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In-plant hot mix recycling technology has been widely used in maintenance and
reconstruction due to its good recycling performance. However, the utilization rate of
recycled asphalt pavement (RAP) is still only 10–25%, resulting in excessive accumulation
and landfilling of RAP materials, which fails to promote the sustainable value of RAP in
recycling. Therefore, this paper comprehensively explores the pavement performance of
AC-20 ordinary asphalt recycled mixture and AC-13 modified asphalt recycled mixture
with different proportions of RAP. The pavement performance test includes the dynamic
modulus, rutting, dynamic creep, semicircular bending, and freeze-thaw splitting tests.
The results show that, with the increase of RAP content, the mechanical properties and
high-temperature properties of the two types of recycled asphalt mixtures are improved,
the low temperature properties and moisture susceptibility properties are enhanced first
and then weakened, and the best performance is reached when RAP content is 20 and
40%, respectively. According to the entire pavement performance test results, the
influence of RAP content on AC-13 recycled modified asphalt mixtures is relatively
smaller than that of AC-20 normal recycled asphalt mixtures. The addition of
rejuvenator can improve the low-temperature performance and moisture susceptibility
of recycled asphalt mixtures to a certain extent, especially for AC-20 ordinary recycled
asphalt mixture. Consequently, it is suggested to use AC-13 recycled modified asphalt
mixture in the upper layer of road; the RAP content can reach 20%, and rejuvenator can be
used to improve its moisture susceptibility and low-temperature performance. AC-20
ordinary recycled asphalt mixture can be used in the middle surface layer, and the RAP
content can reach 40%, or using AC-13 recycled modified asphalt mixture, the RAP
content can reach 50%.

Keywords: hot in-plant reclaimed, RAP proportions, pavement performance, high-temp stability, low-temp cracking
resistance, moisture susceptibility performance

1 INTRODUCTION

In the United States in 1975, the recycling of asphalt pavement reached 50,000 tons; in 1978, it
reached more than 5 million tons, and through the end of the 1980s, the use of recycled asphalt mixes
in the United States occupied 50% of the national production of asphalt mixes and furthered related
research, such as the development of regenerative agents and the mechanism of asphalt aging.
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Although the requirements of the major U.S. states (Thakur,
2010) on the proportion of old material blending are different, the
blending rate is roughly 10–50%, and the survey found that most
of the asphalt pavement maintained by plant mix hot
regeneration technology has a better road performance to
meet the requirements of use. In the United States, the plant
mix hot regeneration maintenance and repair technology is
mainly used in road and airport runway paving (Kandhal
et al., 1995). Germany, Finland, and other European countries
in the mid-1970s also began to carry out research and exploration
of asphalt pavement regeneration technology; the first country to
apply asphalt recycled mixture in pavement maintenance and
repair was Germany, and the effect is remarkable. In 1978, the
recycling rate of old pavement materials reached 100%. In
Finland, the government called on all towns to actively carry
out the recycling of pavement waste materials, and now the
application of recycled materials has gradually expanded from
low-to high-grade highway pavement. The most representative is
the research report of NCHRP (Kandhal and Foo, 1997) (NCHRP
Report452), which suggests that RAP not only plays the role of
“black stone,” but also the old asphalt coating on the surface still
plays the role of bonding. Gaitan et al. (2013) studied the use of
RAP in cold and hot recycled asphalt mixtures and analyzed the
asphalt mastic in cold and hot recycled asphalt mixes, and the test
results showed that the old material cold recycled was more active
than hot recycled, and the degree of integration of new and old
asphalt in hot recycled asphalt mixes was only 50–70%, whereas
cold recycled material was 20% higher, so a more in-depth study
on the degree of integration of new and old asphalt in hot
recycling is needed. Navaro et al. (2012) conducted a stratified
extraction of asphalt in recycled asphalt mixes and used a
combination of ultraviolet and infrared spectroscopy to
determine the proportion of old and new asphalt in the mix.
Experimental studies showed that the test process, temperature,
and mixing time were the main factors affecting the mass fraction
of old and new asphalt. Shane (Gundla and Underwood, 2017)
mixed new and old asphalt and new and old aggregates in
different proportions, and Arshad (Hussain and Yanjun, 2013)
extracted and recovered the old asphalt from the RAP material
and mixed it with different proportions of old and new asphalt
and evaluated its performance. Luis (Loria et al., 2011) conducted
a study on the road performance of hot mix asphalt pavements
with up to 50% RAP in a region of Canada, and the results showed
that the water damage resistance and low temperature crack
resistance of high-RAP recycled materials could meet the
requirements.

