difference of rheology properties between the asphalt mixture and asphalt mortar caused a significant
error in predicting phase angle master curves.

5.2. Influence of Elastic Modulus of Aggregates on Master Curves

The elastic modulus of the aggregates used in the previous simulations was obtained in the
uniaxial compressive test, but in many studies, the elastic modulus is assumed to range from 50 GPa to
70 GPa and is artificially preselected. The influence of the elastic modulus of aggregate on the dynamic
modulus and phase angle master curve needs to be analyzed.

Three different elastic moduli of aggregates were considered. The loading frequencies were the
same as simulations in Section 5.1. The results are plotted in Figure 10.
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Figure 10. Influence of the elastic modulus of aggregate: (a) Dynamic modulus; and (b) phase angle.

It shows that the elastic modulus of aggregate had an effect on both the dynamic modulus
and phase angle. As the frequency increased, the effect of the modulus on the dynamic modulus
monotonically increased while the relative error of the phase angles had fluctuated and reached a peak
at 1 Rad/s. The relative error of the dynamic modulus test was less than that of the phase angle. It
indicates that the elastic modulus of aggregate had a greater effect on the phase angle.

5.3. Improved Prediction of the Phase Angle Master Curve

As discussed in Section 5.1, the finite element simulation cannot accurately predict the phase
angle at low frequencies. To solve this problem, a new attempt was made in this study by modifying
the equilibrium modulus of the asphalt mortar.
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The equilibrium modulus E, of the asphalt mortar in the 252P1D model was very close to zero. The
equilibrium modulus of the asphalt mixture, however, could be calibrated using a similar procedure
given in Section 3.2 and was 127 Mpa.

The effect of the equilibrium modulus on the master curves is shown in Figure 11.
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Figure 11. Effect of the equilibrium modulus: (a) Dynamic modulus; and (b) phase angle.

It is seen that the equilibrium modulus had effects on both the dynamic modulus and phase angle
at low frequencies. As the equilibrium modulus increased, the dynamic modulus increased and the
phase angle decreased. The frequency at which the phase angle reached the peak also increased with
the equilibrium modulus.

In order to improve the accuracy of finite element simulation for the phase angle, the equilibrium
modulus of the asphalt mixture was input into the finite element model as the equilibrium modulus
of the asphalt mortar. Simulates with the same loading conditions as above were conducted and the
results are shown in Figure 12.
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Figure 12. Improved prediction of the dynamic modulus and phase angle master curves.

It can be seen that the predicted phase angle was consistent with experimental data at all the
frequency range. The increase of the dynamic modulus caused by the change of the equilibrium
modulus at low frequency was not obvious. The simulated dynamic modulus was still in good
agreement with the experimental data. It may be because that that the dynamic modulus of the mixture
was mainly affected by the elastic modulus of aggregate at low frequencies. The result shows that the
proposed method was effective to improve the prediction of the phase angle master curve. The finite
element model could accurately predict the dynamic modulus and phase angle master curves of the
asphalt mixture.

6. Conclusions

This study proposed a mesostructure-based finite element model of an asphalt mixture to predict
both the dynamic modulus and phase angle master curves under a large frequency range. The
difference between test data and simulation results of phase angle was observed. A new attempt
was made to improve the accuracy of finite element simulation for the phase angle by modifying the
equilibrium modulus of the asphalt mortar. Several conclusions can be drawn as follows:

(1) The 2S2P1D model originally proposed for the asphalt binder and asphalt mixture was used to
characterize the viscoelastic mechanical response of the rubber modified asphalt mortar. The
fitting results proved that the 252P1D model could accurately describe the dynamic modulus
and phase angle master curves of rubber modified asphalt mortar. Furthermore, the continuous
spectrum function of the 252P1D model was efficiently converted into a discrete spectrum for
finite element implementation. The simulation results of the mesostructured-based finite element
model showed that the discrete spectrum model could precisely predict the dynamic modulus of
asphalt mixture under a large frequency range.

(2) The elastic modulus of aggregates demonstrated a stronger correlation with the phase angle of
an asphalt mixture than the dynamic modulus. As the frequency increased, the effect on the
dynamic modulus monotonically increased while the effect of the phase angle had fluctuated and
reached a peak at 1 Rad/s.

(3) The test data of the phase angle indicated that the rubber modified asphalt mortar exhibited
mechanical behavior of a viscoelastic liquid while the asphalt mixture was known as a viscoelastic
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@)

solid. Then the mesostructure-based finite element simulation results proved that the prediction
of the phase angle master curve strongly correlated with the mechanical behavior of the asphalt
mortar. Therefore, a significant difference between test data and simulation results was observed
at low frequency when directly using model parameters of the asphalt mortar. This difference
was ignored by the existing studies in which simulations were conducted only under a small
frequency range.

The equilibrium modulus was found to have a great influence on the phase angle master curve
through parameter sensitivity analysis. Further, simulation results proved that by replacing
the equilibrium modulus of asphalt mortar with that of the asphalt mixture, the prediction of
the phase angle could be significantly improved while the prediction of dynamic modulus was
still acceptable.

In future studies, simulations for more types of asphalt mixtures with different asphalt binders

and gradations need to be conducted to further verify the proposed method. The error fluctuations
observed in Figure 10 need to be further analyzed.
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Appendix A
Table Al. The details of the Prony series.
Logti  p mpa)  L98%  Evpa 8% E(Mpa)  [98% E;(MPa)
(s) (s) (s) (s)

—20.00 14.05 —-13.05 354.98 -6.10 4570.31 0.85 1451.90
-19.57 17.86 -12.62 431.15 -5.67 4894.69 1.28 1115.67
-19.13 21.83 -12.18 522.85 -5.23 5139.13 1.71 816.32
-18.70 26.69 -11.75 632.90 —4.80 5284.67 215 568.91
-18.26 32.62 -11.31 764.38 —4.37 5320.12 2.58 379.64
-17.83 39.87 -10.88 920.67 -3.93 5244.20 3.02 244.40
-17.39 48.73 -10.45 1105.24 -3.50 5065.62 345 152.75
-16.96 59.53 —-10.01 1321.51 -3.06 4801.28 3.89 92.83
-16.53 72.73 —9.58 1572.51 -2.63 447297 4.32 54.41
-16.09 88.82 -9.14 1860.37 -2.19 4103.59 4.75 29.95
—15.66 108.44 -8.71 2185.74 -1.76 3713.66 5.19 14.67
-15.22 132.34 -8.27 2546.96 -1.33 3318.95 5.62 5.97
-14.79 161.44 -7.84 2939.19 —-0.89 2929.14 6.06 1.96
-14.35 196.82 -741 3353.53 -0.46 2547.93 6.49 0.54
-13.92 239.80 —6.97 3776.39 -0.02 2174.79 6.93 0.13
-13.49 291.91 —6.54 4189.42 041 1808.48 7.36 0.03
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Abstract: The aging of bitumen seriously affects the service life of bituminous pavements. At present,
there are many related researches on bitumen aging, but most of them focus on aging endured in
indoor surroundings and conditions. Therefore, the conclusions obtained cannot reflect the actual
aging changes of bitumen in bituminous pavements in service. In order to study the comprehensive
aging process and mechanism of bitumen under the influence of service, we studied bridge deck,
traffic lane, and ramp with bituminous pavement structures in service. The bitumen samples
obtained from the core samples in different bituminous pavement structures were characterized by
gel permeation chromatography (GPC), Fourier transform infrared spectroscopy (FTIR), dynamic
shear rheometer (DSR), and fluorescence microscope (FM). The aging degree of different bitumen
was analyzed, and conclusions were drawn on changes to bitumen aging from different pavement
structures. The results showed that the aging degree of bitumen from the upper layer was the most
serious, the aging degree of bitumen at the middle layer was weaker than that of bitumen from
the upper layer, and the aging degree of bitumen from the bottom layer was the weakest for the
different bituminous pavement structures. The aging of bitumen mainly occurred due to oxygen
absorption. After aging, viscoelastic components of bitumen changed, and bitumen became harder.
The macromolecule of bitumen could be divided into small molecules, and the small molecular
weight of bitumen became large. The styrene-butadiene-styrene (SBS) modifier in the modified
bitumen became granular after aging, and it appeared as a single phase in bitumen. The aging
changes characterized by different analytical methods showed that the aging degree of bitumen from
different layers of bituminous pavement structures in service was different. Effective measures should
therefore be taken in time to decrease further aging of bitumen from the upper layer of bituminous
pavements due to its inevitable early aging in service.

Keywords: aging characteristics; bitumen; bituminous pavement structures; in service; microscopic
characterizations

1. Introduction

Bituminous pavements face comprehensive aging effect from vehicle load and the natural
environment (such as temperature, oxidation, light, rainwater), which can result in the aging of
bitumen in the bituminous mixture. Bitumen can become harder and brittle after a series of physical
and chemical changes during the aging process [1]. In addition, the aging of bitumen can directly
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affect the service life of pavements. Macroscopic changes during bitumen aging include a decrease in
penetration and ductility and an increase in the softening point. This is accompanied by a reduction in
other properties of bituminous pavements, such as anti-rutting, water damage resistance, and crack
resistance [2—4]. Therefore, the aging of bitumen has become one of the main factors affecting the
service life of bituminous pavement structures.

In recent years, many researchers have studied the aging process and mechanism of bitumen [5-7].
Wang et al. [8] studied the aging process of polymer-bitumen composite systems by chemical functional
group, molecular size, and rheological characteristics. Lana et al. [9] evaluated the effects of aging
on micro mechanical and chemical properties of foam warm mix bitumen using gel permeation
chromatography (GPC) and atomic force microscope (AFM). Bowers et al. [10] studied the fusion
degree of aged bitumen and new bitumen in reclaimed bituminous pavements using GPC and
Fourier transform infrared spectroscopy (FTIR). Menapace et al. [11] processed bitumen using an
accelerated aging tester and analyzed the chemical composition of aged bitumen by FTIR and X-ray
photoelectron spectroscopy. Lee et al. [12] tested the variations in large molecular particle size (LMS)
of rubber-modified bitumen before and after aging using GPC. Wang et al. [13] studied the surface
morphology of five kinds of bitumen in different aging situations using AFM. Chen et al. [14] used
AFM to study the aging mechanism of bitumen and found that the light component content of bitumen
was greatly reduced during the aging process. Dai et al. [15] processed styrene-butadiene-styrene
(SBS)-modified bitumen using rotating film oven aging and pressurized aging vessel (PAV) and then
obtained nanoscale morphology and rheological properties of SBS-modified bitumen after aging using
AFM and the rheometer test. Zhang et al. [16] studied the impact of various aging methods on the
physical properties and chemical composition of SBS-modified bitumen using the film furnace test,
PAV, and ultraviolet (UV) radiation.

In addition, there have been some innovations in the study of bitumen aging, which are reflected
in both devices and testing methods. Some scholars have developed new devices to study the aging
mechanism of bitumen under different aging conditions, while others have applied traditional testing
methods or instruments in their studies. Ye et al. [17], for example, developed a strong UV aging
box with reference to the actual UV light intensity of field bituminous pavements. Yu et al. [18] used
AFM technology to quantitatively analyze the morphology, adhesion, and modulus of traditional
rotating film oven aging + PAV-aged bitumen and all weather-aging bitumen. Yan et al. [19] found that
the rolling film oven test was not suitable for polymer-modified bitumen because the high viscosity
polymer-modified bitumen did not roll in the glass bottle during the test. Hou et al. [20] used the
spectrophotometric method to determine the aging characteristics of bitumen.

Researchers are also increasingly using simulation techniques to analyze the aging mechanism of
bitumen [21-23]. Zhang et al. [24], for example, used the finite element model to study the aging process
of bitumen mortar and studied the effect of aging on fatigue resistance. Chen [25] analyzed changes
in the quality of bitumen components before and after aging using thermogravimetric analysis and
established a dynamic model between quality and aging time. Xu et al. [26] used molecular dynamics
to simulate the oxidative aging reaction of bitumen. Ding et al. [27] established a corresponding
molecular model of components of original and aged bitumen by studying the functional group
distribution of unaged and aged bitumen using liquid chromatography transformation with GPC
and FTIR.

Some scholars have considered the aging conditions of indoor tests to be unsuitable for simulating
the true aging mechanism of roads in service and have therefore proposed an aging test of bitumen
under the coupling of various conditions. Ying et al. [28] put up a concept of bitumen coupling aging
and discussed the reduction in bitumen performance. Liu et al. [29] analyzed the changes in viscosity
and microscopic composition of bitumen after indoor, accelerated aging progress and after natural
aging using dynamic shear rheometer (DSR) and GPC and concluded that there is still some difficulty
in simulating the true aging mechanism of bitumen in the laboratory.
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In summary, the study of bitumen aging at present is mostly limited to indoor, simulated aging,
which is obviously different from the actual aging of bituminous pavements under complex service
conditions. The differences in the aging of different structural layers of bituminous pavements
and aging characteristics are rarely distinguished. Therefore, in order to study the actual aging
characteristics and aging degree of bitumen from different structural layers in bituminous pavements,
three kinds of bituminous pavement structures—bridge deck, traffic lane, and ramp—under different
service condition were selected in this study. The bitumen samples obtained from the core samples in
different bituminous pavement structures were characterized by GPC, FTIR, DSR, and fluorescence
microscope (FM). The aging degree of different bitumen was analyzed, and conclusions were drawn
on changes to bitumen aging from different pavement structures. The conclusions obtained in this
work about the physical and chemical changes in the aging process of bituminous pavements with
different structures are expected to provide theoretical and technical support for the improvement of
the antiaging ability and durability of bituminous pavement engineering in service.

2. Materials and Methods
2.1. Materials

2.1.1. Bituminous Pavement Structures in Service

Bridge deck, traffic lane, and ramp with bituminous pavement structures were used in this work.
The thickness of the bridge deck pavement structure was 5 cm AC-13 I fine-grained bitumen mixture +
5 cm AC-16 I medium-grain bitumen mixture, and the total thickness of the bituminous pavement
structural layer in the bridge deck was 10 cm. The thickness of the bituminous pavement structural
layer in the traffic lane was 4 cm AK-16A medium-grain asphalt mixture + 7 cm AC-20 I medium-grain
asphalt mixture + 7 cm AC-25 I coarse-grain asphalt mixture, and the total thickness of the bituminous
pavement layer at the traffic lane was 18 cm. The thickness of the bituminous pavement structural
layer in the ramp was 3 cm AK-16A medium-grain asphalt mixture + 5 cm AC-20 I medium-grain
asphalt mixture + 5 cm AC-25 I coarse-grain asphalt mixture, and the total thickness of the bituminous
pavement layer in the ramp was 13 cm.

2.1.2. Core Sample Selection of Bituminous Mixture

In accordance with the Field Test Methods of Subgrade and Pavement for Highway Engineering
(JTG E60-2008), the core samples of the bituminous mixture from different pavement structures were
obtained with a core drilling rig machine, and the samples were cylindrical specimens with a diameter
of 150 mm. The descriptions of different bituminous pavement structures and the core samples are
shown in Table 1.
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2.2. Methods

2.2.1. Bitumen Extraction

In this work, the centrifugal separation method (T 0722-1993) in the Standard Test Methods of
Bitumen and Bituminous Mixtures for Highway Engineering in China (JTG E20-2011) was used to
extract the bitumen solution from the core sample. The steps were as follows: (1) place the core sample
in an oven and heat it to a loose state; (2) pour the sample and trichloroethylene into the centrifugal
separator, soak for 30 min, and wait for bitumen to dissolve completely; (3) start the centrifuge,
gradually increasing the rotational speed to 3000 r/min, and flow bitumen solution into the recycled
bottle through the discharge port; (4) add clean trichloroethylene to the centrifuge and repeat step (3)
until bitumen solution turns pale yellow.

Next, the Abson method (T 0726-2011) in the Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering in China (JTG E20-2011) was used to recover the bitumen. The steps
were as follows: (1) inject the extract in the recycled bottle into the centrifuge tube and remove the
mineral powder in the extract by high-speed centrifugation; (2) inject the extract into the distillation
flask and place the distillation flask in the distillation unit; (3) distill the trichloroethylene out
of the extract under the conditions of oil bath and CO, atmosphere and control the temperature
in the distillation flask to 160-166 °C; (4) supply CO, gas for 5 minutes continuously after the
trichloroethylene solvent stops dropping to avoid secondary aging of bitumen; (5) obtain and analyze
the recycled bitumen.

2.2.2. GPC Test

GPC is an accurate and efficient method to classify polymers by molecular weight. This method is
convenient and intuitive and is widely used in the study of molecular weight distribution of polymers.
The test steps used in this work were as follows: (1) wash 10 mL bottles with tetrahydrofuran (THF);
(2) weigh 20 mg of extracted bitumen sample into the 10 mL bottle and mark them; (3) drop 10 mL
THEF to the bottle using a dropper, cover the lid, shake well and stand, and wait for the bitumen sample
to dissolve in THF completely; (4) filter with 0.45 um sieve to eliminate influences of other particles on
bitumen; (5) absorb 0.4-0.5 mL filtrate with tube, inject the filtrate into the GPC instrument, and carry
out the test; (6) analyze the obtained results with software. In this test, the temperature was set at
35 °C, the flow rate was 1.0 mL/min, and the concentration of the sample solution was 2.0 mg/mL.

A GPC diagram of bitumen is shown in Figure 1 [30]. According to Reference [30], the peak time is
labeled as the retention time (R), LMS time (L;) can be determined by subtracting a fixed time interval
from Ry, and the fixed time interval is given as 0.2 of total time (T;). The total time can be calculated by
subtracting the starting time (S;) from the ending time (E;). The location of L; is S + 12/30T}. The area
value of LMS below the curve can be calculated by a special software after the L; value is determined.

The molecular weight of bitumen can change during the aging process. Therefore, the aging
degree of bitumen can be analyzed by the change in the molecular weight of bitumen. The average
molecular weight of polymer was calculated using Equations (1)—(4) [31].

My (polymer) = Zw iM; 1
M, (polymer) =Y " n;M; 2)
where,
Wi
w; = oW, ®)
1
N;i
M N 4)
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where My, (polymer) is the weight-average molecular weight, g/mol; M, (polymer) is the
number-average molecular weight, g/mol; w; and n; are the weight fraction and the number fraction,
respectively, which can be calculated by Equations (3) and (4); M; represents the molecular weight of
each molecular fraction, g/mol; W; is the weight of the fraction with molecular weight of M;, g; and N;
represents the number (molar number) of each molecular fraction, mol.

50

Retention time

40 |
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molecules
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Figure 1. Gel permeation chromatography (GPC) analysis diagram of bitumen.
2.2.3. FTIR Test

FTIR can be used to analyze the variety and content of various chemical bonds in bitumen. The test
steps in this work were as follows: (1) clean the sample bench with THF and alcohol; (2) place about1g
bitumen sample on the sample bench, facing the diamond bit; (3) press the knob to make the diamond
bit compact the bitumen sample and start the test; (4) obtain the test result. The temperature for the

test was 20 °C. The spectra were collected in the wave number range from 4000 cm~! to 500 cm~! at

the resolution of 4 cm 1.

The content of certain functional groups in SBS-modified bitumen usually changes to some extent
during the aging process, especially for some oxygen-containing groups, such as carbonyl and sulfoxide
functions, which appear as a change in characteristic peaks in the infrared spectrum. Of course, there
are also groups that are not affected by aging in the aging process, and their content and peaks of
characteristic peaks in the infrared spectrum do not change, such as C-H. Therefore, according to
References [8,32], the aging degree of bitumen can be quantitatively analyzed by Equations (5)-(7).

Area (966 cm™!)

L choch = VDM )
(~CH=CH=) ™ Area(1376 cm~1) ©)
Area(1030 cm™1)
Lis—oy= ————%
(5=0) ™ Area(1376 cm 1 ©)
. _ Area(1700 cm™ 1) )
(€=0) ™ "Area(1376 cm—1)

2.2.4. DSR Test

DSR (GEMINI 2, Malvern Instruments Co., Ltd., Malvin, UK) was used to analyze the viscoelastic
behavior of bitumen. The test steps in this work were as follows: (1) heat bitumen and then pour it into
mold; (2) demold after cooling and wait for testing; (3) place the sample on a plate with diameter of
25 mm and wait for the sample temperature to rise to 64 °C for at least 10 min; (4) lower rotation axis
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of DSR to adjust gap to 1 mm and carefully trim out bitumen beyond the edge of the plate; (5) start
the test and obtain the testing results with complex shear modulus (G*) and phase angle of bitumen
samples. The method used in this test was frequency sweep with frequency ranges of 0.1-10.0 Hz.
Each sample was tested three times, and the average value was adopted as the testing result.

2.2.5. FM Test

FM is used to analyze microstructures of bitumen in different aging stages. FM (LW300LFT, Xi’an
Cewei Photoelectric Technology Co., Xi’an, China) is an instrument that uses ultraviolet light as a
light source to irradiate the detected object and make it fluorescent. Then, the shape and location of
the sample can be observed under the microscope. The experimental steps used in this work were
as follows: (1) heat bitumen samples; (2) coat thin bitumen samples on microscope slide; (3) observe
the coated slide under FM and obtain pictures of the tested samples. The test was carried out at a
temperature of 20 °C.

3. Results and Discussion
3.1. Aging Degree Analyses of Bitumen

3.1.1. Changes in Molecular Weight

The number-average molecular weight (M,;) and weight-average molecular weight (M) of the
polymer from the aged bitumen samples are shown in Figure 2. M, and M, can reflect the molecular
weight of the tested samples. Polydispersity index (PDI) represents the molecular weight distribution
width, which can be calculated by Equation (8). The PDI of the following were calculated: bitumen at
bridge deck, upper layer of bituminous pavement (BD-UL); bridge deck, bottom layer of bituminous
pavement (BD-BL); traffic lane, upper layer of bituminous pavement (TL-UL); traffic lane, middle layer
of bituminous pavement (TL-ML); traffic lane, bottom layer of bituminous pavement (TL-BL); ramp,
upper layer of bituminous pavement (R-UL), ramp, middle layer of bituminous pavement (R-ML);
and ramp, bottom layer of bituminous pavement (R-BL). The results were 1.1654, 1.0264, 1.1263, 1.0169,
1.0456 and 1.057, 1.0151, 1.0138, respectively.

pDI = W )

For the bridge deck, in contrast to the SBS molecular weight before aging, the molecular weight of
bitumen from BD-UL and BD-BL ranged from 10,000 to 14,000 and obviously decreased. This indicated
that the upper and bottom layers were both aged, but the aging degree was different. The M, and My,
of bitumen from the upper layer were lower than those of bitumen from the bottom layer. This meant
that, in contrast to bitumen from the bottom layer, a large part of SBS molecules of bitumen from the
upper layer were degraded into small molecules. The higher PDI for bitumen from the upper layer
indicated a broader molecular weight distribution. This showed that the aging degree of bitumen from
the upper layer was more serious than that of bitumen from the bottom layer under the effect of load
and the environment.

For the traffic lane, results showed that the aging degree of bitumen from the three layers was
slightly different. The minimal M,, and My, values and the maximum PDI value suggested that the
aging degree of bitumen from the upper layer was significantly more serious than that of bitumen from
the other two layers. However, as can be seen in Figure 2, M, and M, of bitumen from the middle
layer was slightly higher than that of bitumen from the bottom layer. The PDI of bitumen from the
middle layer was slightly less than that of bitumen from the bottom layer, which indicated that the
aging degree of the bottom layer was more serious. This could be due to cracks caused by the aging
of the upper layer, where moisture and air can flow into the pavement structure layer. Oxygen and
moisture accumulate in the bottom layer and react with bitumen, which can result in breaking of the
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bitumen molecular chain in the bottom layer. Therefore, the aging degree of bitumen from the bottom
layer is more serious than that of bitumen from the middle layer.

BD-UL

BD-BL

TL-UL
TL-ML
TL-BL

R-UL
R-ML
R-BL

L L L L B L
0 20000 40000 60000 80000 100000 120000 140000

Average molecular weight (g/mol)

Figure 2. The M, and M, of bitumen after aging.

For the ramp, the three indexes of the different layers were ranked as M,;: the upper layer < the
middle layer < the bottom layer; M,,: the upper layer < the middle layer < the bottom layer; and PDI:
the upper layer > the middle layer > the bottom layer. This meant the aging degree of bitumen from
the upper layer was the most serious, followed by the middle layer, and finally the bottom layer.

3.1.2. GPC Curves of Aged Bitumen

Figure 3 shows the GPC test results for the upper and bottom layers of the bridge deck. It can be
seen that the trend of the two curves was basically the same, except that the size of the peak area was
different at some specific positions. The bitumen used for the bridge deck was SBS-modified bitumen.
As can be seen in Figure 3, regardless of the GPC curves of bitumen from BD-UL or that of bitumen
from BD-BL, the SBS characteristic peak that should appear at about 12 min almost disappeared,
indicating that the SBS modifier degradation of both was serious. At this time, judging the aging
degree by characteristic peaks would not be reliable, so the LMS values of bitumen were used to judge
the degree of aging. According to the calculation method (Figure 1), the LMS value of bitumen from
BD-UL was calculated as 25.32, and the LMS value of bitumen from BD-BL was 20.82. This dramatic
conclusion could be due to the fact that naphthenic and polar aromatics form more asphaltenes during
aging, while the size of the asphaltene structure also increases [33].

Figure 4 shows the GPC test results of different layers of the traffic lane. It can be seen that the
general trend of the three curves was consistent. At 12 min, the TL-ML layer showed a sharp peak
and the peak of TL-BL was less intense than TL-ML, while the peak of TL-UL disappeared completely.
This showed that TL-UL had the most serious aging, and the macromolecular material was broken
completely. The peak in TL-ML indicated that the macromolecules were much less broken than TL-UL
and TL-BL. At 18 min, the intensity of the TL-UL peak was significantly less than that of TL-ML
and TL-BL, probably because the degradation of bitumen and SBS modifier from TL-UL was severe,
and the macromolecule ruptured to form small molecules. However, the loss of small molecules in
the upper layer was more serious under the influence of vehicle load and the environment. Therefore,
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the intensity of the peak here was weaker than that of bitumen from TL-ML and TL-BL. Overall,
the aging degree of bitumen in the traffic lane was TL-UL > TL-BL > TL-ML.
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Figure 3. GPC curves of bitumen from BD-UL and BD-BL.
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Figure 4. GPC curves of bitumen from TL-UL, TL-ML, and TL-BL.

Figure 5 shows the GPC curve results for different layers of the ramp. In combination with the
GPC curves, it can be seen that the general trend of the three curves was consistent. At 12 min, the peak
that should have appeared here completely disappeared, indicating that the aging degree of bitumen
from R-UL was the most serious. R-ML and R-BL showed sharp peaks here, and the peak of R-BL was
sharper, indicating that the degradation degree of SBS modifier of the bitumen sample from R-BL was
weaker, and the aging degree of bitumen was lower. As can be seen from Figure 5, the intensity of the

157



Materials 2019, 12, 530

R-BL peak was slightly higher than that of bitumen from R-UL and R-ML at 18 min, which could be
due to the migration of a part of the small molecule material generated by the aging of the upper R-ML
to the R-BL under the action of water flow. In summary, the aging degree of bitumen in the ramp was
R-UL > R-ML > R-BL.
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Figure 5. GPC curves of bitumen from R-UL, R-ML, and R-BL.

3.2. Composition Change Analyses of Bitumen

3.2.1. Bitumen of Bridge Deck

Figure 6 shows the infrared spectrums and quantitative analysis diagrams of bitumen from
different structural layers of the bridge deck. It can be seen from Figure 6 that the absorption peaks
of samples from BD-UL and BD-BL appeared near 966 cm~! and 698 cm~!, which were the two
characteristic peaks of SBS modifier. The peak at 966 cm~! and 698 cm~! was the characteristic peak
of C-C bond in butadiene and styrene, respectively. The absorption peak near 966 cm~! of sample
from BD-UL was weaker, which could be due to the direct contact of the SBS modifier in the upper
layer with the environment, so the degradation of SBS was more serious. The absorption peak at
910 cm~! was the absorption peak of benzene ring C-H vibration, reflecting that other components
were substituted on the benzene ring of bitumen. The intensity of the absorption peak at 910 cm ™!
of sample from BD-UL was slightly higher than that of the sample from BD-BL. The results showed
that the substitutions of benzene ring in bitumen occurred more frequently in the sample from BD-UL.
The absorption peaks of the sulfoxide group (5=0O) of the samples from BD-UL and from BD-BL were
near 1030 cm !, indicating that both of them had aged, and the peak strength of sample from BD-UL
was higher than that of the sample from BD-BL. The peak of 1600~1700 cm ! was caused by the oxygen
absorption of unsaturated carbon chain. The peak of the sample from BD-UL produced more peaks
here, and the intensity of the peak was larger, indicating that there were more oxygen absorption
reactions and more serious aging of sample from BD-UL. The comprehensive analyses showed that
the aging degree of bitumen was BD-UL > BD-BL.
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Figure 6. Composition changes of bitumen from BD-UL and BD-BL. (a) Infrared spectra; (b) quantitative
analysis diagram.

3.2.2. Bitumen of Traffic Lane

According to the spectra shown in Figure 7, the intensity of the three absorption peaks at 1030 cm !
and 1700 cm ™! of the upper layer was significantly higher than those of the middle layer and the
bottom layer, indicating that the aging degree of bitumen from the upper layer was much greater than
that of bitumen from the middle layer and the bottom layer. In contrast to the aging degree of bitumen
from the middle layer and the bottom layer, the absorption peak intensity of the C-O bond formed by
the oxygen absorption of unsaturated carbon chain at 1700 cm~! of bitumen from the middle layer
was slightly higher than that of bitumen from the bottom layer. The sulfoxide group absorption peak
at 1030 cm ™! was also higher than that of bitumen from the bottom layer. Therefore, the aging degree
of bitumen from the middle layer was slightly higher than that of bitumen from the bottom layer.
According to the analyses of the infrared spectra, the aging degree of bitumen from the traffic lane was
upper layer > middle layer > bottom layer.
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Figure 7. Composition changes of bitumen from TL-UL, TL-ML and TL-BL. (a) Infrared spectra;
(b) quantitative analysis diagram.

3.2.3. Bitumen of Ramp

As shown in Figure 8, the infrared spectra of bitumen from the upper, middle, and bottom layers
in the ramp were analyzed and compared. The absorption peaks of 966 cm ™! and 698 cm~! indicated
that SBS-modified bitumen was used in the ramp. The absorption peak at 1700 cm ™! indicated that
bitumen began to absorb oxygen gradually, and the curves of samples from R-ML and R-BL decreased
less before the absorption peak of 1700 cm~!. However, the curve of the sample from R-UL decreased
sharply when it appeared at the peak. The sulfoxide group bond (S=O) (1030 cm~!) was present in the
three samples. In contrast to the area of the peaks of the three samples, it was found that R-UL had
the largest peak at 1030 cm !, R-ML was the next, and the area of the peak of R-BL at 1030 cm ! was
the smallest. The results showed that there were more oxygen absorption aging reactions and more
serious aging degree of bitumen from the upper layer. Therefore, the aging degree of bitumen from
the ramp was R-UL > R-ML > R-BL, that is, the upper layer > the middle layer > the bottom layer.
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Figure 8. Composition changes of bitumen from R-UL, R-ML and R-BL. (a) Infrared spectra;

(b) quantitative analysis diagram.

According to the analyses of the aging degree of bitumen from the upper, middle, and bottom
layers of the three road sections, the aging of bitumen from the upper layer was more serious than
that of bitumen from the middle and lower layers because the upper layer was directly affected by
the vehicle load and the environment. The oxidation of the unsaturated carbon chain and the sulfur
element in bitumen was caused by the oxygen absorption reaction during the aging process, which

resulted in the corresponding characteristic peaks.
3.3. Viscoelastic Behavior Analyses of Bitumen

3.3.1. Bitumen of Bridge Deck

Complex shear modulus can be used to evaluate the stiffness of bitumen. For the bridge deck,
it can be seen from Figure 9 that the complex shear modulus of bitumen from BD-UL and BD-BL
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showed a slight downward trend in the low frequency state, while there was an increasing trend in the
high frequency state. The sample conformed to the general trend of low to high growth of the complex
shear modulus from low to high frequency. In both low and high frequency states, the complex shear
modulus of bitumen from BD-UL was always higher than that of bitumen from BD-BL. This indicated
that bitumen from BD-UL was harder than that from BD-BL, proving that the aging of bitumen from
BD-UL was more serious than that of bitumen from BD-BL.
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Figure 9. Complex shear modulus of bitumen from BD-UL and BD-BL.

3.3.2. Bitumen of Traffic Lane

For the traffic lane, it can be seen from Figure 10 that complex shear modulus curves of bitumen
from TL-UL, TL-ML, and TL-BL showed an upward trend with the increase in frequency. The order
of the complex shear modulus in both low and high frequency states was TL-UL > TL-ML > TL-BL,
indicating that bitumen from the traffic lane conformed to the aging degree, that is, the upper layer >

the middle layer > the lower layer.
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Figure 10. Complex shear modulus of bitumen from TL-UL, TL-ML, and TL-BL.
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3.3.3. Bitumen of Ramp

For the ramp, it can be seen from Figure 11 that the order of the complex shear modulus was R-ML
> R-UL > R-BL in the low frequency ranges and R-UL > R-ML > R-BL in the high frequency ranges.
The complex shear modulus of bitumen from the middle layer in the low frequency region was higher
than that of bitumen from the upper layer, indicating that bitumen from the middle layer was harder
than that from the upper layer in the high temperature environment. The complex shear modulus of
bitumen from the middle layer in the high frequency ranges was lower than that of bitumen from
the upper layer, indicating that bitumen from the middle layer was more flexible than that from the
upper layer in the low temperature surroundings. This indicated that the performance of bitumen
from the middle layer was better than that of bitumen from the upper layer in both low and high
temperature conditions, that is, the aging degree of bitumen in the ramp was upper layer > middle
layer > lower layer.
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Figure 11. Complex shear modulus of bitumen from R-UL, R-M, and R-BL.
3.3.4. Phase Angle of Different Bitumen

It can be seen from Figure 12 that the phase angles of the samples were U-shaped. The phase
angle is an indicator of the viscoelasticity of the materials. At medium-high temperature, the bitumen
was in the region transitioning from a high elastic state to a viscous flow state. When the bitumen
sample was approaching the viscous flow state, the phase angle could increase and approach 90 °C.
At the same time, when the temperature was high and the load frequency was low, the phase angle
decreased with the increase in temperature due to the influence of the mineral skeleton. When the load
frequency was lower, the phase angle started to rise with the decrease in frequency due to the more
complicated viscoelastic behavior of the bitumen in the phase transition stage. At lower temperatures
and higher load frequencies, the phase angle decreased rapidly, and bitumen changed from a viscous
state to a high-elastic state.
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Figure 12. Phase angles of bitumen in different bituminous pavement structures.
3.4. Microscopic Morphology Analyses of Bitumen

3.4.1. Bitumen of Bridge Deck

Figure 13 shows the fluorescence pictures of bitumen extracted from the bridge deck. The original
bitumen was black in the fluorescence microscopy image because it was not excited by fluorescence,
while the SBS modifier was bright yellow. It can be seen from Figure 13 that the SBS modifiers from
BD-UL and BD-BL were in the dispersed phase of the particles, indicating that bitumen had aged due
to the influence of load and the environment. However, the difference between the two pictures was
very small, meaning the aging degree of bitumen from the upper and middle layers in the bridge deck
could not be evidently distinguished from the fluorescence pictures.

Figure 13. Fluorescence microscope (FM) pictures of bitumen from BD-UL and BD-BL (100x):
(a) BD-UL and (b) BD-BL.

3.4.2. Bitumen of Traffic Lane

It can be seen from Figure 14 that the SBS modifier particles of bitumen from TL-UL and TL-ML
were sparse, which indicated that the aging degree of bitumen from the upper and lower layers of
the lane was relatively serious. However, the aging degree of the two bitumen could not be evidently
distinguished in the fluorescence pictures due to the very close number of particles and dispersion
state. The bitumen from TL-BL showed a continuous phase, and the picture was doped with SBS
modifier, proving that bitumen from TL-BL possessed the lowest aging degree.
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Figure 14. FM pictures of bitumen from TL-UL, TL-ML, and TL-BL (100x): (a) TL-UL; (b) TL-ML; and
(c) TL-BL.

3.4.3. Bitumen of Ramp

The SBS modifier can absorb the light components in the original bitumen to form a continuous
phase shortly after the SBS modifier is added to bitumen. It can be seen from Figure 15 that, after
long-term aging, the continuous phase formed by the SBS modifier had varying degrees of damage.
In bitumen from R-UL, the SBS modifier was in the form of granular-dispersed phase, and SBS-modified
bitumen became a single-phase continuous structure. The quantity of SBS modifier particles in bitumen
from R-ML increased and existed in the state of network structure compared with bitumen from R-UL.
The number of bitumen from R-BL reached the maximum, indicating that the SBS modifier from
bitumen from R-BL had the lowest degradation degree. Therefore, the aging degree of bitumen in the
ramp was R-UL > R-ML > R-BL, that is, the upper layer > the middle layer > the bottom layer.

3.5. Comparison of Results with Different Bituminous Pavement Structure

The aging rules characterized by different analytical methods showed that, while the aging degree
of SBS-modified bitumen from different structural layers in service was different, they basically met
the same order of aging, that is, upper layer > middle layer > bottom layer. The results showed that
using different analytical methods to analyze the aging rules of the same sample could give slightly
different conclusions. The conclusions of the aging changes obtained by different characterizations are
detailed in Table 2.
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Figure 15. FM pictures of bitumen from R-UL, R-ML, and R-BL (100x): (a) R-UL; (b) R-ML; and

(c) R-BL.
Table 2. Aging degree sequences of bitumen with different analytical methods.
Bituminous Analytical Methods
Pavement GPC FTIR DSR FM
Bridge deck upper > middle upper > middle middle > upper middle ~ upper
. upper > bottom > upper > middle > upper > middle > upper ~ middle >
Traffic lane middle bottom bottom bottom
Ram upper > middle > upper > middle > upper > middle > upper > middle >
P bottom bottom bottom bottom

4. Conclusions and Recommendations

In this work, the aging characteristics of bitumen from different structural layers in bituminous
pavement were characterized and analyzed, and differences in the aging degree of bitumen in different
structural layers were analyzed from their chemical compositions and microstructures. The following
conclusions were drawn:

(1) Bitumen from the upper and middle layers of the bridge deck was aged. The aging changes
conformed to the rule that the bitumen macromolecular chain breaks into small molecules, the small
molecule content increases, and the molecular weight width therefore increases. SBS modifiers existed
in the particle dispersed phase after aging. The aging type was oxygen absorption aging, which was
mainly at peaks of 16001700 cm~!. According to the analysis results of GPC and FTIR, the aging
degree of bitumen from the upper layer of the bridge deck was more serious than that of bitumen from
the middle layer.

(2) The aging degree of bitumen from the three surface layers of the traffic lane was slightly
different. According to the results of GPC, bitumen from the upper layer had the smallest molecular
weight and the most severe aging, bitumen from the bottom layer had less aging, and bitumen from the
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middle layer had the lowest degree of aging. However, according to FTIR, DSR, and FM, bitumen from
the bottom layer of the lane had the lowest degree of aging as indicated by oxygen aging, the lowest
complex shear modulus at different frequencies, and the continuous phase structure. This could be
due to the migration of small molecular chains formed by the aging of bitumen from the upper layer
to the middle layer, which had not yet migrated to the bottom layer.

(3) For bitumen from the upper, middle, and bottom layers of the ramp, different testing methods
could obtain the same changes in aging degree in the different surface layers of the ramp, and they
were upper layer > middle layer > bottom layer. This was because the traffic volume at the ramp
would be small, and the aging would gradually expand from the upper layer to the bottom layer of
the bituminous pavement structure in service.

(4) The aging changes characterized by different analytical methods showed that the aging
degree of bitumen in different layers of the bituminous pavement structure in service was different,
but they met the same order of aging degree, that is, upper layer > middle layer > bottom layer. After
aging, the microstructures and the compositions of bitumen changed, which could affect properties of
pavement structures. When diseases such as longitudinal joints occur, maintenance measures should
be taken in time to avoid further deepening of aging. Due to the inevitable early aging of the upper
layer, further research and optimization is recommended on the structure and material aspects of the
upper layer of bituminous pavements.
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Abstract: High percentage reclaimed asphalt pavement (RAP) is prevailing in pavement engineering
for its advantages in sustainability and environmental friendliness, however, its fatigue resistance
remains a major concern. Fine aggregate matrix (FAM) is a crucial part in the fatigue resistance of
asphalt mixtures with high RAP content. Hence, the linear amplitude sweep (LAS) test of FAM
has been developed to study the fatigue resistance of asphalt mixtures. However, the torsional
loading mode of the LAS test with a dynamic shear rheometer (DSR) is a limitation to simulate
traffic load. In this paper, an alternative LAS test for FAM with high RAP content was proposed.
Beam FAM specimens were tested using a dual-cantilever flexural loading fixture in a dynamic
mechanical analyzer (DMA). To investigate the influence of RAP content and the rejuvenating agent
(RA), four kinds of FAM mixes were tested with this method to study their fatigue resistance. The test
results suggested that the repeatability of this alternative approach was reliable. A fatigue failure
criterion based on maximum C X N was defined. Then, fatigue life prediction models based on
viscoelastic continuum damage (VECD) analysis were established according to the LAS test results
and validated by a strain-controlled time sweep (TS) test. It turned out that as RAP content increased,
the modulus of FAM would be significantly raised, accompanied with a drop in the phase angle.
The fatigue life of FAM would be greatly shortened when the RAP binder replacement rate reached
50%. Adding RA could considerably improve the dynamic properties of FAM mixes with high
RAP content, resulting in a decrease in modulus, increase in phase angle and elongating fatigue life,
but could not recover to the level of virgin binder.

Keywords: reclaimed asphalt pavement; fatigue; linear amplitude sweep; fine aggregate matrix;
flexural bending; viscoelastic continuum damage; rejuvenating agent

1. Introduction

Reclaimed asphalt pavement (RAP) technology is an ideal and widely used sustainable technology
in pavement engineering. RAP showed significant advantages against traditional hot mix asphalt
(HMA) pavement, including non-renewable natural resources preservation, relief of landfill pressure,
reducing energy consumption and greenhouse gas emissions [1]. As RAP content increases from 15%
to 40% in HMA, pavement cost will be cut by $3.40 to $6.80 per ton [2]. Based on life cycle assessment
(LCA), when RAP content rises from 30% to 50%, the energy consumption can be reduced by 16%
to 25% [3]. Massive RAP is generated during pavement maintenance and rehabilitation all cross the
world. According to the National Asphalt Pavement Association (NAPA), 76.2 million tons of RAP
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were reclaimed in the United States in 2017 [4]; in all European Union member countries, a total amount
of 50 million tons of RAP were reclaimed in 2015 [5]; in China, this number is over 60 million tons in
recent years [6]. Researchers are working on further raising RAP content, from 20-30% to 40-50%,
even up to 100% [7], in order to achieve better sustainability in pavement construction. Studies have
shown that HMA will become stiffer and more brittle with higher RAP content because aged binder
exists in the mixture. Aged binder can improve the permanent deformation resistance, but also has a
negative effect on the fatigue resistance of pavement [8]. To mitigate stiffness and improve fatigue
cracking resistance, rejuvenating agent (RA) is commonly used in HMA with high RAP content [9].

In order to study the fatigue performance of asphalt pavement with RAP, several classical
laboratory fatigue testing methods have been developed. Since the aged binder in RAP is considered as
the main contributor to the fatigue life, the majority of researchers choose to study its fatigue properties
through a method known as extraction-recovery [10]. However, this approach is not preferred by
researchers for many reasons. The chemical reactions between bitumen and solvent can make the
binder stiffer; studies have also proved that even a small amount of residual solvent can significantly
alter the rheologic properties of the binder [11]. Meanwhile, the aged and virgin binders will be totally
blended, which can camouflage the actual blending level in HMA [12]. Besides, asphalt solvent is also
considered to be harmful to operators and may cause hazardous waste disposal issues.