Since 2000, the aging phenomenon of asphalt pavement
binders has been studied in depth in China, and its
regeneration mechanism has also been systematically
investigated. Jin et al. (2001) studied the changes in the
composition and properties of road asphalt by using the thin
film thermal aging method, and the test results showed that the
aromatic fraction and gum content of the mixture decreased after
aging, whereas the asphaltene content increased, and also, this
change was in accordance with the macroscopic kinetic law. Chen
and Chen (2008) found that the reactive groups in the internal
molecules of asphalt react with oxygen in the air to form polar

molecules, and oxygen and sulfur atoms are mostly present in
asphalt molecules as carbonyl groups, sulfoxide functional
groups, thioethers, and thiols, which he considered as the
main cause of asphalt aging. The chemical composition and
physical properties of asphalt are analyzed from two
perspectives; in the chemical composition of asphalt after
aging, the gum content is decreasing, asphalt content is
increasing, and the physical indicators of the asphalt softening
point has increased. Viscosity is also becoming larger, and needle
penetration and ductility have decreased to a certain extent. Most
domestic regeneration methods are based on the addition of light
oil regenerants, but this regeneration method generally suffers
from a lack of aging resistance (Ding, 2013). Domestic
microscopic studies on asphalt are still mainly focused on the
analysis of asphalt functional group changes using infrared
spectroscopy and other means, and the research on
microscopic analysis using atomic force microscopy is still
relatively limited. Yang et al. (2015) and others studied the
effect of three factors on the microstructure of asphalt by
AFM, namely, the type of asphalt, short-term aging, and
cooling rate during sample preparation, and found that the
bee-type structures of different asphalts were very different,
the quantities were somewhat different, and the sensitivity to
short-term aging was also different. Zhao (Fan, 2016) used
carbonyl and sulfoxide coefficients as the microscopic
evaluation index of asphalt aging, which correlated well with
the macroscopic mechanical index and could reasonably explain
and evaluate the difference in performance of asphalt before and
after aging.

Yang and Ma (2011) studied the effective regeneration rate of
aging asphalt hot regeneration through experiments and found
that there is a close relationship between the regeneration rate and
aging asphalt preheating temperature, regenerant diffusion
ability, and regenerated asphalt mixture mixing and time.
Chen Yunqing (Chen, 2015) found that the moisture content
of RAP material increased after aging, whereas the asphalt
content decreased and the gradation occurred significantly
refined. Meanwhile, the abrasion value and angularity of
coarse aggregates in RAP material decreased to some extent,
and the decline of limestone was small compared with basalt, but
its wear resistance was obviously inferior to basalt. Shen (Shen
andWang, 2015) concluded that the RAP fineness modulus is the
main factor affecting the volume parameters of asphalt recycled
mixes, and the larger the RAP fineness modulus, the worse the
high-temperature stability of the recycled material, whereas the
degree of aging of asphalt has a small effect on the volume
parameters of recycled mixes, but the effect on the mechanical
properties of recycled material is greater, and the higher the
degree of aging of asphalt in RAP material can improve the high-
temperature stability of recycled material. The high temperature
stability of the recycled material can be improved with higher
aging of RAP material, but it is not good for moisture
susceptibility. Zhao (2014) used the rutting test and Hamburg
rutting test to evaluate and analyze the high-temperature
performance of the recycled asphalt mixture, and it was found
that the greater the amount of old material blended, the better the
high temperature stability of the asphalt mixture. The moisture
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susceptibility was evaluated by using the water immersion
Marshall test and freeze-thaw splitting test, and when the old
material admixture ratio was lower than 50, there was little
difference in moisture susceptibility performance compared
with that of the brand new asphalt mixture. Yan and Xiao
(2016) found through their study that increasing the RAP
admixture can improve the high-temperature stability and
water damage resistance of recycled asphalt mixes but has a
negative impact on its low-temperature performance. Therefore,
whereas increasing the proportion of RAP ensures its road
performance meets the actual use requirements, the
appropriate amount of regenerant can be introduced to
improve the recycled asphalt mixture. At this stage, for a large
amount of RAP material, recycled asphalt concrete and the
synergistic mechanism between the regenerant is still to be
clarified and the combination of different RAP and regenerant
on the comprehensive road performance of recycled asphalt
mixture research to be carried out.