The classical four-point beam test is another common approach to study the fatigue resistance
of HMA. This test has been widely used by researchers and proved to be one of the most effective
approaches in fatigue study. The only flaw is that four-point beam fatigue test is quite expensive and
time-consuming. In addition, the repeatability of fatigue tests on full-graded HMA is not good due
to the complexity and heterogeneity of materials [13]. A solution to solve the repeatability problem
is to test the fine aggregated matrix (FAM) instead of full-graded HMA [14]. FAM is a mixture
of binder, fillers and fine aggregates, which is supposed to have better homogeneity than coarse
aggregate particles. Micro-cracking in HMA is usually considered to initiate and propagate in the
FAM phase, so studying the fatigue resistance of FAM can help better understand the mechanism of
fatigue cracking [15]. The linear amplitude sweep (LAS) test of cylindrical specimens was developed
to study the fatigue performance of FAM mixes. A solid torsion bar fixture is used to fix the specimen
in dynamic shear rheometer (DSR) [16]. Then, a strained-controlled oscillatory shear is applied to
the FAM cylinder. Since the amplitude of strain is increasing linearly to accelerate internal damage,
this method is called the linear amplitude sweep test. According to LAS test results, a mathematical
model to predict the fatigue lives of FAMs can be established based on viscoelastic continuum damage
(VECD) analysis, which can effectively distinguish the fatigue performance of different FAM mixes [17].
Compared with the traditional four-point beam fatigue test, the LAS test exhibits obvious advantages,
such as time efficiency, repeatability and simplicity, which made it a prevalent test method for fatigue
characterization [18]. However, complex viscoelasticity and anisotropic behaviors can be observed in
asphalt materials, which means its mechanical behavior would be different under different loading
modes. The LAS test with DSR applies torsional load on FAM specimens, while the fatigue of asphalt
pavement is generally subjected to flexural bending caused by traffic load, which are two totally
different loading modes. To address this issue, a LAS test of FAM mixes under flexural bending should
be developed. In the field of polymer study, a solid dual-cantilever flexural loading fixture has been
successfully applied to characterize the dynamic behavior of materials [19]. Since the viscoelasticity of
FAM mixes is similar to polymer materials, the same fixture is employed to study the fatigue resistance
of FAM with high RAP content.

The major objective of this study is to study the influence of RAP content on FAM mixes. A flexural
bending LAS test was employed to study the fatigue performance. In detail, the following tasks need
to be accomplished:
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1.  Assess the LAS test method for beam FAM specimens under flexural bending mode which serves
as an alternative approach for the torsional LAS test with DSR.

2. Define a reasonable failure criterion of FAM mixes for LAS test under flexural bending mode.

3.  Establish fatigue life prediction models based on VECD analysis according to LAS tests,
and validate the models with measured data from time sweep (TS) tests.

4. Study the influence of high RAP content (over 25%) on the fatigue lives of FAMs and evaluate the
effectiveness of rejuvenating agent.

2. Materials and Test Procedures

2.1. Materials

In this study, a typical virgin bituminous binder AH-70 with 60/80 penetration grade was selected,
which has been widely used in heavy traffic freeways in China. Table 1 lists the technical index of the
virgin binder. Limestone was used as the virgin aggregate. RAP passing through a 2.36 mm sieve was
supplied by a local asphalt mixing plant in Beijing. A rejuvenating agent (RA) based on petroleum
technology was used in this study. According to the recommendations of the producer, the RA content
was 10% of the total weight of asphalt.

Table 1. Technical index of virgin asphalt binder.

Technical Index Unit Value
Penetration 0.1 mm (25 °C) 68
Softening point °C 49
Ductility cm (5 cm/min, 5 °C) 27.8
Viscosity Paes (60 °C) 0.51
Flash point °C 271
Wax content % 1.1
Density g/cm? (15 °C) 1.027

The maximum aggregate size of the FAM was 2.36 mm in this study. The target gradation
and binder content of FAM mixes were determined by solvent extraction of the HMA fine portion
(<2.36 mm), which was suggested by Yuan et al. [20]. This procedure aimed to ensure that the FAM
mixes could represent the fine portion of HMA. The binder content of FAM and RAP were 9.0% and
7.3%, respectively. Figure 1 shows the gradations of HMA, FAM and RAP.

Four FAM mixes were tested as summarized in Table 2. In the first group, FAM mixes were
batched with virgin binder, which served as the control group. In the second group, a 25% RAP binder
replacement was applied, which is commonly used in maintenance and rehabilitation. In the third
group, this rate was raised to 50% to examine the influence of RAP content at higher levels. In the
last group, the RAP binder replacement rate was still 50%, which was consistent with the third group,
but RA was added into the FAM to assess its effect. For all four FAM mixes, the gradation was kept
the same with the target FAM gradation, no matter what the RAP and RA contents were. The virgin
binder and aggregate contents were adjusted according to RAP binder replacement rates in order to
match the target FAM gradation.
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Figure 1. Gradations of hot mix asphalt (HMA), fine aggregate matrix (FAM) and reclaimed asphalt

pavement (RAP).
Table 2. Summary of FAM mixes. RA = rejuvenating agent.
Target Binder Binder Virgin RAP RA
Mix Binder Replacement Replacement Binder Content  Content *
Content (%) Rate (%) Content (%)  Content (%) (%) (%)
0% RAP 0 0.0 9.0 0.0 -
25% RAP 9.0 25 22 6.8 29.7 -
50% RAP ’ 50 45 4.5 61.6 -
50% RAP + RA 50 45 45 61.6 10

* By weight of target binder content.

2.2. FAM Specimen Preparation

FAM cylindrical specimens with 150 mm diameter and 50 mm height were fabricated using a
Superpave Gyratory Compactor. The target air void content of cylindrical specimens was 6%. The FAM
cylinders were cut by a Presi MECATOME precision cutting instrument (Figure 2a) to 60 mm x 45 mm
X 15 mm rectangles, then sliced to 60 mm X 15 mm X 3.5 mm beam specimens. Since the passing
percentage of the 2.36 mm sieve is 100% for FAM specimens, a thickness of 3.5 mm was considered
enough to avoid the scale effect for most of the aggregates smaller than 1.18 mm. Figure 2b shows the
compacted cylindrical specimen, rectangular specimen and beam specimens.

2.3. Test Setup and Procedures

A TA Instruments dynamic mechanical analyzer (DMA) Q800 apparatus (TA Instruments,
New Castle, DE, USA) was used in this study along with a dual-cantilever flexural bending fixture.
The FAM specimen was gripped by two clamps at its ends, then a movable head could apply load
in the center of the beam, as illustrated in Figure 3. In order to examine the repeatability of the tests,
three replicate tests were conducted for each group of FAM mixes.
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(b)

Figure 2. FAM specimen preparation: (a) precision cutting machinery; (b) FAM specimens.
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Figure 3. Dynamic mechanical analyzer (DMA) dual-cantilever bending fixture.

2.3.1. Frequency Sweep Test

To evaluate the undamaged dynamic properties of FAMs within the linear viscoelastic (LVE)
region, a frequency sweep test was conducted to test the dynamic modulus and phase angle. The test
temperature was 20 °C and loading frequencies ranged from 0.1 Hz to 25 Hz. A viscoelastic parameter
m is indispensable to characterize damage property in VECD analysis, which is defined as the slope
of the master curve (dynamic modulus versus loading frequency on log-log diagram) in the LVE
region [21]. Recent studies have investigated the LVE region of similar FAM mixes and suggested that
a strain level of 0.002% would be small enough to ensure that FAMs remained undamaged during the
test [17,20]. Therefore, the constant amplitude strain of frequency sweep test was set to 0.002%.
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2.3.2. Linear Amplitude Sweep Test

In the LAS test, the testing temperature was 20 °C and loading frequency was 10 Hz. The applied
strain was linearly increased from 0.001% to 0.5% in 2000 s, as shown in Figure 4.
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Figure 4. Strain applied in the linear amplitude sweep (LAS) test.
The LAS test can be treated as an approach to accelerate fatigue damage. Combined with VECD
analysis, its results can be used to efficiently determine the regression parameters for the traditional

fatigue equation, which is commonly used in strained-controlled fatigue tests. The relationship between
fatigue life Ny and applied strain amplitude ¢, can be expressed as:

Ny =Aey) " (1)

According to Shapery’s work potential theory [22], the damage intensity S of viscoelastic materials
can be expressed in terms of the work performed WR:

ds IWR\?
= =-S5 @
dt ads
where: t is the time, s; o is equal to 1+ 1/m [23].
According to elastic-viscoelastic correspondence principle [24], the flexural pseudo strain &R can
be defined as follows: .
1 de
R
et =— | E(t-&)=zd 3
B, E-050 ®

where: Eg is a constant reference modulus, usually selected as 1; E(t) is LVE relaxation modulus, MPa;
¢ is the flexural strain, percentage; £ is an integral variable. The flexural LVE stress o1 yg in MPa can be
expressed as:

t de
oLvE = fo B(t- &) S @)

Combining Equations (3) and (4), the flexural LVE stress o1 yr can be rewritten as:
oLve = EgeR ©®)

In order to quantify material integrity, pseudo stiffness C(S) can be defined as a damage variable,
as follows:

c(s) =" =% ©)
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where: ¢ is the flexural stress, MPa. For viscoelastic materials under periodical loading, the pseudo
flexural strain amplitude Egi in percentage and pseudo stiffness C(S) in cycle i can be separately
rewritten as:

1
R e
€pi T Ep i Epyel @)
c(s) =% ®)
en
Pi
where: ¢}, is the flexural strain amplitude in cycle i, percentage; EZVEi is the flexural dynamic modulus

in the LVE region, MPa; op; is the flexural stress amplitude in cycle 7, MPa.
The work performed WR in Equation (2) can be quantified using pseudo strain energy density [25],
as follows:

WR = %C(S)(Eﬁ,)2 C)

Combining Equations (2), (7), (8) and (9) and integrating with a numerical approach, the damage
intensity can be written as a function of time f:

a
T+a

(ti—tig) T (10)

S(t) = i[%(ci—l - Ci)(fg,‘)z]
i1

where: 1 is the number of loading cycles. The curve of pseudo stiffness C(S) versus damage intensity
S typically follows a power model as follows [15]:

C(S) =1-C1(S)© (11)

where: Cy, C; are regression coefficients.
Finally, by combining Equations (2), (7), (9) and (11) and integrating, the fatigue life prediction
model can be described as [15]:

1+a(1-Cy)
S 20
Ny = ) o) 12

- [14a(1-C2)](05C1Co)*(E;yg])

where: f is the loading frequency, Hz; Sy is the damage intensity S at failure point. The fatigue model
coefficients A and B can be written as:

14+a(1-Cy)
3
A f( f) - (13)
[1+a(1-C)](05C1C)*(|E; 1)
B=2a (14)

2.3.3. Time Sweep Test

To validate the fatigue life prediction model above, strain-controlled TS tests were employed.
Four strain levels (0.07%, 0.08%, 0.09% and 0.1%) were selected with no rest period. The testing
temperature and loading frequency of the TS test was consistent with the LAS test (20 °C, 10 Hz).

3. Results and Discussion

3.1. Frequency Sweep Test

The frequency sweep test results of four FAM mixes are illustrated in Figure 5. The dynamic
modulus and phase angle exhibited significant relativities with loading frequency. When RA was
not present in FAM mixes, the dynamic modulus would increase with the RAP content, especially at
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lower loading frequencies. At 0.1 Hz, when the RAP binder replacement rate was 25% and 50%, the
dynamic modulus of FAM mixes was increased by approximately 1.5 and 2.5 times compared with
virgin binder, respectively. However, once RA was added, FAM mixes were softened which resulted in
a drastic drop of modulus. Phase angle displayed a reverse trend of dynamic modulus, which also
implied the effect of RAP and RA. Furthermore, in the linear viscoelastic region, the dynamic modulus
showed a linear relationship with loading frequency on a log-log scale as expected. It can be inferred
from Figure 5a that the slope m was smaller for FAMs with a higher modulus.
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Figure 5. Frequency sweep results of FAM mixes: (a) Dynamic modulus; (b) Phase angle.
3.2. Failure Criterion Definition of LAS and TS Test

The fatigue process of materials starts with the presence of invisible internal microcracks, and then
those microcracks gradually grow up and propagate to macro fractures under repeated loading.
Failure criterion defines the critical point from stable to unstable damage growth stage. A reasonable
criterion is a necessary part of fatigue life prediction models.

As an illustration, Figure 6 exhibits the replicate LAS test results of FAM mixes with virgin binder.
Well-repeatable behaviors were observed for both stress—strain and phase angle-strain curves, with a
mean absolute error (MAE) of 9.2% and 7.3%, respectively. The LAS test results of all four groups of
FAM mixes are plotted in Figure 7. Stress and phase angle kept increasing with strain until a critical
peak point was reached. The corresponding strains for peak stress and peak phase angle were close,
but phase angle reached its peak slightly slower than stress. The maximum stress could be regarded as
a yielding point, beyond which the specimen could not stand more loading. After the specimen yielded,
phase angle started to drop, which means the fatigue damage reached a limit [26]. This phenomenon
followed the yield-failure pattern of materials, and the final failure of FAM specimens was represented
by the drop of phase angle. Thus, the peak phase angle could be regarded as the fatigue failure criterion
in LAS test, which is also a typical failure indicator extensively used in the strain-controlled TS test [27].
It can be inferred from Figure 7 that FAM mixes with higher RAP content showed higher peak stress,
lower peak phase angle and lower failure strain. Once RA was added into the FAM mix with high RAP
content, a significant decrease of peak stress, increase of peak phase angle and higher failure strain
could be clearly observed.
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Another common phenomenological definition to assess fatigue failure is the maximum C x N.
C refers to the pseudo stiffness C(S) in Equation (6), indicating material integrity. N is the number
of loading cycle. Maximum C X N is considered as a reasonable failure indicator in both LAS and TS
test [28]. The numbers of loading cycles at peak phase angle and at maximum C X N are shown in
Figure 8. Obviously, the maximum C X N and the peak phase angle appeared simultaneously in both
LAS tests and strain-controlled TS tests. According to American Association of State Highway and
Transportation Officials (AASHTO) T321-17, maximum S X N (S refers to stiffness) is used to define
fatigue failure for traditional four-point beam fatigue test of HMA, which is a similar parameter to
maximum C X N [26]. Therefore, maximum C X N was selected as the failure criterion of FAM mixes in

Strain (%)

Phase Angle (°)

—-— PA0% RAP

—-— PA25% RAP

—-— PA50% RAP

—-— PA 50% RAP+RA
—— Stress 0% RAP
—— Stress 25% RAP
—— Stress 50% RAP
—— Stress 50% RAP+RA

Figure 7. LAS test results of FAM mixes.

this study to keep consistency with AASHTO standards (T321-17).
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Figure 8. Comparison of failure criterion between peak phase angle and max C x N: (a) LAS test;
(b) time sweep (TS) test.

3.3. Fatigue Prediction Model Based on VECD Analysis

Figure 9 shows the damage characteristic curves (C — S) from LAS tests. As damage intensity
S increased, material integrity C gradually reduced from 1 to 0.3-0.4, which was the defined failure
point at maximum C X N. A higher RAP binder replacement rate would lead to faster reduction of C
compared with virgin binder. Also, the addition of RA in FAM mixes with high RAP content would
substantially improve damage resistance but could not fully recover it to the level of virgin binder.
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Figure 9. Damage characterization curves of FAM mixes from LAS tests.

According to the C — S curve, the fatigue life prediction model could be established as Equation (12)
based on VECD analysis. The regression parameters are listed in Table 3.
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Table 3. Parameters of fatigue life prediction models. VECD = viscoelastic continuum damage.

VECD-Based Fatigue Model Parameters

Mix
|Ej vl (MPa)  m a Sy C1 C A B
0% RAP 1361 0365 3.743 2735  395x1072 0358 5.66x107*  7.487
25% RAP 2060 0301 4322 1940 151x1072 0365 142x10™°  8.647
50% RAP 2705 0250 5.008 1550 611x1072 0413 1.30x 1077  10.016
50% RAP+RA 1812 0324 4085 2225 337x1072 0318 564x10°  8.169

Note: |EZVE| is the flexural dynamic modulus in the linear viscoelastic region; m is the slope of dynamic modulus
versus loading frequency. a equals to 1/(1 +m). Sy is damage intensity at failure point. C; and C; are regression
coefficients. A and B are fatigue model parameters described in Equations (13) and (14).

The predicted fatigue lives for FAM mixes at four different strain levels are displayed in Figure 10.
As expected, a higher RAP content would negatively influence the fatigue performance, resulting in
a much shorter fatigue life. Compared with virgin binder, the fatigue lives of FAMs with 50% RAP
binder replacement rate were reduced by 80.8%, 86.3%, 89.8% and 92.2% at strain levels of 0.07%,
0.08%, 0.09% and 0.10%, respectively. However, when RA was added into the FAM mixes, their fatigue
lives were greatly extended by 3.2, 4.1, 5.1 and 6.2 times, which were recovered to 61.1%, 55.8%, 51.5%
and 47.9% of virgin binder FAM mixes, respectively. Obviously, the existence of RA in FAM mixes with
high RAP contents would significantly mitigate stiffness and improve cracking resistance, especially at
higher strain levels.
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Figure 10. Predicted fatigue lives for FAM mixes at four strain amplitudes.
3.4. Validation of Fatigue Prediction Model from TS Test

The results of strain-controlled TS tests are listed in Table 4. The coefficients of variation ranged
from 2.3% to 15.9%, which was smaller compared with fatigue tests of full-graded HMA. The TS
test results suggested that the fatigue performance ranking of four groups of FAM mixes was virgin
binder, 50% RAP + RA, 25% RAP and 50% RAP from best to worst, which was consistent with
model predictions.
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Table 4. Results of time sweep fatigue test.

Mi Strain Fatigue Standard Coefficient of  Fatigue Performance Ranking
¥ level (%)  Life Ny Deviation Variation (%) Measured Predicted
0.10 22,432 1664 74
. 0.09 46,310 3801 82
0% RAP 0.08 122,571 19,473 15.9 ! !
0.07 329,224 21,940 6.7
0.10 5062 740 14.6
o 0.09 11,932 1626 13.6
25% RAP 0.08 35,858 2142 6.0 3 3
0.07 116,548 14,384 12.3
0.10 3524 440 12.5
o 0.09 15,425 1630 10.6
50% RAP 0.08 65,568 4608 7.0 4 4
0.07 282,052 6405 23
0.10 6049 575 9.5
0.09 14,782 736 5.0
10, %
50% RAP + RA 0.08 64,868 7005 10.8 2 2
0.07 182,665 22,795 12.5

The predicted fatigue lives are plotted along with the measured results in Figure 11. Fairly good
consistency with the line of equality could be observed with a correlation coefficient R? of 0.975 and
MAE of 17.6%. The fatigue life prediction models based on LAS test results are considered reasonable.
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Figure 11. Measured fatigue lives versus predicted fatigue lives. R? = correlation coefficient.
Table 5 shows the estimated efficiency of the LAS test and strain-controlled TS test. In general,
to acquire the curve of fatigue life for a given FAM mix, the TS test requires 12 individual tests and

will take approximate 27 h, while the LAS test only needs three tests and 3 h. Based on the estimates,
the LAS test is considered more efficient than the TS test.
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Table 5. Efficiency comparison between TS and LAS tests.

Number of FAM Specimens Average Total Testing Time for

Test Method Required for Each Mix Each FAM Mix (h)
Time sweep 12 27
Linear amplitude sweep 3 3

4. Conclusions

In this study, a flexural bending test method using DMA for FAM mixes with high RAP content
was proposed. Four groups of FAM mixes were tested with this method to investigate the impact of
RAP content on the fatigue properties and effectiveness of RA. The following conclusions are made:

1.  Asan alternative test method for torsion bar test with a DSR, the LAS test of FAM mixes under
flexural bending mode can provide acceptable data with good repeatability.

2. The phase angle peak and the maximum appeared simultaneously in both LAS tests and
strain-controlled TS tests. In this study, the maximum was selected as a reasonable parameter for
defining fatigue failure criterions.

3. Based on the maximum failure criterion and VECD analysis, fatigue life prediction models can
effectively capture the fatigue resistance of different FAMs. The predicted fatigue lives were
well-consistent with the measured results of TS tests.

4. Higher RAP content will considerably increase the stiffness of FAM mixes, resulting in a decrease
in phase angle and fatigue resistance. The presence of petroleum-based rejuvenating agents will
soften FAMs, resulting in a significant recovery of the lost fatigue resistance.

To conclude, the LAS test under flexural bending mode is considered as a novel method to test
the dynamic properties and fatigue behaviors of FAM mixes. Its effectiveness and reliability were
demonstrated by multiple tests. The fatigue resistance of FAM mixes could also be greatly influenced
by other factors, such as binder grades, asphalt film thickness, RAP sources, aggregate gradation
superposition and RA type, which should be taken into consideration in further studies.
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Abstract: The idea of prolonging the service life of asphalt mixture by improving the self-healing
ability of asphalt has received extensive attention in recent years. In view of this, this work synthesized
three kinds of encapsulating rejuvenator fibers to improve self-healing properties of asphalt mixtures.
A series of characterizations were performed to study the morphology, chemical structure and thermal
stability of the three kinds of fibers. Subsequently, the road performance of asphalt mixture containing
the fiber were investigated, which included high and low temperature, water sensitivity and fatigue
performances. Finally, the self-healing performance of asphalt mixture containing the fiber was
investigated by 3PB test. The results revealed that the three kinds of encapsulating rejuvenator fibers
were successfully synthesized. The fibers had excellent thermal stability, which met temperature
requirements in the mixing and compaction process of asphalt mixtures. Road performance of asphalt
mixture containing the fiber met the requirements. Self-healing ability of asphalt mixture containing
the fiber was improved. Synergistic action of temperature and rejuvenator could further significantly
improve the self-healing ability of the asphalt mixture.

Keywords: asphalt mixture; encapsulated rejuvenator; road performance; self-healing

1. Introduction

Asphalt mixture, which is one of the most widely used pavement materials worldwide, contains
bitumen, filler, fine aggregate, and coarse aggregate. After several years of service, cracking, as one of
the most common diseases, will be generated in the interior of asphalt pavements due to the hardening
and brittleness of aged asphalt, vehicle loading and so on [1-4]. Although asphalt binder has inherent
self-healing ability, the ability was limited under the action of continuous traffic loading, moisture
ingress and other factors. Thus, continuous development of cracks will lead to bitumen pavement
failure [5-9]. It is urgent to improve the self-healing of asphalt to extend the service life and reduce
maintenance cost of asphalt pavement.

At present, there are several ways to improve the self-healing capability of asphalt, which include
nanoparticles [10,11], electromagnetic induction [12,13] and microwave heating [14,15]. The application
of these technologies could effectively improve the self-healing of asphalt. In recent years, capsule
method have attracted wide attention because of its crack response ability. Cracks can induce capsules
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ruptured, which we called it “crack response ability”. Under the action of capillary, the healing agent
that was encapsulated in capsules thus fills up cracks and heal the cracks [16].

The mechanism by which capsules improve the self-healing ability of asphalt is that: when the
cracks inside an asphalt mixture develop to the surface of capsules, capsules were ruptured under
the action of stress concentration. Because of capillary siphon, the encapsulated rejuvenator flows
out and fills up the micro-cracks. Rejuvenator can supplement the light components that was lost
in the service of asphalt binder [17,18]. In addition, the infiltration and diffusion of rejuvenator can
significantly reduce the viscosity of asphalt binder around the cracks, and then the flow ability of
asphalt is improved [19]. Therefore, the addition of encapsulating rejuvenator capsules could improve
the self-healing properties of asphalt mixture.

Alot of studies have been done to synthesize various types of encapsulations containing rejuvenator
to improve self-healing capability of asphalt [20-22]. For example, Sun et al. [23,24] synthesized
melamine-urea-formaldehyde microcapsules by an in situ polymerization method. The optimal
capsules were obtained by adjusting the parameters, which include the ratio of core to shell materials,
reaction temperature, type and content of emulsifier. The optimal capsule met the temperature
requirement in mixing and compaction process of asphalt mixture. In addition, the four-point
bending fatigue test of asphalt mixture revealed that the fatigue life of asphalt mixture containing 3%
microcapsules was double than that of asphalt mixture without microcapsules. Li et al. [25] successfully
synthesized urea—formaldehyde microcapsules encapsulating asphalt rejuvenator. The parameters that
affect structure and size of microcapsules were considered, for example, the stirring speed and reaction
time. In addition, the healing efficiency of asphalt with the content of 0.3% microcapsules increased
by 38.67%. Zhang et al. [26] synthesized urea formaldehyde self-healing microcapsules, and then the
rheological properties of asphalt binder with the microcapsules was deeply studied.

Norambuena-Contreras [27] fabricated multinuclear calcium alginate capsules encapsulating
sunflower oil by ionotropic gelation. The oil content in capsules could be easily controlled. Furthermore,
the factors that can affect the self-healing efficiency of asphalt mixture were investigated, for example the
aging effect, addition order of capsules and temperature. The result showed that the self-healing ability
of asphalt mixtures with 0.5% capsules is several times higher than that of asphalt mixtures without
capsules. The author’s group synthesized calcium alginate microcapsules and compartmented calcium
alginate/silica fiber encapsulating rejuvenator by using a microfluidic device [28,29]. The encapsulations
had excellent thermal and mechanical properties. Furthermore, experimental results confirmed from
the view of the macroscopic and microscopic scales that the addition of encapsulations could improve
the self-healing ability of asphalt.

Up to now, most studies have focused on the synthesis of encapsulations and the self-healing
performance of asphalt mixtures containing encapsulations, and few studies concerned the road
performance of asphalt mixtures containing encapsulations. Before studying the self-healing
performances, the road performance of asphalt mixture with encapsulations should meet the technology
requirements. For example, the high and low temperature performances, water sensitivity and fatigue
ability. In view of this, the three kinds of fibers encapsulating asphalt rejuvenator were synthesized
in this study. Road performances of asphalt mixture with different kinds of fiber were studied.
Subsequently, three-point bending test was performed to evaluate the self-healing capability of
asphalt mixture.

2. Materials and Test Methods

2.1. Gradation Design of Asphalt Mixture

AC-13 asphalt mixture was designed in this work. Aggregate gradation is shown in Table 1.
70# bitumen was used in this work, and its penetration (20 °C, 0.1 mm) and softening point were 68.7
and 48.5 °C respectively. Its ductility (15 °C) was larger than 100 cm. Basalt was used as aggregate.
The optimum bitumen content and the content of the fiber were 4.7% and 0.235%, respectively, based
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on Marshall design method. air void (VV), voids in mineral aggregate (VMA) and voids filled with
asphalt (VFA) were 3.9%, 14.5% and 73.1%, respectively.

Table 1. Aggregate gradation of AC-13 asphalt mixture.

Sieve Size/mm Designed Gradation/%
16 100
13.2 96.2
9.5 75.2
4.75 47.4
2.36 30.8
1.18 23.9
0.6 16.6
0.3 12.3
0.15 9.1
0.075 6.9

2.2. Synthesis of the Three Kinds of Fibers

Alginate, dehydrated calcium chloride, silica (5i0;) nanoparticles, graphene oxide (GO) and
asphalt rejuvenator were purchased from SINOPHARM GROUP CO. LTD. Asphalt rejuvenator was
mainly composed of 67.4% aromatics and 21.07% saturates.

Alginate solution (2 weight% alginate) was prepared to synthesize calcium alginate fiber
encapsulating asphalt rejuvenator. Alginate/SiO, (alginate: SiO, = 1:1) solution was prepared
to synthesize calcium alginate/SiO, composite fiber encapsulating rejuvenator. Alginate/GO (alginate:
GO = 1:10) solution was prepared to synthesize calcium alginate/GO composite fiber encapsulating
rejuvenator. The purpose of synthesizing the three kinds of fibers is that: the synthesis of calcium
alginate/SiO, composite fiber is going to improve thermal and mechanical properties, and decrease
the leakage of calcium alginate fiber; the synthesis of calcium alginate/GO composite fiber is going to
combine the advantages of the induction heating method and the capsule method. The fiber can be
heated by microwave to increase the temperature of asphalt, so as to achieve the purpose of quickly
healing cracks inside asphalt. Further, the asphalt can be rejuvenated by the encapsulated rejuvenator.
Therefore, calcium alginate/GO composite fiber can make the cracks inside the asphalt double healed.

The three kinds of fibers were synthesized by using a self-assembled microfluidic device.
The synthetic process was shown in a previous study [23].

2.3. Characterization of the Three Kinds of Fibers

Morphology of the three kinds of fibers was characterized by scanning electron microscope (SEM)
test. SEM test was conducted on an 54800 machine. Before SEM test, the specimens were sprayed with
gold for 50 s.

Chemical structure of the three kinds of fibers was evaluated by Raman spectra test. An InVia
instrument with a wavelength ranging from 200 to 2000 cm™! was used to complete Raman spectra test.

Thermal properties of the three kinds of fibers were tested by thermogravimetric analyzer (TGA)
experiment. The testing temperature raised from 30 to 600 °C with a heating rate of 10 °C/min.

2.4. Road Performances of Asphalt Mixture with the Fibers

Rutting test, water stability test, freeze-thaw splitting test and low temperature bending test of
asphalt mixture were carried out according to the specification “Standard Test Methods of Bitumen
and Bituminous Mixtures for Highway Engineering JTG E20-2011".

Rutting test was conducted on a YLDCZ-6S machine with the testing temperature of 60 °C.
The wheel speed was 21 times/min, and loading was 0.7 MPa. The length, width and height of
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specimen were 300 mm, 300 mm and 50 mm, respectively. Before the testing, the sample was kept 5 h
at 60 °C. The dynamic stability (DS) was defined as follows:

DS = 15 x N/ (dgo — ds5) (1

where N = 42 cycles/min, which means the wheel tracking speed; dgo and dys are the rutting depth at
the wheel tracking time of 45 min and 60 min, respectively.

The low temperature crack resistance of asphalt mixture was evaluated by flexural strength,
flexural strain and flexural modulus. The length, width and height of specimen were 250 mm, 30 mm
and 35 mm, respectively. The test temperature was —10 °C and the loading rate was 50 mm/min.

The water stability of asphalt mixture with the fibers was evaluated by freeze-thaw split strength
ratio (TSR). For that, the specimen was firstly freezing at —18 °C for 16h, and then suffered a water
bath for 24 h at 60 °C.

TSy

TSR = T_Sl X 100% (2)

where TS, was splitting tensile strength of the specimen after freeze-thaw experiment; TSy was splitting
tensile strength of the specimen before freeze-thaw experiment.

Four-point bending fatigue test was carried out to study the fatigue performance of asphalt
mixture containing the fiber. Beams with length, width and height of 400 mm, 50 mm and 50 mm
respectively were used. The test temperature and working frequency were 20 °C and 30 Hz respectively.

2.5. Self-Healing Capability of Asphalt Mixture with the Fibers

Three-point bending test on the asphalt mixture beams with length, width and height of 95 mm,
40 mm and 50 mm respectively, was performed by using a universal testing machine (UTM-25). Before
the test, the specimens were kept at —10 °C for 4 hours. Then the specimens were tested at =10 °C with
a loading rate of 0.5 mm/min. After that, the two parts of a tested specimen were rejoined by three
rubber bands. Healing temperature and healing time were 30 °C and 3 days respectively. A microwave
oven with the power of 800 W was used to complete microwave heating test. The self-healing ability
of each asphalt mixture beam was quantified by the Healing Index (HI) according to Equation (3).

HI = (Ii) x 100 3)
F;
where, F; is recovery of peak strength of an asphalt beam after healing rest, kN; F; is the initial peak
strength of the same asphalt beam, kN.

Types symbology of fibers and asphalt mixtures is shown in Table 2. A1 was the asphalt mixture
without fiber. Three sets of replicate samples were tested in each experiment.

Table 2. Types symbology of fibers and asphalt mixtures.

Types of Fiber Symbology Types of Asphalt Mixture Symbology
. . Asphalt mixture containing
Ca-alginate fiber AF Ca-alginate fiber A2
. R Asphalt mixture containing
Ca-alginate/SiO; fiber ASF Ca-alginate/SiO; fiber A3
Ca-alginate/GO fiber MRE Asphalt mixture containing A4

Ca-alginate/GO fiber
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3. Results and Discussion
3.1. Characterization of Three Kinds of Self-Healing Fibers

3.1.1. Morphology

Figure 1 shows the synthesis process and synthesis mechanism of the three kinds of self-healing
fibers. Alginate is composed of a series of G units and M units. Sodium ions on G units can be rapidly
replaced by calcium ions to form calcium alginate gels. The whole reaction process is completed
in an instant, so, nano SiO, particles and graphene oxide particles can be completely incorporated
into calcium alginate gel. The three kind of self-healing fibers, which include Ca-alginate fiber,
Ca-alginate/SiO, composite fiber and Ca-alginate/GO composite fiber were thus fabricated.
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Figure 1. Synthesis process (a) and synthesis mechanism (b) of the three kinds of fibers.

The morphology of three kinds of self-healing fibers is shown in Figure 2. It can be seen from
Figure 2a—c that AF and ASF had a light-yellow optical appearance, while MRF had a black appearance.
From Figure 2(al—cl), it can be observed that the wall of three kinds of fibers was intact and there were
no visible holes and cracks, which indicated that rejuvenator could be completely encapsulated inside
the fibers, and without leakage. The diameter of the fibers was about 500 um. Figure 2(a2-c2) reveal
that the surface of AF was the smoothest. ASF fibers had an uneven surface with many small bulges,
which was attributed to the incorporation of partially agglomerated SiO, particles. A large number of
regular folds appeared on the surface of MRF, which were peculiar to the specific structure of graphene.
Over all, the three kinds of self-healing fibers encapsulating rejuvenator were successfully synthesized
from the analysis of morphology.
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Figure 2. Morphology of the three kinds of self-healing fiber: Optical morphologyof Ca-alginate fiber
(a), Ca-alginate/SiO, fiber (b) and Ca-alginate/GO fiber (c); Micromorphology of Ca-alginate fiber
(al,a2), Ca-alginate/SiO, fiber (b1,b2) and Ca-alginate/GO fiber (c1,¢2).

3.1.2. Chemical Structure

Raman test was conducted to confirm the successful synthesis of the three kinds of self-healing
fibers. Figure 3a revealed that GO had two characteristic peaks, namely peak D and peak G.
The two peaks didn’t appear in the Raman spectra of calcium alginate fiber, while appeared in
Ca-alginate/GO fiber Raman spectra. A characteristic peak at 1070 cm ! appeared in both Ca-alginate
fiber and Ca-alginate/GO fiber. The three kinds of characteristic peaks appeared in the Raman spectra
of Ca-alginate/GO fiber, which indicated that Ca-alginate/GO fiber was successfully synthesized.
Similarly, SiO, had a series of characteristic peaks in the Raman shift from 200 cm™! to 800 cm™! in
Figure 3b. These peaks also appeared at the same wavelengths in Raman spectrum of Ca-alginate/SiO,
fiber, which revealed that SiO, was successfully incorporated inside the Ca-alginate structure,
and Ca-alginate/SiO, composite fiber was successfully synthesized.

ry “\‘ ! ; .;__’,,/-""" " —
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Figure 3. Raman test of the three kinds of fibers: (a) Ca-alginate fiber and Ca-alginate/GO fiber;
(b) Ca-alginate/SiO, fiber.
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3.1.3. Thermal Stability

The thermal stability of three kinds of self-healing fibers was studied by TGA test and the results
is shown in Figure 4. It can be seen that the initial decomposition temperature of rejuvenator was
about 250 °C, which means that the rejuvenator meet the temperature requirement in the mixing and
compaction process of asphalt mixture. Between 100 °C and 180 °C, the loss mass of Ca-alginate
self-healing fiber was attributed to degradation of crystalline water and other components of calcium
alginate wall. The decomposition mass and decomposition rate of ASF and MRF were both significantly
lower than those of AF, which indicated that the addition of nano-SiO, and GO particles could improve
the thermal stability of Ca-alginate fiber. The loss mass of fiber between 200 and 400 °C was mainly
attributed to the decomposition of rejuvenator and calcium alginate materials. Based on the residual
mass at 600 °C, the relative mass of encapsulated rejuvenator could be calculated out. The relative
mass of rejuvenator that was encapsulated in AF, ASF and MRF were 56.65%, 47.25% and 32.94%
respectively. Based on the above analysis, the three kinds of self-healing fiber meet the temperature
requirement in the mixing and compaction process of asphalt mixture.
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Figure 4. Thermal stability of the three kinds of fiber.

3.2. Road Performance of the Asphalt Mixture with Fibers

3.2.1. High-Temperature Performance

The high temperature performance of asphalt mixture containing the different kinds of fiber was
investigated by wheel tracking test and the result is shown in Figure 5. Dynamic stability (DS) and
rutting depth (RD) were tested to evaluate high temperature anti-rutting ability of asphalt mixture. The
larger DS and smaller rutting depth, the better anti-rutting ability asphalt mixture has. It can be seen
that the addition of fibers led to an improved DS and decreased rutting depth. For example, the DS of
A2, A3 and A4 increased from 2450 times/mm to 3014 times/mm, 3223 times/mm and 3127 times/mm
respectively. The rutting depth of A2, A3 and A4 decreased from 2.415 mm to 1.831 mm, 1.672 mm and
1.698 mm respectively. The improved anti-rutting ability may be attributed to that the entanglement of
fibers in asphalt mixture reduced the content of free asphalt.
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Figure 5. DS and rutting depth of asphalt mixture with the fiber: DS (a) and RD (b) of asphalt mixture.

3.2.2. Low Temperature Performance

Low temperature bending test was conducted, and flexural strength, flexural strain and flexural
modulus were obtained to evaluate low temperature anti-crack ability of asphalt mixture containing
the fiber. Figure 6a revealed that the addition of the fiber increased flexural strength of asphalt mixture.
The flexural strength of A2, A3 and A4 increased from 9.28 MPa to 10.23 MPa, 10.68 MPa and 10.01 MPa,
respectively. It can be seen from Figure 6b that the flexural strain of asphalt mixture containing the
fiber was slightly smaller than that of asphalt mixture without fibers. Nevertheless, the flexural strains
of all asphalt mixtures containing the fiber were larger than 2800ue, which indicates that the flexural
strain of asphalt mixture containing the fiber meets the requirements. In addition, the addition of the
fiber could improve the flexural modulus of asphalt mixture. The flexural modulus of A2, A3 and A4
increased from 2968 MPa to 3325 MPa, 3518 MPa and 3447MPa, respectively.
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Figure 6. Flexural strength (a), Flexural strain and flexural modulus (b) of asphalt mixture containing
the fiber.

3.2.3. Water Sensitivity

Freeze-thaw splitting test was performed to evaluate the water sensitivity of asphalt mixture
containing the fibers, and the result is shown in Figure 7. It can be observed that the TSR of asphalt
mixture slightly decreased when the fiber was added. In details, the TSR of A2, A3 and A4 decreased
from 89.7% to 82.5%, 84.3% and 83.6%, respectively. The slightly decreased TSR may be attributed
to the relatively strong hydrophilicity of the fiber. Nevertheless, the TSR of asphalt mixture with
the fiber was still larger than 75%. Thus, moisture stability of asphalt mixture with the fiber met
the requirement (according to the specification “Technical Specification for Construction of Highway
Asphalt Pavements JTG F40-2004").
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Figure 7. TSR of asphalt mixture with the fiber.
3.2.4. Fatigue Performance

Four-point bending fatigue test was conducted to evaluate fatigue performance of asphalt mixture
with the fiber. It can be seen from Figure 8 that there was no obvious difference in initial stiffness
for asphalt mixture with, and without the fiber, which meant that the fibers could remain intact in
asphalt mixture after the mixing and compaction process. The stiffness of asphalt mixture with the
fiber was smaller than that of asphalt mixture without the fiber from 10,000 numbers of load cycles
to 60,000 numbers of load cycles, which indicated that the fiber was ruptured, rejuvenator that was
encapsulated in the fiber flowered out, and then rejuvenated and softened bitumen. Fatigue failure of
asphalt mixture without the fiber appeared when the number of load cycles was larger than 60,000.
While due to the regeneration of rejuvenator, asphalt mixture with the fiber could continue to withstand
fatigue loading. Thus the addition of the fibers could prolong the fatigue life of asphalt mixture.
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Figure 8. Fatigue performance of asphalt mixture with the fibers.
3.3. Self-Healing Capacity of the Asphalt Mixture with Fibers

The self-healing capacity of asphalt mixture with the fiber was tested by 3PB experiment and
the result is shown in Figure 9. As shown in Figure 9, the HI of all fiber containing asphalt mixtures
increased to varying degrees. Under the rejuvenation effect of rejuvenator, the HI of A2, A3 and
A4 increased from 50.7% to 68.8%, 65.3% and 61.4%, respectively. Under the synergistic action of
microwave heating and rejuvenator, the HI of A2, A3 and A4 increased from 53.2% to 74.5%, 72.1% and
89.2%, respectively. The result revealed that the addition of three kinds of fiber could improve the
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self-healing ability of asphalt mixture under the action of rejuvenator that was encapsulated in fiber.
Furthermore, because of the incorporation of microwave absorbent (GO) into self-healing fiber, under
the synergistic action of microwave heating and rejuvenator, the self-healing ability of asphalt mixture
containing MRF could be significantly improved. GO is an excellent microwave heating material
that generates a large amount of heat under the action of microwave heating. As the temperature
of the asphalt increases rapidly, the fluidity of the asphalt is greatly improved. Under the action of
the rejuvenator and temperature, the crack inside the asphalt mixture will be quickly filled by the
flowing asphalt, so the self-healing properties of the asphalt mixture containing Ca-alginate/GO fiber
are significantly improved after microwave heating (as shown in Figure 9 A4).

100
Cwithout microwave heating
®with microwave heating
80
60
£
40
20
0

Figure 9. Self-healing capacity of asphalt mixture containing the fiber.
4. Conclusions

In this study, three kinds of self-healing fiber were synthesized. A series of characterizations were
performed to study the morphology, chemical structure and thermal stability of the fibers. Then, road
performance and self-healing capacity of asphalt mixture containing the fiber were investigated. Based
on the tests and results, the follow conclusions can be drawn:

(a) Ca-alginate fiber, Ca—alginate/SiO, composite fiber and Ca-alginate/GO composite fiber were
successfully synthesized by microfluidic device. Nano SiO, and GO particles were incorporated
into the fiber wall. Rejuvenator was encapsulated inside those fibers in the form of droplets.
The three kinds of fibers had excellent thermal stability, which meet the temperature requirement
in the mixing and compaction process of asphalt mixture.

(b) The addition of the three kinds of fibers improved high temperature anti-rutting ability of asphalt
mixture. In addition, those fibers increased flexural strength and flexural modulus, while slightly
decreased flexural strain of asphalt mixture. Moisture stability of asphalt mixture containing the
fiber had a slight decrease. In addition, the fibers could prolong fatigue life of asphalt mixture
under the action of encapsulated rejuvenator. In short, the road performances of asphalt mixture
containing the fiber meet the requirements.

(c) The self-healing ability of asphalt mixture with fiber was better than that of asphalt mixture
without the fiber. It was worth noting that the synergistic action of microwave heating and
rejuvenator could further significantly improve the self-healing ability of asphalt mixture.

This study provides the possibility of industrial production of self-healing asphalt mixtures.
Different types of self-healing fibers can be fabricated in large scale by this method. Personally, I believe
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that the future trend is a combination of capsule method and induction method. Combining the
advantages of capsules method and induction heating method to achieve a substantial improvement
in the self-healing properties of asphalt concrete. As in this work, the composite Ca-alginate/GO fibers
with crack response behavior and microwave heating response behavior combined the advantages of
the capsules method and induction heating method. The fiber not only can rejuvenate the asphalt,
but also can rapidly increase the temperature of the asphalt by microwave heating, which quickly
increased the fluidity of asphalt, and thus the self-healing properties of the asphalt mixture can be
quickly improved under the synergistic effect of the rejuvenator and the temperature.

Highlights

e  Three kinds of fibers encapsulating asphalt rejuvenator were synthesized;
e Road performance of asphalt mixture containing the fiber met the requirements;
e Three kinds of fibers could improve self-healing ability of asphalt mixture.
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Abstract: Although huge numbers of investigations have been conducted for the ultraviolet (UV)
aging of asphalt binder, research rarely focuses on the asphalt mixture. In order to evaluate the aging
effect of UV radiation on the asphalt mixture, a dense grade of asphalt mixture was designated and
aged by UV radiation for 7, 14 and 28 days respectively. After that, the chemical functional groups
of asphalt binder were tested by Fourier transform infrared spectrometer (FTIR). The semi-circular
bending strength and fatigue resistance of asphalt concrete were tested to characterize the mechanical
properties of the asphalt concrete. To evaluate the self-healing effect of the macro-structure continuity
of asphalt concrete intuitively, the computed tomography (CT) scanning machine was used to
characterize the crack size of asphalt concrete samples both before and after self-healing. The results
show that, with the increase of UV irradiation time, the relative ratios of the C=0 and S=0O bands’
areas of recovered asphalt binder increase significantly. UV radiation can significantly weaken
the mechanical and self-healing properties of asphalt mixture, making the asphalt mixture to have
worse macro-structure continuity, lower failure strength and worse fatigue resistance. Moreover,
the longer the UV irradiation time is, the degradation effect of UV radiation on asphalt mixture
becomes more obvious.

Keywords: UV radiation; asphalt mixture; chemical structure; mechanical performance; self-healing
performance; CT scanning

1. Introduction

For the complex work condition of asphalt pavement, there are many factors that can affect the
service span, such as the vehicle, temperature [1], water and UV radiation [2-4]. Therefore, in general,
the service time of asphalt pavement is always shorter than its designated life. UV radiation has
attracted more and more focus for its significant aging effects on the asphalt materials [5]. After UV
aging, the elemental ratios and chemical components of asphalt binder are changed [6], which results
in the deterioration of physical and rheological performance of asphalt binder and the pavement
performance of its concrete [7-9]. Especially for the areas with high intensity of UV radiation, the
aging effect is more obvious [10].
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In the previous work [11], the researchers conducted much work on the UV aging mechanism
and aging effects on the technical performance of asphalt materials. For instance, Vallerga [12] used
UV radiation and infrared light to irradiate the asphalt film in a film oven respectively and the results
indicated that UV radiation could significantly affect the softening point and ductility of asphalt
binder, therefore the UV radiation was an important factor causing the aging phenomenon of asphalt
binder. Zhang [13] studied the aging effect of three types of aging methods namely thin film oven
test (TFOT), pressure aging vessel (PAV), and UV radiation, the results showed that the UV aging and
PAV aging have more obvious effects on the degradation of styrene-butadiene-styrene (SBS) polymer.
Glotova [14] studied the effect of UV aging on asphalt binder by testing the chemical properties,
structures and composition contents of asphalt binder before and after aging, and found that UV
radiation has obvious degeneration effects on these properties, and the type of light irradiation also has
a close relationship with the photo-oxidation aging speed. Wu et al. [15] used a high-pressure mercury
lamp to irradiate both a base asphalt binder and a polymer modified asphalt binder; the results of
the Fourier infrared test and dynamic shear rheometer (DSR) test also showed that UV radiation can
obviously age the asphalt binder, and different intensities of UV radiations caused different aging
effects. The above research verifies the degradation effects of UV radiation on the technical performance
of asphalt materials, and it is truly important to investigate the degradation behaviors of this.

Compared with the asphalt binder, there was less work focused on the UV aging effect of UV
radiation on the pavement performance asphalt mixture. In fact, the UV radiation always directly
affects the asphalt mixture during the service period of pavement [16], so conducting the UV aging
test on the asphalt mixture is better to simulate the true service situation of the asphalt road. In this
research, a dense grade of asphalt mixture with the nominal maximum aggregate size of 13.2 mm
(AC-13) was designated, and aged by UV radiation for 7, 14 and 28 days respectively. After UV aging,
the mechanical performance of asphalt concrete was tested by a semi-circle bending test and the
anti-fatigue properties of asphalt mixture were investigated by three-point bending fatigue test.

On the other hand, basing on Reference [17], it can be found that the thermal oxidative aging
(85 °C for 240 h) can decrease the mechanical performance and healing levels of asphalt concrete
obviously. Although the mechanism of thermal oxidative aging of asphalt material is not at all the
same with UV aging, the effect tendency on the performance is somehow the same [18], so that
UV aging may also cause a significant effect on the self-healing performance of asphalt concrete.
In this research, the chemical functional groups of asphalt binder were tested by Fourier transform
infrared spectrometer (FTIR). The healing index of the mechanical performance of asphalt concrete
was investigated to characterize the self-healing performance. Meanwhile, a computed tomography
(CT) scanning machine was also used to quantitatively test the crack size of asphalt concrete before
and after self-healing. The results can be used to express the degradation behaviors of the chemical
structure, mechanical and self-healing properties of asphalt mixture exposed during UV irradiation.

2. Materials and Experimental Methods

2.1. Materials

The most commonly used asphalt mixture with the nominal maximum aggregate size of 13.2 mm
(AC-13) was designated for the UV aging simulation test. The asphalt binder used in this research
was base asphalt with penetration grade of 60/80. The physical performance and dynamic viscosity of
asphalt binder are shown in Table 1.
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Table 1. Physical performance and dynamic viscosity of asphalt binder.

Technical % .C Softening Point 10 °C Ductility 60 °C Dynamic
Penetration (0.1 o . .
Parameter Q) (cm) Viscosity (Pa-s)
mm)
Result 66.3 51.0 165 302.500
Standard ASTM D5 [19] ASTM D36 [20] ASTM D113 [21]  ASTM D4402 [22]

The mix ratio of asphalt mixture was ensured with the Marshall method. The optimum
oil-aggregate ratio of the asphalt mixture is 4.7%. The ratios of different grades of aggregate
were 13.2-16.0 mm:9.5-13.2 mm:4.75-9.5 mm:2.36—4.75 mm:0-2.36 mm:filler = 3:15:33:13:32:4. The
aggregate was basalt and the filler was the fine powder of limestone. The composite aggregate grading

of the asphalt mixture is given in Figure 1. The volume parameters of asphalt concrete are shown in
Table 2.
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Figure 1. Composite aggregate grading of the asphalt mixture.
Table 2. Volume parameters of asphalt concrete.
Volume Theoretical Bulk Volume
Parameters Maximum Relative VV(%) VMA(%)  VFA(%)
Specific Gravity Density
Results 2.676 2.556 4.5 14.5 69.0

2.2. Experimental Methods

2.2.1. Parameter Design of UV Aging Test

The irradiation intensity of UV light used in the UV aging simulation test of asphalt mixture was
21 w/m?, which was produced by four UV lamps, the power of every UV lamp was 500 W. The aging
time was 7 days, 14 days and 28 days respectively. The wavelength range of the UV radiation was
from 200 nm to 400 nm. The temperature of chamber of the UV aging simulation instrument was
25 °C, it was tested by the temperature sensor in the chamber. The surface temperature of the asphalt
mixture was about 50 °C, it was tested by an infrared temperature tester (SMART SENSOR AR-300+,
SMART SENSOR, Hongkong, China). According to the thermal oxidative aging test (short term aging)
of asphalt mixture, the spread density of asphalt mixture was 22 kg/mz. During the UV aging test, the
asphalt mixture was mixed every 24 h. Figure 2 shows the UV aging test of loose asphalt mixtures.
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Ventila\tion Hole

Figure 2. UV aging test of loose asphalt mixtures.
2.2.2. Recovery of Asphalt Binder from Asphalt Mixtures

After different times of UV irradiation, the asphalt binders were recovered from the asphalt
mixtures by dissolution-centrifugal separation method. The solvent was trichloroethylene (C,HCl3),
the purity of which was higher than 99%. The detailed procedure was as follows. First, the asphalt
mixture was placed into C;HClI3 for half an hour, and then the centrifugal separation method was
used to get the asphalt—-C,;HClj3 solution; this step was repeated 2-3 times. Finally, the asphalt-C,HCl3
solution was placed in the fume hood and dried naturally for 72 h.

In order to detect whether the C;HCl3 would affect the Fourier transform infrared spectrometer
(FTIR, Nexus, Thermo Nicolet, Columbus, OH, USA) result of recovered asphalt binder, after 72 h
volatilization and drying, the chemical structures of the virgin asphalt binder, recovered 28 days aged
asphalt binder and C,HCI3 were tested by FTIR respectively. The results are shown in Figure 3. From
Figure 3, a special absorption band at the wavenumber of 932 cm™! can be observed in the FTIR
spectrum of C,HClj, it is caused by the stretching vibration of C-Cl of C,HCl3. This absorption band
was very obvious and could be found in the FTIR spectrum of the virgin asphalt binder. Therefore,
it could be used to test whether the C;HCl; volatilized completely by comparing the FTIR spectra
differences of the virgin asphalt binder and recovered 28 days aged asphalt binder. It was found that,
in the FTIR spectrum of 28 days aged asphalt binder, there was no absorption band at wavenumber 932
cm™, therefore the C,HCl3 volatilized completely after 72 h volatilization (at least, it did not obviously
affect the FT-IR of recovered asphalt binder).
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Figure 3. FTIR spectra of the pure asphalt binder, recovered 28 days aged asphalt binder and C,HCl3,
2.2.3. Chemical Functional Group Test of Recovered Asphalt Binders

The chemical structures of recovered asphalt binders were characterized by FTIR, the procedure
of the FTIR test was as follows. The asphalt was dissolved in carbon disulfide (CS,), the concentration
of the asphalt binder was 5.0 wt%; then the asphalt-CS, solution was dropped on a potassium bromide
(KBr) window, and the potassium bromide window was set under an incandescent light bulb until
the CS; volatized completely. The sweep times was 32, the sweep range of wavenumber was from
4000 cm™ to 400 cm ™.

2.2.4. Mechanical Properties Tests of Asphalt Concrete

The mechanical properties tests of asphalt concretes before and after UV aging were investigated
by both the semi-circular bending test and three-point bending fatigue test.

The machine used for the semi-circular bending test was UTM-25 (IPC, Sydney, Australia). The
diameter of the sample was 100 mm, the thickness was 50 mm. In order to control the crack position
during the test, a notch with depth of 10 mm and width of 2 mm was precut. The testing temperature
was —10 °C, and the loading speed was 0.5 mm/min. The schematic diagram of semi-circular bending
test of asphalt concrete is shown in Figure 4.

The fatigue tests of asphalt concretes were tested at both 0.4 and 0.6 stress ratios, which was
conducted with UTM-25 machine as well. The testing temperature was 25 °C and the Poisson ratio
was designated as 0.35. A semi-sine wave of loading was used, and the loading frequency was 1.0 Hz
(loading time was 0.1 s, and interval was 0.9 s). To control the temperature of the samples, all of
them were put in the UTM chamber under constant temperature (25 °C) for more than five h. For the
same aging status, three samples of asphalt concretes were tested to calculate the average values and
standard deviations of the fatigue lives.

201



Materials 2019, 12, 2424

Figure 4. Schematic diagram of the semi-circular bending test of asphalt concrete.

2.2.5. Self-Healing Performance Tests of Asphalt Concrete

The semi-circular bending strength and fatigue life of initial asphalt concrete and asphalt concrete
after self-healing were tested respectively, which was to obtain the healing index of asphalt concrete.
A higher value of healing index expresses the better self-healing performance of asphalt concrete, and
vise versa.

Meanwhile, a CT scanning machine (Xradia 510 Versa, ZEISS, Oberkochen, Germany) was used
to characterize the crack size of asphalt concrete samples before and after self-healing. Figure 5 shows
the diagram of this test. The real spatial resolution of the machine was 0.7 microns, and the voxel size
was as low as 70 nanometers. The self-healing time of the samples was 72 h, and the temperature in
the environmental chamber was 50 °C.

o
' &

JCD display panels =¥ ‘\\

Experimental chamber

Figure 5. Experimental diagram of the computed tomography (CT) scanning test.

2.3. Logic Map of Experimental Design

The logic map of experimental design is shown in Figure 6.
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Figure 6. Logic map of the experimental design.

3. Results and Discussions

3.1. Characterization of the UV Aging Status of Recovered Asphalt Binder

The atoms that form the chemical bonds or functional group of organic molecules are always in a
constant state of vibration, and the vibration frequency of that is equal to the vibration frequency of
the infrared light [23]. When the infrared light irradiates on the organic molecules, the vibrational
absorption of infrared light can be observed in the chemical bonds or functional groups in molecules [24].
The different chemical bonds or functional group have different absorption frequencies, the infrared
spectrum will be reflected in different positions, thus the FTIR can be used to characterize the chemical
bonds or functional molecules in organic molecules [25]. Because of the irradiation of UV light, the
chemical groups such as C=C and C-H without oxygen can be oxidized, and form oxygen-containing
functional groups, such as the carbonyl group (C=0) and sulfoxide functional group (5=0) [26].
Therefore, the content of C=0 and S=0O will increase after UV aging, the absorption band areas of
these two chemical functional groups will increase as well, which can be used to characterize the aging
status of asphalt binder. The bigger the absorption band areas of C=0 and 5=0, the more serious the
UV aging status.

The FTIR spectra of asphalt binders recovered from aged mixtures are shown in Figure 7. From
Figure 7, the absorption bands of the main chemical functional groups of asphalt binder were in
the wavenumber range of 600-2000 cm™!, the absorption bands at 1700 cm™! and 1030 cm™~! were
caused by the C=0 and S=O respectively. However, the absorption bands of the C=0O and 5=0O can
also be observed in FTIR spectra of original asphalt binder. This is because thermo-oxidative aging
happens during the production and storage of asphalt binder, and the mixing of asphalt mixture. From
Figure 7, the absorption bands C=0 and S=0O increased with the increasing aging time, indicating the
more serious aging status of asphalt binders recovered from asphalt mixtures under longer times of
UV irradiation.

To quantificationally characterize the aging status of UV aging status of recovered asphalt binder,
the relative ratios of the areas of C=O absorption band and S=O absorption band were calculated
based on Equations (1) and (2) respectively.

51700 em-1
CRR = . , 1)
Y 52000 em1 ~ 600 cm~!

51030 cm-!
SRR = , @
X SZOOO cm~! ~ 600 cm™!
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where, the (CRR) and (SRR) are the C=0 relative ratio and S=O relative ratio respectively, S;709 cm-1
and Sjg3g -t are the areas of C=0O absorption band and S=O absorption band respectively,
Y. S2000 cm-1 ~ 600 em-1 8 the sum of areas of all bands in the wavenumber range of 2000 cm ™" ~600 cm™!.

Virgin asphalt

7 days of UV aging

14 days of UV aging

28 days of UV aging

Transmission (%)

Absorption band of cadnyl
group (C=0)

sorption band of sulfoxide
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4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave numbers (cm™')

Figure 7. FTIR spectra of asphalt binders recovered from aged mixtures.

The relative ratios of the areas of C=0 and S=O absorption bands are shown in Table 3. The
bigger the CRR and SRR values are, the more serious the aging status of asphalt binder is [27]. From
Table 3, after 7 days, 14 days and 28 days of UV irradiation, the CRR value of which increased by
128.6%, 226.2% and 358.3% respectively, the SRR value of which increased by 21.7%, 34.5% and 40.4%
respectively. The CRR and SRR values of recovered asphalt binder increased significantly with the
increase of UV irradiation time, the content of oxygen-containing functional groups in asphalt binder

increased obviously as well, indicating that the aging status of asphalt binder was more serious with
longer UV irradiation time.

Table 3. Carbonyl relative ratio (CRR) and sulfoxide relative ration (SRR) of asphalt recovered from
aged asphalt mixtures.

C=0 S=0
Aging Time Relative Change to Relative Change to
CRR Value Original State (%) SRR Value Original State (%)
Virgin asphalt 0.0084 - 0.0750 -
7 days 0.0192 128.6 0.0913 21.7
14 days 0.0274 226.2 0.1009 34.5
28 days 0.0385 358.3 0.1053 40.4

3.2. UV Radiation Effects on Mechanical Properties of Asphalt Concrete

3.2.1. UV Radiation Effects on the Semi-Circular Bending Strength of Asphalt Concrete

Asphalt concrete is granular in nature, and its macroscopic behavior is mainly a function the
interactions of asphalt binder and aggregate and the UV aging of asphalt binder may significantly
influence the mechanical property of asphalt concrete [28,29]. The semi-circular bending test was
conducted on the asphalt concrete before and after UV aging. Three parallel tests were performed at
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each aging time, the bending strength of asphalt concrete was calculated according to Equation (3), the
average bending strength of these three specimens were taken as the final result.

2-p

St= Tdn

®
where, S; is the semi-circular bending strength of asphalt concrete, MPa; P is the maximum loading of
every specimen, N; d is the diameter of every specimen, mm; /1 is the thickness of every specimen, mm.

Figure 8 gives the average bending strengths of all asphalt concretes. From Figure 8, when after
7,14 and 28 days of UV aging, the semi-circular bending strengths of asphalt concretes at =10 °C
decreased by 10.8%, 15.6% and 31.4% respectively; while the semi-circular bending strengths of asphalt
concretes at 25 °C increased by 97.6%, 110.0% and 118.6% respectively. Therefore, after different times of
UV aging, the semi-circular bending strengths of asphalt concretes at —10 °C tended to decrease, while
they showed an opposite tendency at 25 °C. With the extension of UV exposure time, the tendencies
were more obvious. The reason is that, after aging the asphalt binder tends to be stiffer and harder, the
asphalt binder is inherently brittle at low temperature condition (-10 °C); the comprehensive action
of UV aging and low temperature causes the degradation of the three bending strengths of asphalt
concretes. However, at relative high temperature (25 °C), the harder effect of UV aging on asphalt
binder can partially offset the softening effect of high temperature, therefore the 25 °C semi-circular
bending strengths of asphalt concretes were increased. This results also the same as other research
work [30].

1.0

M Three-point bending strength (=10 °C)
09 1 W Three points bending strength (25 °C)
0.8 -

o ©
[N
L L

Three-point bending strength (MPa)
o
wv

0.4 A
0.3 A
0.2 A
0.1 A
0.0 -
Before UV aging After 7 days of After 14 days of After 28 days of
UV aging UV aging UV aging

Figure 8. Semi-circular bending strengths of asphalt concretes before and after UV aging.
3.2.2. UV Radiation Effects on the Fatigue Resistance of Asphalt Concrete

The fatigue tests of asphalt concretes before and after UV aging were conducted at 0.4 and 0.6 stress
ratios respectively. The results are shown in Figure 9.

It can be found from Figure 9 that, after UV aging, the fatigue lives of asphalt concretes at both 0.4
and 0.6 stress ratios decreased, and with prolonging UV irradiation time, the decreased range was
more significant. In detail, after being aged for 7, 14 and 28 days, the fatigue lives of asphalt concrete
under 0.4 stress ratio of loading decreased by 42.2%, 58.9% and 66.2% respectively, and under 0.6 stress
ratio of loading decreased by 32.3%, 58.2% and 69.6% respectively. Therefore, UV radiation decreased
the fatigue resistance of asphalt concretes; the longer the UV irradiation time was, the more significant
the aging effect.
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Figure 9. Fatigue lives of asphalt concrete under different stress ratios.

3.3. UV Aging Effects on the Self-Healing Performance of Asphalt Concrete

3.3.1. Healing Percentages of Semi-Circular Bending Strengths

The healing percentages of semi-circular bending strengths of asphalt concretes were calculated
according to Equation (4). The healing percentages of semi-circular bending strengths (HPBS) values
of asphalt concretes before and after UV irradiation are listed in Figures 10 and 11.

BS i
HPBS — — %818 100% )
B before aging
where, the HPBS is the healing percentages of semi-circular bending strengths of asphalt concretes, %;
BSpefore aging and BSyfter aging are the healing percentages of semi-circular bending strengths of asphalt
concretes before and after UV aging respectively, MPa.

60

B After 24 hours of self-healing

W
=]
;

After 48 hours of self-healing

W After 72 hours of self-healing

IS
=)

[553
=]

HPBS after different healing times (%)
)
[=}

—_
=

Before UV aging After 7 days of After 14 days of After 28 days of
UV aging UV aging UV aging

Figure 10. Healing percentages of —10 °C bending strengths after different healing times.
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Figure 11. Healing percentages of 25 °C bending strengths after 72 h of self-healing.

From Figure 10, for the —10 °C bending strengths, the self-healing effects of asphalt concretes
had time sensitivity: the HPBS values of asphalt concretes increased with the increase of healing time.
When the healing times were 24 h and 72 h, the HPBS values of asphalt concretes before UV aging
were 40.0% and 53.2% respectively. Compared with asphalt concrete without UV irradiation, after
self-healing, the HPBS values of asphalt concretes after 7, 14 and 28 days UV irradiation decreased
significantly; the HPBS decrement of asphalt concretes after different times of UV irradiation are listed
in detail in Table 4. From Figure 11 and Table 4, after 72 h of self-healing, the same tendency could also
be observed for the 25 °C bending strengths of asphalt concrete. Therefore, the UV irradiation could
weaken the self-healing performance of asphalt concrete obviously, and the longer the irradiation time
was, the worse the self-healing performance of asphalt concrete.

Table 4. HPBS decrement of asphalt concretes after different times of UV irradiation (%).

HPBS Decrement at —10 °C HPBS Decrement at 25 °C
Aging Time
24h 48 h 72 h 72 h
7 days 47.7 448 29.6 425
14 days 70.0 64.9 62.5 57.6
28 days 89.0 87.5 82.1 76.8

3.3.2. Healing Percentages of Fatigue Performance

Initial fatigue lives and the fatigue lives after self-healing of asphalt concretes are shown in Table 5.
From Table 5, after UV aging, the fatigue lives of all asphalt concretes before and after healing decreased
obviously, with the increase of aging time, the reductions were more significant.

To quantificationally compare the abilities of the self-healing performance of asphalt concretes,
the healing percentages of fatigue lives (HPFL) were calculated according to Equation (5).

FL i
HPFL = — %78 1009, ®)
FLbefore aging

where, the HPFL is the healing percentages of fatigue lives of asphalt concretes, %; FLpefore aging and
FLafter aging are the healing percentages of fatigue lives of asphalt concretes before and after UV aging
respectively, times.

207



Materials 2019, 12, 2424

Table 5. Initial fatigue lives and the fatigue lives after self-healing of asphalt concretes.

Stress Ratio Status Before Aging 7 Days 14 Days 28 Days
_ [Initial fatigue 29543 17075 12126 9978
0.4 stress ratio life
After 19352 8703 2156 819
self-healing
_ [Initial fatigue 19850 13435 8233 6025
0.6 stress ratio life
After 13413 5360 1611 379
self-healing

The HPFL values of asphalt concrete after different times of UV irradiation are listed in Figure 12.
From Figure 12, for the 0.4 stress ratio, the HPFL values of asphalt concretes before UV aging was
65.7%, it decreased to 21.4%, 72.9% and 87.5% after 7, 14, and 28 days of UV irradiation respectively;
for the 0.6 stress ratio, the HPFL values of asphalt concretes also showed a decreasing tendency. The
lower HPFL values meant a worse self-healing effect, so the self-healing effect of asphalt concretes after
UV irradiation decreased, the self-healing performance of asphalt concrete decreased with increasing
UV irradiation time. The reason is that the self-healing of asphalt concrete is accomplished mainly
based on two patterns, firstly, due to the drain of asphalt binder into the cracks [31], it can fill the
cracks and recover the structural continuity of asphalt concrete [32]; secondly, the thermal expansion of
asphalt binder also plays an important role in the self-healing of asphalt concrete [33]. However, after
UV aging, the viscosity of asphalt binder in its concrete is much higher than that of before aging [26].
At the same temperature, the asphalt binder in asphalt concrete after UV aging flows more slowly
than that of initial asphalt concrete, the relative high viscosity limits the flow of asphalt binder [34-36],
therefore results in a lower self-healing ratio.
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0.4 stress ratio
70

0.6 stress ratio
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40

HPFL (%)

30
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Before UV aging After 7 days of After 14 days of After 28 days of
UV aging UV aging UV aging

Figure 12. HPFL values of asphalt concretes after different aging times.

3.3.3. Fracture Healing Characteristics Analysis by CT Scanning Test

The CT scanning figures of asphalt concretes before and after UV irradiation are shown in
Figures 13 and 14 respectively, where the self-healing effect of the cracks in the asphalt concrete
intuitively can be observed. From Figure 13, the asphalt concrete had an obvious crack before
self-healing, while, after self-healing, the crack almost disappeared, and the crack could not be found
unless we observed very carefully, which indicated that the crack healed very well. From Figure 14,
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after self-healing, the crack of asphalt concrete after 28 days of UV irradiation also decreased obviously,
especially the lower part of sample almost healed completely, but a small crack could still be observed
in the upper part (marked in Figure 14 by the red arrow), the continuity of macro structure of asphalt
concrete was not completely repaired. Therefore, despite being under the same self-healing condition,
the self-healing effect of asphalt concrete before UV irradiation was much better than that of asphalt
concrete after 28 days of UV irradiation. The results indicated that the asphalt concrete after UV
irradiation still had a certain self-healing ability, but the self-healing ability of which was reduced
obviously during UV irradiation, therefore UV radiation can significantly decrease the self-healing
performance of asphalt concrete.

’

Crack after Self-healing

Figure 14. CT scanning figures of asphalt concretes after UV irradiation (a) before self-healing;
(b) after self-healing.

4. Conclusions

In this research, the AC-13 asphalt mixture was exposed under UV radiation for 7, 14 and 28 days to
investigate the degradation behaviors of the chemical structure, mechanical and self-healing properties
of asphalt mixture exposed under the UV radiation, the flowing conclusions can be obtained.

(1)  With the increase of UV irradiation time, the CRR and SRR values of recovered asphalt binder
increased significantly, meanwhile, the fatigue life of asphalt concrete under both the 0.4 and 0.6

209



Materials 2019, 12, 2424

stress ratios decreased gradually, indicating that the UV radiation could weaken the chemical
structure and fatigue resistance of asphalt concrete.

(2) UV radiation significantly affected the asphalt semi-circular bending strength of asphalt concrete,
it decreased the —10 °C bending strength of asphalt concrete, while increased the 25 °C bending
strength, and the longer the exposure duration was, the more obvious the aging effect.

(3) After UV aging, the HPBS and HPFL values of asphalt concrete decreased obviously; the
CT scanning figures also showed the same tendency with HPBS and HPFL values, under
the same self-healing condition. The self-healing effect of the crack in the asphalt concrete
after UV irradiation was worse than that of initial asphalt concrete—a crack could still be
observed in the asphalt concrete after UV irradiation. The results indicated the UV radiation
could significantly reduce the self-healing performance of asphalt concrete, causing a worse
macro-structure continuity, lower failure strength and worse fatigue resistance.
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Abstract: Induction heating is a valuable technology to repair asphalt concrete damage inside.
However, in the process of induction heating, induced particles will release a large amount of heat to
act on asphalt binder in a short time. The purpose of this paper was to study the effect of induction
heating on asphalt binder aging in steel fibers modified asphalt concrete. The experiments were
divided into two parts: induction heating of Dramix steel fibers coated with asphalt binder (DA)
and steel wool fibers modified asphalt concrete. After induction heating, the asphalt binders in the
samples were extracted for testing aging indices with Fourier Transform Infrared (FTIR), Dynamic
Shear Rheometer (DSR), and Four-Components Analysis (FCA) tests. The aging of asphalt binder was
analyzed identifying the change of chemical structure, the diversification of rheological properties,
and the difference of component. The experiments showed that the binder inside asphalt concrete
began aging during induction heating due to thermal oxygen reaction and volatilization of light
components. However, there was no peak value of the carbonyl index after induction heating of ten
cycles, and the carbonyl index of DA was equivalent to that of binder in asphalt concrete after three
induction heating cycles, which indicated the relatively closed environment inside asphalt concrete
can inhibit the occurrence of the aging reaction.

Keywords: asphalt concrete; induction heating; asphalt binder aging; FTIR; DSR; FCA

1. Introduction

It has been widely proven that asphalt concrete is a self-healing material and induction heating
can magnify the healing ability to extend the pavement service life [1-4]. The healing mechanisms
of asphalt concrete have been reported by many researchers. Bitumen is traditionally regarded as a
colloidal system consisting of high molecular weight asphaltene micelles dispersed or dissolved in
the lower molecular weight oily maltenes [5]. Castro and Sanchez explained the healing of asphalt
mixes during rest periods by sol-gel theories [6]. Phillips proposed a three steps diffusion model to
explain the healing of bitumen: (1) surface approach due to consolidating stresses and bitumen flow,
(2) wetting (adhesion of two cracked surfaces to each other driven by surface energy density), and (3)
diffusion and randomization of asphaltene structures. The first two steps cause the recovery of the
modulus (stiffness), and the third step causes recovery of the strength [7,8]. Kringos et al. used a
chemo-mechanical model to simulate healing of bitumen [9]. Garcia et al. applied capillary flow theory
and flow behavior factor index to explain the healing mechanism [10,11]. All these studies provide
some basis for the study of self/induction healing behavior of asphalt concrete.
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The success of the test section has further accelerated the process of wide application of this
technology [1,12]. Subsequently, a series of improvement studies focused on induction heating
technology were conducted, among which improving induction heating efficiency became the key
factor to optimize the healing ability of asphalt concrete [13-19]. High temperature is conducive to
the occurrence and rapid progress of the healing process, which results in a higher healing rate of
asphalt concrete. Liu et al. found that the optimal heating temperature was 85 °C to obtain the best
healing effect for the asphalt concrete designed in his research [15]. Menozzi et al. pointed out that the
total lifetime of asphalt mixture under fatigue could be increased at approximately 55 °C [19]. Garcia
et al. stated that the mechanical resistance of the test samples could be recovered up to 60% at around
100 °C, and the effect of multiple healing cycles was not compromised [20].

The above-mentioned advantages of induction heating technology, such as high induction heating
efficiency, high healing rate, and multiple induction healings, emphasize the importance of temperature,
especially temperature which is high enough. High temperature makes the asphalt binder to obtain
better fluidity to enhance healing performance. However, it brings a significant potential damage
to the asphalt material. During the process of induction heating, induced particles will produce a
large amount of heat to act on asphalt binder in a short time, which may result in the possibility of
thermal oxygen aging of asphalt binder. Researchers also hope that asphalt concrete can be repaired for
multiple times, which greatly increases the likelihood of aging happening. Garcia et al. demonstrated
there was no aging phenomenon of the binder in induction heating of asphalt mastic [18]. But Menozzi
et al. [19] stated the change of flow behavior factor of the binder in asphalt mixture, which proved that
the binder was aged during induction heating. These studies were not focused on the aging of asphalt
binder during induction heating. Thus, there were obvious shortcomings. Garcia only studied aging of
asphalt mastic, whose void volume was much smaller than that of actual pavement, and the volume of
asphalt binder was too large to react with less oxygen inside asphalt mastic adequately. While Menozzi
did not analyze the changes of oxygen functional groups in asphalt binders after induction heating,
which is considered to be an important evidence of asphalt binder aging. In addition, their studies
both concerned the aging of asphalt binders after primary induction heating, without mentioning the
case after multiple induction heating.

In view of the differences and problems in the above researches, it is necessary to redesign the
experiments to study the effect of induction heating on asphalt binder aging, which will provide an
important basis for the application of electromagnetic induction technology in asphalt concrete. In this
paper, the experiments were divided into two parts: induction heating test of Dramix steel fibers coated
with asphalt (DA) and induction heating test of steel wool fibers modified asphalt concrete. Dramix
steel fiber is a tough steel fiber, and it was coated with asphalt binder film to make an induction heating
binder-fiber sample, while the asphalt concrete sample was cut from the rutting plate. After induction
heating test of different times under different oxygen concentration, the internal asphalt binders were
extracted for testing the aging indices with Fourier Transform Infrared (FTIR) test, Dynamic Shear
Rheometer (DSR) test, and Four-Components Analysis (FCA) test [21-23].

2. Materials and Experiments

2.1. Materials

AH-70# base asphalt obtained from Hubei Guochuang Hi-tech Material Co., Ltd., of China
(Yichang, China) was used in this paper. Steel wool fibers provided by Jiangsu Golden Torch Metal
products Co., Ltd (Yancheng, China) and Dramix steel fibers provided by Bekaert Corp. (Brussels,
Belgium) were used as the heating units for asphalt mixtures and asphalt binders via induction heating,
respectively. The morphology of the two kinds of fibers are shown in Figure 1, and the properties
of bitumen, steel wool fiber, and Dramix steel fiber are shown in Table 1. The optimal content of
fibers was 6% by the volume of asphalt according to previous researches [4]. Asphalt mixture with 6%
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steel wool fibers had the best mechanical properties (highest strength and particle loss resistance) and
acceptable induction heating speed. Basalt aggregate and limestone filler were used in this study.

Figure 1. Morphology of steel wool fibers (a) and Dramix steel fibers (b).

Table 1. The properties of bitumen and steel fibers.

Materials Properties Values Specifications
Penetration (25 °C, 100 g, 5 s, 0.1 mm) 68 60-80
Bit Ductility (15 °C, cm) >100 100
ttumen Softening point (°C) 475 47
Density (g/cm?) 1.034 -
Average length (mm) 42 -
. Equivalent diameter (pm) 70-130 -
Steel wool fiber Density (g/cm?) 78 B
Average heating rate (°C/s) 12.2
Average length (mm) 13 -
Equivalent diameter (pm) 200 -
Dramix steel fiber Density (g/cm?) 7.8 -
Minimum tensile strength (N/ mm?) 2 -
Average heating rate (°C/s) 8.5

2.2. Specimen Preparation

2.2.1. Dramix Steel Fiber Covered with Asphalt Binder Film (DA)

To better study the effect of high temperature produced via induction heating on asphalt binder
aging, Dramix steel fibers were immersed into the heated asphalt to obtain the asphalt-fiber samples
wrapped by 0.5 mm asphalt film, which were prepared for an FTIR test and FCA test, as shown in
Figure 2a. For DSR test, it needed more asphalt, 3.9 g asphalt was poured into a glass dish with a
diameter of 9.35 cm to obtain 0.57 mm asphalt film. The number of Dramix steel fibers was 100 to
ensure adequate induction heating ability, as shown in Figure 2b.
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Figure 2. Dramix steel fibers coated with asphalt binder (DA) for (a) Fourier Transform Infrared (FTIR)
and Four-Components Analysis (FCA) tests and (b) Dynamic Shear Rheometer (DSR) test.

2.2.2. Asphalt Concrete Sample

AC-13 basalt asphalt concrete including steel wool fibers was designed in this paper according to
Marshall design method, and the asphalt/aggregate ratio was 4.7%. The aggregate grading curves of
asphalt mixtures are shown in Figure 3. In the induction heating test, the specimen was a rectangular
beam cut from rutting plate in a size of 85 mm x 50 mm x 10 mm. It is important to note that in our
design concept, the thinner the sample is, the better the accuracy of the test results is. There were
three considerations for making the asphalt concrete specimen this size: First, in the application of
induction heating, there exists gradient heating and healing, and the temperature of the surface layer
is the most significant, which has been proved in previous studies [4,24], so the asphalt binders aging
at the surface layer during induction heating are more representative. Second, thinner samples can
eliminate as much ununiformity as possible in the binder aging of different layers due to gradient
heating, which is required because we need to extract the asphalt from the mixture after induction
heating. Thicker asphalt concrete sample may result in inaccurate aging testing due to an excessive
gradient. Finally, the asphalt concrete gradation causes the above size to be the limit of asphalt concrete
sample. Otherwise, there will be a lot of broken stones. The cut samples are shown in Figure 4.

100

o
N
@==g=== Upper limit of gradation T
90

e==fl== [ ower limit of gradation

80

— — Median value of gradation //I /
70 |

ey Target gradation W

e

/le//

=N
S

v
S

w
S

Passing rate (%)
P
(=1

[
S

o

o

oo 2o 9 = N - hed > =
o= w o = 1) N wn @ ™
EU’] @ ()] [

Size (mm)

Figure 3. Grading curve of AC-13 steel wool fibers modified basalt asphalt mixture.
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Figure 4. Induction heating test samples.

2.3. Induction Heating Test

The power needed for induction heating is dependent on the conductivity and size of the specimen
used for the test. Figure 5 shows the induction heating test of Dramix asphalt-fibers and asphalt
concrete, corresponding to power 8.8 kW and 8.4 kW, respectively. The frequency of the induction
heating apparatus was always 123 kHz. The distance between the coil and the surface of the specimen
has a significant influence on the heating speed. The distance used in this paper for all samples
was 10 mm according to the preliminary study [4], as shown in Figure 5. The induction heating
times were 10 s for Dramix asphalt-fibers and 40 s for asphalt concrete while the corresponding
temperature was 85 °C, which had proven to be the best temperature for induction healing in previous
studies [15]. An infrared image camera with a resolution of 320 x 240 pixels was used to detect the
temperature of the samples during induction heating, as shown in Figure 6. After each induction
heating, the samples had enough time to recover to ambient temperature before starting the next
induction heating test. Additionally, the phenomenon of the gradient temperature during induction
heating had been demonstrated in previous studies [11,24], so in this paper, the gradient aging during
induction heating was studied, and the three beams were stacked together, as shown in Figure 7.
For all induction heating tests, once the surface average temperature reached 85 °C, the induction
heating was stopped. For the three-layer beams induction heating test, to amplify the effect of gradient
on the asphalt binder aging, the sample was heated 10 times in all, still giving the sample a full time
to return to ambient temperature after each induction heating. In this paper, all Dramix steel fibers
samples were induction heated 1 time. Pure asphalt (PA), as a contrast sample, was also conducted
with FTIR, DSR, and FCA test. The test summary is shown in Table 2.

Figure 5. Induction heating test of Dramix asphalt-fibers (a) and asphalt concrete (b).
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55° Northeast

Figure 6. Infrared imaging of samples during induction heating.

-

 J

Figure 7. Induction heating of three-layer beams.

Table 2. The test summary.

Specimen Number Induction Heating Times Test
PA - 0
1 1
! 2 FTIR, DSR & FCA
Single-layer beam 1 3 ’
1 5
1 10
DA 25 + 100 1
Three-layer beams 1 10 FTIR

2.4. Extraction of Asphalt Binder

After induction heating, the asphalt binder was extracted by dissolution—filtration when the
samples were restored to ambient temperature. For the Dramix asphalt-fibers, trichloroethylene was
poured into the glass dish containing the Dramix asphalt-fibers [25]. After the asphalt coated on the
Dramix steel fibers was dissolved, the fibers were removed, and the binder was stored in a closed
tube for future testing. The experimental operation is shown in Figure 8. Regarding asphalt concrete,
after the asphalt binder was dissolved, the solid solution mixture was filtered to separate the asphalt
binder and other substances. To improve the dissolution effect and prevent the volatilization of
trichloroethylene, it was necessary to dissolve the binder in a sealed state. And it is important to note
in particular that the particle size of limestone filler was less than 0.075 mm. Inadequate filtration
may result in the retention of limestone filler in asphalt binder, which in turn may have an impact on
the test results. Therefore, the particle size of limestone fillers was determined by laser particle size
analyzer (Mastersizer 2000), as shown in Figure 9. The minimum particle size of the limestone fillers
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was 0.363 um, so the slow speed filter paper (pore size is 1~3 pm) was enough to filter out the most
limestone filler from the asphalt mastic to obtain the pure asphalt binder. The extraction process of
asphalt binder in asphalt concrete is shown in Figure 10.

Figure 8. Extraction and storage of asphalt binder coated on Dramix steel fibers.
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Figure 9. Laser particle size analysis of limestone fillers.

Figure 10. Extraction process of asphalt binder in asphalt concrete: dissolution (a), filtration (b), and
volatilization (c).

2.5. Fourier Transform Infrared (FTIR) Test

The chemical structures of the virgin asphalt and extractive asphalt binders before and after
induction heating were studied by a Fourier transform infrared (FTIR, Nexus, ThermoNicolet Crop.,
Waltham, MA, USA). In this paper, FTIR tests were performed under a scanned area between 4000 and
400 cm~!. And the scanning resolution was 4 cm~!. The carbonyl functions C=0O (centered around
1700 cm~!) were monitored by studying their changes in spectra. The carbonyl functions C=O can
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provide the information about oxidation of asphalt. The carbonyl functions C=O index could be
calculated by the area of its bands by the following equation [26]:

Area of carbonyel band centered around 1700 cm ™!

- Y. Area of spectral bands between 2000 and 600 cm~!

)

Ic—o

2.6. Dynamic Shear Rheometer (DSR) Test

DSR (MCR101, Anton Paar, Graz, Austria) was applied to investigate the rheological properties of
extracted asphalt binder previously. Frequency sweep test was performed in the range of 40 to 76 °C.
Seven temperature levels were measured at intervals of 6 °C. At each temperature level, the frequency
scanning range was 0.1~100 Hz. To ensure the uniform temperature of the specimen, the temperature
equilibrium time of the asphalt specimen at each sweeping temperature was 3 min. A plate with
25 mm diameter and 1 mm gap were used. According to Liu et al.’s research [27], the master curve
was simulated through the logPen. model.

2.7. Four-Component Analysis (FCA) Test

Asphalt consists of various molecular weights of hydrocarbons and their derivatives and based
on the relative molecular size and polarity of asphalt, it can be divided into four components, namely
saturates, aromatics, resins, and asphaltenes. To test the effects of induction heating on these four
components, asphalt binders induced heated in different conditions and times were tested through
TLC-FID (Iatron Laboratories Inc., Tokyo, Japan). According to [23], two percent (w/v) solutions
of asphalt binders were prepared in dichloromethane, and 1 pL sample solution was spotted on
chromarods. There was a three-stage process for the separation of asphalt fractions. The first
stage was in n-heptane (70 mL) and expanded to 100 mm of the chromarods, the second stage
in toluene/n-heptane (70 mL, 4/1 by volume) was developed to 50 mm of the chromarods, and the
last development was in toluene/ethanol (70 mL, 11/9 by volume) and expanded to 25 mm of the
chromarods. The solvent was dried in an oven at 80 °C after each stage. Then, the chromarods
were scanned in the TLC-FID analyzer. Four chromarods were tested for each sample, and finally,
the average values were used as the results. In this paper, 10 parallel tests were performed on
each sample.

3. Results and Discussion

3.1. DA Induction Heating

Figure 11 shows the infrared images of Dramix steel fibers and steel wool fibers after induction
heating for 10 s and 5 s, respectively. It was found that the maximum temperature reached to 142 °C
and 87.1 °C, with a heating rate 8.5 °C/s and 12.2 °C/s. Predictably, if the heating time is prolonged,
the temperature of the fibers will be higher. Because of the rapid temperature rising of asphalt wrapped
on the surface of fibers, asphalt binder is subjected to very high thermal radiation directly, which is
enough to cause the asphalt binder aging.

Dramix asphalt-fibers were completely exposed to air during induction heating. In this condition,
the amount of oxygen was sufficient for binder aging, which could rule out that there would be no
binder aging in asphalt concrete due to lack of oxygen. The purpose of the experiment was to verify
whether asphalt binders would age in the case of sufficient oxygen during induction heating.
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$FLIR Heatingrate: 8.5°C/s 205 $FLIR Heatingrate:12.2 °C/s 5.1

Figure 11. Infrared images of Dramix steel fibers and steel wool fibers after induction heating.
3.2. Rheological Properties Analysis

The master curves of complex moduli and phase angles of asphalt binders after induction heating
in different condition are shown in Figures 12 and 13, respectively. The reference temperature for
establishing the master curves was 46 °C. From Figures 12 and 13, the complex moduli and phase angle
of all asphalt binders changed obviously after induction heating, and the change was aggravated with
the increase of induction heating times. After induction heating, the complex moduli and phase angle
of asphalt binders increased and decreased severally. Compared with the complex moduli, the change
and trend of phase angle were more irregular, but it still proved that the asphalt binder was aging
during induction heating. The increase tendency of complex moduli indicated that the resistance of
asphalt to deformation under repeated shear loading increased. Meanwhile, the decrease tendency of
phase angle demonstrated that the ratio of elastic modulus (or storage modulus) to complex modulus
increased after induction heating. These were the aging characteristics of asphalt binders. These
changes can be explained in two aspects: On the one hand [28], some asphalt molecules produced
oxygen-containing functional groups with higher molecular weights as a result of the oxidation
reaction. On the other hand [29], due to the volatilization of the light components in the asphalt at high
temperature, the proportion of the light component fraction decreased, while the proportion of the
weight component fraction increased. This imbalance of components can lead to the deterioration of
physical and rheological properties of asphalt binders, which will be validated and discussed according
to FTIR test and FCA test in the following two chapters.
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Figure 12. Complex modulus master curve of asphalt binders in different induction heating conditions.
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Figure 13. Phase angle master curve of asphalt binders in different induction heating conditions.

3.3. Chemical Structure Analysis

3.3.1. Multiple Induction Heating

Figure 14 shows the changing areas of carbonyl functions and Figure 15 presents the changes in
FTIR index of asphalt binders obtained from different induction heating conditions. From Figure 14,
it can be observed that with the increase of induction heating times, the carbonyl index in asphalt
binder increased gradually, but there was no peak value. For pure asphalt, Ic-o0 was 0.000531, which
was far below the value of other samples, indicating that slow aging occurred during production
and storage. After induction heating for 10 cycles, Ic-o reached to 0.006231, which demonstrated
that the asphalt binder aging was very obvious at this time. However, for DA, its carbonyl index
was equivalent to the value of the asphalt binder inside the asphalt concrete after inducting heating
for three cycles, which was more serious than that after induction heating for one and two cycles.
This showed that in the case of more oxygen, the asphalt binder did incur more serious thermal oxygen
aging during induction heating, and in the meantime, the relatively closed space in asphalt concrete
could restrain the aging.
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Figure 14. FTIR spectra of asphalt binders before and after induction heating.
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Figure 15. Ic-o variation of asphalt binders before and after induction heating.
3.3.2. Gradient Heating of Three-Layer Beams

Figure 16 shows the Ic—o index of asphalt binder after induction heating in different layers.
The Ic—o of the one, two and three layers were 0.00619, 0.00516, and 0.00384 in turn, which was
the same gradient phenomenon with the induction heating temperature (40 s, 8.6 kW) in Figure 6.
The carbonyl index of asphalt binder in the surface layer was similar to that in asphalt concrete which
was induced heated for 10 cycles in the preceding section. With the decrease of induction temperature,
the carbonyl functional groups produced inside the asphalt binder gradually decreased, indicating
that the gradient aging of binder happened during induction heating. The surface average heating
temperature was 85 °C, which was not enough to cause the asphalt aging in theory, but the actual
situation was that even if the average temperature of the third layer was only 47.3 °C, the asphalt
binder was still aged. This was easy to understand, because the so-called average temperature was the
average temperature of asphalt concrete, and from the above study, it was found that steel fibers gave
off a lot of heat in a short period during induction heating, which was enough for the asphalt binders
aging. From FTIR tests, it was found that one of the reasons for the asphalt binders aging was the
thermal oxygen aging reaction of asphalt molecules with oxygen at high temperature, and the other
mechanism of asphalt aging will be explained in the next chapter.
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Figure 16. Ic—o index of asphalt binder after induction heating in different layers.
3.4. Four-Component Analysis

Figure 17 shows the component fractions of asphalt binders after induction heating in different
conditions. Significant changes of four component fractions of different asphalt binders took place.
After induction heating for 10 cycles, the fractions of saturates decreased from 20.29% to 13.69%,
and the fractions of aromatic decreased from 37.53% to 30.16%, while the fractions of resins increased
from 29.08% to 35.82%, and the fractions of asphaltenes increased from 13.10% to 20.33%. From
Figure 17, the trend of components changes showed that the number of induction heating cycles
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was the decisive factor. The change of component fractions may be due to volatilization of light
components (saturates and aromatic) or transition of light components to weight components at high
temperature. In addition, the component fractions of DA were similar to that of the asphalt binder
after induction heating for 3 cycles. This may be because open space was more conducive to the
volatilization of light components, thus, avoiding the reattachment of volatile light components to the
interior of asphalt concrete.
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Figure 17. Component fractions of asphalt binders before and after induction heating in different
conditions.

4. Conclusions

In this research, the effect of induction heating on asphalt binder aging in steel fibers modified
asphalt concrete was investigated. Based on the results discussed above, the following conclusions
could be drawn:

e It was demonstrated that the asphalt binder inside asphalt concrete began aging during induction
heating due to the rapid temperature rise of asphalt wrapped on the surface of fibers, whose aging
mechanisms were thermal oxygen aging and volatilization of light components or transition of
light components to weight components.

e  According to DSR, the complex moduli and phase angle of asphalt binders increased and
decreased severally after induction heating, indicating that the rheological properties of asphalt
binders changed.

e  For the binder inside asphalt concrete, there was no peak value of carbonyl index after ten cycles
of induction heating, and the carbonyl index of DA was equivalent to that of asphalt binder after
three cycles induction heating, indicating that relatively closed environment inside the asphalt
concrete could restrain the thermal oxygen aging.

e  The number of induction heating was the decisive factor to influence the change of asphalt binder
component fractions, and the binder component fractions changed more slowly compared to DA.

e Although the asphalt binder aging inside asphalt concrete was slower, it was still necessary to
study the effect of binders aging on the healing performance of asphalt concrete.

Further research: The test will be conducted in two aspects: On the one hand, the change in
healing performance of the asphalt binder itself will be investigated, and we plan to evaluate it by
the flow behavior factor index, which is the most recognized method now. On the other hand, we
will design experiments to verify whether the incomplete strength recovery of asphalt mixture after
induction healing is related to the aging of asphalt binder.
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Abstract: Semi-flexible pavement (SFP) materials, with their characteristics of good high temperature
stability, strong durability, and lower cost, are suitable for heavy-duty roads, but their cracking
problem has hindered the development and popularization of this kind of pavement to a certain
extent. In this study, engineered cementitious composites (ECC) were used to form ECC-SFP materials.
The self-healing properties of ECC-SFP materials with three kinds of voids of matrix asphalt mixtures
were studied. The test results showed that the fluidity and strength of the ECC mortars met the
specification requirements when the water—cement ratio was 0.23 and the ECC fiber dosage was
1-2%. The flexural strength of ECC mortar is better than that of ordinary mortar. The higher the ECC
fiber dosage, the higher the flexural strength. Increasing the void of the matrix asphalt mixture and
the amount of ECC mortar increased the toughness of the ECC-SFP material, which was seen as an
increase of the flow value. Curing conditions are key factor affecting the self-healing properties of
ECC mortar and ECC-SFP materials. The self-healing effect of materials in 60 °C water is the best.
When an ECC fiber dosage of 1% was used, the Hlmor of ECC mortar and Hlpyiy of ECC-SFP material
were 27.5% and 24.8%, respectively. With the addition of ECC material, ECC-SFP material achieved
a certain degree of self-healing, but this still needs to be further optimized. Studies of grouting
process optimization and increasing the ECC fiber dosage are feasible directions to explore in order to
improve the self-healing properties of ECC-SFP materials in the future.

Keywords: self-healing pavement materials; semi-flexible pavement; ECC mortar; crack resistance;
curing conditions

1. Introduction

Semi-flexible pavement (SFP) material is a kind of pavement material which is composed of
a special cement mortar infused in the large voids of an open-graded matrix asphalt mixture [1,2].
Its high temperature stability is better than that of asphalt pavement, and it has superior deformation
resistance, water damage resistance, and skid resistance. Therefore, SFP material is mainly used in
long steep slope sections, tunnels, small radius curve roads, toll crossings, urban road intersections,
and at bus stops [3-7].

However, due to the presence of asphalt, cement mortar and aggregate, SFP materials contain
interface areas composed of different materials. The differences in the physical and mechanical
properties of these materials makes it easy to produce stress concentration inside the SFP materials,
which makes them prone to crack damage. At present, research on the cracking of SFP materials usually
focuses on the properties of asphalt, aggregate, and cement mortar, and their influences on cracking
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resistance. For example, Husain [8] studied a cementing material’s aggregate grading, durability and
strength through statistical analysis, and obtained the influence of gradations in the performance of
SFP materials. Pei [9] added different kinds and amounts of additives into the mortar, and found that
water reducer, expansion agents, and air-entraining agents had different effects on fluidity, strength,
and shrinkage. Wang [10] tested nine mixtures to find the relationship between compressive strength,
rupture strength, the water—cement ratio, and the sand-cement ratio. The test indicted that both the
cement mortar and the asphalt skeleton affected the performance of the SFP materials. For the cement
mortar, the water-cement ratio and sand-cement ratio had great influences on its performance, such as
the workability, mechanical strength, and volume stability, and therefore in the performance of the
SFP materials. Ling [5] applied SFP materials with asphalt-rubber to a heavy-duty test road, and both
laboratory tests and the test road showed that the SFP with asphalt-rubber achieved an excellent
performance. Suhana [11] investigated the mechanical properties of cement-bitumen composites as an
alternative SFP surfacing material. The findings showed that by replacing 5% of the cement with silica
fume there was an improvement in compressive strength and the tensile stiffness modulus. Yang [12]
conducted a runway test bench by using eight groups of SFP specimens. The results showed that the
maternal asphalt mixture void content was the most important factor that affected durability to cyclic
wheel load. When the maternal asphalt mixture void content was 26%, the mechanical performance of
the semi-flexible material was superior. Zhang [13] studied the effects of composition and formulation
on grouting material. The results showed that cement paste, with its optimal formulation, was more
suitable as a grouting material and achieved better performance. The optimal ratio of water to cement
was 0.58, content of coal ash was 10%, and content of mineral powder was 10%. Hong [14] evaluated
the freeze—thaw durability of SFP mixes grouted with early-strength (ES) and high-strength (HS)
grouting materials. The results showed that enhancement of the freeze-thaw resistance of an SFP mix
can be achieved by incorporating a high-strength grouting material.

Although most studies have revealed the influencing factors of cracking of SFP materials, it is
still difficult to effectively avoid cracking. In fact, the asphalt component in SFP material has certain
self-healing properties, meeting the basic conditions of self-healing design. Recently, research into
pavement self-healing has been paid more attention. Sun [15] pointed out that self-healing capability
for repairing micro-crack damage can restore functionality, at least to some extent, and considerably
reduce maintenance costs, as well as extend the pavement’s service life and eventually decrease the
emissions of greenhouse gas from pavement production. The self-healing of asphalt materials can be
described as the partial restoration of the intrinsic asphalt structure across adjacent crack surfaces [16].
Mohammad [17] evaluated the effects of a combination of nano-silica and styrene-butadiene-styrene
(SBS) on the self-healing ability of hot mix asphalt (HMA) by applying an indirect tension test (IDT).
The main reason for crack healing was the flow of bitumen mortar into micro-cracks under gravity forces.
Giorgia [18] evaluated the self-healing potential and thixotropy of bituminous mastics. The results
showed that the self-healing properties of the material were not significantly related to the degree
of aging of the asphalt. An aged bitumen content of up to 45% (45R) improved the overall fatigue
response without hindering self-healing capability. Xu [19] explored the potential use of calcium
alginate capsules in porous asphalt. The results showed that samples with capsules were able to
achieve a healing index that was 6% higher than the reference samples. Wang [20] estimated the fatigue
and healing characteristics of asphalt binder by newly developed linear amplitude sweep (LAS) and
LAS-Based Healing (LASH) protocols. The combined use of LAS and LASH tests is recommended for
effectively distinguishing and designing the fatigue-healing performance of neat and modified asphalt
binders. Fan [21] evaluated the fracture resistance and self-healing performance of asphalt concrete
at low temperatures using a semicircular bending (SCB) test. The results showed that the optimum
healing temperature was 60 degrees at a healing time of 8 h.

To broadly define the healing phenomenon, healing acts as long as the material does not completely
fail and there is still contact between the crack faces, since an external force can be applied to make two
fractured surfaces come into contact [16,22]. Due to the existence of asphalt mortar, the cracking of
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SFP materials is less than that of cement pavement, and the crack width is generally smaller [2,23].
Therefore, SFP material has good self-healing design potential. Since the matrix asphalt mixture has a
good self-healing property, the emphasis of the self-healing design of SFP material is to control the
crack width and the self-healing design of cement paste.

In fact, each failure and self-healing recombination is the concentration and dissipation of internal
stress in the material. After repeated failure and healing cycles, the rigid and flexible components in SFP
materials will have better collaborative deformation capacity. Based on this concept, this study used
engineered cementitious composites (ECC) mortar to replace the original cement mortar. The mixing
ratio of ECC mortar was determined through experiments, and the self-healing properties of ECC
mortar and SFP materials grouted with ECC mortar under different curing conditions were studied.

2. Experimental Design

According to the predetermined research objectives, we developed the following
experimental program.

2.1. Materials

Materials used in this study include asphalt, aggregates, powder mortar and engineered
cementitious composites.

2.1.1. Asphalt and Aggregates

Shell 70# asphalt was selected for this test. The technical indexes of asphalt are shown in Table 1.
The aggregates were formed from granite from the Guangdong Furong quarry (Shenzhen, China), and
the technical indicators are shown in Table 2.

Table 1. Technical indexes of 70# asphalt.

Technical Indexes Unit Test Results
Penetration at 25 °C 0.1 mm 70.2
Softening point °C 49
Ductility at 10 °C cm 51.3
Flash point °C 335
Bitumen solubility (trichloroethylene) % 99.8
Density at 15 °C g/em’® 1.037

Table 2. Technical indexes of the aggregates.

Aggregate Types Technical Indexes Unit Test Results
Crushing value % 18
Los Angeles abrasion % 25
Coarse aggregate Water absqrptlon . % 0.17
Apparent relative density - 2.679
Content of particles smaller than 0.075 mm % 0.55
Needle flake % 12
Robustness % 15
Fine aggregate Sand equivalent % 68
Apparent relative density - 2.568
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2.1.2. Powder Mortar

The powder mortar used in this study is based on the research results obtained by our research
team [24-26], and is composed of cement, fine sand, fly ash, mineral powder, poly-carboxylic acid
water-reducing agent, and other additives. The composition of the mortar is shown in Table 3.

Table 3. The components of the powder mortar.

Shrinkage

Rubber Water . Other

Component Cement Sand Fly ash Powder Reducer Reducing Additives
Agent

Dosage % 38 25 25 3 0.5 0.7 7.8

2.1.3. Engineered Cementitious Composites

The performance of fiber in a cement mortar mainly depends on its strength, elongation, elastic
modulus, and other mechanical properties [27-29]. Considering the economic technology and feasibility
of the test, PVA-ECC fiber was used in the preparation of the ECC mortar in this paper. The physical
parameters of the ECC are shown in Table 4.

Table 4. Physical properties of the PVA fiber.

Densit Elasticity Tensile

(g7 ;13?, Modulus Strength Diameter (um) Elongation (%)  Length (mm)
¢ (Gpa) (MPa)
1.30 30-50 1600-2500 15 6 5-10

2.2. Matrix Asphalt Mixture

The matrix asphalt mixture not only needs to have the required strength, but also have enough
connected and semi-connected voids to ensure the grouting of the cement mortar when forming a
semi-flexible structure. In this study, the volume method was used to design three matrix asphalt
mixtures with voids of 20%, 25%, and 28%. The asphalt mixtures were expressed by MA20, MA25,
and MAZ28, respectively. The optimal asphalt contents were determined by the Cantabro Test and
Shellenburg leakage test. The design results are shown in Table 5.

Table 5. Design of the matrix asphalt mixture.

Granular Composition MA20 MA25 MA28

Voids (%) 20 25 28

Asphalt aggregate ratio (%) 4.0 3.6 3.3
16 mm 100 100 100
13.2 mm 94.6 94.6 94.6
9.5 mm 63.5 64.1 64.4
4.75 mm 14.7 124 11.9

2.36 mm 5.9 47 43

0.075 mm 35 3.0 3.0

2.3. Engineered Cementitious Composites(ECC) Mortar

Cement mortar used for SFP materials should have better fluidity, higher strength, and greater
volume stability. According to the existing research results [30-32], this study used a cement mortar
mixer to prepare the ECC mortar, as shown in Figure 1. The ECC was soaked in water before mixing to
ensure that the ECC fully absorbed the water. There were four steps to prepare the ECC mortar: (1) the
dry powder mortar was blended at a low speed for 1 min; (2) 2/3 water was added and blended at high
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speed for 4 min; (3) another 1/3 water was added and blended at high speed for 4 min; (4) the ECC was
added and blended for 2 min to disperse the fiber evenly in the mortar.

Figure 1. Cement mortar mixer.

2.3.1. Test of Fluidity

The fluidity was tested by a special v-shaped funnel. The upper diameter of the funnel was
178 mm, the lower diameter was 13 mm, the outflow pipe length was 38 mm, and the effective volume
was 1000 mL, as shown in Figure 2. When the discharge time of 1000 mL mortar from the funnel
was 12-18 s, it was considered that the mortar met the requirement for fluidity [24]. Mortars with a
water—cement ratio of 0.20, 0.21, 0.22, 0.23 and 0.24 were tested, and 0%, 1%, 2% and 3% ECC fibers
were added into the mortar. Three parallel experiments were conducted for each proportion, and the
average value was used as the final test result.

178mm ‘

—e—

12mm

Figure 2. The funnel used for the test of fluidity.
2.3.2. Strength Test for Mortar

According to the fluidity test results, the ECC mortar ratio with the desired fluidity performance
was selected, and the flexural and compressive performance test [33] was carried out according to
the specifications. Specimens of 40 mm X 40 mm x 160 mm were used in the flexural strength test,
as shown in Figure 3. Under the same water-cement ratio, molding mode and curing environment,
the flexural strength of the ECC mortar and ordinary mortar with different fiber contents of 3 days,
7 days, 14 days and 28 days was measured.
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Figure 3. Cement mortar specimens.

According to the Test Methods of Cement and Concrete for Highway Engineering, the specimen
used in the compression test was the specimen selected after the flexural test, and the compression
surface was the side of the specimen during molding. The loading rate of the press was set at 2400 N/s
+ 200 N/s until the specimen was damaged. The press and test fixtures used are shown in Figure 4.

(b)

Figure 4. Settings of the compressive strength test. (a) Setup of compression test; (b) Test fixture.

2.3.3. Self-Healing Test of Mortar

According to the strength test results, the optimal mix ratio of ECC mortar was selected.
The self-healing properties of the ECC mortar were evaluated based on the shear strength test.
Firstly, specimens of 40 mm x 40 mm X 160 mm were prepared and maintained by conventional means
for seven days. Secondly, according to the shear strength test method, the sample was preloaded at
the rate of 1 mm/min. The load was controlled to reach 50% of the material’s 7 day flexural strength,
and the preloading specimen was obtained, as shown in Figure 5.

Three different curing conditions were adopted for the specimens with cracks, and the curing time
was 21 days. The first condition was dry air curing. The specimen was placed in a dry environment
with a humidity of 10% at 20 °C. The second condition was wet air curing, in which the specimen
was placed in an environment of 20 °C with 100% humidity. The last was hot and humid curing.
The specimen was placed in a 60 °C constant temperature water tank. After curing, the flexural strength
of the specimen was measured.
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(a) (b)

Figure 5. Preloading treatment of the specimens. (a) Preloading setup; (b) Preloaded specimens.

During the test we found the strength of cement mortar varies from 30% to 50% between 7 days and
28 days. Considering that the strength of cement mortar will increase with the increase of curing time,
and the self-healing ratio calculated using the ratio of the strength of preload specimens at 28 days and
7 days cannot eliminate the contribution of cement hydration. Therefore, the self-healing property of the
material was characterized by the ratio of the 28 days flexural strength of the preloaded specimen to the
28 days flexural strength of a standard specimen in this study, as shown in Equation (1).

Rf’

HImor =75
Rg

@
where Hlnor is the self-healing ratio of flexural strength; Rf’ is the 28 days flexural strength of the
preloaded specimen; and Ry is the 28 days flexural strength of the standard specimen.

2.4. The Semi-Flexible Pavement (SFP) Materials

According to the test results of the ECC mortar, the optimal mix ratio of the ECC mortar was
selected to carry out the self-healing performance test of the SFP material, including the Marshall
stability test and asphalt mixture three-point bending test.

2.4.1. Specimen Grouting

The matrix asphalt mixture specimen was first formed and the bottom and sides of the specimen
were sealed with transparent tape. Then, mortar was poured onto the surface of the specimen, and a
vibration table was used to assist the grouting. The vibration time was generally controlled at about 90s.
During grouting, the surface of the specimen was observed until there was no bubbling. Excess grout
was scraped off the surface after grouting. The grouting effect is shown in Figure 6.

Figure 6. Grouting of the SFP material. (a) Marshall specimen grouting; (b) Rutting specimen grouting.
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2.4.2. Marshall Stability Test

A batch of matrix asphalt mixture was formed according to the designed voids of 20%, 25%,
and 28%. The ECC mortar and ordinary mortar were respectively grouted, and the specimens were
cured for 3 days, 7 days and 28 days, respectively. Four Marshall specimens of each mixing ratio were
tested under the condition of 60 °C. The test results are expressed as averages.

2.4.3. Three-Point Bending Test

According to the Standard Test Methods of Bitumen and Mixtures for Highway Engineering [34],
the 300 mm X 300 mm X 60 mm rutting specimens of matrix asphalt mixtures with voids of 20%, 25%,
28% were formed, and the ECC mortar and ordinary mortar were respectively grouted. After 7 days
of curing time, the rutting specimens were cut into 250 mm x 30 mm x 35 mm beam specimens, as
shown in Figure 7. The beam specimens were divided into two groups. One group was maintained for
7 days, and the other group was maintained for 28 days. The three-point bending test was carried out
after curing.

Figure 7. The beam specimens of the SFP materials.

In the three-point bending test, the beam specimen was placed on a bracket with a span of 200 mm,
and vertical load was applied at the central point of the beam. The test temperature was —10 °C and the
loading rate was 50 mm/min. The calculation of the three-point bending strength, Rg, the maximum
bending strain, ep, and the stiffness modulus, Sp, are shown in Equations (2)-(4).

3 XL XxPg
T 2xbxh

6 xhxd
==
_Re
=

Rp (2)

®)

€B

SB *)

where Rp is the three point bending strength of the specimen; ¢p is the maximum bending strain; Sp is
the stiffness modulus of the materials; b is the width of the specimen;  is the height of the specimen;
L is the span of the specimen; Pp is the maximum load when the specimen fails; and 4 is the mid-span
deflection of the specimen when it fails.

2.4.4. Self-Healing Test of the Semi-Flexible Pavement (SFP) Materials

The self-healing properties of the SFP materials were evaluated based on the three-point bending
test. Beam specimens were formed according to the method outlined in Section 2.4.3, and the specimens
were preloaded at the rate of 1 mm/min under the condition of 10 °C for 7 days of curing time.
The load was controlled to reach 50% of the material’s 7 days three-point bending strength, and
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preloaded specimens were obtained. After that, the three curing conditions mentioned in Section 2.3.3
were used for curing for 21 days. After curing, the three-point bending strength of the SFP beam
specimens at 10 °C was measured. Based on the same considerations as the calculation of self-healing
ratio of mortar, the self-healing properties of the SFP materials were characterized by the ratio of the
28 days three-point bending strength of the preloaded specimens to the 28 days three-point bending
strength of standard specimens, as shown in Equation (5).

Hlpix = — 5)

where Hlyy is the self-healing ratio of the SFP materials; Rp’ is the 28 days three-point bending strength
of the preloaded SFP beam specimens; and Rp is the 28 days three-point bending strength with the
standard test.

3. Results and Discussion
According to the proposed tests, the following results can be obtained.
3.1. Mortar

3.1.1. Fluidity

According to the designed fluidity test, mortars with water—cement ratios of 0.20, 0.21, 0.22, 0.23,
and 0.24 were tested separately, and ECC fiber dosages of 1%, 2%, and 3% was added to the mortar for
the fluidity test. The results are shown in Table 6.

Table 6. Result of fluidity test of mortar.

Water-Cement Ratio Dosage (%) Fluidity (s) Deviation
0 15.1 0.81
1 16.3 0.65
02 2 185 1.05
3 21.6 1.56
0 13.6 0.41
1 15.5 1.01
021 2 17.3 0.81
3 20.5 1.29
0 12.4 0.93
1 14.8 1.25
0-22 2 16.0 1.14
3 19.6 1.26
0 10.8 0.53
1 13.2 0.87
023 2 15.1 0.85
3 18.7 1.53
0 8.9 0.77
1 11.2 0.71
0-24 2 14.5 1.07
3 17.5 1.24

According to Table 6, the fluidity of the mortar deteriorates after the addition of the ECC, and the
flow time increases. Under the same water—cement ratio, the fluidity decreases with the increase of
ECC content. Secondly, the fluidity increases as the water—cement ratio increases. When the ECC
content reaches 3%, there is too much flocculent in the mortar, and the water—cement ratio needs
to reach 0.24 to meet the minimum requirement of fluidity. When 1% and 2% ECC are mixed in,
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the fluidity value of the mortar basically meets the requirements of 12-18 s flow time. The flow state of
the mortar is shown in Figure 8.

(b)
Figure 8. Flow state of ECC mortar. (a) Dosage 3%, w/c 0.24; (b) Dosage 2%, w/c 0.23.

According to the fluidity test results, the dosage of ECC should not be more than 2%. At the same
time, in order to increase the fluidity of the ECC mortar, a larger water—cement ratio should be used.
The fluidity of 2% ECC mortar is less than 12 s when the water—cement ratio is 0.24, which does not
meet the requirements of the specification. Therefore, a water-cement ratio of 0.23 was adopted in
subsequent studies to carry out mechanical tests on mortars with ECC fiber dosages of 0%, 1%, and 2%.

3.1.2. Flexural Strength and Compressive Strength of Mortar

According to ECC fiber dosages of 0%, 1% and 2%, four groups of 40 mm X 40 mm x 160 mm test
pieces were formed. There were three specimens in each group, for a total of 36 specimens. Four groups of
specimens with the same ECC fiber dosage were cured for 3 days, 7 days, 14 days, and 28 days. The flexural
strength and compressive strength were tested after curing. The test results are shown in Table 7.

Table 7. Test results of the flexural strength and compressive strength of mortar.

Flexural Strength (MPa) Compressive Strength (MPa)

Dosage/%  Curing Time/d

Mean Deviation Mean Deviation
3 8 0.21 32 0.57
0 7 10.6 0.18 52.3 0.55
14 11.2 0.19 65.6 0.42
28 13.3 0.14 75.9 0.68
3 8.3 0.25 29.8 0.44
1 7 10.2 0.24 53.4 0.58
14 12.8 0.64 65.9 0.75
28 14.9 0.53 74.3 0.69
3 7.9 0.54 30.3 0.87
5 7 10.3 0.49 51.7 0.74
14 13.2 0.35 66.1 0.88
28 15.5 0.47 73.6 0.61

According to Table 7, under the same ECC fiber dosage, the flexural strength and compressive
strength of the cement mortar increased with the increase of curing time. The flexural strength and
compressive strength after curing for 7 days were 65% and 70% of that found after curing for 28 days,
respectively. Secondly, with the increase of ECC fiber dosage, the flexural strength of the cement mortar
increased but the compressive strength decreased. The 28 days flexural strengths of 1% and 2% ECC
mortar were 12% and 16% higher than that of mortar without ECC, and the compressive strengths
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were 98% and 97% of the mortar without adding ECC. The addition of ECC caused the specimen show
a certain degree of toughness and increased the crack resistance of the material. Failure modes of the
specimens are shown in Figure 9.

@) ®) ©

Figure 9. Failure modes of specimens with different ECC fiber dosages. (a) 0% Dosage; (b) 1% Dosage;
(c) 2% Dosage.

Figure 9 indicates that the ECC performed as a bridge-connection effect when the specimen was
damaged, so that the specimen could still be connected through the ECC after becoming cracked.
The ECC mortar exhibited stronger tensile resistance, higher toughness, and greater energy absorption
capacity than ordinary mortar.

3.1.3. Self-Healing Evaluation of Mortar

Nine specimens of 40 mm X 40 mm X 160 mm were prepared with the ECC fiber dosages of
0%, 1% and 2%. The mortar self-healing test was carried out according to the method mentioned in
Section 2.3.3, and the test results are shown in Table 8.

The mortar without ECC were completely fractured at the preloading stage, so further test data
could not be obtained. As can be seen from Table 8, curing conditions and ECC content were the main
factors affecting the self-healing performance of ECC mortar. The recovery of specimens under the
three curing conditions varied. The Hlmor for curing in dry air was 5.5-6.5%. The Hlnor for curing in
moist air was 13.5-16.0%. However, in a hot and humid environment, the maximum value of Hlyor
was obtained, of 27.5-30.0%. The increase of ECC fiber dosage slightly improved the self-healing
property of ECC mortar. Under the same curing conditions, the self-healing performance of ECC
mortar with 2% dosage was slightly better than that of ECC mortar with 1% dosage.

In conclusion, the self-healing performance of ECC mortar is related to environmental temperature,
environmental humidity, and ECC fiber dosage. At 20 °C, increasing ambient humidity increases
HImor by about 8.5%. Raising the ambient temperature to 60 °C in wet conditions increases the HImor
by about 14%. Increasing the dosage of ECC can increase Hlyor by 1.3-3.3%. Therefore, the curing
condition is the main factor affecting the self-healing effect of ECC mortar. The recommended dosage
of ECC is 1%.
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Table 8. Results of the mortar self-healing test.

HImor
Dosage (%)  Curing Condition ~Specimen Code Ry (MPa) Single Value (%) Mean (%) Deviation (%)
1-1 0.5 3.4
temp. 20 °C,
p. 29~ 12 11 7.4 54 8.0
humidity 10% 13 08 54
1-4 2.1 14.1
1 temp. 20 °C,
S . 1-5 23 15.4 13.7 55
humidity 100% 16 18 121
o 1-7 4.2 28.2
temp. 6? C 18 43 288 275 62
1 water 19 338 255
2-1 11 7.1
t .20 °
P 0 1;,}5 22 0.8 52 67 34
Y 23 12 7.7
2-4 2.8 18.1
2 temp. 20 °C,
S o 2-5 25 16.1 16.1 7.6
humidity 100% 26 22 142
o 2-7 44 28.4
temp. 6? C 28 49 316 303 58
n water 29 438 31.0

3.2. Semi-Flexible Pavement (SFP) Materials

According to the self-healing test results of ECC mortar, 0% and 1% ECC fiber dosage were
selected to prepare the cement mortar. Marshall specimens and three-point bending specimens of SFP
materials were prepared with matrix asphalt mixture with voids of 20%, 25%, and 28%.

3.2.1. Marshall Test

Twenty-four Marshall specimens of matrix asphalt mixture for each void ratio were filled with
cement mortar with ECC fiber dosages of 0% and 1%, respectively (called SFP material and ECC-SFP
material, respectively) to test the Marshall stability and flow value. The test results are shown in
Figure 10.

!, 20% vouls

5 1% ECC, 20% voids
S 1% Fee

Y 1% ECC, 5% voids
b ESS 19 ECC, 28% vouds [ O 1% ECC, 28% voids
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Figure 10. Marshall test results of SFP materials. (a) Results of the Marshall stability test; (b) Results of
the flow value.

According to Figure 10a, the void ratio of matrix asphalt mixture was the main factor affecting
the stability of the material. The Marshall stability increased with the increase of the void ratio of the
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matrix asphalt mixture. Secondly, the Marshall stability increased with the increase of curing time, and
the Marshall stability at 3 and 7 days reached 45% and 70% respectively, as it was at 28 days. However,
ECC has little effect on the Marshall stability. Under the same ratio of air voids and curing time,
the difference in the Marshall stability between ECC-SFP materials and SFP materials was not obvious.

According to Figure 10b, the flow value decreased gradually with the increase of curing time.
The void ratio of the matrix asphalt mixture also affected the trend of the flow value. The flow value of
ECC-SFP materials increased with the increase of the void ratio, while that of SFP materials decreased
with the increase of the void ratio. Meanwhile, the flow value of the ECC-SFP material was higher
than that of the SFP material, which indicated that ECC can increase the toughness of SFP materials
and give them a better deformation capacity.

3.2.2. Three-Point Bending Test

Four rutting specimens were molded for each void ratio of matrix asphalt mixture, and the ECC
mortar and ordinary mortar were grouted. After 7 days of curing, the rutting specimens were cut
to obtain beam specimens. The three-point bending test was carried out according to the method in
Section 2.4.3. The results of the three-point bending test at 7 days and 28 days are shown in Figure 11.
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Figure 11. Results of the three-point bending test. (a) Results of three-point bending strength; (b) Results
of maximum bending strain; (c) Results of stiffness modulus.

According to Figure 11a, the three-point bending strength increased with the increase of the void
ratio of the matrix asphalt mixture. Secondly, the use of ECC mortar can improve the three-point
bending strength. Under the condition of 28 days of curing time, the bending modulus values
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of the ECC-SFP materials with three voids were 7.2%, 23.1% and 17.8% higher than for the SFP
materials, respectively.

According to Figure 11b, the void ratio of the matrix asphalt mixture affected the maximum
bending strain. The maximum bending strain of the ECC-SFP material increased with the increase of
the void ratio, reaching the maximum value at 25% void. Meanwhile, the maximum bending strain of
SFP materials decreased with the increase of the void ratio. Secondly, the grouted amount of ECC
mortar significantly increased the maximum bending. The larger the void ratio of the matrix asphalt
mixture, the more ECC mortar was grouted, and the larger the maximum bending strain. Under the
condition of 28 days of curing time, the maximum bending strain values of the ECC-SFP materials
with three voids were 32.2%, 62.9% and 65.9% higher than for the SFP materials, respectively.

According to Figure 11c, the addition of ECC reduced the stiffness modulus. The stiffness modulus
of the ECC-SFP materials was smaller than that of the SFP materials with the same void ratio of
matrix asphalt mixture. Under the condition of 28 days of curing time, the stiffness modulus values of
ECC-SFP were 18.9%, 24.4% and 28.9% smaller than for the SFP materials respectively.

In conclusion, adding ECC into cement mortar can increase the toughness of the SFP material,
giving it a better deformation ability and resistance to cracking.

3.2.3. Self-Healing Evaluation of ECC-SFP Materials

Two rutting specimens were molded for each void ratio of the matrix asphalt mixture, and the
ECC mortar and ordinary mortar were grouted. After 7 days of curing, the rutting specimens were
cut to obtain beam specimens. The beam specimens were divided into three groups for three curing
conditions. The self-healing evaluation test was carried out according to the method in Section 2.4.4,
and the test results are shown in Table 9.

Table 9. Self-healing test results of the ECC-SFP materials.

AC Type Curing Condition Specimen Code Ry’ (MPa) Hlmix
Single Value (%)  Mean (%)  Deviation (%)
1-1 0.46 7.4
temp. 20 °C, humidity 10% 12 052 83 73 25
1-3 0.38 6.1
1-4 1.08 17.3
Mazo temPp 20°C humidity 100% = YT ™ 155 o
1-6 0.94 15.1
1-7 153 24.6
temp. 60°°C, in water 18 142 28 248 88
1-9 1.68 27.0
2-1 0.53 7.0
temp. 20 °C, humidity 10% 22 036 7 57 26
2-3 0.42 55
2-4 125 164
MA25 temp. 20 °C, humidity 100% 25 114 150 161 21
2-6 129 17.0
2-7 1.86 24.4
femp. 60 °C, in water 28 213 280 259 68
2-9 1.93 254
3-1 0.38 5.1
temp. 20 °C, humidity 10% 32 028 37 44 09
3-3 0.33 4.4
3-4 1.28 17.1
MA2S temp. 20 °C, humidity 100 % 35 112 15.0 166 43
3-6 1.33 17.8
3-7 2.02 27.0
temp. 60 °C, in water 38 182 243 262 50
39 2.03 27.1
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It can be seen from Table 9 that curing conditions were the main factors affecting the self-healing
properties of ECC-SFP materials. Consistent with the test results of ECC mortar, the recovery of
specimens under three different curing conditions was different. The Hliy of specimens cured in dry
air were 4.4-7.3%. The Hliy of specimens cured in moist air were 15.5-16.6%. The Hlyiy of specimens
cured in high temperature water were 24.8-26.2%. Secondly, as the void ratio of the matrix asphalt
mixture increased, the HI,,ix of specimens cured under dry conditions decreased, while the HI,;x of
specimens cured under hot and humid conditions increased. Combined with the mix design results in
Table 5, it can be inferred that the higher the amount of asphalt, the higher the HI,,jx will be when
cured in a dry environment. Asphalt is a major contributor to the self-healing properties of ECC-SFP
materials in dry environments.

The self-healing properties of ECC-SFP materials are related to ambient temperature and humidity.
HI iy increased by 8.2-12.2% at 20 °C when the ambient humidity increased from 10% to 100%. We can
increase Hlpix by 9.3-9.6% under 100% humidity by raising the temperature from 20 °C to 60 °C.
In hot and humid conditions, Hix can be increased by increasing the void ratio of the matrix asphalt
mixture, but the effect is not obvious. Meanwhile, it can be seen from the deviation of the data that
increasing the void ratio can increase the material uniformity. In conclusion, the void ratio of the matrix
asphalt mixture should be 25-28%.

4. Conclusions

This paper studied the influence of Engineered Cementitious Composites (ECC) on the fluidity
and strength of cement mortar, and studied the self-healing properties of ECC mortar and Semi-Flexible
Pavement (SFP) materials grouted with ECC under three different curing conditions. According to the
experimental results, the following conclusions can be drawn.

Firstly, the addition of ECC will reduce the fluidity of mortar. The fluidity of mortar decreases with
the increase of ECC fiber dosage. To prepare ECC mortar which meets grouting requirements, a larger
water—cement ratio should be used and the dosage of ECC should be controlled. In this study, cement
mortar with a 0.23 water-cement ratio and less than 2% ECC fiber dosage was found to ensure fluidity.

Secondly, the addition of ECC gives the mortar better toughness. The flexural strength of ECC
mortar is better than that of ordinary mortar, and the higher the ECC fiber dosage, the more significant
the improvement of flexural strength.

Third, the grouted amount of ECC mortar affects the Marshall stability and flow value of the
ECC-SFP material. As the void ratio of the matrix asphalt mixture increases, the amount of ECC mortar
increases, and the Marshall stability and flow value increases.

Finally, curing conditions are the key factor affecting the self-healing property of ECC mortar
and ECC-SFP materials. The materials have the best self-healing effect under a high temperature
and humidity. When an ECC fiber dosage of 1% is used, Hlmor and Hlpix can reach 27.5% and
24.8%, respectively.

From the above conclusions, we can see that the use of ECC does give SFP materials certain
self-healing properties, but the self-healing effect is still relatively poor. Improving the self-healing
property of ECC-SFP materials should start with increasing the dosage of ECC, but this conflicts with
the fluidity of the mortar. Therefore, ECC mortar is not suitable for using with the existing grouting
methods. It is more important at this stage to optimize the grouting method and develop the ECC
mortar grouting equipment for ECC-SFP materials. In terms of curing conditions, ECC-SFP materials
should be used in areas with high temperatures and humidity. For example, the Guangdong-Hong
Kong-Macao greater bay area in south China is a prime area for use of these materials. This bay area
has a large amount of heavy traffic and perennial high temperatures and rain, which would maximize
the usefulness of the self-healing properties of ECC-SFP materials. However, ECC-SFP materials are
not suitable for cold and dry areas at middle and high latitudes.
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In this study, some preliminary results regarding the self-healing properties of ECC-SFP materials

were obtained; however, the fatigue durability at the macro-scale and the interface physicochemical
properties of the materials at the micro-scale still need to be further studied.
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Abstract: Microwave heating is an encouraging heating technology for the maintenance, recycling,
and deicing of asphalt pavement. To investigate the microwave heating properties of asphalt mixture,
laboratory tests and numerical simulations were done and compared. Two types of Stone Mastic
Asphalt (SMA) mixture samples (with basalt aggregates and steel slag aggregates) were heated using
a microwave oven for different times. Numerical simulation models of microwave heating of asphalt
mixture were developed with finite element software COMSOL Multiphysics. The main thermal and
electromagnetic properties of asphalt mixture, served as the model input parameters, were measured
through a series of laboratory tests. Both laboratory-measured and numerical simulated surface
temperatures were recorded and analyzed. Results show that the replacement of basalt aggregates
with steel slag aggregates can significantly increase the microwave heating efficiency of asphalt
mixture. Numerical simulation results have a good correlation with laboratory test results. It is
feasible to use the developed model coupling electromagnetic waves with heat transfer to simulate
the microwave heating process of asphalt mixture.

Keywords: asphalt mixture; microwave heating; steel slag; dielectric loss; electromagnetic;
numerical simulation

1. Introduction

Microwave heating has been widely applied in various industrial fields, such as drying, material
preparation, food processing, healthcare, etc. [1] Microwaves have the potential to provide rapid,
uniform, high efficient, safe, and environment-friendly heating of materials [2]. Due to the above
advantages of microwave heating, there have been increased interests in utilizing microwave heating
in the asphalt paving industry. Specifically, three main applications in pavement engineering include
asphalt pavement maintenance (such as crack healing, pothole patching, rut repair, etc.) [3-5], recycling
of the old asphalt pavement (heating of reclaimed asphalt pavement using a microwave power unit) [6]
and snow melting or deicing [7,8]. The main mechanism of microwave heating is the dielectric loss of a
material under the microwave filed, including polarized relaxation loss and conductive loss [2]. Asphalt
mixture usually consists of about 5% of asphalt, about 95% of coarse aggregate, fine aggregate and
other mineral powders [9]. When asphalt mixture is exposed to microwave radiation, heat is generated
through conversion of the energy of the electromagnetic field. In the conventional heating methods,

Materials 2019, 12, 146; d0i:10.3390/ma12010146 245 www.mdpi.com/journal /materials



Materials 2019, 12, 146

such as hot-air heating and infrared heating, energy is transferred from the surfaces of the material
internally by convection, conduction, and radiation [10]. In contrast, microwave heating is achieved
by molecular excitation inside the material without relying on the temperature gradient. Therefore,
microwave heating is a direct energy conversion process rather than heat transfer from external
heat sources [3]. This fundamental difference in transferring energy endows microwave heating
many exclusive advantages. More recently, induction heating was introduced in asphalt pavement.
It is based on the Faraday’s electromagnetic induction theory and only applicable to the conductive
asphalt materials [11,12]. However, the skin effect caused by the induced eddy currents causes high
surface temperature and low internal temperature, thus producing a large temperature gradient
through the system [13]. Therefore, microwave heating is a promising, competitive, and effective
heating technology.

Nevertheless, the microwave heating efficiency of ordinary asphalt mixture is relatively low due
to the low microwave absorbing properties. The capability of a material in absorbing microwave
energy can be described by its dielectric properties [14]. The dielectric property of a material is usually
expressed by the dielectric permittivity ¢ in Equation (1).

' (f) = e/(f) —ie"(f) e

where ¢/ is the dielectric constant; ¢” is the dielectric loss factor; f is the frequency of the external
electric field, and i = v/—1. The dielectric property is highly dependent on the frequency. The dielectric
constant determines the amount of storable energy in the material in the form of an electric field.
The dielectric loss factor indicates how much of that energy can dissipate in the form of heat. The loss
tangent tand, defined as €¢”/¢/, reflects the material’s ability of transforming microwave energy
into heat. The complex permittivity of asphalt mixtures are influenced not only by frequency and
temperature, but also by other properties such as density, asphalt type and content, aggregate type
and size, void ratio, and moisture content [15]. It was reported that asphalt has a very low loss
tangent of about 0.001. Most of the conventional mineral aggregates, such as albite, marble, orthoclase,
and quartz, have poor microwave absorbing characteristics [16]. Therefore, efforts were put into
improving the microwave absorbing efficiency of asphalt mixture by adding microwave absorbers or
using magnetite-bearing aggregates, such as taconite aggregate mineral and steel slag. Other attempts
to improve microwave-absorbing capability included the addition of graphite, carbonyl iron powders
(CIPs), carbon nanotubes, steel wool, and ferrite particles [10,13,17,18]. The magnetism of asphalt
mixture introduced by ferrite additives is responsible for the magnetic loss during microwave heating.
Permeability is the parameter to describe the degree of magnetization that a material experiences
under the influence of an external magnetic field. Similar to the complex permittivity, the real part
of permeability (W) is related to energy storage, and the imaginary part (1) implies the magnetic
loss in particles [10]. Therefore, by improving the permittivity and permeability of asphalt mixture,
the microwave heating properties will be enhanced.

Through various time and material consuming laboratory tests, it can be found microwave heating
is a promising technology for asphalt pavement recycling and maintenance. However, fewer studies
applied numerical modelling to investigate the microwave heating process and mechanism of asphaltic
materials [10,13,19]. The aim of this study was to investigate the microwave heating properties of
different types of asphalt mixtures through both laboratory test and numerical simulation.

2. Materials and Methods

2.1. Materials and Mix Design

In this study, the used asphalt binder was neat Pen-70 asphalt from Shell. Table 1 presents the
basic properties of the binder. Basalt aggregates, steel slag aggregates and limestone fillers were used
to produce asphalt mixture samples. Various properties of both aggregates are shown in Table 2.
Polyester fiber was added as the drain-down stabilizer at the dosage of 0.3% by the total weight of the
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mix. As industrial waste, steel slag contains some metal oxides, especially transition metal such as
ferric oxide. It was reported that steel slag can significantly influence the thermal and electromagnetic
properties of asphalt mixture [10,20]. Steel slag was used as a partial substitute for basalt [21]. Due to
the strong absorption of asphalt, fine steel slag aggregates were not chosen to substitute for fine
basalt aggregates smaller than 2.36 mm. Since the specific gravity of steel slag is different from basalt

aggregate, the equivalent-volume method was used to replace the coarse basalt aggregates above
2.36 mm with steel slag.

Table 1. Basic properties of asphalt binder.

Properties Value
Penetration (25 °C, 100 g, 5 s, 0.1 mm) 71
Ductility (5 cm/min, 5 °C, cm) 32.2
Softening point (R&B, °C) 47.5
Flash point (°C) 272
Rotational viscosity (60 °C, Pa-s) 203
‘Wax content (%) 1.6

Density (15 °C, g/cm?) 1.032

Table 2. Basic properties of aggregates.

Aceregate Specific Gravity Water Crushing Asphalt Abrasion Loss (%)
881¢8 (g/em3) Absorption (%) Value (%) Affinity (%) (Los Angeles)
Basalt 2.82 0.72 12.8 >85 14.6

Steel slag 3.47 1.26 122 >95 13.8

Stone Mastic Asphalt (SMA) with 13.2-mm nominal maximum aggregate size, designated as
SMA-13, was used in this study. Gradation SMA-13 shown in Figure 1 was designed in accordance
with the standard Marshall Design method (ASTM D6927) [22]. Two types of asphalt mixture
samples, control mix with basalt aggregates (SMA-B) and mix with steel slag substitution (SMA-S),
were prepared. To avoid the influence of varying grain sizes, both aggregates were sieved into different
sieve sizes and then mixed into the specific gradation. The optimum asphalt content for SMA-B was
6.2%. The same asphalt content was chosen for SMA-S to minimize the control variable. The air void
for both types of the mix was around 4.0%. Standard Marshall cylindrical specimens (101.6 mm in
diameter and 63.5 mm in height) were fabricated for microwave heating test.
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Figure 1. Mix gradation of Stone Mastic Asphalt-13 (SMA-13).

2.2. Thermal Properties Measurement

Thermal conductivity, thermal diffusivity and specific heat capacity are the three most important
factors that affect the microwave heating process of materials, which refers to heat transfer
phenomena [23]. The thermal conductivity was measured through a steady-state method using

247



Materials 2019, 12, 146

a heat flow meter (HFM 446, NETZSCH Group, Selb, Germany) according to ASTM C518 [24]. A slab
specimen (15 cm x 15 cm x 4 cm) was placed between two plates with temperature gradient, and the
heat flow created by the well-defined temperature difference is measured with a heat flux sensor.
In this case, 5 °C and 35 °C were set as the constant temperatures for the cold plate and the hot plate
respectively. The thermal conductivity can be calculated based on the acquired data according to the
Fourier’s Law for heat conduction (Equation (2)).

q=—kVT @

where q is the conductive heat flux; k is the thermal conductivity; T is the transient temperature.
The specific heat capacity C, was also measured by the heat flow meter. With the total heat consumption
required to heat the sample and temperature development, the specific heat capacity can be determined
at a certain temperature. Thermal diffusivity («) is the coefficient that characterizes the rate of heat
energy diffusion throughout a material when it is exposed to a fluctuating thermal environment.
Thermal diffusivity is calculated as thermal conductivity divided by density (p) and specific heat
capacity at a constant pressure.
k

X =
pXcp

©)

2.3. Electromagnetic Properties Measurement

Electromagnetic parameters, including complex permittivity and complex permeability, are the
main indicators to quantify the microwave absorbing efficiency of a material. To obtain these above
parameters of asphalt mixture specimens, measurements were carried out with an Agilent E5071C
vector network analyzer (Santa Clara, CA, USA) using the free-space method [25]. The detailed
measurement system and calculation process can be found in Reference [22]. The electrical conductivity
of asphalt mixture was measured by the simple two-probe method [9,26].

2.4. Temperature Measurement under Microwave Heating

Asphalt mixture samples were heated using a commercial microwave oven (Galanz
P100M25ASL-H4, Guangdong Galanz Enterprise Co, ltd., Foshan, China) with an input of 1200 W
and a 220 V, 50 Hz power supply. The oven can generate microwaves of up to 1000 W at an excitation
frequency of 2.45 GHz, which corresponds to a wavelength of 122.4 mm. Each type of asphalt mixture
sample has two replicates due to the potential variation of test results. The cylindrical specimen
(©101.6 mm x 63.5 mm) was placed on the center of the glass plate in the microwave oven. The surface
temperature was measured every 20 s by swiftly opening the door using a thermal infrared camera
as shown in Figure 2 [19]. The total heating time was 120 s. The average temperature value of six
randomly selected points from the specimen surface was calculated as the experimental temperature.

Figure 2. Surface temperature measurement of the specimen in the microwave oven.
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3. Numerical Simulation

As discussed before, microwave heating is a multiphysics phenomenon that involves the physics
of electromagnetic waves and heat transfer. The rapidly varying electric and magnetic fields lead to four
sources of heating. First, any electric field applied to a conductive material will generate eddy currents.
In addition, a time-varying electric field will cause dipolar molecules within the material to oscillate
back and forth to generate molecular friction. A time-varying magnetic field applied to a conductive
material will also induce current flow. For certain types of magnetic materials, the hysteresis losses
also make contribution to the heating [27]. To simulate the electro-magneto-thermal phenomenon
in a real-time mode, the finite element software COMSOL Multiphysics (Version 5.3, COMSOL BV,
Zoetermeer, The Netherlands) has been utilized for modelling microwave heating of asphalt mixture.

3.1. Electromagnetic Waves

Electromagnetic analysis of asphalt mixture on a macroscopic level involves solving Maxwell’s
equations subject to certain boundary conditions. These equations can be formulated in partial
differential form, which can be handled by the finite element method.

oD
VxH=]+2> (4a)
0B
VXE=-= (4b)
V-D = p, (40)
V-B=0 (4d)

To apply the Maxwell equations self-consistently, the constitutive relations describing the
macroscopic behaviors of matter under the influence of fields need to be obtained. Assuming asphalt
mixture is an isotropic and linear material, the constitutive equations can be formulated as follows.

] =oE (5a)
D =¢E (5b)
B =uH (5¢)

where H is the magnetic field intensity; J is the electric current density; D is the electric displacement
or electric flux density; E is the electric field intensity; B is the magnetic flux density; p, is the electric
charge density; o is the material electrical conductivity; ¢ is the material permittivity; and p is the
material permeability.

3.2. Heat Transfer

Applied microwave energy is transformed into power based on the electromagnetic field
distribution at a particular location. The absorbed power term is considered a source term in heat
transfer equations to calculate transient temperature profile. The diffusion of heat into continua is
governed by:

JaT
pcpg =V-(kVT)+ Q. (6)

where p is the density; C, is the specific heat at constant pressure; k is the thermal conductivity; T is
the temperature at time t; and Q, is the internal heat source (absorbed power). The surface of the
matter exchanges heat with surrounding air by convection expressed as:

—nq=h(T—-T,) (7)
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where q is the conductive heat flux, which is proportional to the temperature gradient in Equation
(2); h is the surface convective coefficient; n is the normal vector on the boundary; T is the transient
temperature; and T; is the ambient temperature.

3.3. Multiphysics Coupling

The electro-magneto-thermal phenomenon often encountered in microwave heating is usually
solved in a coupled manner because the power dissipation calculated from electromagnetic
fields influences other physical phenomenon, such as heat transfer, component evaporation,
and microstructural change in heated materials. These complex physical situations result in rapid
changes in material properties, which in turn makes the problem highly nonlinear [27]. However,
the nonlinearity in this study was not considered because of the difficulty to measure the input
material parameters of such an in homogenous material. The process of coupling electromagnetic
waves and heat transfer in microwave heating is shown in Figure 3. The distributed heat source,
which includes resistive heating (ohmic heating) and magnetic losses in Equation (8) [28], is computed
from a stationary electromagnetic analysis in the frequency domain. Then a transient heat transfer
simulation showing how the heat redistributes in the asphalt mixture samples was followed. In the
software, the frequency domain study is only used for the electromagnetics interface, whereas the
time-dependent study is only applicable to the heat transfer interface. Notice that the electromagnetic
heat source will be computed first, and then used in the time-dependent heat transfer study step.

Qe = Qm + Qui (8a)
Qui = yRe(J'E) (5b)
Qu = %Re(inH) (8c)

where Q,, is the resistive heating of dielectric material due to the electric current; Q,,; is the magnetic
loss of magnetic material interacting with the magnetic field component of microwave. Re() is the real
part of the variable.

I
Electromagnetic waves : Heat transfer

Dissipated power Heat generation @,

Electromagnetic field Temperature field

Electromagnetic properties |
B E

Thermal properties
Ptk

Figure 3. Schematic flow chart of coupling electromagnetic and thermal fields [28].

3.4. Model Definition

The microwave oven is a metallic box connected to a 2.45 GHz microwave source via a rectangular
waveguide. The dimensions of the oven are 267 mm (width) x 270 mm (depth) x 188 mm (height).
The size of the waveguide is 50 mm (width) x 78 mm (depth) x 18 mm (height). There is a cylindrical
glass plate near the bottom of the oven. A cylindrical asphalt mixture sample was placed on top of the
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glass plate. The microwave operates at 1000 W, but because the symmetrical model was built to reduce
the model size by one half, only 500 W was input in the simulation. The symmetry cut is applied
vertically through the oven, waveguide, asphalt mixture sample, and plate. The symmetrical geometry
and 3D mesh are shown in Figures 4 and 5, respectively. Copper was applied for the walls of the oven
and waveguide in this model. The applied impedance boundary condition on these walls ensures the
small resistive metals losses get accounted for. The symmetry cut has mirror symmetry for the electric
field and is represented by the boundary condition as shown in Equation (9).

nxH=0 (©)

where n is the outward unit normal vector to the port boundary; H is the magnetic field vector.

Figure 5. Mesh of microwave oven, asphalt mixture sample, and waveguide feed.
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The rectangular port is excited by a transverse electric (TE) wave, which is a wave that has
no electric field component in the propagating direction. At an excitation frequency of 2.45 GHz,
TE;p mode is the only mode of propagation through the rectangular waveguide. The propagation
constant {3 required for the port mode settings is frequency (v) dependent:

p=""1/02 02 (10)

where c is the speed of light and v, is the cutoff frequency.

3.5. Material Properties

As discussed before, to implement the finite element model of microwave heating on asphalt
mixtures, their material properties need to be obtained as the input parameters. Specifically, the thermal
and electromagnetic parameters of both SMA-B and SMA-S mixtures were presented in Tables 3 and 4.
The presented data were the averaged values from test results of three replicates. It can be noted
that the replacement of basalt with steel slag decreased the thermal conductivity and specific heat
capacity of asphalt mixture, while the thermal diffusivity was increased. Steel slag has a porous
inter-structure. Many small pores within the porous steel slag obstruct the heat transfer process,
which is accounted for the decrease of the thermal conductivity of asphalt mixture. The high porosity
of steel slag also contributes to the heat retention characteristics, which is responsible for the decrease
of heat capacity [29]. In terms of electromagnetic properties, SMA-S has higher electrical conductivity
than SMA-B. The addition of steel slag also increases both permittivity and permeability of asphalt
mixture as shown in Table 4. The improvement of the electromagnetic properties of SMA-S is due to
the ferric components and other metal elements in steel slag.

Table 3. Thermal parameters of asphalt mixtures.

Mixture Density Thermal Conductivity Specific Heat Thermal
Type (kg/m®) (W/(m-K)) Capacity (J/(kg-K)) Diffusivity (m?/s)

SMA-B 2530 1.508 918.5 649 x 1077
SMA-S 2632 1.446 756.5 7.26 x 1077

Table 4. Electromagnetic parameters of asphalt mixtures at 2.45 GHz.

’ ” ’

Mixture Type o € € u n
SMA-B 426 x 1077 5.34 0.49 1.0 0
SMA-S 3.85 x 1077 5.68 0.52 1.03 0.006

4. Results and Discussions
4.1. Numerical Simulation Results

4.1.1. Microwave Heat Source Distribution

The numerical analysis using the current model took several minutes with common personal
computer configuration. The distributed microwave heat source as a slice plot through the center of
asphalt mixture sample SMA-B and SMA-S are shown in Figures 6 and 7, respectively. It indicates
that the resistive loss distribution shows a complicated oscillating pattern, which has several strong
peaks inside the sample. Since sample SMA-B is a non-magnetic material, there is no magnetic loss
during the microwave heating process. On the contrary, sample SMA-S has both resistive loss and
magnetic loss. Through a volume integration of the microwave heating, the amount of resistive loss
and magnetic loss, as well as the total power loss during the heating process were calculated in Table 5.
The total microwave energy absorbed by the asphalt mixtures is more than 90% of the input microwave
power (500 W). It is interesting to note that the resistive loss of SMA-S after microwave heating is

252



Materials 2019, 12, 146

lower than that of SMA-B. However, from the total heat source, SMA-S with steel slag aggregates has a
higher microwave absorbing efficiency than SMA-B with basalt aggregates.
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Figure 6. The dissipated microwave power distribution of asphalt mixture SMA-B: (a) Resistive loss;
(b) Magnetic loss.
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@ (b)

Figure 7. The dissipated microwave power distribution of asphalt mixture SMA-S: (a) Resistive loss;
(b) Magnetic loss.

Table 5. The distributed heat source of asphalt mixtures at 2.45 GHz.

Mixture Type  Resistive Losses (W) Magnetic Losses (W) Total Heat Source (W)

SMA-B 455.19 0 455.19
SMA-S 442.06 28.37 470.43

4.1.2. Temperature Distribution of Test Samples

The temperature distribution of two types of asphalt mixture after 120 s simulative microwave
heating are presented in Figure 8. It looks like the surface temperature of SMA-S is higher than that of
SMA-B from the temperature contour plot. Quantitative analysis will be conducted in the following
part. It should be emphasized that the rectangular cross section of the cylindrical sample seen as the
surface area is actually the internal part of the sample due to the symmetric treatment of the model.
It is obvious that the temperature distribution of the asphalt mixture specimen during heating was
not uniform. The internal temperatures were higher the surface ones. This is possibly due to the
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fact that heat dissipation on the surface of a specimen is greater than its interior. This simulation
results coincide with the laboratory results [5,24,30]. When heating the asphalt mixture to certain
temperatures, the inside water contents start boiling and transporting heat as steam to outer layers.
Asphalt may start flowing due to softening, resulting in the change of air voids and skeleton structure.
These physio-chemical changes of the mix constituents also affect the electromagnetic properties of
the asphalt mixture. The simple microwave absorption and heat conduction model used here does
not capture these nonlinear effects. However, the model can serve as a starting point for a more
advanced analysis.

Timi=1205 Buface. Terngertis (4T Time=1205 Burfacs: Tetopariture (4ég)

e
A 501

150

100

Yl

@) (b)
Figure 8. Surface temperature distribution of asphalt mixture: (a) SMA-B; (b) SMA-S.
4.2. Comparison between Laboratory and Simulation Results

The lateral surface temperatures of laboratory test and numerical simulation are compared in
Figure 9. Here the simulative surface temperature values were averaged through area integral. It is
obvious that numerical simulation results have a good correlation with the experimental results for
both types of asphalt mixtures. However, the numerically simulated temperatures are somewhat higher
than the laboratory test results. This is possibly due to the temperature loss during the laboratory
measurement for several seconds. In addition, the nonlinear effects during the heating process can be
the reason for this, which needs to be further included in the model. Nevertheless, it is feasible to use a
numerical method to simulate the microwave heating process of asphalt mixture.
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Figure 9. Surface temperature comparison of asphalt mixture between laboratory test and
numerical simulation.
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More precisely, the initial temperatures, final temperatures and heating rates of asphalt mixture
samples during microwave heating are summarized in Table 6. SMA-S has a better microwave heating
performance than SMA-B. The final lateral surface temperature of SMA-S reached 95.6 °C while
that of SMA-B was only 73.4 °C. The higher heating rate of SMA-S than SMA-B confirms the higher
microwave absorbing efficiency of SMA-S due to the addition of steel slag.

Table 6. Microwave heating performance of asphalt mixture samples on the lateral surface.

Mixture Type Initial Temperature (°C)  Final Temperature (°C) Heating Rate (°C/s)
Experiment 19.7 73.4 0.448
SMAB - gimulation 200 86.1 0551
Experiment 20.3 95.6 0.623
SMA-S Simulation 20.0 106.5 0.721

5. Conclusions

This study investigated the microwave heating properties of two types of asphalt mixture through
both laboratory test and numerical simulation. The main thermal and electromagnetic properties
of used asphalt mixtures were explored through laboratory tests. The following conclusions can be
drawn based on the study:

(1) The partial replacement of basalt aggregates with steel slag aggregates improve the
electromagnetic properties of asphalt mixture. Microwave heating of asphalt mixture sample
containing steel slag includes both resistive heating and magnetic heating due to the altered
permeability of the sample.

(2) Asphalt mixture sample containing steel slag aggregates has a higher microwave heating
efficiency than ordinary asphalt mixture sample with basalt aggregates.

(3) Thereisa good correlation between laboratory measured temperatures and numerically simulated
temperatures of asphalt mixture samples.

(4) Itis feasible to use the developed FEM model, which coupled electromagnetic waves with heat
transfer, to simulate the microwave heating process of asphalt mixture.

For further research, the size effect of test samples and specific material parameters, such as
moisture content, air voids, asphalt content, aggregate properties, etc. should be considered.
Developing more advanced numerical models which consider the nonlinear effects and time
discretization will be a challenge. In addition, the microstructural changes and mechanical performance
of asphalt mixtures after microwave heating will be further investigated.
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Abstract: In this study, graphene-modified asphalt (GMA) was prepared from SK-70# matrix asphalt
and ethylene bis(stearamide) (EBS). Based on the uniform design method, a model was created using
Data Processing System (DPS) software and First Optimization (1stOpt) software using the graphene
mixing amount, EBS mixing amount, shear rate, shear time, and shear temperature as factors and
using the asphalt penetration, softening point, force ductility, SHRP-PG test, and multistress creep
recovery data as indices. Calculations and analysis showed that the optimal composition and
preparation parameters of GMA are as follows: the graphene proportion is 20%o, the EBS proportion
is 1%, the shear rate is 6000 r.p.m., the shear time is 180 min, and the shear temperature is 140 °C.
The prepared GMA had a significantly improved softening point, low-temperature fracture energy,
antirutting factor, and creep recovery rate, indicating that adding graphene can improve the high- and
low-temperature performance of asphalt. The prepared GMA was characterized by X-ray diffraction
(XRD). The dispersibility of graphene in asphalt was evaluated by fluorescence microscopy and
Image-Pro Plus imaging software. The results show that graphene can exist in asphalt in a stable
form, which increases the loose-layered structure of stacked asphalt or gum. The intense adsorption
effect of graphene strengthens the ordered structure of asphalt. However, due to its dispersibility
characteristics, some graphene exists in asphalt in clustered form. When the graphene-to-dispersant
ratio approaches the optimal value, the dispersant changes the form of graphene in asphalt from
irregular clusters to regular clusters and from large, distinct clusters to small, indistinct clusters.
When dispersant cannot uniformly disperse graphene in asphalt, graphene clusters primarily form
medium-sized grains.

Keywords: graphene-modified asphalt; ethylene bis(stearamide); uniform design; dispersibility;
modification

1. Introduction

Graphene, formed by carbon atoms via sp2 electron orbital hybridization, is a beehive-shaped,
two-dimensional carbon nanometer inorganic material with various superior properties. In recent
years, graphene has become a focus area of scientific research [1-11]. Asphalt pavement is the primary
form of pavement in road engineering. Based on the characteristics of the basic chemical structures
of graphene and asphalt (components), graphene and asphalt share similar structures and the two
should have excellent affinity [12,13]. Graphene has an enormous specific surface area and can have
an intense physical adsorption effect with asphalt. Additionally, graphene is capable of physical
adsorption and nonpolarized adsorption with light components and polycyclic aromatic hydrocarbons
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released by asphalt when heated. Under high temperature, graphene effectively suppresses the
release of poisonous, harmful asphalt fumes and is environmentally friendly [14,15]. Therefore,
graphene-modified asphalt (GMA) has numerous excellent properties and multiple functional groups
which can significantly improve asphalt performance (such as its viscoelasticity), reduce or eliminate
various asphalt pavement hazards, such as ruts, fractures, and surface wear, and reduce the cost of
the entire pavement life cycle. GMA has important scientific and application value for promoting
the development of high-performance and durable long-life asphalt pavement [16]. In recent years,
Wang Z. et al. [17-19] showed that expanded graphite nanoplatelet composite-modified asphalt
materials can effectively enhance the fracture recovery energy, strength, and healing capabilities of
an asphalt mixture. Yao H. et al. [20] found that graphite nanoplatelet-modified asphalt can improve
asphalt’s high- and low-temperature performance, its complex shear modulus, and the antirutting
and waterproof capabilities of the asphalt mixture. Li Y. et al. [21] showed that when graphene oxide
(GO) and asphalt were mixed, CO, gas was released during GO decomposition; the GO structure was
completely stripped and was scattered in asphalt to form a single layer. Huang Gang et al. [14,22,23]
used expanded graphite to suppress asphalt fumes and proved that expanded graphite was infiltrated
by asphalt and was stripped to form graphene platelets that were partially scattered in asphalt.
Cheng I. F. et al. [24] developed a technique to produce large graphene flakes on an asphalt surface,
which proved that graphene can stably exist in an asphalt medium in a single layer. The existing
studies primarily focus on the modification of pavement asphalt using graphene oxide or graphene
nanoplatelets to improve asphalt performance [25-34]. There is no report of research on pavement
asphalt modification using graphene.

Based on the uniform design method and using the asphalt penetration index, softening point,
force ductility, SHRP-PG test, and multistress creep recovery test data as indices, this paper employed
Data Processing System (DPS) and First Optimization (1stOpt) software to establish a mathematical
model to investigate the material composition and preparation parameters of GMA. In addition, a
microscopic analysis method and Image-Pro Plus software were applied to evaluate the dispersibility
of graphene in asphalt.

2. Experimental Method and Performance Evaluation

2.1. Materials

The matrix asphalt used in this study was SK-70# asphalt (PG64-22). Each index was tested
based on the Standard Test Method of Bitumen and Bituminous Mixture for Highway Engineering
(JTG E20-2011) by the Chinese Ministry of Communications [35]. The graphene was NK-1 graphene
produced by the Sichuan Deyang Graphene Carbon Technology Co., Ltd., Deyang, Sichuan, China.
The dispersant was ethylene bis(stearamide) (EBS) from the Malaysia Kao Company, Petaling Jaya,
Malaysia. The basic solvent was trichloroethylene. The technical parameters of SK-70# asphalt,
graphene, and EBS are listed in Tables 1-3, respectively.

Table 1. Parameters of SK-70# asphalt.

Test Item Test Result Technology Index Test Method
penetration (25 °C, 5's, 100 g)/0.1 mm 64.70 60.0~80.0 T0604
ductility (15 °C, 5 cm/min)/cm 103.00 >100.0 T0605
softening point/°C 48.10 >45.0 T0606
. o 3 actual
density (15 °C)g/cm 1.21 measurement T0603
wax content/% 2.04 <22 T0615
dynamic viscosity(60 °C)/Pa-s 197 >180 T0620
flash point/°C 315 >260 TO611
mass change/% —0.18 <+0.8 T0610
after RTFOT residual penetration ratio/% 63.50 >61.0 T0604
10 °C ductility /cm 8.60 >6.0 T0605
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Table 2. Parameters of graphene NK-1.

Parameter Index
graphene layers /thickness 1-3, monolayer rate >80%
ash content/% <3.0
specific surface area/ m?2/ g 110.0
film electrical conductivity /S/cm 550.0
flake diameter (D50)/um 7.0~12.0
flake diameter (D90)/um 11.0~15.0
appearance Black-grey powder
bulk density/g/mL 0.01~0.02
water content/% <2.0

Table 3. Parameters of dispersant ethylene bis(stearamide).

Parameter Index
appearance White powder
initial melting point/°C 141.0~146.0
total amine/mg KOH/g <3.0
color value <5.0
acid value/mg KOH/g <7.0
fineness degree/mesh 600
heating decrement/% <0.5
flash point/°C >28.0

2.2. Equipment and Characterization

The shear processing of the modified asphalt was performed using a BME200L intense shear
and mix emulsion machine (motor power 0.4 kw, rotational speed range 0-10,000 r.p.m.) from the
Shanghai Weikang Machine Manufacturing Co., Ltd., Shanghai, China. The ultrasonic separation of
the graphene mixture solution was performed using JP-040 ultrasonic equipment (ultrasonic wave
power: 240 W, ultrasonic wave frequency: 40 kHz) from the Skymen Cleaning Equipment Shenzhen
Co., Ltd., Shenzhen, China. The asphalt penetration index, softening point, and force ductility were
measured using an SYD-2801D penetration index tester, an SYD-2806E softening point tester, and an
SYD-45DBF ductility / tension tester with temperature and speed regulation from the Shanghai Changji
geological instrument Co., Ltd., Shanghai, China. The asphalt rheological performance was tested with
a Bohlin DSR I dynamic shear rheometer from the Malvern Panalytical Instrument Co., Ltd., Malvern,
UK. The structure characterization of the modified asphalt was performed with a D8-Advance X-ray
diffractometer (copper/palladium, voltage: 40 kV, current: 40 MA, test rate: 0.1 sec/step, wavelength:
1.5418 angstrom) from the Bruker Corporation, Karlsruhe, Germany. The graphene dispersion in GMA
was observed using a DM6 M microscope from the Leica Microsystems Inc. Co., Ltd., Buffalo Grove,
IL, USA.

2.3. GMA Preparation

The GMA preparation process was as follows:

(1) The graphene and EBS were measured using an electric analytical balance (resolution:
0.0001 g, SHIMADZU Co., Tokyo, Japan) and were placed in a 1000 mL beaker. A total of 350 mL
of trichloroethylene was added and mixed with a glass bar to produce a mixed solution. The mixed
solution was heated in a constant temperature (80 °C) hot water bath for 15 min. Then, the opening
was covered with preservative film. The mixed solution was ultrasonically processed for 2.0 h with a
5-min break every 30 min.

(2) First, 350 g of matrix asphalt was prepared. Then, the mixed solution (after ultrasonic
processing) was poured into the container filled with 350 g of matrix asphalt. The container opening
was sealed with 3—4 layers of preservative film and cultured for 12 h so that the asphalt was completely
dissolved in the mixed solution. The trichloroethylene in asphalt was completely removed using a
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rotary evaporator (from the Biichi Labortechnik AG, Uster, Switzerland) with the following parameters:
oil bath temperature: 110 °C, rotational speed: 85~90 r.p.m., and evaporation time: 60 min. After the
trichloroethylene was removed, the asphalt was poured into a container for the shear test to prepare

the GMA with importing nitrogen into the bottom of the container continually. The GMA preparation
process is shown in Figure 1.

) Disperser
Graphene _ Anhydrous

ethanol
1. Heating in water bath
for 15 min at 80 °C
1. Sonicating for 2 }/

Asphalt 350 g

Performance test

Shearer

1. Static for 12 hat 25°C ) —_

2. Rotary evaperation for 1 i
at 110 °C and 85~90 r/min

x
“(1. Importing nitrogen into
the sample

. Shearing for design time
at design temperature

Figure 1. Graphene-modified asphalt preparation process.

2.4. Experimental Design

Uniform design is an application of the “pseudo-Monte Carlo method” in number theory. Uniform
design can select a subset of typical test points from the entire set of test points, ensure the uniform
distribution of test points in a test range, and reflect major features of the test system. The uniform
design method is widely employed to investigate material composition and demonstrates excellent
applicability and accuracy [36,37]. Therefore, in this paper, the uniform design method was employed
for GMA composition design. In test design, each uniform design table has a code Un(q®). “U”
represents uniform design; “n” represents n tests; “q” indicates that each factor has q levels; “s” means
the table has s columns [38-40].

Five factors with significant impact (X1, Xz, X3, X4, X5) were selected to investigate GMA
composition and preparation parameters [41]. The details of these factors follow: X; is the shear
rate (r.p.m.); Xy is the shear time (min); X3 is the graphene proportion (%o) (mass fraction of matrix
asphalt); Xy is the EBS proportion (%) (mass fraction of graphene); and Xs is the shear temperature
(°C). Each factor has 10 levels, as listed in Table 4.

Table 4. Test design factor levels.

Level
Factor
1 2 3 4 5 6 7 8 9 10
Xi/rp.m. 2000 2500 3000 3500 4000 4500 5000 5500 6000 7000
Xp/min 30 30 60 60 90 90 120 120 180 180
X3/ %0 2 4 6 8 10 12 14 16 18 20
Xy/% 1 2 3 4 5 6 7 8 9 10
Xs5/°C 110 110 120 120 130 130 140 140 150 150
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Based on the factor levels in Table 4, a corresponding uniform design table and a usage table were
generated to design combinations of test parameters. The obtained test parameter combinations are
listed in Table 5.

Table 5. Test combinations design table.

Factor
Test #
X1/r.p.m. lemin X3/%0 X4/°/o X5/°C
1# 2000 60 8 5 150
2# 2500 90 16 10 140
3# 3000 180 2 4 130
44 3500 30 10 9 120
5# 4000 60 18 3 110
6# 4500 120 4 8 150
7# 5000 180 12 2 140
8# 5500 30 20 7 130
O# 6000 90 6 1 120
10# 7000 120 14 6 110

Based on the preparation parameters of each test group in Table 5, the GMA was prepared and
subsequent performance tests were performed.

2.5. Performance Evaluation and Microanalysis

The GMA pavement performance was analyzed via its penetration index, softening point, and
force ductility index. An SHRP-PG test and a multistress creep recovery test were performed to
analyze the viscoelasticity of GMA. The GMA structure was characterized via XRD (from the Bruker
Corporation, Karlsruhe, Germany) and a fluorescence microscope (from the Leica Microsystems Inc.
Co., Ltd., Buffalo Grove, IL, USA).

3. Results and Discussion

3.1. Indices Data Analysis

The penetration index represents the asphalt thickness at the test temperature, which reflects
asphalt’s rheological performance to some extent [42,43]. The test conditions were as follows: the
water bath was at a constant temperature of 25 °C, the standard penetration load was 100 g, and the
penetration time was 5 s. The softening point is the critical temperature at which asphalt changes
from a solid state to a liquid, which reflects the temperature response performance of the asphalt
material [44]. The ductility reflects asphalt’s deformation capability at a specified temperature and its
stretch rate before it is stretched to rupture [45,46]. In this study, the force ductility test environment
was as follows: the water bath was at a constant temperature of 5 °C, and the stretch rate was 5 cm/min.
Three indices were obtained during the asphalt specimen tensile process: force, ductility, and fracture
energy (the integral of force and ductility). The test results for the asphalt indices are shown in
Figure 2a,b.

The penetration test result in Figure 2 shows that after graphene was added, except for
test groups 1 and 8, the asphalt penetration indices decreased. Test group 6 had the minimum
penetration at 5.02 mm. Test groups 1 and 8 had the maximum penetration indices, at 6.54 mm.
The penetration test results indicate that the graphene addition hardened the asphalt overall, improving
its high-temperature performance. The softening point test results show that after adding graphene,
the asphalt softening points in all test groups increased. Test group 7 had the maximum softening
point at 51.7 °C. The softening point test results suggest that adding graphene improves asphalt’s
high-temperature performance. The force ductility test results show that after adding graphene,
the maximum ductility force, ductility, and fracture energy improved significantly. Test group 7
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had the maximum ductility force at 150.0 N; test group 6 had the maximum ductility at 46.70 cm;
and test group 9 had the maximum fracture energy at 3633.0 N-mm. The force ductility test results
demonstrate that adding graphene significantly improves asphalt’s low-temperature performance.
To summarize, graphene addition improves both the high- and low-temperature performance of

asphalt. The optimal material composition and preparation parameters for preparing GMA are similar
to the design parameters of test groups 6-9.
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Figure 2. (a,b) Conventional asphalt performance index test results.

3.2. DSR Test

The rheological parameter of graphene asphalt was tested using the Dynamic Shear Rheological
test (DSR) proposed by the Strategic Highway Research Project (SHRP) in the United States to
characterize viscoelastic energy and evaluate the high- and low-temperature performance and the
antifatigue performance of asphalt [47].

3.2.1. SHRP-PG Test

The SHRP-PG evaluates the high-temperature performance indices of asphalt cement material.
The test reflects two important parameters of asphalt’s viscoelasticity: the complex shear modulus G*
and the phase angle 8. The complex shear modulus G* is the ratio of the maximum shear stress and the
maximum shear strain in the SHRP-PG classification test. The complex shear modulus G* represents
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the overall resistance of a material under repeated shear deformation, which includes the elastic
modulus G’ and the viscous modulus G”. The elastic modulus is given by G’ = G*coss, which reflects
the asphalt energy stored and released during shear deformation. The viscous modulus is given by
G = G*sind, which represents the dissipated energy in the form of heat due to internal friction during
the asphalt shear process. G*sind is defined as the antirutting factor, which represents the capability of
asphalt cement material to resist permanent deformation under high temperature [48,49]. In this study,
the test temperature was 64 °C; the diameter of the smooth metal plate was 25 4= 0.05 mm; the gap
between the test plate and the roof was 1 & 0.05 mm; and the test frequency was 10 rad/s. The test
results are shown in Figure 3.
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Figure 3. SHRP-PG test results (64 °C): The changing trends of phase angle, complex shear modulus,
antirutting factor, and change ratio of antirutting factor are shown separately. The change ratio of
antirutting factor is that the antirutting factor of each test group is divided by the antirutting factor of
SK-70# base asphalt.

Figure 3 shows that after graphene is added, the GMA phase angle decreases to some extent,
while the complex shear modulus and the antirutting factor improve to some extent. Test groups
7, 8, and 10 had the most significant improvement in antirutting factor (42.4%, 28.2%, and 25.9%,
respectively). It can be inferred that adding graphene improves asphalt’s high-temperature stability.
The optimal proportions of graphene and dispersant for graphene asphalt preparation is similar to the
material design parameters for test groups 7, 8, and 10.

3.2.2. Multistress Creep Recovery (MSCR) Test

Repeated multistress creep recovery tests were performed to further evaluate GMA’s
high-temperature stability. The test temperature was based on the SHRP-PG classification test result
and the AASHTO T350-14 specification [50-52]. First, a 100 Pa shear stress was applied for 100 s. Then,
while the 100 Pa shear stress was applied, cyclic loading (1 s loading and 9 s unloading) was repeated
10 times. Next, a 3200 Pa shear stress was applied to repeat the above process. The entire test included
30 cycles and took 300 s. The delayed elasticity recovery capability of GMA was evaluated via the
recovery rate R and the unrecoverable creep compliance Jnr. The test results are shown in Figure 4a—c.
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Figure 4. (a—c) Creep recovery test result.

Figure 4 shows that compared with matrix asphalt, GMA'’s creep recovery rate under 0.1 kPa shear
stress and its creep recovery rate under 3.2 kPa of shear stress improve to some extent, indicating that
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the addition of graphene improves the asphalt’s viscoelastic recovery capability. Test groups 8, 2, and 7
have superior creep recovery rates at 14.04%, 8.68%, and 5.12%, respectively, which are 6.41 times, 3.96
times, and 2.34 times greater than those for matrix asphalt. In the 3.2 kPa creep recovery test, matrix
asphalt has almost no creep recovery, while groups 2, 8, and 7 have improved creep recovery rates at
0.99%, 0.69%, and 0.53%, respectively. The optimal parameters for GMA are similar to the parameters
for groups 2,7, and 8.

To summarize, based on a test of three major indices and the DSR test result, the optimal material
composition and parameters for GMA preparation are similar to the design parameters for test groups
7 and 8.

3.3. Determining the Optimum Mixing Ratio

In this paper, Data Processing System (DPS) analysis software (Version DPSv17.10) and
First Optimization (1stOpt) software (Version 7.0) are employed to calculate the optimal material
composition for GMA preparation. DPS is a data processing system that integrates functions such as
numeric calculation, statistical analysis, model simulation, drawing, and table generation [53,54].
1stOpt is general-purpose numerical optimization simulation software with various classical
and modern optimization algorithms that produce accurate solutions for nonlinear optimization
problems [55,56]. Because conventional least square multiple linear regression and progressive
regression analysis methods cannot meet the requirement of multiparameter and nonlinear test design
modeling, three regression models, “partial least square quadratic polynomial”, “partial least square
quadratic term”, and “partial least square interaction term”, are employed in this paper. DPS software
and 1stOpt software are employed to find the optimal GMA material composition.

The interdependency of three force ductility test parameters (force, ductility, and fracture energy)
in modeling results in multiple colinearity and an unstable calculation result, which impacts the
model creation significantly. Therefore, five indices (penetration Y1, fracture energy Y, softening
point Y3, 64 °C antirutting factor Yy, and 0.1 kPa creep recovery rate Ys) are selected to create the
regression model for calculation and analysis. During modeling, based on the PRESS statistics after data
standardization and a declining trend in the sum of the squared errors, the determinant coefficient R
is defined as the major criterion to evaluate the regression model’s effectiveness. A larger determinant
coefficient indicates better equation fitting. The relationship between the number of latent variables
and the determinant coefficient in three regression models calculated by DPS software is given in
Table 6.

Table 6. The number of latent variables versus the determinant coefficient.

Partial Least Square Quadratic ~ Partial Least Square Quadratic Partial Least Square
The Number of Polynomial Regression Term Regression Determinant Interaction Term Regression
Latent Variables Determinant Coefficient R? Coefficient R? Determinant Coefficient R?

Yo Y2 Y3 Ya Y5 Y1 Yo Yz Ya Y5 Y1 Yo Yz Ys Y5

0.720 0.274 0.262 0.294 0.001 0.740 0.387 0.278 0.216 0.009 0.694 0.346 0.326 0.363 0.001
0.923 0.336 0.401 0317 0591 0.777 0.391 0.795 0.714 0.424 0911 0.374 0.559 0.470 0.646
0.944 0424 0.658 0.764 0.631 0.813 0.760 0.822 0.732 0.882 0912 0.651 0.663 0.733 0.652
0.961 0.688 0.701 0.787 0.699 0.843 0.921 0.921 0.825 0.941 0.973 0.789 0.820 0.849 0.669
0.965 0.864 0.796 0.835 0.749 0976 0.941 0.943 0.876 0.973 0977 0.922 0.881 0.906 0.879

U= N =

Table 6 shows that as the number of latent variables increases, the determinant coefficient R?
gradually increases. When the number of latent variables is 5, the determinant coefficient R? reaches
its maximum level. This means the regression method created using the partial least square method
has a higher degree of fitting, and the model is closer to the actual situation and reliable. The coupling
of five factors in the model leads to significant changes in GMA performance. The equation groups of
three regression models are given in Table 7.

267



Materials 2019, 12, 757

Table 7. Equation data of regression fitting model.

Regression
Model

Partial Least Square Quadratic
Polynomial Regression Model

Partial Least Square Quadratic
Term Regression Model

Partial Least Square Interaction
Term Regression Model

regression
equation of
penetration

Y1 =69.065 +5.02 x 1074 x Xq +
0.248 x Xp +0.236 x X3 — 2.019 x
Xy — 0291 x X5 — 258 x 1074 x
Xp2 +1.99 x 1072 x X32 — 8.66
%1072 x X42 +221 x 1073 x X52 -
5x 1070 x Xy x Xp +6.3 x 107 x
X1 % X3 +1.36 x 1074 X; x X4 —
32 %1077 x Xy x X5 — 1.24 x
1073 x Xy x X3 +6.94 x 1073 x X,
XXy =17 %1073 x Xy x X5 + 1.5
% 1072 x X3 X X4 — 5.54 x 1073 x
X3 % X5 +1.33 x 1072 x X4 x X5

Y1 =145.630 — 6.78 x 1073 x Xy +
9.45 x 1072 x X, — 1.488 x X3 +
2012 x X4 — 1.153 x X5 +1 x 107°
X X132 — 622 x 1074 x Xp2 +7.31 x
1072 x X32 — 0.189 x X4% +4.47 x
1073 x X52

Y; =12.794 +5.05 x 1073 x Xy +
0.266 x X5 +1.397 x X3 — 4.966 x
Xy +0.434 X X5 -5 x 1076 x X1 x
Xy +6.9 x 107° x Xq x X3 +1.91 x
1074 x Xy x Xg — 4.9 x 1075 x X;

X X5 —1.39 x 1073 x Xp x X3 +

113 x 1072 x Xy x X4 — 239 x
1073 x Xy x X5 +9.34 x 1073 x X3

X Xg —1.09 x 1072 x X3 x X5 +

239 x 1072 x X4 x X5

regression
equation of
fracture energy

Y, = —7.78241.16 x 1072 x Xy +
1.081 x X, — 8.445 x X3 — 15.546 x
Xy +4.022 x X5 +2 x 1070 x X4% +
5.57 x 1074 x Xp2 +4.82 x 1072 x
X32 +0.233 x X42 — 9.80 x 1073 x
X52 — 8 x 1070 x X; x Xy — 1.67 x
1074 x Xy x X3 —7.05 x 1074 x X4

X Xg — 137 x 1074 x X x X5 +

1.92 x 1073 x X5 x X3 — 5.54 x
1073 x Xy x X4 — 6.86 X 1073 x X,

X X5 +0.349 x X3 x Xg4 +4.28 x
1072 x X3 x X5 +7.85 x 1072 x Xy

x X5

Y, = —465.825 — 536 x 1072 x Xy +
0.209 x X5 +0.885 x X3 — 9.127 x
Xy +12342 x X5 +7 x 1070 x X;2 +
52 % 1079 x X2 — 1.56 x 1072 x
X532 +0.616 x X42 — 4.19 x 1072 x
X52

Yo =112.752 +2.48 x 1072 x X +

0.944 x Xp — 8.115 x X3 — 10.189 x
Xy +1.410 x X5+ 1.3 x 1075 x X3
X Xg —2.61 x 107% x X3 x X3 —
9.33 x 1074 x Xy x X4 — 1.16 x

1074 x X; x X5 +5.59 x 1073 x X,
X X3 — 151 x 1072 x Xy x X4 —

5.56 x 1073 x Xy x X5 +0.361 x X3
X Xg 4525 x 1072 x X3 x X5 +

7.08 x 1072 x X4 x X5

regression
equation of
softening point

Y3=41.772+1.71 x 1074 x Xq +
1.13 x 1072 x X; — 0.106 x X3 —
0.142 x X4 +8.69 x 1072 x X5+ 1.2
X 1075 x X2 +1.88 x 1073 x X32
—217 x 1073 x X42 —2.02 x 1074
X X52+1x 1070 x X1 x Xp +4 x
1070 x X; x X3 —3 x 1076 x Xy x
X5 +8.6 x 107° x X3 x X3 — 4.69 x
1074 x Xy x Xg — 8 x 1075 x X x
X5 +6.23 x 1073 x X3 x X4 +6.17
x 107 x X3 x X5 +7.55 x 107% x
Xg x X5

Y3 =19.483 — 8.74 x 107% x X; —
8.32 x 107% x Xp +0.129 x X3 —
0.348 x X4 + 0.467 x X5 +2.4 x

1077 x Xp2 —2.08 x 1073 x X32 +

26 x 1072 x X42 — 1.72 x 1073 x

X5?

Y3 =45.499 +3.88 x 1074 x X +
1.39 X 1073 x X, — 8.17 x 1072 x
X3 — 3.67 x 1072 x Xg4 +2.26 x
1072 x X5 +1x 1070 x Xy x Xp +1
x 1070 x X x X3 — 8 x 1070 x X4
x X4 —2x107% x Xy x X5 +1.98
x 1074 x X x X3 —7.9 x 1074 x
Xa x Xg +2 x 1070 x Xy x X5 +
577 x 1073 x X3 x X4 + 8.89 x
1074 x X3 x X5 +2.43 x 107% x Xy
X X5

regression
equation of
anti-rutting factor

Y, =903.586 +2.12 x 1074 x X; —
1.517 x Xp +1.279 x X3 + 4.146 x
Xy +5.787 x X5 +3 x 1070 x X4% +
248 x 1073 x X2 +52 x 1072 x
X32 — 0.291 x X42 — 7.68 x 1073 x
X52 +2.44 x 1074 x X x Xp +4.46
x 1074 x Xq x X3 +1.98 x 1074 x
Xy X Xg — 254 x 1074 x X; x X5 +
3.84 x 1072 x Xp x X3 — 0.114 x
Xa % Xg +6.55 x 1073 x Xy x X5 +
0.361 x X3 x X4 +3.92 x 1072 x X3
X X5 —2.03 x 1072 x X4 x X5

Y, = —2748.009 — 0.116 x X; —
0.855 x Xp +55.224 x X3 — 50.766
X Xyq +63.364 x X5+ 1.8 x 107° x
X312 +7.32 x 1073 x Xp2 — 1.742 x

X32 +4.757 x X4 — 0.228 x X52

Y, =1256.714+5.72 x 1073 x Xq —

3.325 x Xp +1.769 x X3 +21.236 x

Xy +0.849 x X5 +2.97 x 107* x X;
XXy — 14 x 1077 x Xg x X3 —
6.69 x 1074 x Xy x X4 +1.25 x

1074 x Xq X X5 +4.61 x 1072 x X,
x X3 — 0.184 x X5 x Xy +2.57 x

1072 x Xy x X5 +0.196 x X3 X X4 +
7.24 x 1072 x X3 x X5 — 9.25 x

1072 x Xy x X5

regression
equation of creep
recovery rate

Y5 = —50.358 — 1.12 x 10™% x X; +
0.160 x X, — 1.083 x X3 — 0.878 x
Xy +0.748 x X5 +2.8 x 1074 x X»2
+2.52 x 1072 x X32 — 3.78 x 1072
X X42 =243 x 1073 x X52 — 8 x
1076 x Xq x X + 6.5 x 1075 x X;
X X3 +6.1 %1077 x X x Xg —7 x
1070 x X3 x X5 — 1.72 x 1073 x X,
X X3 — 255 x 1074 x Xy x X4 —
8.69 x 107* x Xy x X5 +4.20 x
1072 x X3 X Xg +3.57 x 1073 x X3
X X5 +5.04 x 1073 x X4 x X5

Y5 = —146.464 — 4.88 x 1073 x X;
—1.68 x 1072 x Xy — 0.597 x X3 +
0.508 x Xy +2.342 x X5+ 1 x 107
X X12+39 x 1075 x X2 +4.6 x
1072 x X32 — 2.84 x 1072 x X4 —
8.52 x 1073 x X52

Y5 =—19.031 — 3.4 x 107% x X +
0.221 x X5 — 0.521 x X3 — 1.787 x
Xy +0.151 x X5 — 1.2 x 107% x X3
X Xa+9.8 x 107% x Xy x X3 +1.15
X107 x Xy x Xg —1x 1070 x X4
X X5 —2.75 x 1073 x X5 x X3 —
7.99 x 107% x X; x X4 — 1.06 x
1073 x Xy x X5 +5.01 x 1072 x X3
X Xg 4351 x 1073 x X3 x X5 +
7.24 x 1073 x X4 x X5

Based on Table 6, a comparison of the determinant coefficients in the three regression models
shows that the partial least square quadratic polynomial regression model has small Y3 and Y5
determinant coefficients and a relatively low degree of fitting. Therefore, this model is excluded.
By comparison, partial least square interaction term regression and partial least square quadratic term
regression have large determinant coefficients and regression models with higher degrees of fitting.
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Therefore, these two models are employed to find the optimal solution for GMA material composition
and preparation parameters.

Table 7 shows that all three regression models are nonlinear. Considering that there are
multiple solutions in the actual calculation, 1stOpt software is employed in the regression model
for optimization. The results are listed in Table 8.

Table 8. Optimization solution and corresponding dependent variable in each regression model.

Partial Least Square

Quadratic Term Partial Least Square Interaction Term

Regression Model and Calculation Method Regression Model Regression Model
B-1 B-2 B-3
shear rate X; /r.p.m. 6500 7000 6500
timizati shear time X;/min 180 200 30
P u{mz4a ton graphene mixing amount X3/ %o 20 20 20
solution stearic amide mixing amount X4/% 1.00 8.26 10.00
shear temperature X5/°C 140 160 150
penetration index Y; /0.1 mm 88.15 51.27 66.22
lue of d d fracture energy Yo/N-mm 4301.6 3927.4 3541.9
vajue of@ ‘*g’le“ ent softening point Y3/ 4751 52.68 51.39
variable 64 °C antirutting factor Y4/kPa 2099.27 2338.77 1909.48
0.1 kPa creep recovery rate Y5/ % 30.13 9.25 2343

Based on Table 8, the optimal graphene asphalt material composition and preparation parameters
are obtained to prepare GMA for performance tests and verification. The results are listed in Table 9.

Table 9. Performance test results of optimal formula.

Partial Least Square Partial Least Square Interaction Term

SK70# uadratic Term .
Item Matrix R?gression Model Regression Model
Asphalt B Change B-2 Change B-3 Change
Rate/% Rate/% Rate/%
penetration/0.1 mm 64.7 61.5 —4.95 62.3 -3.71 58.6 —9.43
softening point/°C 48.1 58.6 21.83 523 8.73 543 12.89
5°C force maximum force/N 96.6 168.0 73.91 136.0 40.79 123.0 27.33
ductility ductility /mm 6.11 42.54 596.24 44.21 623.57 48.39 691.98
fracture energy /N-mm 387.7 4035.7 940.93 35424 813.70 3358.3 766.21
64 °C antirutting factor/Pa 1442.22 2099 45.54 1643 13.92 1443 0.05
0.1 kPa creep recovery rate/% 2.19 20.24 824.20 8.75 299.54 7.93 262.10

In Table 9, change rate is that the test value of GMA is divided by that of SK-70# matrix asphalt in
the same test item. Table 9 shows that compared with matrix asphalt, the prepared GMA has a smaller
penetration and a significantly higher softening point, force ductility force, ductility, fracture energy,
64 °C anti-rutting factor, and 0.1 kPa creep recovery rate. In tests B-1, B-2, and B-3, compared with
matrix asphalt, fracture energy values at low temperature improve by 940.93%, 813.70%, and 766.21%,
respectively; 64 °C anti-rutting factors improve by 45.54%, 13.92%, and 0.05%, respectively; and creep
recovery rates improve by 824.20%, 299.54%, and 262.10%, respectively.

To summarize, in three optimal formulae, compared with matrix asphalt, the prepared GMA has
a smaller penetration index, and the asphalt is hardened. Additionally, high- and low-temperature
performance and delayed elasticity recovery improve significantly. This is likely because some of the
graphene has intercalated in the asphalt, which causes a strengthening effect. Test group B-1 had
the most significant performance improvement; hence, test B-1 parameters are selected as optimal
GMA mix parameters: the high-speed shear rate is 6500 r.p.m.; the shear time is 180 min; the graphene
proportion is 20%o; the EBS proportion is 1%; and the shear temperature is 140 °C.
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3.4. Textural Characterization

3.4.1. XRD Test

In the XRD test, the material under analysis undergoes X-ray diffraction to obtain a diffraction
spectrum, which is used to investigate useful material characteristics such as crystal structure and
elemental composition [57]. XRD analysis was performed on the SK-70# matrix asphalt and the BEST-1
GMA; the results are shown in Figure 5.
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Figure 5. XRD test spectrum of matrix asphalt and GMA.

Based on Figure 5, the matrix asphalt spectrum shows the most intense peak is at approximately
20 = 18.8°. Based on Bragg’s law, 2dsin® = nA, the interplanar spacing is d; = 0.472 nm and there is an
extremely weak peak at 20 = 9.6°; the interplanar spacing is dy = 0.921 nm, which is a loose-layered
structure of stacked asphalt or gum. The GMA spectrum shows peaks at 20 = 9.6° and 26 = 19.1°; the
interplanar spacing values are dz = 0.921 nm and d4 = 0.467 nm, respectively; there is a new peak at
approximately 20 = 26.5°, which is the graphene characteristic peak [57] with a strength of 177 cps
and an interplanar spacing of ds = 0.336 nm. The spectrum demonstrates the existence of graphene in
asphalt. After graphene is added, the strength of the asphalt or gum characteristic peak increases to
some extent, which means that graphene increases its loose-layered structure of stacked asphalt or
gum. Peak spacing decreases to some extent, indicating that the intense adsorption effect of graphene
enhances the ordered structure of asphalt.

3.4.2. Microscope Test

Due to its advantages, including convenient operation and easy sample preparation, the
fluorescence microscope has become a widely used tool to observe micromorphology of materials, and
has been used in asphalt characterization [58]. In this paper, SK-70# matrix asphalt, GMA in uniform
design test groups 1-10, and GMA in the three groups with optimal admixtures were observed using a
fluorescence microscope. The test results are shown in Figure 6.
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Tmpurity

Figure 6. Microscopy test results ((a) is the test result of SK-70# matrix asphalt; (b—k) are the test results
of GMA uniform design groups 1-10; (I-n) are the test results of B-1~B-3 GMA).

A comparison of matrix asphalt in Figure 6a and GMA in Figure 6b-k shows that various forms
of black substances are observed in all graphene asphalt samples. As graphene is a nanometer
material, observation under a normal fluorescence microscopy condition is very difficult. If graphene
is distributed evenly in asphalt under the effect of stearic amide dispersant, then graphene asphalt
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topography observed in a fluorescence microscopic image with 500 x magnification should essentially
be identical to matrix asphalt topography. However, the actual observation shows that graphene
asphalt contains a large amount of a black substance. Graphene has an extremely large specific
surface area and a strong interlayer force, and therefore is very difficult to distribute completely
uniformly [59-61]. Because the XRD test proves the stable existence of graphene in asphalt, this black
substance should be graphene clusters. EBS cannot distribute graphene evenly in asphalt.

Figure 61-n show that compared with materials with other compositions, the graphene clusters
in the GMA prepared with the optimal material composition obtained from modeling have more
regular, spherical shapes. This means that with the optimal graphene and dispersant mixture ratio,
the dispersant changes the graphene topography in asphalt; the graphene clusters evolve from large,
distinct, irregular shapes to small, indistinct, regular shapes.

Image-Pro Plus is widely used microscopy image analysis software with accurate and reliable
image analysis results. In recent years, image analysis has been applied extensively in civil engineering
research [62-64]. In this paper, Image-Pro Plus software is employed to analyze GMA images and
obtain test group parameters, such as the number of graphene clusters, the maximum area, minimum
area, total area, cluster average area, total area, and ratio to maximum cluster area. The results are
shown in Figures 7-9.
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Figure 7. Variation trend of graphene cluster max and min areas.
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Figure 8. Variation trend of graphene cluster total area and quantity.

272



Materials 2019, 12, 757

30 T T T T T T 30
A ‘ —A— Average area of graphene clusters‘
“'E 204 A/ 20
= A
3 N
2 101 A A/‘\ L 10
W A a—*
0 T T T T T T 0
—m— Ratio of total area to maximum area of /.
200+ graphene clusters / \ L 200
© /
: /
S 100 / 100
Z N
——n /
0 g8 g E— ——a—8

T T T T T
% 2# 3# 4A# S#  o# T# 8% O9# 10# B-1 B-2 B-3
Sample number

Figure 9. Variation trend of graphene cluster average area and ratio of total area to maximum area of
graphene clusters.

Figures 7 and 8 show that the dispersant has significantly different graphene dispersion effects in
different test groups (i.e., the graphene distribution in asphalt is affected by differences in parameters
including the dispersant and graphene mix ratio, shear rotating speed, shear time, and shear
temperature). In different test groups, the graphene clusters have similar minimum areas. Although
Figure 7 shows the maximum graphene cluster areas in different test groups differ significantly,
such differences reflect differences between individual graphene cluster areas and cannot represent
the general variation pattern of graphene clusters in the test groups. Therefore, the maximum and
minimum graphene cluster areas have no comparative significance. In the optimal parameter solution,
the optimal graphene asphalt material composition and preparation parameters are based on test
group B-1. Figure 8 shows a larger graphene cluster total area and more clusters. Figure 9 shows a
small graphene cluster average area with a significantly larger total area and maximum area ratio than
other test groups. This means this test group has properly distributed graphene in asphalt.

Based on the above graphene cluster characteristics, clusters in images are divided into three
categories based on dimension: fine clusters, medium clusters, and coarse clusters. The fine cluster
area is less than 1 um?; the medium cluster area is between 1 pm? and 10 pm?; the coarse cluster area
is larger than 10 um?. Based on these categories, the graphene cluster distribution patterns in various
test groups scattered by EBS are shown in Figures 10 and 11.
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Figure 10. Variation trend of different categories of graphene clusters.
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Figure 11. Box plot of graphene cluster area.

Figures 10 and 11 show that in different test groups, the coarse- and fine-grain proportions of
graphene clusters in graphene asphalt vary significantly. In contrast, the medium grain ratio has a
small variation and is essentially stable. This means when dispersant cannot distribute graphene
evenly in asphalt, the majority of graphene clusters in asphalt are medium-sized.

The performance comparison shows that test group B-1 had the smallest quartile and median
among all test groups. Test group B-1 had the highest proportion of fine graphene clusters, a small
proportion of coarse clusters, the largest total cluster area, clusters with small dimension, and the
maximum softening point, low temperature ductility fracture energy, antirutting factor, and 0.1 kPa
creep recovery rate at 58.6 °C, 4035.7 N-mm, 2099.00 kPa, and 20.24%, respectively. Again, this means
graphene in this test group is distributed properly in asphalt, resulting in a significant improvement in
macroscopic asphalt performance.

To summarize, in EBS-based GMA, when the graphene and dispersant proportions and
corresponding preparation parameters are optimal, graphene is distributed properly in asphalt, which
significantly improves the softening point, low-temperature ductility fracture energy, antirutting factor,
and creep recovery rate of the material.

4. Conclusions

(1) A method for calculating the optimal parameters of GMA and a process to prepare GMA were
proposed. For EBS-based GMA, the optimal parameters are as follows: the graphene proportion
is 20%o; the EBS proportion is 1%,; the high-speed shear rate is 6000 r.p.m.; the shear time is
180 min; the shear temperature is 140 °C. The prepared GMA had a significantly improved
softening point, low temperature fracture energy, antirutting factor, and creep recovery rate.

(2)  The prepared GMA had a softening point of 58.6 °C, a low-temperature ductility force of 168.0 N,
low-temperature ductility of 42.54 mm, low-temperature fracture energy of 2099 N-mm, and a
0.1 kPa creep recovery rate of 20.24%. Compared with SK-70# matrix asphalt, the performance of
GMA was significantly improved.

(3) Graphene can exist in an asphalt medium in a stable form, and some graphene in asphalt is in the
form of clusters. When the graphene and dispersant composition is close to the optimal ratio, the
dispersant changes the form of graphene in asphalt from irregular clusters to regular clusters
and from distinct, large clusters to indistinct, small clusters. When the graphene distribution in
asphalt is closer to the ideal situation, graphene asphalt has improved high- and low-temperature
performance. When the dispersant cannot distribute graphene evenly in asphalt, the majority of
graphene clusters in asphalt are medium-sized.
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(4) Although EBS is used in this study, graphene is still not distributed evenly in asphalt in the form
of flakes but is in the form of small clusters. Methods to ideally disperse or intercalate graphene
in asphalt to substantially improve asphalt performance require further investigation.
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Abstract: A styrene-butadiene-styrene (SBS) latex modifier can be used for asphalt modification due
to the fact of its energy-saving, construction convenience, and economic advantages. The objective of
this study was to investigate the influence of asphalt type and SBS latex dosage on the rheological
properties, compatibility, and storage stability of asphalt through temperature and frequency sweep,
steady-state flow, multiple stress creep and recovery (MSCR) tests, Cole-Cole plots and thermal
storage tests. The results indicated that high SBS latex content is beneficial for improving anti-rutting,
anti-fatigue, viscous flow resistance, and elastic recovery abilities of modified asphalt. The chemical
composition of asphalt had a significant effect on the properties of the SBS latex-modified asphalt.
High asphaltenes and low resins were favorable to enhancing anti-rutting and recovery properties
but weakened the anti-fatigue, compatibility, and storage stability of modified asphalt. Furthermore,
compared to SBS particle-modified asphalt, SBS latex-modified asphalt had greater rutting and
fatigue resistance. However, SBS latex-modified asphalt had some disadvantages in compatibility and
storage stability. Comprehensively considering the balance of viscoelastic properties, compatibility,
and storage stability of SBS latex-modified asphalt, the mixing dosage of SBS latex modifier is
recommended at 4.0 wt% which could feasibly replace SBS particle in asphalt modification.

Keywords: SBS-modified asphalt; SBS latex; rheological properties; compatibility; storage stability

1. Introduction

Asphalt is always used as binder material for road construction, and it is obtained from petroleum
refining processes [1]. In terms of chemical composition, asphalt is composed of saturates, aromatics,
resins, and asphaltenes. The main elements of bitumen is C, H, S, N, and O which is similar to petroleum
products. Currently, with the increase in traffic loading and temperature conditions, asphalt roads
are easily damaged including rutting, cracking, flacking, etc. [2,3]. Therefore, it is urgently needed to
improve the performance of asphalt pavement and prolong its service life.

It is clear that base asphalt has many disadvantages, such as high-temperature flow,
low-temperature cracking, and temperature susceptibility, that make it incapable of meeting the
performance requirements of high-grade pavement [4]. Thus, in order to guarantee the pavement
properties of an asphalt mixture under complex environments, additives have been used to modify
asphalt. The main modifiers for asphalt binder include styrene-butadiene-styrene (SBS), crumb rubber
(CR), polythene (PE), ethylene-vinyl acetate (EVA), styrene-butadiene rubber (SBR), polyphosphoric
acid (PPA), gilsonite, and other nanomaterials [1,5,6]. According to previous studies [2,4], the addition
of a polymer modifier can effectively improve the high-temperature rutting and low-temperature
cracking resistance of asphalt and prolong the service life of the pavement. Zhang et al. [7] studied
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the effect of SBS on the rheological and aging properties of asphalt, and the results showed that SBS
could remarkably enhance the viscoelastic performance and anti-aging capacity of asphalt. Meanwhile,
Liang et al. [8] investigated the influence of sulfur and SBS type on both the properties and mechanism
of SBS-modified asphalt, showing that there existed a chemical reaction between the SBS copolymer
and the base asphalt. The SBS polymer molecule in asphalt can crosslink which results in the formation
of a three-dimensional polymer network structure. This is why SBS-modified asphalt possesses better
high- and low-temperature properties.

On the other hand, it is obvious that SBS-modified asphalt has disadvantages in terms of
compatibility and storage stability [9]. Another problem is that modified asphalt with high-content
SBS has poor workability and low economic efficiency which further limits the application of SBS
copolymer [10,11]. Recently, researchers proposed that other additives can be added into SBS-modified
asphalt to prepare complex modified asphalt which can alleviate the stability issue and further improve
the pavement performance of SBS-modified asphalt. Qian et al. [12] investigated and concluded that
CR/SBS composite-modified asphalt produced via a high-cured method had better performance, and it
was a cost-effective approach to producing asphalt binder. In addition, Li et al. [13] prepared a modified
heavy calcium carbonate and SBS composite-modified asphalt and found that the addition of calcium
carbonate could strengthen the modulus and better enhance the viscoelastic properties than pristine
SBS-modified asphalt. Importantly, SBS-modified asphalt is always manufactured by the asphalt
industry because of the high-speed shear process used, and then it is transported to the construction site
where asphalt binder and aggregate are mixed and compacted. Thus, separation between asphalt and
SBS could easily happen during thermal storage and transportation [2,14]. Moreover, the preparation
process for SBS-modified asphalt is complicated, including high-speed shear and mixing, and is energy
intensive and costly.

Both the storage stability and the compatibility of SBS-modified asphalt are important to its
engineering application and performance in asphalt roads. Clearly, a strong phase separation of the
SBS copolymer from bitumen during storage and transportation is not expected [15]. Many researchers
have studied the effects of SBS dosage on the compatibility and storage stability of modified asphalt.
Lu etal. [16] investigated the compatibility and storage stability of SBS-modified bitumen using
fluorescence microscopy and dynamic mechanical analysis. The results showed that the storage
stability of modified asphalt decreased with an increase in SBS content; in addition, the degree of SBS
dispersion in bitumen influenced the storage stability and rheological properties of modified binders
as well. Meanwhile, Fu et al. [17] added SBS-g-M grafted with vinyl monomer into SBS-modified
asphalt and found that the compatibility of the SBS-modified asphalt improved significantly. Therefore,
the content of SBS modifier needs to be controlled to prevent the modified asphalt from phase separation.

The objective of this study was to explore the possibility of using an SBS latex modifier in
asphalt modification and to investigate the effects of SBS latex dosage and asphalt components on the
rheological properties, compatibility, and storage stability of modified asphalt. The experimental work
in this study is shown in Figure 1 and described in the subsequent sections.
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Figure 1. Flow chart of the experimental projects.

2. Materials and Methods

2.1. Raw Materials

In this paper, two base asphalts (PetroChina Fuel Oil Co. Ltd., Beijing, China) (coded as A and B)
with a 60/80 penetration grade were used. The conventional properties and chemical compositions
of these two base asphalts are displayed in Table 1. It is clear that, although the two asphalts have
a similar penetration grade, their components have significant differences. The SBS latex modifier
was provided by Shandong Dashan Road&Bridge Engineering Co. Ltd., Shandong Province, China.
The apparent condition of the SBS-latex modifier showed milky liquid. The SBS solid concentration in
latex modifier was 33.55 wt%. The SBS latex is the product prior to the preparation of the SBS particle.
Owing to the lack of concentration and prilling procedure, a large amount of solvent exists in SBS
latex. Therefore, the preparation of SBS latex-modified asphalt can not only omit the solidification and
off-solvent operational processes, but it can also be prepared with only the use of a mixing stirrer.

Table 1. Conventional properties and chemical compositions of base asphalt.

Test Properties Asphalt A Asphalt B Methods
25 °C Penetration (0.1 mm) 68 71 ASTM D5 [18]
Softening point (°C) 49.8 48.6 ASTM D36 [19]
15 °C Ductility (cm) >150 >150 ASTM D113 [20]
Saturates (wt%) 234 27.1 ASTM D4124 [21]
Aromatics (Wt%) 41.2 329
Resins (wt%) 26.8 39.1
Asphaltenes (wt%) 8.6 0.9
Colloidal index (CI) * 047 0.39

* Colloidal index (CI) = (saturates + asphaltenes)/(aromatics + resins).

2.2. Preparation of SBS Latex-Modified Asphalt

In this study, the preparation process of the SBS-latex-modified asphalt is shown in Figure 2. This
process can be separated into three parts: the mixing section, condensation part, and recovery device.
The dosage of the SBS latex modifier was determined in accordance with previous studies [22,23].
Firstly, the base asphalt was preheated in a temperature-controlled oven to a flow state. Then, it was
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poured into a three-necked flask which was heated in a cylindrical container to 150 °C and mixed with
a certain amount of SBS latex modifier (0, 2 wt%, 4 wt%, 6 wt%, and 8 wt% of neat asphalt) with a
speed of 1000 rpm for 30 min using a variable-speed blender. After that, 0.2 wt% sulfur powder was
added into the above blend which was then mixed at 1000 rpm and 150 °C for 30 min. For simplicity,
the modified asphalt A (B) containing various SBS latex dosages are abbreviated as A0 (B0), A2 (B2),
A4 (B4), A6 (B6), and A8 (B8). Owing to the existence of solvent in SBS latex, the preparation device for
SBS latex-modified asphalt was closed and equipped with a solvent condensation and recovery unit
which can be seen in Figure 2. In order to evaluate and compare the performance grades of the SBS
latex-modified asphalt, a conventional SBS particle-modified asphalt with the same SBS solid content
was also prepared. The base asphalt was preheated to 175 °C and then the SBS particle modifier (the
same solid content with 6 wt% SBS latex) was added and was sheared at 4000 rpm for 30 min using
a high shear machine. Then, 0.2 wt% sulfur powder was added into the above blend and mixed at
1000 rpm and 150 °C for 30 min. Finally, the conventional SBS particle-modified asphalt was obtained
and named ASBS (BSBS).

Thermometer

Variable speed blender

SBS latex modifier Reclaimed solvent

I'hree-necked flask

Temperature-controlled
heater Conical flask

®ON
150°C | o 0rF

Figure 2. The preparation process of styrene-butadiene-styrene (SBS) latex-modified asphalt.
2.3. Test Methods

In this study, SBS latex-modified asphalts with various SBS latex dosages were prepared via
distilling and condensing device. Then, dynamic shear rheometer (DSR) (Anton Par, Graz, Austrian)
was conducted to analyze the viscoelastic properties of the modified asphalts. In addition, Cole-Cole
diagrams and thermal storage tests were performed to evaluate the compatibility and storage stability
of the SBS latex-modified asphalts, respectively. Finally, the performance of the SBS latex-modified
asphalt was compared with the conventional SBS particle-modified asphalt, and the optimum content
of SBS latex modifier was obtained.

Rheological characterization of the asphalt samples was performed using the DSR device [24].
Frequency sweep tests were conducted at 60 °C with the frequency increasing from 0.1 rad/s to 100 rad/s.
In addition, temperature sweep tests were performed at 10 rad/s from 48 °C to 84 °C with a parallel
plate geometry of 25 mm and a gap setting of 1 mm to measure the moduli and rutting factor of the
asphalts. Meanwhile, fatigue factors were also obtained by temperature sweep tests at 10 rad/s with
the testing temperature increasing from 10 °C to 50 °C. To guarantee the linear viscoelastic ranges of
the asphalt, train sweep tests were conducted to determine the loaded strain before these two tests.

In addition, a steady-state flow method was performed to obtain the influence of SBS latex
dosage on the zero-shear viscosity (ZSV) and deformation resistance abilities of modified asphalt [20].
The shear rate regions were chosen from 1073 s7! to 10? s™!. Furthermore, multiple stress creep and
recovery tests (MSCR), employed under two loading levels of 0.1 KPa and 3.2 KPa, were conducted
at 60 °C. For both the loading levels, the asphalt samples underwent ten cycles of one-second creep
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and nine seconds recovery [25,26]. The applied parallel plates” geometry and gap were determined
according to the relevant literatures [27-29].

3. Results and Discussion

3.1. Frequency Sweep Tests

Tt is clear that road performance depends, to some extent, on the viscoelastic and mechanical
properties of asphalt binder [30,31]. Characterization of the linear viscoelastic behavior of the asphalt
binder was performed to evaluate the effect of the SBS latex dosage on the rheology of the modified
asphalts. Asphalt is a viscoelastic material that behaves very differently with various temperature
and loading times. Therefore, a frequency sweep test was performed in the frequency region of
0.1-100 rad/s at 60 °C, and the experimental results are shown in Figure 3.
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Figure 3. Effects of loading frequency on the storage and loss modulus of the base and the SBS
latex-modified asphalts.

From Figure 3, clear increasing trends in the storage modulus G’ and loss modulus G” can be
seen with the frequency increasing gradually. It is well known that storage modulus G’ represents
the energy recovery and elastic section of asphalt, while loss modulus G” shows the energy loss and
viscous part. However, the increasing trends of the two moduli were very heterogeneous. With regard
to all asphalt samples, storage modulus G” showed lower values than loss modulus G” in the whole
testing frequency region, indicating that the viscoelastic performance of the base and modified asphalts
were primarily dominated by viscous properties.

This phenomenon was more obvious in the case of neat asphalt which is attributed to its poor
viscoelastic properties at high temperature. Meanwhile, the gap between G’ and G” became smaller as
the frequency declined. After adding SBS latex, the G” and G” values of the modified asphalt both
underwent an increasing trend compared with the neat asphalt. With the increase in the SBS latex
dosage, the G” and G” values of asphalt samples both continued to increased, while the increasing
trend weakened when the SBS latex content exceeds 6 wt%. The results also reveal that adding SBS
latex increased the proportion of elastic components in the binder, which contributes to improving the
stiffness of asphalt at high temperature.
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Furthermore, asphalt composition also has a remarkable influence on the modulus and stiffness
of SBS latex-modified asphalt. Both the storage and loss modulus of asphalt A were higher than that
of asphalt B with the same SBS latex concentration; this is attributed to the differences in asphalt
composition. This phenomenon suggests that there was a stronger reaction between the SBS latex
modifier and base asphalt A with a higher asphaltenes content. As a consequence, asphalt type and
composition are very crucial for SBS latex modification, and a relatively high asphaltenes dosage
is beneficial to obtaining a satisfactory modification result. Additionally, the SBS latex-modified
asphalt had better moduli than that of the conventional SBS particle-modified asphalt when the
SBS concentration was the same, indicating that the SBS latex-modified asphalt possessed better
deformation resistance performance. In addition, the moduli difference between the SBS latex-modified
asphalt and the conventional SBS particle-modified asphalt was more distinct for asphalt A.

3.2. Temperature Sweep Tests

It is well known that rutting resistance factor G*/sind is an important index to evaluate the
high-temperature stability of asphalt. The rutting resistance factor G*/sind of asphalt was obtained by
temperature sweep tests with the temperature increasing from 48 °C to 84 °C and with a frequency of
10 rad/s. The rutting resistance factors G*/sind of the base and modified asphalts with various SBS
latex dosages are presented in Figure 4. There was an obvious linear relationship between the testing
temperature and rutting resistance factors of the asphalts. In order to evaluate the impact of SBS latex
content on the anti-rutting properties of the modified asphalts, the linear fitting formula was used and
the failure temperatures of the asphalts were calculated when the rutting resistance factor G*/sind was
equal to 1.0 KPa.
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Figure 4. Effects of temperature on the rutting factor of the base and SBS-latex-modified asphalts.

Table 2 shows the failure temperatures of the base and modified asphalts. It can be seen that the
addition of SBS latex increased the failure temperature of the base asphalt dramatically, indicating SBS
latex can improve the anti-rutting ability of asphalt. However, the SBS latex dosage had a different effect
on the improvement of the failure temperature of the asphalts. For asphalt A, the failure temperature
increased by 7.01%, 10.74%, 10.79%, and 12.25% when the SBS latex content was 2 wt%, 4 wt%, 6 wt%,
and 8 wt%, respectively, while the failure temperature of asphalt B increased by 9.15%, 14.28%, 15.27%,
and 18.42%. Clearly, the greater influence of the SBS latex concentration on asphalt B over asphalt A is
obvious. Meanwhile, the degree of influence became smaller when the SBS latex dosage exceeded
4 wt%.
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Table 2. Failure temperature and fatigue temperature of all asphalt samples.

SBS Latex Failure Temperature/°C Fatigue Temperature/°C
Contents Asphalt A Asphalt B Asphalt A Asphalt B
0 78.13 68.12 10.12 4.79
2 83.61 74.35 9.45 1.80
4 86.52 77.85 7.33 -0.19
6 86.56 78.52 7.71 0.58
8 87.70 80.67 8.27 3.10
SBS particle 83.89 72.37 7.74 2.16

In addition, the failure temperature of the SBS latex-modified asphalt was higher than that of
the SBS particle-modified asphalt with the same SBS solid content. That is to say, SBS latex-modified
asphalt had a better anti-rutting ability than the SBS particle-modified asphalt which is the main
binder used in pavement construction. Moreover, for asphalt A, the failure temperature of the SBS
latex-modified asphalt was 2.67 °C larger than that of the SBS particle-modified asphalt, while the
difference for asphalt B was 6.15 °C. Meanwhile, the failure temperature values of the modified asphalts
A were all higher than that of asphalts B, showing that the SBS latex-modified asphalt A had greater
rutting and deformation resistance because of the higher asphaltenes concentration.

Fatigue cracking is another defect of asphalt pavement, thus the fatigue resistance factor is
an important and essential index to evaluate the long-term pavement performance and service life
of asphalt roads which has been receiving increasing attention [32,33]. In this study, temperature
sweep tests were performed with temperature changes from 10 °C to 50 °C with 5 °C increments to
investigate the effect of SBS latex dosage on the fatigue resistance of modified asphalt. The relationship
between testing temperature and fatigue factors G*sind in SBS-latex-modified asphalt is plotted in
Figure 5. It was found that the fatigue resistance factor of modified asphalt increased as the temperature
gradually increased, illustrating that a high-temperature environment has an adverse effect on the
fatigue resistance performance of SBS latex-modified asphalt.

In order to assess the fatigue property of modified asphalt intuitively, the ultimate fatigue
temperature was calculated and used for analysis [34]. The relationship between the temperature
and fatigue resistance of asphalt can be demonstrated by a linear formula, which is also shown in
Figure 5. There was a clear linear relationship between the temperature and fatigue factor of asphalt,
and the correlation coefficient values R were all more than 0.99. Besides, the fatigue temperature of of
base and modified asphalts with various SBS latex concentrations are displayed in Table 2. The SBS
latex dosage has great influence on the fatigue property of modified asphalt. The addition of SBS
latex remarkably decreased the fatigue temperature of base asphalt, showing the positive effect of
SBS latex on improving the fatigue resistance of asphalt. However, as SBS latex dosage increased,
the fatigue temperature of modified asphalt first declined and then increased, indicating that a higher
SBS latex dosage leads to a loss in fatigue resistance for SBS latex-modified asphalt, and that there
exists an optimal SBS latex content to ensure the best fatigue resistance performance. Regardless of the
asphalt components, the modified asphalt with an SBS latex content of 4 wt% had the lowest fatigue
temperature and best fatigue resistance ability. That is to say, the optimal dosage of SBS latex in this
study was 4 wt% when considering the anti-fatigue performance of modified asphalt.

Furthermore, asphalt type and chemical composition also affected the fatigue resistance of
SBS-latex-modified asphalt dramatically [35,36]. It was found that, with the same SBS latex dosage,
the fatigue temperature values of modified asphalts A were all higher than that of modified asphalts
B, indicating that modified asphalts B had better fatigue resistance performance. This is due to the
difference in asphalt composition, and the lower asphaltene concentration of asphalt B contributed
to the improvement of fatigue resistance performance. It is interesting that the SBS latex-modified
asphalt had a lower fatigue temperature than the SBS particle-modified asphalt, indicating that the SBS
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latex-modified asphalt had better fatigue resistance. Thus, in regard to the fatigue resistance properties,
it is feasible and superior to use SBS latex as a modifier of asphalt to enhance its properties.
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Figure 5. Effects of temperature on the fatigue factor of (a) the base and (b) the SBS latex-modified
asphalts.

3.3. Steady-State Flow Tests

Characterization under large deformation always gives a very distinct viscoelastic response in
comparison with those in small deformation, especially for polymer-modified asphalt [37,38]. Thus,
the 60 °C flow behavior of asphalt was characterized by steady-state flow tests with the shear rate
increasing from 1073 s7! to 102 s~!. The flow curves of base and SBS-latex-modified asphalts are plotted
in Figure 6. On the whole, the viscous flow behavior of asphalt shows a dependence on shear rate,
which is extraordinarily distinct for modified asphalt. The shear viscosity of asphalt keeps constant
when the shear rate is in the low range, representing the typical Newtonian fluid characteristic [39].
When the shear rate exceeds this value, the shear viscosity of the asphalt decreases remarkably which
presents an apparent shear-thinning behavior. Neat asphalt has the widest Newtonian behavior region,
which is shortened after adding SBS latex. The non-Newtonian fluid characteristics of asphalt with
a higher SBS latex dosage were more obvious, which is attributed to the complicated entanglement
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between asphalt and polymer. On the other hand, the viscosity of the base asphalt was the lowest,
increasing gradually with the increase in SBS latex content, indicating that adding SBS latex can improve
the flow resistance of asphalt dramatically. Overall, base asphalt presented primarily Newtonian fluid
characteristics, while SBS latex-modified asphalts showed non-Newtonian behavior in the studied
region of shear rates. In addition, it is clear that the type and composition of base asphalt had great
influence on the flow behavior of SBS-latex-modified asphalt. The Newtonian fluid region of asphalt B
was larger than that of asphalt B, which is attributed to the lower amount of asphaltenes in asphalt
B. Meanwhile, it was found that the viscosity values of SBS-latex-modified asphalt B were all lower
than that of modified asphalt A. That is to say, asphalt B with lower asphaltenes had the advantages of
workability and inferior flow resistance ability.
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Figure 6. Flow curves of (a) the base and (b)SBS-latex-modified asphalts.

In order to evaluate the effects of SBS latex dosage on the viscous properties of asphalt quantitatively,
the relationship between shear rates and viscosity of asphalt can be fitted using Carreau model [8],
which is as follows:

.2
T=n+] 0
Ve

where 11 shows the viscosity of asphalt, 1 is the ultimate viscosity when the shear viscosity approaches
zero which is also called the zero-shear viscosity (ZSV), s represents the slope of the fitting curve in the
non-Newtonian region, while y is shear rate, and y. represents the critical shear rate value when the
viscoelastic characteristic of asphalt binder changes from Newtonian behavior to the non-Newtonian
region [40,41]. From Figure 6, the flow curve of asphalt fits the Carreau model fairly well, showing the
parameters obtained from the Carreau model are very reliable. Table 3 shows the results of all the
studied samples calculated from the Carreau model including zero-shear viscosity 1, critical shear
rate value y., and fitting curve slope s. It is clear that the neat asphalt has the lowest ng value (ZSV),
showing the poor flow resistance ability of the base asphalt at high temperature. From Table 3, it can
be seen that the zero-shear viscosity of asphalt B was lower than that of asphalt A, while the y. value
of asphalt B was much higher than asphalt A. The results show that compared to asphalt A, asphalt B
had a wider Newtonian fuild range and better workability, which is attributed to its higher content of
light oil fractions and lower dosage asphaltenes. Meanwhile, it can also be found that the s value of
asphalt B is higher than asphalt A, which means asphalt B has higher shear susceptibility than asphalt
B, which is also connected to its chemical component characteristics.

287



Materials 2019, 12, 3683

Table 3. The results calculated from the Carreau model at 60 °C of all studied samples.

SBS Latex Contents/wt%

Items
0 2 4 6 8 SBS Particle

Asphalt A A0 A2 A4 A6 A8 ASBS
Mo X 1073 (Pa-s) 1.032 2.773 4.733 5.026 5.629 5.718
Ve (571 2416 0471 0.142 0.169 0.165 0.155
s 0.300 0.193 0.146 0.149 0.128 0.126
Asphalt B BO B2 B4 B6 B8 BSBS
Mg X 1073 (Pa-s) 0.295 0.527 0.692 0.977 1.494 0.762
Ye (57H) 40.207 3.743 0.321 0.092 0.128 0.164
s 1.141 0.206 0.082 0.089 1.107 0.090

Meanwhile, SBS latex can remarkably enhance the ZSV value of asphalt and this improvement
was more obvious for modified asphalt A. Interestingly, the zero shear viscosity value of modified
asphalt A was higher than that of modified asphalt B, indicating the viscous flow behavior was also
significantly affected by the chemical composition of base asphalt. In terms of viscoelastic properties,
high aromatic content and moderate asphaltenes dosage were beneficial for enhancing the flow
resistance of asphalt. Furthermore, SBS particle-modified asphalt A had a higher ny value than that
of SBS-latex-modified asphalt A, even though the SBS latex content increased to 8 wt%, while the ng
value of SBS particle-modified asphalt B was lower than that of 6 wt% SBS particle-modified asphalt B.
On the other hand, adding SBS latex results in a decrease in the critical shear rate y. of the asphalt,
indicating that the shear-thinning behavior of modified asphalt became more distinct. This is related to
the presence of macro-molecules due to the incorporation of polymers and the complicated structure
of modified asphalt being prone to disruption by shear stress. Moreover, the addition of SBS latex
decreases the s value and improves the resistance to shear thinning of the modified asphalt.

The relationship between the SBS latex dosage and 1 value as well as the critical shear rate
V. was fitted by a linear formula as shown in Figure 7. With the increase in SBS latex, the 1y value
of modified asphalt increased dramatically, while the critical shear rate y. decreased, showing that
SBS latex can improve the deformation resistance and shear-thinning behavior of asphalt. However,
the influence of SBS latex content on the ZSV value of modified asphalt A was more obvious than
that of modified asphalt B, while the effect on the y. value of modified asphalt B was more distinct
than that of modified asphalt B. Furthermore, the asphalt component can also affect the ZSV and y.
values of modified asphalt. It was found that the ZSV value of modified asphalt A was higher than
that of modified asphalt B, while the y. value of modified asphalt A was lower than that of modified
asphalts B, indicating that asphalt A had better deformation resistance ability and was closer to the
non-Newtonian fluid characteristic.

10° 10°
© y=1407.54+557.74x
{10’
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Figure 7. Effects of SBS latex content on the Carreau model parameters of modified asphalts.
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3.4. Creep and Recovery Behavior

In order to further evaluate the effects of SBS latex dosage on the high-temperature properties and
recovery behavior of modified asphalt, MSCR tests were conducted with respect to AASHTO TP70 [25].
Figure 8 shows the MSCR results of asphalt samples at stress levels of 0.1 KPa and 3.2 KPa, respectively.
It is well known that the percent recovery (R%) is an elastic response indicator of asphalt, and the
increased value of R% indicates the improvement in the elastic component in asphalt. Meanwhile,
non-recoverable creep compliance (Jnr) is well related to the rutting performance of asphalt, and the
lower Jnr value represents the better resistance to permanent deformation of binder.
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Figure 8. Effects of SBS latex content on the percent recovery (R%) and non-recovery compliance (Jnr)
of modified asphalts.

As expected, base asphalt had the lowest R% value and highest Jnr value regardless of the loading
stress level. The R% value of asphalt was damaged when the loading stress increased from 0.1 KPa to
3.2 KPa, while the non-recoverable creep compliance Jnr increased dramatically. Meanwhile, adding
SBS latex can remarkably increase the R% value and decrease the Jnr value of asphalt. The R% and Jnr
value of modified asphalt increased and declined with the increase in SBS latex dosage, respectively.
That is to say, SBS latex can improve the elastic recovery and deformation resistance of asphalt.
However, the degree of influence of SBS latex content on the R% and Jnr value of modified asphalt
depends on the chemical composition of the base asphalt. The effect of SBS latex dosage on the elastic
properties of asphalt B was more obvious than that of asphalt A, which means the positive effect of SBS
latex on the resistance to permanent deformation was more significant for asphalt B.

Additionally, modified asphalt A always had a higher R% and lower Jnr value than those
of modified asphalt B, indicating modified asphalt A had better elastic response and deformation
resistance performance than asphalt B. On the other hand, it was found that the R% value of SBS
latex-modified asphalt was higher than that of SBS particle-modified asphalt, while the Jnr value of the
former was lower than the latter, regardless of loading stress level when the SBS particle content was
the same as the latex. Obviously, the SBS latex-modified asphalt possessed better elastic properties
and anti-deformation abilities than conventional SBS particle-modified asphalt. As to asphalt A, both
R% and Jnr values of SBS particle-modified asphalt were similar to that of 2 wt% SBS latex-modified
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asphalt, while SBS particle-modified asphalt B had the same grade of anti-rutting and elastic response
performance with 4 wt% SBS latex-modified asphalt B. Furthermore, it can be found that the influence
of SBS latex dosage on improving the permanent deformation resistance of asphalt A became less
obvious when the SBS latex dosage exceeded to 4 wt%. However, the influence of SBS latex dosage on
the recovery and creep compliance of asphalt B was more obvious. Therefore, asphalt B was more
suitable to be modified with SBS latex which is consistent with the above results.

3.5. Compatibility

As is well known, compatibility between polymer and base asphalt is very essential, which
can result in phase separation and performance inhomogeneity of polymer-modified asphalt [12].
According to previous studies [9,22,42], a Cole-Cole diagram is the most efficient method to investigate
the compatibility of polymer-modified asphalts. In this study, the Cole-Cole plot was selected to assess
the compatibility differences during the preparation of the SBS latex-modified asphalts. It is well
known that the compatibility of modified asphalt is related to the shape of Cole-Cole diagrams, and a
symmetrical parabola shows great compatibility, while a conclusion of incompatibility between the
asphalt and modifier is drawn when the shape deviates from symmetry [12].

Figure 9 displays the Cole-Cole diagrams of the base asphalt and the SBS latex-modified asphalts
at 60 °C. For modified asphalt A, when the SBS latex dosage was lower than 4 wt%, the n” value first
increased and then descended with the increase in n". However, when the SBS latex dosage was larger
than 4 wt%, the n” value of the modified asphalt rapidly increased with the increase in n’. This means
that the compatibility of SBS latex-modified asphalt A became worse with the increase in the SBS
latex dose; this is attributed to the concentretion limitation of resin in asphalt A. On the other hand,
Cole-Cole plots of modified asphalt B present symmetrical parabolas when the SBS latex dosage was
less than 8 wt%. With the increase in the SBS latex modifier, the shape of the Cole-Cole diagram
deviated from this symmetry gradually, indicating the SBS latex dosage had a passive influence on the
compatibility of modified asphalt.
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Figure 9. Cole-Cole plots of the base and SBS latex-modified asphalts.

Furthermore, the compatibility between asphalt and polymer also depended on the composition
of the base asphalt. It was clear that the shape of the Cole-Cole plot for modified asphalt B was closer
to symmetrical parabolas than that of modified asphalt A under the same SBS latex dosage [42—44].
This result showed that SBS latex-modified asphalt B had better compatibility than asphalt A, which
is attributed to the composition differences of the base asphalt. From Table 1, it can be seen that
asphalt B had more resins and a lower asphaltene concentration than asphalt A which is beneficial to
the formation of a stable colloid structure and enhanced the compatibility between asphalt and SBS
latex modifier. In conclusion, neat asphalt with a higher resins dosage and lower asphaltenes content
is suitable to be used to prepare stable SBS latex-modified asphalt with satisfactory compatibility.
Furthermore, it was found that the shape of the Cole-Cole plot for the SBS particle-modified asphalt
trended to symmetrical parabolas better than that of the SBS latex-modified asphalt, regardless of the
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type and composition of the base asphalt. This indicates that the SBS latex-modified asphalt had worse
compatibility than the conventional SBS particle-modified asphalt.

3.6. Storage Stability

Polymer-modified asphalts are multiphase systems and the difference in the solubility and
density between polymer and asphalt can result in phase separation of the modified asphalt during
high-temperature storage processes [45]. On the basis of this, a storage stability test was performed on
SBS latex-modified asphalt according to the aforementioned testing method. To reveal the effect of SBS
latex dosage on storage stability, thermal storage tests were conducted for all modified asphalts at
163 °C for 2 d. Figure 10 shows the results of storage stability tests for the SBS latex-modified asphalts.
The results indicate that, with the increase in the SBS latex dosage, the softening point difference of the
modified asphalts became gradually larger, showing that the higher SBS latex content had a passive
influence on the storage stability and compatibility of modified asphalt. Meanwhile, the softening
point difference value of modified asphalt B was lower than that of modified asphalt A. Hence, it was
concluded that all SBS latex-modified asphalts suffered from phase separation during thermal storage,
and the storage stability of modified asphalt was associated with the base asphalt composition as well
as the SBS latex dosage.
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Figure 10. Effect of SBS latex content on the storage stability of modified asphalts.

It was found that the softening point difference of the modified asphalt increased as the SBS
latex dosage increased. When the SBS dosage content reached 8 wt%, the softening point difference
of modified asphalt A and B increased to 3.4 °C and 2.7 °C, respectively, which obviously exceeded
the specification that polymer-modified asphalt is storage-stable with a softening point difference
lower than 2.5 °C. These results demonstrate that a high SBS latex dosage has an adverse effect on
the storage stability of modified asphalt. Furthermore, the thermal stability of modified asphalt also
depends on the components of the base asphalt. It was clear that SBS latex-modified asphalt B had a
smaller softening point difference value and greater storage stability than modified asphalt A which
is associated with the asphalt components. From Table 1, asphalt A contained more asphaltenes
and a lower amount of resins than asphalt B. Therefore, the difference in storage stability can be
interpreted by the difference in asphalt compositions. Furthermore, the softening point difference
of SBS latex-modified asphalt A was 1.9 °C larger than that of SBS particle-modified asphalt, while
modified asphalt B had a 1.4 °C higher softening point difference. That is to say, SBS latex-modified
asphalt had worse storage stability than conventional SBS particle-modified asphalt. Thus, it can be
concluded that SBS latex-modified asphalt is suitable to be prepared and used at the construction site
immediately. Certainly, SBS latex-modified asphalt with a lower content SBS latex can be prepared by
the asphalt industry and transported to the site of the construction of an asphalt road.
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4. Conclusions

This paper prepared and evaluated the rheological properties, compatibility, and storage stability
of SBS latex-modified asphalt. The effects of SBS latex dosage and asphalt composition on the moduli,
rutting and fatigue temperature, ZSV, R%, Jnr, compatibility, and storage stability of modified asphalt
were investigated which were also compared with conventional SBS particle-modified asphalt. On the
basis of the experimental results and discussion, the following conclusions were drawn:

(1) The SBS latex dosage had a great effect on the rheological properties of modified asphalt.
With an increase in the SBS latex content, both the viscoelastic and high-temperature performance of
modified asphalt improved including the moduli, rutting resistance, anti-fatigue, zero shear viscosity,
and elastic recovery abilities.

(2) The chemical composition of neat asphalt also had a significant influence on the properties
of SBS latex-modified asphalt. High asphaltenes and low resins are beneficial for anti-rutting and
viscoelastic properties, while low asphaltenes and high resins are favorable to fatigue resistance ability,
compatibility, and storage stability of modified asphalt.

(3) Compared to conventional SBS particle-modified asphalt, SBS latex-modified asphalt possesses
higher moduli, greater rutting and fatigue resistance as well as superior viscoelastic performance
which, however, has some disadvantages in terms of compatibility and storage stability.

(4) In this study, in comprehensively considering the balance of viscoelastic properties,
compatibility, and storage stability of SBS latex-modified asphalt, the mixing content of SBS latex is
recommended at 4.0 wt% which can be prepared at a construction site with a lower temperature. It is
feasible for the SBS latex modifier to take the place of SBS particle and be used in the modification
of asphalt.
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Abstract: To improve the low-temperature performance of the Buton rock asphalt (BRA)-modified
asphalt, styrene-butadiene rubber (SBR) was added to it. The BRA-modified asphalt and SBR-BRA
composite modified asphalt were prepared by high-speed shearing method. The penetration, softening
point, ductility, and Brookfield viscosity of the two kinds of asphalt were measured. The dynamic shear
rheometer (DSR) and the beam bending rheometer (BBR) were employed to research the performance
of BRA-modified asphalt by adding SBR. The results showed that the pure asphalt in BRA was the
main reason to reduce the low-temperature performance of neat asphalt when the content of BRA was
19%. However, the ash in BRA was the main factor to reduce the low-temperature performance when
its content was more than 39.8%. When the BRA content was 59.8%, the SBR-BRA composite modified
asphalt with SBR contents of 2%, 4%, 6%, and 8%, and it shows that the penetration and ductility
of the BRA-modified asphalt are increased by the addition of SBR. The equivalent brittle point was
reduced, the stiffness modulus was decreased, and the creep rate was increased. At the same time, the
Brookfield viscosity was reduced and the rutting factor was increased. The stiffness modulus of the
SBR-BRA composite modified asphalt mixture was increased. That is to say, when SBR was mixed into
the BRA-modified asphalt, the low-temperature performance could be remarkably improved based
on ensuring high-temperature performance. The low-temperature index of composite modified
asphalt was analyzed. It was recommended to apply the equivalent brittle point to evaluate the
low-temperature performance of SBR-BRA composite modified asphalt.

Keywords: road engineering; low-temperature performance; BRA-modified asphalt; BRA-SBR
composite modified asphalt

1. Introduction

By the end of 2018, the total mileage on China’s highways was 4.85 million kilometers, including
142,600 km of expressways. Most of the pavement structures are asphalt pavement [1-5]. However,
with the growth of the traffic volume, neat asphalt binder is difficult to meet modern transport
development demands and needs to be modified. Buton rock asphalt (BRA) is a kind of asphalt with
excellent stability formed by the action of different natural environmental factors [6]. It has excellent
compatibility with asphalt, low production cost, and convenient transportation [7]. Therefore, rock
asphalt as a modifier to modify neat asphalt has prominent advantages [8,9]. Engineering practice
shows that the application of rock asphalt-modified asphalt can improve the rutting and other diseases
caused by an overload on the road surface, improve the service performance of the road surface, and
extend the service life of it. It is also reported that the added BRA can enhance the skid resistance of
the asphalt pavement [10]. It is indeed an excellent road asphalt modifier [11,12]. Other researches are
shown that BRA-modified asphalt has excellent high-temperature stability and anti-aging performance,
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but its addition to neat asphalt destroys the low-temperature cracking resistance [13-15]. To prevent
low-temperature shrinkage cracks and improve the service capacity of the highway, it is necessary to
seek other kinds of modifiers to modify the neat asphalt [16], so that the composite-modified asphalt
can improve the high-temperature performance as well as the low-temperature performance.

SBR is a modifier for polymer-modified asphalt. Because of its good compatibility with asphalt and
its rich content of polycyclic aromatic hydrocarbons, it can significantly improve the low-temperature
performance of neat asphalt. Besides, SBR modification technology is mature and has been widely
used in asphalt modification [17-19]. The results have shown that SBR is a linear polymer material
with high molecular weight (100,000-1.5 million). SBR will increase the average molecular weight of
modified asphalt so that the modified asphalt forms a mosaic structure with a large surface area and
has high surface energy. When the temperature decreases, SBR particles can play a role in toughening
and plasticizing, offset part of the load effect, and hinder the further expansion of micro-cracks [20,21].
It has also been shown that SBR could reduce the hardening of asphalt during oxidative aging [22-25].
Therefore, the performance of SBR-modified asphalt is relatively good, and especially at a lower
temperature, can show good flexibility, ductility, and crack resistance. Previous studies have shown
that the comprehensive performance of BRA-SBR composite modified asphalt was better than
styrene-butadiene-styrene (SBS)-modified asphalt and SBR-modified asphalt [26,27]. The study [28]
has also shown that as the amount of BRA increases, the adhesion of the composite-modified asphalt
to the aggregate and the Brookfield viscosity increased.

Although many studies have shown that the low-temperature performance of BRA-modified
asphalt deteriorated, most of the studies have employed mechanism analysis [29,30]. It has not been
found which component of BRA has a negative influence on the low-temperature performance of
neat asphalt. Moreover, the studies have only shown that SBR could improve the low-temperature
properties of neat asphalt [31], but its performance as a composite modifier currently lacks systematic
research. Aiming at these issues, this study first characterizes the asphalt modified with BRA and
BRA-ash, respectively. The performance between the BRA- and BRA-ash-modified asphalt binder was
compared to determine whether the BRA-asphalt or BRA-ash content play a major role in asphalt
modification. Then, based on the characterization results, the low-temperature performance of the
BRA-modified asphalt was further improved with the added SBR content. The sensitivity of the
low-temperature index to the content of SBR was analyzed.

2. Materials Preparation and Test Method

2.1. Materials Preparation

The material used in this paper is AH-70# neat asphalt, produced from Indonesia’s Buton rock
asphalt, SBR latex. Technical indicators are shown in Tables 1-3. The results show that the technical
indicators of all raw materials are in line with the norms.

Table 1. Technical properties of 70# neat asphalt.

Technical Indicators Industry Standard Test Results
Penetration (25 °C,100 g, 5 s) (0.1 mm) 60-80 68.2
Ductility (5 cm/min, 15 °C) (cm) >100 >100
Softening point (°C) 246 49.1
Density (15 °C) (g/cm’3) - 1.03
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Table 2. Main technical indexes of Buton rock asphalt.

Technical Indicators Industry Standard Test Results
Appearance Brown Powder Brown Powder

Ash content (%) <75 74.14

Solubility (%) >25 25.86

Water content (%) <2 0.97

4.75 mm 100 100

Particle size range (%) 2.36 mm 90-100 100
0.6 mm 10-60 100

Table 3. Technical performance of styrene-butadiene rubber (SBR) latex.

Property Test Result Specification of Experimental Methods
Appearance White Latex -
Molecular weight 50,000 GB/T12005.10-1992
Mooney viscosity (mPa-s) 4000 GB/T1231.1

Based on the research of other scholars [32-34], the external blending method was used to
determine that the blending amount of BRA was 19%, 39%, 58%, 77%, and 97%. This reflects the mass
ratio of BRA to modified asphalt. According to the principle that the ratio of ash to pure asphalt is
the same, the amount of Buton rock ash mortar is shown in Table 4. For example, when the amount
of BRA is 19%, pure asphalt accounts for 5% and ash accounts for 14% in the BRA-modified asphalt.
It means that the percentage of pure asphalt is the same in BRA-modified asphalt and BRA ash mortar.
The percentage of ash is the same in BRA-modified asphalt and BRA ash mortar, as shown in Figure 1.
The amount of SBR is also determined according to the research of other scholars [35].

Table 4. Buton rock asphalt (BRA) and BRA ash content comparison table.

BRA Content BRA Ash Content
0.19 0.14
0.39 0.29
0.58 0.43
0.77 0.57
0.97 0.72

) The ratio of ash
B oo “fgt:lt to pure asphalt is BRA ash asphalt mortar

=

S —

5= Ash in BRA modified asphalt
= BRA in BRA modified asphalt

neat asphalt in BRA modified asphalt pure asphaltin BRA modified asphalt

Figure 1. The ratio of ash to pure asphalt is the same.

Studies [36] have shown that when the BRA dosage range is between 40% and 80% (mass ratio),
the BRA-modified asphalt has the same rutting resistance as the SBS-modified asphalt and has excellent
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high-temperature performance. However, according to the BBR test data of BRA-modified asphalt
in this paper, 58% of the amount of BRA-modified asphalt reached the limit of low-temperature
performance of asphalt at —6 °C. BRA content of 58% of was selected to prepare BRA-SBR composite
modified asphalt.

The high-speed shear and induction cooker were used to heat the AH-70# neat asphalt binder
to 140-145 °C before mixing of modified asphalt binder. The BRA with different proportions was
added to the asphalt binder. The high-speed shear was turned for 30 min to mix the BRA and neat
asphalt when the temperature was controlled at 165 °C, and then different amounts of SBR were added.
The BRA-SBR composite modified asphalt was prepared [37]. The flow chart is shown in Figure 2.

BRA
Neat 145 °C, 1000 rpm Buton 165 °C, 3000 rpm modified
asphalt rock asphalt
30 min
rock
165 °C
3000 rpm
SBR latex .
30 min

BRA-SBR composite

modified asphalt

Figure 2. Flow chart for preparing modified asphalt.

The Buton rock asphalt ash is obtained by burning the Buton rock asphalt at a high temperature.
Its main component is CaCOs, and its decomposition temperature is 825-896.6 °C, and the melting
point is 1339 °C. To ensure that the microstructure of the Buton rock asphalt is not resolved, the muffle
furnace’s combustion temperature is set to 482 °C to burn the BRA. The BRA ash mortar is prepared in
a similar manner to the BRA-modified asphalt.

2.2. Test Method

The penetration test is a commonly used method for determining the consistency of asphalt.
Penetration tests of 3 temperatures were carried out, and the penetration index (PI) and the equivalent
brittle point (T; ) were calculated. The penetration index is an indicator of the temperature sensitivity
of asphalt. T;; means the corresponding temperature at which the penetration of the asphalt is 1.2.
It reflects the low-temperature properties of asphalt.

The ductility test was carried out at 10 °C. The relation curve of load and ductility of asphalt can
be obtained from the force ductility test, and the area enclosed by the curve and X-axis is usually called
the abruption power. The abruption power (A) represents the work required by the external force in
the process of stretching to the breaking of asphalt. This index takes into account the deformation
and tension in the whole test process, and can better evaluate the viscosity and toughness of asphalt
at low-temperature compared with the ductility. The ratio of the ductility to the tension is taken as
the compliance in extension, and the value is used to measure the low-temperature viscosity and
toughness of asphalt, which can better reflect the low-temperature performance of asphalt [38].

The low-temperature bending beam rheology (BBR) test was specified by Superpave as a test to
evaluate the low-temperature properties of asphalt. Strategic Highway Research Program (SHRP)
believes that the cracking of the road surface is related to the stiffness of the asphalt mixture at 7200 s.
If it is less than or equal to 200 MPa, the cracking is small. It is difficult to control the temperature to be
stable when the loading time is 7200 s. According to the time-temperature equivalent principle, the
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creep stiffness of 7200 s is equivalent to the test result of the BBR test for 60 s. The test results of BBR
are expressed as creep stiffness and creep rate at 60 s.

In order to further observe the improvement of the low-temperature performance of BRA-modified
asphalt by SBR, the low-temperature creep bending test was carried out in this paper. The composite
modified asphalt was prepared by a BRA content of 58% and an SBR content of 5%. The failure strain
index of the low-temperature bending test was used to evaluate the low-temperature performance
of the modified asphalt mixture. The bending strength and the bending strain at the time of fracture
of the test piece are used to calculate the stiffness modulus at the time of failure of the test piece [39].
The test conditions are shown in Table 5.

Table 5. Test conditions of low-temperature creep bending test.

Specimen Size Temperature Loading Frequency

Test Conditions
250 mm X 30 mm X 35 mm -10°C 50 mm/min

To make the study more complete, the high-temperature performance of the BRA-SBR composite
modified asphalt was also observed through the Brookfield rotary viscosity test and the DSR (dynamic
shear rheometer) test. The Brookfield viscosity test temperatures were 135 °C, 155 °C, and 175 °C.
The speed is set to 10 r/min. The initial recording temperature of the asphalt dynamic shear rheological
test is 46 °C, which is recorded every 6 °C to obtain the complex modulus, phase angle, and rutting
factor of the modified asphalt.

3. Test Result

3.1. Penetration Test

The penetration at 15 °C was related to the low-temperature performance of asphalt. The higher
the penetration at 15 °C, the better the low-temperature performance of asphalt [40]. Table 6 can
conclude that when BRA content was 19%, 39%, 58%, 77%, and 97%, compared with the neat asphalt,
the penetration of BRA-modified asphalt (15 °C) was reduced by 18.3%, 25.5%, 37.8%, 45.4%, and 55.4%.
As the temperature increased, the penetration increased. However, as the BRA dosage increases, the
amplitude decreases. BRA is a granule. Its addition can reduce the rheological properties of asphalt.
At the same time, the equivalent brittle point T; , was increased by 0.75 °C, 1.51 °C, 2.93 °C, 3.61 °C,
and 4.42 °C. It indicates that the low-temperature crack resistance of BRA-modified asphalt decreases,
that is, the hardness of BRA-modified asphalt increases at a low temperature, and brittle fracture is
likely to occur when the BRA-modified asphalt is stressed at a low temperature [41]. As the content of
BRA increased from 0% to 97%, the penetration index of BRA-modified asphalt increased from —0.602
to 0.346, indicating that the thermal sensitivity of BRA-modified asphalt was improved.

Table 6. Test results of BRA-modified asphalt.

Property Unit BRA (%)
0 19 39 58 77 97
15°C 25.1 20.5 187 156 137 1.2
Penetration — Hoc 0lmm g, 53.7 46.9 39.0 339 282
30°C 1144 875 794 64.5 545 411
Pl 0602 -0321 —0258 —0.149 0019 0346
Tis °C ~1509 -1434 -1358 -1216 -1148 —10.67

Table 7 can conclude that when the ash content of BRA was 14%, 29%, 43%,57%, and 72%, the
penetration (15 °C) of the BRA ash asphalt mortar was reduced by 4%, 12%, 20%, 28%, and 36%;
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moreover, the equivalent brittle point T; ; increased by 0.21 °C, 0.92 °C, 1.26 °C, 1.85 °C, and 2.33 °C
compared to the neat asphalt. It is shown that with the increase of BRA ash content, the hardness
of BRA ash asphalt mortar increased at low temperatures, and the low-temperature crack resistance
decreased. As the BRA ash content increased from 0% to 72%, the penetration index of BRA ash asphalt
mortar increased from —0.662 to —0.174, indicating that the temperature sensitivity of the BRA ash
asphalt mortar was improved.

Table 7. Penetration test results of the BRA ash asphalt mortar.

The Content of BRA Ash (%)

Property Unit
0 14 29 43 57 72
15°C 25.1 239 217 19.8 182 16.8
Penetration  — pgoc  Olmm  —ggn 63.9 58.2 515 46.8 408
30°C 1144 1075 962 85.3 773 70.4
PI 0602 —0539 -0488 —035 —0284 —0.174
Ti, °C 1509 -1488 —1417 -1383 -1324 1276

From Tables 8 and 9, it can be found that the addition of BRA and BRA ash reduced the penetration
of neat asphalt. When the amount was small, pure asphalt in BRA played a major role. When the
amount was high, ash in BRA was the main one. It can be seen from Table 9 that the addition of BRA
and BRA ash increased the equivalent brittle point of the neat asphalt. When the dosage was low,
pure asphalt in BRA played a significant role. When the dosage was high, ash in BRA played the
main character. That is, as the amount of BRA is increased, the weakening effect of ash in BRA on the
low-temperature performance of neat asphalt is more pronounced.

Table 8. Percentage of penetration of different components in BRA.

The Proportion of Ash and Pure Asphalt in

Penetration (15 °C) the Difference between the Penetration of
BRA Content BRA Ash BRA Modified Asphalt and Neat Asphalt
) Content (%) BRA Modified  BRA Ash Asphalt o o
Asphalt Mortar Ash (%) Pure Asphalt (%)
0 0 251 251 0 0
19 14 20.5 22.5 57 43
39 29 18.7 21.7 53 47
58 43 15.6 19.8 56 44
77 57 13.7 18.2 61 39
97 72 11.2 16.8 60 40

As can be seen from Table 10, with the increase of SBR, the penetration and penetration index of
BRA-SBR composite modified asphalt increased. The greater the penetration, the softer the asphalt.
The greater the penetration index, the lower the temperature sensitivity of the asphalt. It reflects that
the addition of SBR improved the low-temperature performance of the BRA-SBR composite modified
asphalt. When the SBR content was 2%, 4%, 5%, 6%, and 8%, the equivalent brittle point of the
BRA-SBR composite modified asphalt as 2.42 °C, 3.19 °C, 4.35 °C, 5.96 °C, and 7.99 °C lower than
that of the BRA-modified asphalt. The equivalent brittle point (T ) is a low-temperature indicator.
The smaller it is, the better the low temperature crack resistance of the composite-modified asphalt.
This shows that the BRA-SBR composite modified asphalt has the best low-temperature performance,
followed by the neat asphalt and the BRA-modified asphalt. With the increase of SBR, the equivalent
brittle point of BRA-SBR composite modified asphalt increased first and then decreased.
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Table 9. Percentage of equivalent brittle point of different components in BRA.

The Proportion of Ash and Pure
Asphalt in the Difference

T12 (°C) between the Equivalent Brittle
BRA Content BRA Ash Point of BRA Modified Asphalt
(%) Content (%) and Neat Asphalt

BRA Modified BRA Ash Asphalt Ash (%) Pure Asphalt

Asphalt Mortar (%)
0 0 -15.09 -15.09 0 0

19 14 -14.34 —14.88 28 72
39 29 -13.58 —14.57 66 34
58 43 -12.16 -13.83 43 57
77 57 -11.48 —13.64 40 60
97 72 -10.67 -12.98 48 52

Table 10. Penetration of BRA-SBR composite modified asphalt.

The Content of SBR (%) (The Content of BRA is 58%)

Property Unit
0 2 4 5 6 8
15°C 156 176 185 204 25 248
Penetration ~— p5oc  01mm 39 414 43.4 48 575 63.8
30°C 64.5 69.1 719 79 84.3 89.3
PI 0149 0127 0173 0185 0239  0.406
Tis °C _1216 1458 -1535 -1651 -1812 —20.15

3.2. Force Ductility Test

It can be seen from Table 11 and Figure 3 that the 10 °C ductility of the BRA-modified asphalt
gradually decreased as the amount of BRA increased. After blending 19% and 39% of BRA, the
variation of BRA-modified asphalt and neat asphalt is the same. The tensile force increased first and
then gradually decreased to zero. The specimen did not suddenly break, which indicates that the
material also has toughness and tenacity. However, the peak tensile strength of BRA-modified asphalt
increased, indicating that the viscoelasticity of BRA-modified asphalt increased. When 58%, 77%, and
97% BRA were added, the tensile force of BRA-modified asphalt changed abruptly. Especially when
97% BRA was added, the tensile force reached its peak value and breaks suddenly. Compliance in
extension is an elastic constant equal to the ratio of strain to stress. The greater the compliance, the
easier it is to deform. As shown in Table 11, the tensile compliance decreased as the BRA content
increased. It shows that the low-temperature performance of BRA-modified asphalt was reduced.
The larger power was correlated to the higher the energy absorption during stretching. That is,
asphalt had good toughness and strong fatigue resistance. As the content of BRA increased, the power
decreased and the toughness deteriorated.

The curve of Figure 4 can be seen as a stress-strain curve, and as the ductility increased, the force
also increased. When the peak was reached, the ductility continued to increase and the force began to
decrease. That is, the first was the elastic deformation process, followed by the plastic deformation
process. It can be seen from Table 12 and Figure 4 that the 10 °C ductility of the BRA ash asphalt
mortar also exhibited a gradually decreasing change as the BRA content increased. When the ash
content of BRA was 14% and 29%, the variation of BRA ash asphalt mortar was consistent with that
of neat asphalt. The tensile force decreased gradually to zero with the increase of ductility, which
indicates that the material has plastic characteristics. After the incorporation of 43%, 57%, and 72%
BRA ash, the curve of the BRA ash asphalt mortar did not decay to 0, which indicates that the material
has brittleness characteristics. With the addition of BRA ash, the compliance and power of BRA ash
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asphalt mortar were also reduced. The reason for the smaller amplitude than BRA-modified asphalt
is due to the pure asphalt in BRA. It can improve the rheological properties of asphalt, making the
asphalt softer, resulting in poor asphalt low-temperature performance.

Table 11. Force ductility test result of BRA-modified asphalt.

BRA Content (%) Ductility (cm) Fuax (N) Compliance in Extension A
0 24.34 52.48 0.464 1265.708
19 7.05 84.56 0.083 269.8131
39 6.51 105.74 0.062 247.9926
58 5.14 119.96 0.043 170.0564
77 3.07 177.5 0.017 73.96904
97 0.60 298.56 0.002 1.63564
350 -
300 -
250 -
% 200 H
5 — neat asphalt
215071 ———19% BRA
= ——39% BRA
100 1 ——58% BRA
——77% BRA
50 ——97% BRA
0 . ! )
0 5 20 25

10 15
ductility (mm)

Figure 3. Relationship between tensile force and ductility of BRA-modified asphalt.

340 |
320 |
300 | — neat asphalt
280 | —— 14% BRA ash
260 | —— 29% BRA ash
240 - ——— 43% BRA ash
S20¢ ——57% BRA ash
£or —— 72% BRA ash
S180f
@160 [
8140 rF
120 H
100 H
80
60
40
20
o ) . . , )
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Figure 4. Comparison between tensile force and ductility of asphalt mortar with different BRA
ash content.
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Table 12. Force ductility test result of BRA ash asphalt mortar.

BRA Ash Content (%) Ductility (cm) Fumax (N) Compliance in Extension AQ
0 24.34 52.48 0.464 1265.708
14 14.09 71.36 0.197 685.8082
29 12.28 83.3 0.147 553.6637
43 7.02 92.42 0.076 263.8006
57 5.28 105.12 0.05 185.625
72 2.85 140.8 0.02 73.196

Based on the above analysis, the BRA-modified asphalt contains a large number of irregular BRA
particles, which quickly causes stress concentration inside the modified asphalt. As shown in Table 13,
when the ductility test was carried out, BRA caused the modified asphalt to decrease in ductility, which
is the central role of BRA ash. Besides, the pure asphalt in BRA improved the cohesive properties of
the asphalt, resulting in an increase in the tensile strength of the BRA-modified asphalt and a decrease
in flexibility. Under the combined effect of these two factors, the low-temperature performance of
BRA-modified asphalt was inferior to that of neat asphalt.

Table 13. Percentage of ductility of different components in BRA.

The Proportion of Ash and Pure

Ductility (cm) Asphalt in the Difference between the

BRA Content BRA Ash Ductility of BRA Modified Asphalt and
(%) Content (%) Neat Asphalt
BRA Modified  BRA Ash Asphalt o o
Asphalt Mortar Ash (%) Pure Asphalt (%)
0 0 24.34 24.34 0 0
19 14 7.05 14.09 59 41
39 29 6.51 12.28 68 32
58 43 5.14 7.02 90 10
77 57 3.07 528 90 10
97 72 0.60 2.85 91 9

It can be seen from Table 14 that when SBR output was 2%, 4%, 5%, 6%, and 8%, the ductility
increased by 4.59 cm, 8.04 cm, 11.73 cm, 14.31 cm, and 15.47 cm, respectively. The low-temperature
performance of asphalt was effectively improved by adding SBR, and the effect was better with the
increase of SBR content. With the addition of SBR, the compliance and power of BRA-SBR composite
modified asphalt increased. It indicates that the SBR improve the toughness and fatigue resistance of
BRA-modified asphalt.

Table 14. Results of 10 °C ductility test of BRA-SBR composite modified asphalt.

SBR Content (%) Ductility (cm) Fyvax (N) Compliance in Extension A
0 5.14 119.96 0.043 170.0564
2 9.73 97.48 0.100 212.8536
4 13.18 84.98 0.155 258.7621
5 16.87 76.35 0.221 325.4685
6 19.45 65.12 0.299 512.5346
8 20.61 58.32 0.353 623.851

The ductility test showed that the addition of BRA reduced penetration, compliance, and power.
That is, the toughness and deformation ability of the asphalt deteriorated, which resulted in the poor
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low-temperature performance of the BRA-modified asphalt. Compared with BRA ash asphalt mortar,
the magnitude of the deterioration was small, indicating that the presence of pure asphalt tends to
cause poor low-temperature performance. SBR is an unsaturated olefin polymer that allows the asphalt
to form a more stable colloidal structure. Therefore, the low-temperature performance is improved, as
shown in Figure 5.

—— 58%BRA
2%SBR
4%SBR
5%SBR
6%SBR
8%SBR

tension (N)

T T T T T T T T T T T T 1
8 9 10 11 12 13 14 15 16 17 18 19 20
Ductility (cm)

Figure 5. Ductility test of BRA-SBR composite modified asphalt.
3.3. Low-Temperature Bending Beam Rheological Test
Analysis of Tables 15 and 16 can be obtained:

Table 15. Beam bending rheometer (BBR) test results of BRA-modified asphalt.

T(O Test Results Amount of ERA (%)
0 19 39 58 77 97
6 S (MPa) 74.9 115 186 249 328 437
m 0497 0439 0.346 0301 0245 0215
_12 S (MPa) 161 270 406 522 663 885
m 0427 0379 0284 0253 0.215 0.204

Table 16. BBR test results of BRA ash asphalt mortar.

Amount of BRA Ash (%)

T (°C) Test Results
0 14 29 43 57 72
6 S (MPa) 74.9 94.2 141 179 208 264
m 0497 0461 0388 0346 0.340 0.316
12 S (MPa) 161 208 266 347 485 637
m 0427 0404 0356 0306 0.278 0.258

At the same temperature, with the rise of BRA content, the stiffness modulus of BRA-modified
asphalt increased, and the creep rate decreased. This shows that under constant load, the deformation
of BRA-modified asphalt at the same temperature decreased with the increase of BRA content, and the
stress relaxation performance of the material decreased and the low-temperature flexibility decreased.

BRA-modified asphalt could not meet the low-temperature performance requirement of —6 °C
after the content of BRA was more than 58%, that is, the ash content was more than 39%. However, in
the BRA ash asphalt mortar, the ash content greater than 43% met the low-temperature performance
requirements of —6 °C. When the blending amount of BRA exceeded 19%, that is, the ash content
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was more than 14%, the BRA-modified asphalt could not meet the low-temperature performance
requirement of —12 °C. In contrast, when the ash content was greater than 14% in the BRA ash asphalt
mortar, the low-temperature performance requirement of —12 °C was satisfied. The reason is that
when the blending amount of BRA is low, pure asphalt plays a major role in the modified asphalt, and
when the amount of BRA is high, BRA ash plays a major role, as shown in Tables 17 and 18.

Table 17. Percentage of stiffness modulus of different components in BRA at —6 °C.

The Proportion of Ash and Pure
Asphalt in the Difference between the

BRA Content BRA Ash Creep Rate Stiffness Modulus of BRA Modified
(%) Content (%) Asphalt and Neat Asphalt
BRA Modified = BRA Ash Asphalt o o
Asphalt Mortar Ash (%) Pure Asphalt (%)
0 0 0.497 0.497 0 0
19 14 0.439 0.461 62 38
39 29 0.346 0.388 72 28
58 43 0.301 0.346 77 23
77 57 0.245 0.340 62 38
97 72 0.215 0.316 64 36

Table 18. Percentage of stiffness modulus of different components in BRA at =12 °C.

The Proportion of Ash and Pure
Asphalt in the Difference between the

BRA Content BRA Ash Creep Rate Stiffness Modulus of BRA Modified
(%) Content (%) Asphalt and Neat Asphalt
BRA Modified  BRA Ash Asphalt o o
Asphalt Mortar Ash (%) Pure Asphalt (%)
0 0 0.427 0.427 0 0
19 14 0.329 0.404 23 77
39 29 0.284 0.356 50 50
58 43 0.253 0.306 70 30
77 57 0.215 0.278 70 30
97 72 0.204 0.258 76 23

It can be seen in Table 19 that when the temperature was —6 °C, the stiffness modulus of the
BRA-SBR composite modified asphalt with the SBR parameter of 0% was 1.16 times the parameter of
2%. The creep rate of the composite-modified asphalt with the SBR parameter of 0% was 1.09 times the
parameter of 2%. When the temperature was —12 °C, the stiffness modulus of the composite-modified
asphalt with the SBR parameter of 0% was 1.18 times the parameter of 2%. The creep rate of the
composite-modified asphalt with the SBR parameter of 0% was 1.05 times the parameter of 2%.
The creep rate of BRA-SBR composite modified asphalt increased with the increase of SBR content,
which indicates that SBR can improve the flexibility of BRA-SBR composite modified asphalt. When
the temperature decreased, the effect of SBR improved the low-temperature performance of BRA-SBR
composite modified asphalt more obviously.

As the SBR latex increased, the stiffness modulus decreased. That is, the deformation ability of
the asphalt at a low temperature increased. The stress caused by the shrinkage strain of the asphalt
was small, and the low-temperature crack resistance was excellent. As the SBR content increased, the
creep rate increased. This shows that the flexibility of the composite-modified asphalt increased and it
was not easy to crack. When the SBR parameter was 0, the stiffness modulus was the largest, and the
43% BRA ash asphalt mortar was the second. The neat asphalt was the smallest. It shows that the
addition of BRA caused the low-temperature performance of the neat asphalt to deteriorate, and the
addition of SBR improved the low-temperature performance of BRA-modified asphalt.
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Table 19. BBR test results of BRA-SBR compound modified asphalt.

Amount of SBR (%) 0 2 4 5 6 8
S (MPa) -6 °C 249 213 180 142 128 116
-12°C 522 436 376 297 265 247
m -6°C 0.301 0.327 0.344 0.367 0.388 0.409
-12°C 0.253 0.265 0.290 0.327 0.333 0.346
-6 0.001209 0.001535 0.001911 0.002585 0.003031 0.003526
m/S (MP~1)
-12 0.000485 0.000608 0.000771 0.001101 0.001257 0.001401

3.4. The Evaluation Index of BRA-SBR Composite Modified Asphalt under Low-Temperature

In this paper, the low-temperature performance of BRA-SBR composite modified asphalt was
evaluated by penetration at 15 °C, equivalent brittle point, ductility at 10 °C, and stiffness modulus.
Which index is more suitable to characterize the low-temperature performance of BRA-SBR composite
modified asphalt is further studied.

The above studies show that penetration, ductility, creep rate, and equivalent brittleness point can
reflect the low-temperature properties of asphalt. As the penetration increased, the asphalt became
soft and the low-temperature performance was improved. As the ductility increased, the plastic
deformation of the asphalt increased. The greater the creep rate, the stronger the low-temperature
deformation ability of the asphalt and the better the low-temperature crack resistance of asphalt.

This paper fits the indicators of low-temperature index and SBR content. In order to analyze
which indicator is more sensitive to low temperature performance, sensitivity was analyzed based
on the slope. The greater the slope, the more sensitive it is to low-temperature performance. As can
be seen from Figures 6-9, the slope of Figure 7 is the largest. With the increase of SBR content, the
changing trend of the ductility is the most sensitive. It can be concluded that ductility is the most
suitable for evaluating the performance at a low temperature.
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Woght NoWeignting
Rosdual Sum 243159 .
o Squares

a
24 |pears 097835
AdjReSquare 094645

Value  Standard Error

Intercept 1509386 0.59981

224 8 Slope 1.15347 0.12201
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Figure 6. Fitting curves of SBR content and penetration.
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Figure 7. Fitting curves of SBR content and ductility.
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Figure 8. Fitting curves of SBR content and stiffness modulus.
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Figure 9. Fitting curves of SBR content and equivalent brittle point.
3.5. Low-Temperature Creep Bending Test of BRA-SBR Composite Modified Asphalt Mixture

The performance indexes of asphalt are shown in Table 20. The dense skeleton type gradation of
aggregates was chosen according to the “Specifications for Design of Highway Asphalt Pavement”
(Figure 10) [42]. The optimum asphalt ratio was determined using Marshall Tests (Table 21).
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Table 20. Performance Index of BRA-SBR composite modified asphalt.

Penetration 25 °C, Softening Point Ductility 10 °C . .
Type of Asphalt 100, 55 (0.1 mm) TR&B °C) (cm) Relative Density
neat asphalt 68.2 49.1 24.34 1.029
BRA modified asphalt 39.0 61.4 5.14 1.045
BRA-SBR compound
modified asphalt 48.0 63.2 16.87 1.036
100
—=a— Synthetic gradation A %
| —e— Lower limit of gradation
g0l —4— Upper limit of gradation o
—v— Median value of gradation ‘
§ 60 A
g
2 X v
2
£ 40
g /A v ﬁl/
A
20 A vy
AT vy *
3 ———
j——8—
0
0.075 0.15 03 06 118 236 475 95 132 16 19
Sieve size(mm)
Figure 10. The aggregate gradation of AC-16C.
Table 21. Marshall test results at optimal asphalt content.
Optimal Bulk The VoidsFilled ~ VOMSIM  nphall  Flow
Asphalt Specific Volume of . Mineral o
X . . with Asphalt Stability Value
Content Gravity Air Voids VFA (%) Aggregate (kN) (mm)
(%) (g-em~3) VV (%) ° VMA/%
neat
asphalt 52 2.469 43 69.3 14 16.21 3.2
mixture
BRA
modified 4.7% 7.8 15.0 451 16.26 2.8 2.536
asphalt
mixture
BRA-SBR
compound
modified 4.7% 6.5 13.7 52.8 16.63 3.1 2.401
asphalt
mixture

The low-temperature creep bending test results are as follows.

As shown in Table 22: Among the three asphalt mixtures, BRA-SBR composite modified asphalt
mixture had the highest flexural-tensile failure strength, followed by BRA-modified asphalt mixture
and neat asphalt mixture. SBR can improve the ability of BRA-modified asphalt to withstand damage

at a low temperature.

The Technical Specification for Construction of Highway Asphalt Pavement (ITGF 40-2004) takes
the maximum tensile strain of beams in low-temperature bending test of asphalt mixture as the
evaluation index of low-temperature tensile performance of asphalt mixture. The maximum tensile
strain of ordinary asphalt mixture was more than 2000 when it was fractured, while that of modified
asphalt mixture was more than 2500 when it was fractured. Among the three asphalt mixtures, only
BRA-modified asphalt failed to meet the requirements of specifications. This is mainly due to the
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addition of Buton rock asphalt, which makes the flexural strain smaller, the overall brittleness of
asphalt mixtures, and slightly decreases the crack resistance of asphalt mixtures. The low-temperature
failure strain of BRA-SBR composite modified asphalt mixture was significantly improved, which
indicates that its low-temperature performance was significantly improved.

Table 22. Creep bending test results of BRA-SBR compound modified asphalt mixture.

Prope Specimen Flexural Tensile Average Failure Average ;;(l’f;l:j‘slss

perty P Strength (MPa) ~ Value (MPa)  Strain (pe) Value (ue) (MPa)
1 7.12 2158

neat asphalt mixture > 717 7.27 2238 2164.3 3823.8
3 7.51 2097
1 8.91 1544

BRA modified asphalt 2 852 8.75 1413 1484.0 5898.5
3 8.83 1495

BRA-SBR compound 1 9.98 9.49 2675 2692.7 4014.6

modified asphalt mixture

In terms of stiffness modulus, the stiffness modulus of neat asphalt mixture was the lowest
among the three asphalt mixtures, followed by BRA-SBR composite modified asphalt mixture, and
BRA-modified asphalt mixture was the highest. This shows that BRA-modified asphalt caused
the stiffness modulus of asphalt mixture to increase significantly, indicating that BRA weakens the
low-temperature performance of asphalt mixture, and SBR improves the low-temperature performance
of BRA-modified asphalt mixture.

3.6. High-Temperature Performance of BRA-SBR Composite Modified Asphalt

The test results from Table 23 show that the incorporation of SBR can reduce the Brookfield
rotary viscosity. Moreover, when the SBR content was more than 5%, the Brookfield rotary viscosity
of the BRA-SBR composite modified asphalt was smaller than that of the neat asphalt. That is, the
workability of the BRA-SBR composite modified asphalt gradually became better as the amount of the
SBR increased.

Table 23. Brookfield rotary viscosity of BRA-SBR compound modified asphalt (Pa-s).

Amount of SBR (%)

T/°C Neat Asphalt
0 2 4 5 6 ]

135 0.638 0.625 0.617 0.591 0.562 0.584 0.601

145 0.385 0.357 0.339 0.318 0297 0.284 0.320

165 0.169 0.143 0.135 0.126 0.117 0.106 0.130

175 0.119 0.112 0.106 0.097 0.085 0.092 0.102

Tt can be seen from Figure 11 that the Rutting factor decreased with increasing temperature.
The rutting factors of BRA-SBR composite modified asphalt are larger than BRA-modified asphalt.
It means that the BRA-SBR composite modified asphalt is more elastic. When the content of SBR
increased, the elastic of BRA-SBR composite modified asphalt increased. It is potentially because the
high temperatures of BRA-SBR composite modified asphalt was improved by SBR additives.
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—=—0% SBR
160 —e—2 % SBR
—4—4 % SBR
140 —v— 5% SBR
——6% SBR
—<4—8%SBR

120

G*/sind (kPa)

temperature(C)

Figure 11. Rutting factor G*/sind with different temperatures.

It can be seen from Figure 12 that the phase angles 6 of asphalt increased as the temperature
increased. At the same temperature, the phase angle 5 of BRA-SBR composite modified asphalt became
smaller as the content of SBR increases. The phase angle  of the BRA-SBR composite was smaller
than BRA-modified asphalt, which means that the BRA-SBR composite modified asphalt is more
elastic. When the content of SBR increased, the elasticity of BRA-SBR composite modified asphalt
increased. There is potential that the high temperatures of asphalt binders and mixtures improved
by SBR additives. The resistance of asphalt binders and mixtures to deformation is enhanced with
improved durability.

90 4
85

80

—=— 0% SBR
—o— 2% SBR
—4A—4% SBR
—v— 5% SBR
——6% SBR
—<—8% SBR
55 T T T T T T T T 1

45 50 55 60 65 70 75 80 85

Temperature(C)

Figure 12. Phase angle 6 with different temperatures.

In summary, when SBR is incorporated in the BRA-modified asphalt, the low-temperature
performance can be remarkably improved on the basis of ensuring high-temperature performance.
The reason is that SBR is an unsaturated olefin polymer, which can be dissolved in most of the
solubility parameters and in the hydrocarbon solution close to styrene-butadiene rubber and the glass
transition temperature is as low as =50 °C. BRA particles and neat asphalt have excellent compatibility.
BRA particles can improve the poor compatibility of SBR with neat asphalt, enabling SBR and BRA
particles as well as neat asphalt to form a more stable colloidal structure. When subjected to loads,
micro-cracks appear, and SBR particles can play the role of toughening and plasticizing, offset some of
the load effects, and hinder the further expansion of micro-cracks. Therefore, SBR can improve the
low-temperature performance of BRA-modified asphalt, so that it can exhibit good flexibility, ductility,
and crack resistance at lower temperatures.
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4. Conclusions

This study aims to fill the knowledge gap on the effect of individual BRA component on the
modification of asphalt binder and improve its low-temperature performance based on the obtained
correlation. The performance difference between the BRA and BRA-ash modified asphalt was compared
to determine the influence of a single component. Then, the SBR content was further applied to
improve low-temperature performance of the BRA-modified asphalt. The main conclusion of this
study was shown below.

1. The individual modification effect of BRA-binder and BRA-ash content was determined based
on the characterization on BRA and BRA-ash modified asphalt, respectively. It was found that
the asphalt was mainly affect by the BRA-binder content with a relatively low replacement ratio
(within 20%), and the BRA-ash content played a main role in asphalt modification when the
replacement ratio was relatively high (larger than 30%).

2. The addition of SBR can improve the low-temperature performance of BRA-modified asphalt.
The ultimate failure strain and the failure strength were both enhanced with the added SBR content.

3. The correlation analysis indicated the ductility is more sensitive to the SBR content and hence, the
test was recommended to evaluate the low-temperature performance of SBR-modified asphalt.
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Abstract: As bitumen oxidizes, material stiffening and embrittlement occur, and bitumen eventually
cracks. The use of anti-oxidants, such as lignin, could be used to delay oxidative aging and to extend
the lifetime of asphalt pavements. In this study, the chemical and rheological effect of lignin on
bitumen was evaluated by using a single dosage organsolv lignin (10 wt.% dosage). A pressure
aging vessel (PAV) was used to simulate the long-term aging process after performing the standard
short-term aging procedure, and the lignin-modified bituminous binders were characterized by an
environmental scanning electron microscope (ESEM), Fourier-transform infrared (FTIR) spectroscopy,
and a dynamic shear rheometer (DSR). From the ESEM results, the uniform microstructure was
observed, indicating that the addition of lignin did not affect the worm structure of bitumen. Based on
the FTIR test results, lignin-modified bitumen showed that a lower number of carbonyl and sulfoxide
compounds were generated after aging than for neat bitumen. Based on the linear amplitude sweep
(LAS) results, the addition of lignin slightly reduced the fatigue life of bitumen. From the frequency
sweep results, it showed that lignin in bitumen acts as a modifier since the physical interaction
between lignin and bitumen predominantly affects the material rheology. Overall, lignin could be a
promising anti-oxidant due to its economic and environmental benefits.

Keywords: lignin; bitumen; aging; microstructure; chemistry; rheology

1. Introduction

Bitumen is a hydrocarbon residue produced from oil refining and comprises a plethora of different
organic molecules causing its vulnerability to environmental conditions [1]. Currently, the rising cost
of bitumen, together with the fact that asphalt production is one of the largest energy consumers,
globally encourages the use of alternative systems to replace petroleum-based binders to enhance the
quality of pavement materials. Therefore, the environmental concerns and the demand for developing
long-lasting pavements drive the asphalt industry to assess the possible use of bio-based artificial
made binders [2,3] or waste and easily available polymers in bitumen.

Lignin is the most abundant bio-based polymer that can be found in co-products of the wood
industry making up about 20% to 25% of the dry mass of every plant [4]. The total amount of lignin
present in the biosphere exceeds 300 billion tons and increases by approximately 20 billion tons every
year [5]. Specifically, lignin is a type of complex organic polymers that contributes to forming the
cell walls in plants. In addition, bitumen is composed of millions of different organic molecules, the
utilization of lignin may be used to substitute partially petroleum-based binders that assist toward
more sustainable development in the bitumen industry. Therefore, the utilization of lignin in bitumen,
specially designed for pavements, attracted considerable attention in recent years [6-17].
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One of the reasons that asphalt pavement cracks is the stiffening and embrittlement of the bitumen
due to aging [1]. Based on previous studies, lignin shows oxidative aging resistance because of its
radical scavenging activity and polyphenolic structure [18-20]. Recent research focused on the addition
of lignin as a type of anti-oxidant to bitumen [7-16]; however, it is important to verify whether the
lignin reacts with bitumen to improve the aging resistance of bitumen. Moreover, the microstructure
of lignin-bitumen binders is not yet clear. Thus, an in-depth understanding of the effect of lignin on
bitumen will help to optimize the technology of bio-based binders, leading to more environmentally
friendly pavement materials. In this research, special emphasis was given on assessing the impact of
wood lignin powder extracted by the organosolv method on the chemistry and rheology of bitumen
after aging.

2. Objective and Approach

The objective of this study was to evaluate the compositional and rheological changes of
lignin-modified bitumen due to aging. This study consists of three parts. In the first part, the
microstructure of different materials was measured by an environmental scanning electron microscope
(ESEM). In the second part, the chemical components of lignin and bitumen were characterized by
Fourier-transform infrared (FTIR) spectroscopy, and, finally, the mechanical properties of various
lignin-bitumen combinations were studied using a dynamic shear rheometer (DSR). Frequency sweep,
linear amplitude sweep, and relaxation tests performed in DSR. A pressure aging vessel (PAV) was
used to simulate the aging of bitumen.

Overall, this article was designed to achieve the following aims:

1. Examine the effect of lignin on bitumen performance. Also, few studies focused on the aging of
lignin and, thus, the aged lignin was evaluated using ESEM and FTIR spectroscopy.

2. Assess the effect of aging on lignin-modified bitumen. ESEM, FTIR, and DSR tests were conducted
on samples in order to explore the microstructural, chemical, compositional, and rheological
changes of new binders.

3. Materials and Methods

3.1. Materials and Samples Preparation

A 70/100 pengrade bitumen was used in this study. The softening point of this bitumen was
47.5 °C. The wood lignin was a brown powder obtained from Chemical Point UG (Oberhaching,
Germany). After extraction by the organosolv method, a content of 88% lignin was obtained. The
density of the lignin was 1.3774 g/cm?®, which was measured by a helium pycnometer test, and the
specific surface area was 147.0593 m?/g, which was measured by a surface analyzing system (DVS
Resolution). The physical properties of the lignin were measured after aging as well. The overall
color of lignin particles became darker, the density was increased to 1.5029 g/cm?, and the specific
surface area was decreased to 65.0475 m?/g. As mentioned in Reference [8], 10 wt.% lignin was added
by substituting an equivalent amount of bitumen. An overview of the studied materials is provided
in Table 1.

Table 1. Studied materials.

Studied Materials Modification by Bitumen Mass Explanation
Bref_F 0% Fresh neat bitumen, as reference
Bref A ° Aged neat bitumen
BL10_F Fresh bitumen mixed with fresh lignin
BL10_A 10% Fresh bitumen mixed with fresh lignin, then aging
B(A) + L(F) ° Aged bitumen mixed with fresh lignin
B(A) + L(A) Bitumen and lignin aged separately, then mixing
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The mixing time and temperature of lignin in bitumen were determined and described
elsewhere [10]. Lignin (10 wt.% of bitumen) was gradually added to the bitumen, and then the
two materials were mixed by a high shear mixing device at 163 °C and a mixing rate of 3000 rpm. The
mixing was continued for about 30 min until the bubbles disappeared.

According to the standard testing procedure (ASTM D 6521-19 [21]), PAV was used to simulate the
long-term aging process of bitumen and performed after the standard short-term aging procedure. In
this study, 50 + 0.5 g bitumen was poured into a PAV pan to form a film with 3.2-mm thickness. Then,
the PAV test was performed at a temperature of 100 °C under pressurized air at 2.10 MPa for 20 h.

3.2. Microstructural Morphology

The microstructural observations were conducted at room temperature with a Philips XL30
environmental scanning electron microscope (ESEM, Eindhoven, Netherlands) under an acceleration
voltage of 20 keV, similar to Reference [22], with a spot size of 3.5 in a chamber at 1.0 Torr pressure in
low vacuum and secondary electron detector mode. The magnification was varied from x125 to X250,
%500, and x1000. The scanning method was 1.68 ms x 484 lines, and the integration was 16 frames.
The time of exposure was gradually increased from 0.5 to 1, 3, 5, and 10 min. As the exposure time
increases, the energy absorbed by the surface of the material increases, and the light components in
bitumen, such as saturates and aromatics, mostly evaporate; thus, the internal structure is much easier
to be observed.

Through the sample preparation for ESEM analyses, lignin and lignin-modified bitumen were
placed on special sample holders as in Reference [22]. In particular, lignin was placed in an oven
at 150 °C for 24 h to ensure drying before scanning. After attaching a small black sheet with adhesive
on both sides of the plate, approximately 20 mg of lignin was poured onto an 8-mm-diameter sample
holder (Figure 1a). The plate was tapped and vibrated to prevent powder build-up and to distribute it
as evenly as possible on the black sheet for scanning. For the lignin-modified bitumen, the diameter
and height of the sample holder cylinder were 9.20 mm and 5.20 mm, respectively (Figure 1b). The
bitumen was placed in the oven to become liquid and flow easily on the holder After evenly stirring,
a small amount of bitumen was dropped on the cylinder holder, and then the sample was placed back
in the oven to set flat and uniformly (Figure 1c). It is important to protect the samples from dust or
other impurities before ESEM scanning.

(a) (b)

Figure 1. (a,b) Environmental scanning electron microscope (ESEM) samples on the holder, and
(c) samples ready to be analyzed in ESEM.

3.3. Chemical Characterization

FTIR is the most commonly used tool to detect the chemical compounds in bitumen [23] and
lignin [18,24]. Different functional groups have a different light-absorption spectrum. Wavenumbers

317



Materials 2019, 12, 4176

of typical bands of lignin and bitumen are listed in Table 2. In this study, attenuated total reflectance
(ATR) FTIR was performed to collect spectral data of lignin and bitumen samples. The Spectrum
100 FTIR Perkin Elmer spectrometer with a single-point ATR fixture (Waltham, MA, USA) was used.
The wavenumber ranged from 600 to 4000 cm~! with a resolution of 4 cm~!. Before scanning, the
lignin samples were dried at 140 °C for 30 min to remove any volatiles from samples. For the bitumen
samples, the prism was cleaned with methylene chloride after each scan. Nine replicates per material
were analyzed.

Table 2. Main functional groups of lignin (*!) and bitumen (*?) in Fourier-transform infrared

(FTIR) spectra.
Wavenumber (cm~1) Function Groups
3500-3100 Stretching vibrations of ~OH groups *!
1753-1660 Stretching vibrations of C=0 bonds *!
1620-1555 Vibrations of aromatic ring *!
1525-1480 Vibrations of aromatic ring *!
1280-1245 Stretching vibrations of C-O bonds *!
1170-1140 Deformation vibrations of C-H bonds in guaicyl rings *!
1140-1100 Deformation vibrations of C-H bonds in syryngyl rings *!
1095-1070 Deformation vibrations of C-O bonds in secondary alcohols and aliphatic ethers *!
1070-995 Deformation vibrations of C-H bonds in the aromatic rings and C-O bonds in
primary alcohols *!
2990-2880 Stretching aromatic *?
2880-2820 Stretching symmetric *>
1753-1660 Oxygenated functional group (carbonyl) *?
1670-1535 Aromatic structures *?
1525-1395 Aliphatic structures *
1390-1350 Branched aliphatic structures *?
1047-995 Oxygenated functional group (sulfoxide) *?
912-838 Out of singlet *?
838-783 Out of adjacent *2
783-734 Out of adjacent *2
734-710 Long chains *?

The functional group absorbance index (AI) was used for the main absorption bands of lignin
to compare the changes of functional groups with the changes in spectra, and it was determined
as follows:

Agp
Al = T A
where A, is the integral area of absorption band ab, and } A is the sum of the integral areas of several
characteristic functional group peaks. The range of chemical functional groups to be calculated and
considered is summarized in Table 2.
Conventional aging indices of bitumen are the carbonyl (C=0) and sulfoxide (5=0) indices [25].
The effect of lignin as an anti-oxidant can be estimated by measuring the changes in the carbonyl and

)

sulfoxide groups. Lignin is a combination of organic substances, and it contains carbonyl groups as
well. The question of whether the aging of lignin has an impact on the aging index during the aging
process should be strictly verified. Two aging indices were used to evaluate the anti-oxidation effect of
lignin in bitumen, based on changes in carbonyl and sulfoxide groups, as follows:

Ag— As—
Ie—o = ﬁi‘;:o = ﬁ/ ()

where Ac—p and Ag-o are the integrated areas of carbonyl (C=0) and sulfoxide (S=0O) groups, and } A

is the sum of the integrated areas of several characteristic functional group peaks as summarized in
Table 2.
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3.4. Rheological Characterization

3.4.1. Frequency Sweep Tests

Based on a standard testing procedure (AASHTO T 315-19 [26]), the complex shear modulus
(G*) and phase angle (0) were obtained over a wide range of temperatures and frequencies by means
of DSR with oscillatory loading. In this study, DSR tests were performed using an 8-mm-diameter
parallel plate with a 2-mm gap at temperatures from —10 to 30 °C and a 25-mm-diameter geometry
with a 1-mm gap at temperatures from 30 to 70 °C (10 °C temperature step). The tests were carried out
at a frequency sweep range from 100 to 0.1 rad/s (15.9 to 0.0159 Hz) and a strain load of 0.1%. The
master curves of the complex shear modulus and phase angle at a reference temperature of 20 °C were
constructed by applying the time-temperature superposition principle (TTSP). The TTSP-based master
curves were used to evaluate the effect of lignin on bitumen performance.

3.4.2. Linear Amplitude Sweep Tests

According to the standard testing procedure (AASHTO TP 101-14 [27]), a cyclic loading with
linearly increasing strain amplitudes was used in the LAS test to assess the fatigue behavior of different
binders [28]. The 8-mm-diameter parallel plates with a 2-mm gap were used in LAS tests. The LAS
test consisted of two steps; in the first step, the rheological properties of the sample were tested using
a frequency sweep test, which was designed to obtain information about the rheological properties.
The frequency sweep test was performed at 20 °C and applied oscillatory shear loading at constant
amplitude over a range of loading frequencies, employing an applied load of 0.1% strain over a range
of frequencies from 0.2-30 Hz, whereby data were sampled at the following 12 typical frequencies: 0.2,
0.4,0.6,0.8,1.0,2.0,4.0, 6.0, 8.0, 10, 20, and 30 Hz. After that, the samples were tested by applying a
strain sweep, in which the frequency was 10 Hz. Bitumen is more likely to experience cracking failure
under cyclic loading in DSR at low values of intermediate temperature rather than at higher testing
temperatures [29]. Bitumen is soft, and its response is dictated by instability flow at high temperatures.
Thus, a temperature of 20 °C was chosen to perform LAS tests to evaluate the fatigue performance of
studied materials. At the selected temperature, continuous oscillatory strain-controlled cycles with
linearly increasing strain amplitudes from 0% to 30% were applied to accelerate the fatigue damage
of bitumen.

The fatigue resistance was then calculated based on the frequency sweep and the amplitude sweep
results, as shown in Equations (3)—(6). The damage accumulation, D(t), of the studied binders with
testing time, f, can be expressed as follows:

N
- 1
D(t) =1 Z [T[)/%(C,‘_l - Cz)] Tta (ti - t,‘_l) I+a 3)
t=1
where C(t) = w, |G*|(t) is the complex modulus at time t (MPa), |G"[;,i1ias is the initial state value,

T Glinitiar
0 is the applied strain for a given data point (%), « = m™, in which m is the slope of an optimum-fit
line in the logarithmic scale plot relating storage modulus to frequency, and i refers to the cycle number.
At any given time, the values of C(t) and D(t) can be obtained by fitting the relationship as follows:

1

C(t) = Co - C1D(H, )

where Cy = 1, and C; and C; are curve-fitting coefficients.
The damage values at failure correspond to the peak stress as follows:

1
Co = Cat Peak Stress | 2
Df :( aClL’ﬂ ress . (5)
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The fatigue parameter (Ny) can be calculated as follows:
Ny = A(Vmax)iBr (6)

k
. . . 1x(Dy)
where y,4¢ is the expected maximum strain (%), A = OOl

1+ (1 -Cy)a, and B =2a.

f is the loading frequency (10 Hz), k =

3.4.3. Relaxation Tests

The stress relaxation demonstrates the ability of a material to relieve stress under a constant strain.
The studied material is intended to be applied as the surfacing layer on a pavement structure (upper
layer). The relaxation tests were performed in a DSR by using a parallel-plate configuration of 8-mm
diameter and 2-mm gap under strain-controlled mode at 0 °C. The tests were conducted as follows:
firstly, the strain was increased from 0% to 1% shear strain in 0.1 s, and then the 1% shear strain was kept
constant during a relaxation period of 200 s, while the change of shear stress was measured [30]. Longer
relaxation times imply that materials are more susceptible to stress accumulation. The relaxation time
should be small enough to prevent high stress accumulation in the asphalt pavement, caused by the
continuous traffic load. If the stress within the pavement material does not relax sufficiently, the load
of the next vehicle would accumulate more stress in the pavement.

3.4.4. Glover-Rowe Parameter Tests

The location in black space diagrams (BSD) at low temperatures is an effective performance
indicator to assess the cracking vulnerability of asphalt pavement materials [31]. The initial quality of
bitumen as determined in the black space is an important performance indicator that can be successfully
applied together with the complex modulus and phase angle to assess the aging effect on bitumen [32].
In addition, the black space diagrams could be useful for comparing the various proposed damage
parameters. Based on results of the angle frequency (w), the complex modulus (G¥), phase angle (0),
and the dynamic viscosity (17'), a damage curve in black space can be built as follows:

¢ :GX(C0S62)w. @)

. sin o

G

Given a black space function as defined by the Glover—-Rowe (G-R) parameter, an aged sample
can be tested to assess the degree of damage without imposing a rigid single test temperature and
frequency. Material damage due to aging is initiated when the ductility is below 5 cm, and cracking is
serious when ductility reaches 3 cm [33]. The parameters were measured at a temperature of 15 °C and
a frequency of 0.005 rad/s. A failure curve in the black space represents the onset of cracking as follows:

cos 62
sin o

) = 180 kPa. )

Surface cracking is observed when the ductility falls to 3 cm, and the relative value of the
Glover-Rowe parameter is represented by

( cos &2
X

o ) = 450 kPa. ©)

These two equations provide a damage zone in black space diagrams.
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4. Results and Discussion

4.1. Microstructural Observation

As shown in Figure 2, lignin contains smaller fractions of particles that seem to be crushed from
larger ones. The size of lignin particles ranged from 10 to 200 pum. Moreover, the fresh lignin particles
had some angularity, and the surface of them was rough. The specific surface area of fresh (unaged)
lignin was two times more than that of aged lignin. Generally, a finer powder results in a more irregular
particle shape, a rougher surface of the particle, a more complex particle structure, and a larger area. A
larger powder area results in greater friction between the particles. After aging, the density of lignin
increases, and its specific surface area decreases. In addition, the density of lignin increases and its
surface becomes smoother, because it contacts oxygen at high temperatures during aging.

1.3774 g/cm?® p 5 1.5029 g/cm?®
147.06 m?/g i * 65.05 m/g

-

@ (b)

Figure 2. ESEM analysis results: x1000 images of (a) fresh and (b) aged lignin.

Regarding the microstructural morphology of lignin-modified bitumen, the worm structures of
fresh and aged binders (i.e., Bref_F, Bref_A, BL10, and BL10 A; see Table 1) were obtained by ESEM, as
shown in Figure 3a,b. In particular, all fresh binders had a relatively clear slim worm structure. The
structures of the binders changed significantly after PAV aging. The density of the worm structure
increased, and the thickness of the worm structure substantially increased. For the long-term aged
samples, it was difficult to observe the worm structure, and a longer exposure time was needed in the
gaseous secondary electron detector (GSE) mode. Moreover, no significant changes were observed
with the addition of lignin. In other words, the lignin particles were not embedded in the worm
structure of bitumen. It may require a longer exposure time for the lignin-modified binders to display
the same worm structures.

4.2. Chemical Characterization

In order to understand the aging of lignin itself, lignin samples were aged in different conditions:
lignin in a fresh state without aging, and aged following one and two instances of PAV, for 20 h and
40 h, respectively, after conditioning lignin powder in the oven for 2 h at 163 °C. The FTIR spectral
results of lignin in different aging conditions are shown in Figure 4a, demonstrating the functional
groups of lignin. Each FTIR spectrum was the average result of the nine replications. The peak values
of the curves were slightly different, but the peak positions of the curves were basically the same.
This shows that the aged lignin did not produce new chemical functional group peaks. Additionally,
the functional group absorbance index was used to measure the number of individual chemical
components in bitumen.
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i)
(b)

Figure 3. ESEM analysis results: X1000 images of (a) neat bitumen and (b) lignin-modified binders
((i) fresh state and (ii) pressure aging vessel (PAV) aged state).
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Figure 4. Fourier-transform infrared (FTIR) spectra of (a) lignin in different aging conditions, and
(b) lignin, bitumen, and lignin-modified bitumen.
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The typical absorbance indices are shown in Table 3. The values and the standard deviation of
indices were the averages of the nine measurements. Most of the functional groups did not change or
negligibly changed after the aging of lignin. This was illustrated by comparing the values of aging
indices at different aging conditions. For example, the reduction of the hydroxyl group (3420 cm™~') was
mainly due to the volatilization of water in the short-term aging process and the reaction of hydroxide
in the whole aging process. The carbonyl group (1708 cm™!) increased due to oxidation. Most of the
functional groups of lignin did not change with aging.

Table 3. The typical functional group absorbance index for lignin. PAV—pressure aging vessel.

Age Absorbance Band Values (cm~1)
State Items
3420 1708 1597 1512 1269 1150 1125 1085 1032
Fresh Value 0.2900 0.1640 0.1800 0.1772 0.0240 0.0095 0.0753 0.0054 0.0747
res SD 0.0189 0.0098 0.0033 0.0033 0.0022 0.0010 0.0114 0.0004 0.0068
1 PAV Value 02736  0.1796  0.1833  0.1824  0.0252  0.0120  0.0652  0.0053  0.0734
SD 0.0177  0.0050  0.0030  0.0040  0.0015  0.0011  0.0053  0.0007  0.0050
2 PAV Value 0.2746  0.1770  0.1877  0.1813  0.0259  0.0123  0.0650  0.0056  0.0707

SD 0.0191  0.0049  0.0035 0.0035  0.0024  0.0012  0.0065  0.0005  0.0056

The change in chemical composition of different aged lignin-bitumen systems is plotted in
Figure 4b. The functional group peaks of lignin-modified bitumen were determined one by one
through comparing the FTIR spectra of lignin, neat bitumen (Bref_F), and lignin-modified bitumen
(BL10_F) in Figure 4b. It was determined that mixing lignin and bitumen does not cause a chemical
reaction, because no new functional group peaks were produced in the FTIR spectra.

The aging indices of the studied materials were calculated, and they are provided in Figure 5.
In Figure 5, the largest difference between the B(A) + L(F) and B(A) + L(A) binders was observed
when aged lignin was added, indicating that the aging of lignin itself has little effect on the aging
index of the whole system. The main reason was that lignin aged slightly, as shown in Table 3. In
addition, the lignin content in lignin-modified bitumen was only 10% by mass of bitumen. The aging
effect of bitumen was more obvious. Therefore, the difference between the fresh and aged lignin
can be ignored. Carbonyl and sulfoxide aging indices can still be used to quantify the aging state of
lignin-modified bitumen.

Both carbonyl and sulfoxide indices increased with aging. The fresh and aged virgin bitumen
(Bref_F and Bref_A) were compared to indicate the aging extent of binders without lignin. Upon
comparing Bref_A and BL10_A, it can be seen that the two materials (lignin and bitumen) were mixed
firstly and then aged, which did reduce the rate of aging. Carbonyl and sulfoxide indices of neat
bitumen increased from 0.0009 and 0.0098 to 0.0141 and 0.0231, respectively. However, for the BL10_F
and BL10_A, the aging indices increased from 0.0076 and 0.0157 to 0.0138 and 0.0181 because lignin
was added before aging. Comparing to BL10_A and B(A) + L(A), in which lignin and bitumen were
aged separately and then mixed together, produced more aging functional groups.

Lignin was added and mixed uniformly in the bitumen. Lignin particles precipitate in bitumen.
During the aging process of neat bitumen, the surface bitumen is exposed to the external environment,
including temperature and air, and it would age first. As oxygen diffuses into the bitumen, the internal
bitumen starts aging. For bitumen mixed with lignin particles, when oxygen enters the interior, it is
necessary to bypass the obstacle formed by the lignin particles and the bituminous film. It would take
a long time for oxygen in the air to enter the bitumen due to the entry path increasing. Therefore, the
contact time between the bitumen and oxygen is reduced, and the oxidation effect of the bitumen is
inhibited. Since the lignin particles precipitate in bitumen, the loss of light components in the bitumen
is correspondingly reduced. This also delays the accumulation of asphaltenes. Overall, bitumen and
lignin should be mixed together firstly and then aged to maximize the anti-oxidation effect of lignin
in bitumen.
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Figure 5. Carbonyl (1700 cm™1) and sulfoxide (1030 cm™?) indices of studied materials.

4.3. Rheological Characterization

4.3.1. Frequency Sweep Tests

The master curves of complex modulus and phase angle of different materials are shown in
Figure 6. A higher modulus of the material indicates a stronger resistance to deformation. A lower
phase angle means that the material is more elastic and that the delay in response between stress and
strain is shorter. Each tested material had three replicates. Obviously, the complex modulus increased,
and the phase angle decreased with aging. In the low-temperature region, the properties of the samples
were very similar and stable in terms of modulus and phase angle. However, the effect of lignin on
bitumen was mainly reflected at high temperatures.

The complex modulus and phase angle results of the three materials (i.e., BLI0_A, B(A) + L(F),
and B(A) + L(A)) were almost identical and overlapped each other, as determined by comparing
them with fresh samples. The aging of lignin itself had little effect on the rheological properties of
lignin-modified bitumen, as seen by comparing B(A) + L(A) and B(A) + L(F). In addition, there was
little effect on the rheological properties of adding lignin before or after aging, as seen by comparing
BL10_A and B(A) + L(A).

Additionally, to eliminate the influence of shift factor, the changes in bitumen rheology are
depicted in black space diagrams [31] in Figure 7. After aging, the shape of the curve moved to a
straighter curve. The decrease in phase angle and the increase in modulus denoted a tendency toward
a more brittle material. It is clear from Figure 7 that, in addition to the fresh samples, the results of
modified binders were quite close.
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Figure 6. Master curves of (a) complex shear modulus and (b) phase angle.
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Figure 7. The rheological properties in a black diagram.

The most common method to characterize the viscoelastic fluid-to-solid transitional behavior
is the crossover frequency (where the storage modulus and loss modulus are equal, i.e., the phase
angle is 45°) of the storage modulus and the loss modulus [34]. The complex modulus corresponding
to the crossover frequency is called the crossover modulus, which is shown in Figure 7. A lower
crossover frequency reveals that bitumen has a higher molecular mass, longer relaxation time, and
higher softening point, while a lower crossover modulus indicates wider molecular mass distribution
and higher polydispersity [35,36]. The crossover modulus and frequencies of different samples are
shown in Figure 8. It shows that aged bitumen had a lower crossover frequency and modulus. The

results of aged lignin-modified bitumen were similar except for the unaged samples.
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Figure 8. The rheological properties, crossover modulus, and crossover frequencies.
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4.3.2. Linear Amplitude Sweep Tests

The fatigue resistance of studied materials was determined by LAS tests. Figure 9 shows the
fatigue life (Ny) at different strain levels after performing the calculation, as mentioned in the previous
section. The equation for the fatigue lines is listed in Table 4. With the increase in strain level, a
significant decrease in Ny was observed. The strain level had a significant influence on the order of the
fatigue life of the materials. In addition, the fatigue life performance was ranked as Bref_A to BL10_A,
B(A) + L(A), B(A) + L(F), Bref_F, and BL10 at low strain levels (e.g., 2%). Bitumen becomes stiffer
due to aging, and a stiffer material shows higher resistance to micro-deformation at low strain levels.
In general, the addition of lignin lightly reduced the fatigue life of lignin-modified bitumen. On the
other hand, the fatigue life performance at higher strain levels (e.g., 5%) was ranked as Bref_F to BL10,
Bref_A, B(A) + L(A), BL10_A, and B(A) + L(F). Fresh bitumen showed a better fatigue life. Because the
fresh bitumen has better viscous behavior than the aged one at high strain levels, damage is less likely
to occur on the fresh bitumen. Moreover, the power of function for the fresh material was significantly
larger than that of the other aged materials. Therefore, the aging process decreased the power of the
fatigue function. Furthermore, the addition of lignin slightly reduced the fatigue life of bitumen, as
seen by comparing the lines of Bref_F, BL10, Bref_A, and BL10_A samples. Another interesting point is
that several straight lines had a similar fatigue life at 3% strain level. This point actually represents
material strain sensitivity. A smaller point denotes more sensitivity. The performance at low strain
levels should be emphasized. Compared to Bref_A, the other three aged samples (BL10_A, B(A) +
L(A), and B(A) + L(F)) had very similar fatigue life. The aging of lignin itself and the moment that
lignin was added to the bitumen had an inconspicuous effect on fatigue life. Physical interactions
played a predominant role in fatigue life.
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Figure 9. The plot of fatigue parameter N¢ versus applied shear strain (20 °C).
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Table 4. Fatigue lines of studied materials.

Studied Materials (Nf=A()’)_B)
Bref_F Ny = 14134(y) 2452
Bref A Ny = 8326 4(y) 4212
BL1O_F N = 8946 ()27
BL10A N; = 67739(y) 43408
B(A) + L(A) Ny = 52522(y) 41460
B(A) + L(E) Ny = 48997(y) *2%16

4.3.3. Relaxation Tests

Figure 10 illustrates the change in shear stress of different studied materials with relaxation time.
As materials age, the residual shear stress of aged materials increases after the same relaxation time
period due to the increase in relaxation modulus [37]. Samples (BL10_A, B(A) + L(A), and B(A) +
L(F)) produced using different preparation methods showed similar relaxation properties. To further
evaluate the properties of these materials, the absolute value of shear stress at 0.1 s and 200 s and
the ratio of residual shear stress (200 s) divided by the initial status (0.1 s) were plotted, as shown in
Figure 11, depicting the stress at the initial and end times. Every sample had three replicates.
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Figure 10. Relaxation results of the relationship between shear stress and relaxation time (at 1% shear
strain and 0 °C).
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Figure 11. Shear stress at the initial (after 0.1 s) and end (200 s) times.

The initial and residual shear stresses of samples following different aging processes are depicted
in Figure 11. Obviously, the aged samples had higher initial and residual shear stresses compared with
fresh ones. The initial and residual shear stresses increased with the aging process. Upon reaching the
same strain level in a shorter time (0.1 s), a higher initial shear stress means that the material had a
higher modulus. Analyzing the data of Bref_A and BL10_A together, mixing with lignin had little effect
on the initial and residual shear stress. The initial shear stress of B(A) + L(A), B(A) + L(F), and BL_A
was similar, and it was about 1.4 times larger than that of BL_E. After a relaxation period of 200 s, the
residual shear stress of these three aged materials was twice the value of the fresh samples. Comparing
different aged materials, the order of initial shear stress was from B(A) + L(F) to BL_A and B(A) + L(A).
Figure 12 shows the ratio of residual shear stress versus the initial shear stress of different samples.
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Figure 12. The ratio of residual shear stress (200 s) versus the initial shear stress (0.1 s).

The results show that the shear stress ratio increased with aging. For the neat bitumen, 0.85%
of the initial shear stress remained after 200 s of relaxation; however, 4.59% shear stress remained in
the aged sample Bref_A after relaxation. The same conclusion could be obtained from BL10_F and
BL10_A. A lower ratio denotes a better relaxation property. Fresh specimens showed better elasticity
than aging specimens. Therefore, they showed a better recovery ability and the ratio was smaller. The
addition of lignin to fresh bitumen increased the stress ratio and reduced the relaxation property. In
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three different combinations, lignin and bitumen mixed after aging showed the minimum stress ratio
in the aged samples. Due to the fact that traffic loading is usually continuous, the relaxation time of
bitumen needs to be short enough to prevent stress accumulation in the pavement. The testing load
should correspond to the traffic load frequencies or load time periods. Considering the fact that the
bituminous materials are viscoelastic, then this time period should be linked to the recovery phase
after loading, which subsequently affects the stress and, thus, the damage accumulation in the material.
The relaxation time, as the shear stress was reduced to 50% and 25% of the initial stress, is depicted
in Figure 13.
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Figure 13. The relaxation time when the shear stress was reduced to 50% and 25% of the initial stress.

Figure 13 indicates that the relaxation time increased after aging when the shear stress was reduced
to 50% and 25% of the initial stress. The viscosity of samples increased with aging, contributing to the
relaxation time increase. For fresh materials, the shear stress of Bref_F reduction to 25% needed 1.59 s
and that of BL10_F needed 3.30 s. However, for the other aged samples (Bref_A, BL_A, B(A) + L(F),
and B(A) + L(A)) 5.44, 6.37, 5.94, and 5.02 s were required, respectively. When the lignin was added
in advance, the relaxation time reduced to 50% and 25% when aging was increased (see BL_A with
B(A) + L(A)). In summary, the aged sample had higher shear stress at initial and end times, a higher
ratio of residual stress, and a longer relaxation time than the fresh sample. In addition, the relaxation
properties of BL_A, B(A) + L(A), and B(A) + L(F) were similar compared to the fresh samples. The
addition of lignin did not improve the relaxation properties dramatically. However, the aging of lignin
itself and the moment that lignin was added to the bitumen had an effect on the relaxation properties,
especially the relaxation ratio of residual and initial shear stress and the relaxation time when reducing
to certain stress levels.

4.3.4. Glover-Rowe Parameter Tests

The shape of the Glover-Rowe (G-R) curve and the current Superpave fatigue parameter (G* X
sind = 5 MPa) were different. Based on the data of the samples, the curve shape of G* X sin¢ is not a
logical damage indicator. The test conditions (15 °C, 0.005 rad/s) should be used for frequency sweeps
to assess failure performance. Thus, the results of the Glover-Rowe damage parameter are shown in
Figure 14. The two lines (G-R = 180 kPa; G-R = 450 kPa) provide the damage zone in the black space
diagram. The red line shows the limit of the current Superpave fatigue parameter (G* x sind = 5 MPa).
The rhombuses, triangles, and squares with different colors denote different samples. Fresh specimens
were in a very safe state. The properties approached the damage zone as aging proceeded. Based on
the calculated data, the values of several aged samples were close to the damage onset line, but they
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did not enter the damage zone except for Bref_A. During the aging process, cracking began in the neat
bitumen. However, with the addition of lignin, the time for the crack to appear was delayed. Lignin is,
thus, beneficial for cracking resistance properties. Three samples (BL10_A, B(A) + L(A), and B(A) +
L(F)) showed extremely close values and properties. This indicates that, independently of whether
lignin ages or not, the adding process has little effect on the cracking resistance of the material.
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Figure 14. Glover-Rowe damage parameter in black space diagrams.
5. Conclusions

Lignin was added to bitumen to evaluate the interaction between the two materials after aging.
Based on the current preliminary results, the main conclusions are as follows:

1. After aging, the specific surface area of lignin particles decreases. The microstructure of bitumen
with and without lignin is almost the same. However, it becomes difficult to observe the worm
structure of bitumen after aging and the addition of lignin.

2. The results from FTIR tests show that the various functional groups of lignin do not change
remarkably during aging, and carbonyl and sulfoxide indices can still be used to assess the aging
state of lignin-modified bitumen.

3. Theeffect of lignin added in advance or after aging has little effect on the viscoelastic characteristics
of bitumen. The physical interaction between lignin and bitumen plays an important role, as shown
by the changes in complex modulus, phase angle, crossover modulus, and crossover frequency.

4. The addition of lignin slightly reduces the fatigue life based on the results of LAS tests. As
bitumen ages, its fatigue life increases at low strain levels and decreases at high strain levels due
to the stiffening effect.

5. The addition of lignin does not improve the relaxation properties dramatically. However, the
aging of lignin itself and the moment that lignin is added to the bitumen has an effect on the
relaxation properties, especially the relaxation ratio of residual and initial shear stress and the
relaxation time to certain stress levels.

6. Based on the results calculated by the Glover-Rowe parameter method, lignin provides an
improvement in cracking resistance. Nevertheless, the aging of lignin itself and the moment that
lignin is added to the bitumen have little impact on the cracking sensitivity of bitumen.
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Overall, the addition of lignin has some positive effects as an anti-oxidant in bitumen. In this
study, only a dosage of 10% by mass of bitumen, which was determined elsewhere, was used. Other
lignin contents and bitumen types will be compared to verify the above conclusions. The compatibility
between lignin and bitumen due to the differences in structure and density will be researched further,
including the separation after blending and storage modulus.

Author Contributions: Conceptualization, Y.Z. and X.L.; methodology, Y.Z. and P.A; validation, W.G., M.v.d.V.,
RJ., and S.E.; formal analysis, R.J.; investigation, P.A.; writing—original draft preparation, Y.Z. and P.A ;
writing—review and editing, P.A., W.G., M.v.d.V.,, and R.J.; supervision, X.L.; project administration, S.E.

Funding: This research received no external funding.

Acknowledgments: The first author would like to acknowledge the scholarship from the China Scholarship Council
and the financial support by Nedvang. Nedvang is also highly appreciated for providing base testing materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Apostolidis, P; Liu, X.; Kasbergen, C.; Scarpas, T. Synthesis of Asphalt Binder Aging and the State of the Art
of Antiaging Technologies. Transp. Res. Rec. 2017, 2633, 147-153. [CrossRef]

2. Chailleux, EMM.; Audo, B.; Bujoli, C.; Queffelec, J.; Legrand; Lepine, O. Alternative Binder from Microalgae:
Algoroute Project. In Proceedings of the Transportation Research E-Circular, Washington, DC, USA,
22 January 2012; pp. 7-14.

3. Audo, M,; Paraschiv, M.; Queffelec, C.; Louvet, I; Hemez, J.; Fayon, E; Lepine, O.; Legrand, J.; Tazerout, M.;
Chailleux, E.; et al. Subcritical Hydrothermal Liquefaction of Microalgae Residues as a Green Route to
Alternative Road Binders. ACS Sustain. Chem. Eng. 2015, 3, 583-590. [CrossRef]

4. Gosselink, RJ.A. Lignin as a Renewable Aromatic Resource for the Chemical Industry. Ph.D. Thesis,
Wageningen University, Wageningen, The Netherlands, 2011.

5. Bruijnincx, P.; Gruter, G.-J.; Westenbroek, A.; Engelen-Smeets, E. Lignin Valorisation: The Importance of a Full
Value Chain Approach; Utrecht University: Utrecht, The Netherlands, 2016.

6.  Sundestrom, D.W.; Klel, H.E.; Daubenspeck, T.H. Use of Byproduct Lignins as Extenders in Asphalt. Ind.
Eng. Chem. Prod. Res. Dev. 1983, 22, 496-500. [CrossRef]

7. McCready, N.S.; Williams, R.C. Utilization of Biofuels Coproducts as Performance Enhancers in Asphalt
Binder. Transp. Res. Rec. 2008, 2051, 8-14. [CrossRef]

8.  Xu, G.; Wang, H.; Zhu, H. Rheological Properties and Anti-aging Performance of Asphalt Binder modified
with Wood Lignin. Constr. Build. Mater. 2017, 151, 801-808. [CrossRef]

9.  Pan, T.A. First-principle based Chemophysical Environment for Studying Lignins as an Asphalt Antioxidant.
Constr. Build. Mater. 2012, 36, 654—664. [CrossRef]

10. Pan, T.; Cheng, C. An Ab Initio Molecular Dynamics Analysis of Lignin as a Potential Antioxidant for
Hydrocarbons. J. Mol. Graph. Model. 2015, 62, 325-341. [CrossRef]

11. Batista, K.B.; Padilha, R.P.L.; Castro, T.O.; Silva, C.ES.C.; Araujo, M.EA.S.; Leite, LEM.; Pasa, VEC,;
Lins, VM.D. High-temperature, Low-temperature and Weathering Aging Performance of Lignin modified
Asphalt Binders. Ind. Crop. Prod. 2018, 111, 107-116. [CrossRef]

12.  Arafat, S.; Kumar, N.; Wasiuddin, N.M.; Owhe, E.O. Lynam. Sustainable Lignin to Enhance Asphalt Binder
Oxidative Aging Properties and Mix Properties. |. Clean. Prod. 2019, 217, 456-468. [CrossRef]

13. Perez, I.P; Rodriguez Pasandin, A.M.; Pais, J.C.; Pereira, P.A.A. Use of Lignin Biopolymer from Industrial
Waste as Bitumen Extender for Asphalt Mixtures. J. Clean. Prod. 2019, 220, 87-98. [CrossRef]

14.  Van Vliet, D.; Slaghek, T.; Giezen, C.; Haaksman, I. Lignin as a Green Alternative for Bitumen. In Proceedings
of the 6th Euroasphalt & Eurobitume Congress, Prague, Czech, 1-3 June 2016.

15.  Yang, X.; Mills-Beale, J.; You, Z. Chemical Characterization and Oxidative Aging of Bio-asphalt and its
Compatibility with Petroleum Asphalt. ]. Clean. Prod. 2017, 142, 1837-1847. [CrossRef]

16. Kassem, E.; Khan, M.S; Katukuri, S.; Sirin, O.; Muftah, A.; Bayomy, E. Retarding Aging of Asphalt Binders
using Antioxidant Additives and Copolymers. Int. |. Pavement Eng. 2019, 20, 1154-1169. [CrossRef]

17. He, M.,; Tu, C; Cao, D.W,; Chen, Y.J. Comparative Analysis of Bio-binder Properties derived from Different
Sources. Int. |. Pavement Eng. 2019, 20, 792-800. [CrossRef]

332



Materials 2019, 12, 4176

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Boeriu, C.G.; Bravo, D.; Gosselink, R.J.; van Dam, J.E. Characterisation of Structure-dependent Functional
Properties of Lignin with Infrared Spectroscopy. Ind. Crop. Prod. 2004, 20, 205-218. [CrossRef]

Dizhbite, T.; Telysheva, G.; Jurkjane, V.; Viesturs, U. Characterization of the Radical Scavenging Activity of
Lignins-Natural Antioxidants. Bioresour. Technol. 2004, 95, 309-317. [CrossRef]

Vinardell, M.P,; Ugartondo, V.; Mitjans, M. Potential Applications of Antioxidant Lignins from Different
Sources. Ind. Crop. Prod. 2008, 27, 220-223. [CrossRef]

ASTM D 6521-19. Standard Practice for Accelerated Aging of Asphalt Binder Using a Pressurized Aging Vessel
(PAV); ASTM: West Conshohocken, PA, USA, 2019.

Mikhailenko, P.; Kou, C.; Baaj, H.; Poulikakos, L.; Cannone-Falchetto, A.; Besamusca, J.; Hofko, B. Comparison
of ESEM and Physical Properties of Virgin and Laboratory Aged Asphalt Binders. Fuel 2019, 235, 627-638.
[CrossRef]

Lamontagne, J.; Dumas, P.; Mouillet, V.; Kister, J. Comparison by Fourier Transform Infrared (FTIR)
Spectroscopy of Different Ageing Techniques: Application to Road Bitumens. Fuel 2001, 80, 483-488.
[CrossRef]

Bykov, I. Characterization of Natural and Technical Lignins Using FTIR Spectroscopy. Master Thesis, Lulea
University of Technology, Lulea, Sweden, 2008.

Petersen, ].C. A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical
Property, and Durability Relationships. In Transportation Research E-Circular; The National Acdemies of
Sciences Engineering Medicine: Washington, DC, USA, 2009.

AASHTO T 315-19. Standard Method of Test for Determining the Rheological Properties of Asphalt Binder Using a
Dynamic Shear Rheometer (DSR); AASHTO: Washington, DC, USA, 2019.

AASHTO TP 101-14. Standard Method of Test for Estimating Damage Tolerance of Asphalt Binders Using the Linear
Amplitude Sweep; AASHTO: Washington, DC, USA, 2014.

Hintz, C.; Bahia, H. Simplification of Linear Amplitude Sweep Test and Specification Parameter. Transp. Res.
Rec. 2013, 2370, 10-16. [CrossRef]

Anderson, M.; Le Hir, Y.M.; Marasteanu, M.O.; Planche, J.-P.; Martin, D.; Gauthier, G. Evaluation of Fatigue
Criteria for Asphalt Binders. Transp. Res. Rec. 2001, 1766, 48-56. [CrossRef]

Jing, R. Ageing of Bituminous Materials: Experimental and Numerical Characterization. Ph.D. Thesis, Delft
University of Technology, Delft, The Netherlands, 2019.

Airey, G.D. Use of Black Diagrams to identify Inconsistencies in Rheological Data. Road Mater. Pavement Des.
2002, 3, 403-424. [CrossRef]

Mensching, D.J.; Rowe, G.M.; Daniel, ].S.; Bennert, T. Exploring Low-temperature Performance in Black
Space. Road Mater. Pavement Des. 2015, 16, 230-253. [CrossRef]

King, G.; Anderson, M.; Hanson, D.; Blankenship, P. Using Black Space Diagrams to Predict Age-induced
Cracking. In 7th RILEM International Conference on Cracking in Pavements; Scarpas, A., Kringos, N.,
Al-QadilLoizos, I., Loizos, A., Eds.; Springer: Berlin, Germany, 2012; pp. 453-463.

Rahalkar, R.R. Correlation between the Crossover Modulus and the Molecular Weight Distribution using the
Doi-Edwards Theory of Reptation and the Rouse Theory. Rheol. Acta 1989, 28, 166-175. [CrossRef]
Scarsella, M.; Mastrofini, D.; Barré, L.; Espinat, D.; Fenistein, D. Petroleum Heavy Ends Stability: Evolution
of Residues Macrostructure by Aging. Energy Fuel 1999, 13, 739-747. [CrossRef]

Jing, R.; Varveri, A,; Liu, X.; Scarpas, A.; Erkens, S. Rheological, Fatigue and Relaxation Properties of Aged
Bitumen. Int. J. Pavement Eng. 2019, 1-10. [CrossRef]

Jing, R.; Varveri, A.; Xueyan, L.; Scarpas, T.; Erkens, S. Ageing Effect on the Relaxation Properties of Bitumen.
In Proceedings of the Advances in Materials and Pavement Prediction: Papers from the International
Conference on Advances in Materials and Pavement Performance Prediction (AM3P 2018), Doha, Qatar,
16-18 April 2018.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

333



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Materials Editorial Office
E-mail: materials@mdpi.com
www.mdpi.com/journal/materials




MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-03928-986-8



	Blank Page
	Blank Page
	Blank Page
	Volume 1-Materials Sustainable Designed Pavement Materials.pdf
	Blank Page
	Blank Page