The effect of the variation of RAP content on the road
performance of different types of recycled asphalt mixes is
considered for two different types of recycled asphalt mixes
with high RAP content. The mechanical properties, high-
temperature properties, low-temperature crack resistance, and
moisture susceptibility are comprehensively studied by the
variation of RAP admixture. The effect of the introduction of
the regenerant on the road performance at higher RAP content
(40%) was also considered. The results show that the RAP content
ratio can be appropriately increased in AC-13 modified recycled
asphalt mix and AC-20 normal recycled asphalt mix to meet the
requirements of the road, and the targeted addition of recyclers
further improves its low-temperature performance and moisture
susceptibility properties. The research results can provide an
effective scientific basis and theoretical foundation for the
efficient resource utilization of RAP admixture in practical projects.

2 RAP COMPONENT ANALYSIS AND MIX
RATIO DESIGN

2.1 RAP Component Analysis
In this test, a milling speed of 15m/min was used to recycle the
used materials. The old materials recovered in this study were AC-
20 common asphalt mixture and AC-13 modified asphalt mixture,
and the extraction test was carried out using a fully automatic
asphalt extraction instrument. At the same time, considering the
large variability of the gradation of the old material, the uniformity

of the mix design could not be guaranteed, so the old material was
also divided into two grades: coarse and fine. First, the coarse and
fine aggregates in the old material were separated as much as
possible by heating, and then the separated old material was sieved
into two components: coarse material (greater than 4.75 mm) and
fine material (less than 4.75mm). The sieving results of two kinds
of asphalt mixes and the asphalt content of the mixes are shown in
Tables 1, 2.

It can be seen that the asphalt content in the RAP materials
both decreased to some extent (4.3 and 4.9% for AC-20 and AC-
13 of the original pavement, respectively), indicating that the
asphalt content continued to decrease during the aging process.
Due to the adhesion property of the asphalt itself, it causes some
of the fines to adhere to the surface of the coarse RAP material.
Comparing the RAP test results with the coarse and fine RAP
integration results, it can be found that the error between them is
very small, indicating that the grade composition of the test and
its asphalt content results are more reasonable.

2.2 Recycled Asphalt Properties
The 70# common asphalt and SBS modified asphalt from the
above recycled old material were used as the research objects. The
mixture of extracted old asphalt and trichloroethylene was
processed using a Swiss BuchiR-215V rotary evaporator, and
the trichloroethylene in the mixture was removed by distillation
and recycled. Then, the remaining pure asphalt was evaluated and
analyzed, and the results were compared with the original values
as shown in Tables 3, 4.

From Tables 3, 4, in the recovery of two asphalt indicators it
can be seen that needle penetration and ductility of the two old
asphalts is significantly reduced and no longer meets the
requirements of engineering technical indicators, whereas the
softening point compared with the original indicators continues
to increase. This is due to the asphalt in the aging process in the
conversion between the components, the asphalt content is
reduced, gum and asphaltene content increased, and asphalt
molecular mass increased, making the recovered asphalt
viscosity decreased, brittle, and hard.

2.3 Optimal Asphalt Content
The aggregate sieving tests for two types of recycled aggregates
with different RAP admixtures were carried out based on the
Aggregate Test Procedure for Highway Engineering (JTG E42-
2005) with RAP admixtures of 20, 30, 40, and 50%, respectively.

At the same time, the Marshall mix design method was used to
determine the OAC, and the five asphalt contents used were 4.0,

TABLE 1 | Results of recovered AC-20 common asphalt mix components.

Grouping Passing percentage of each sieve size (mm) (%) Asphalt
content

(%)
19.0 16.0 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

RAP 97.3 86.3 73.4 60.7 42.6 23.7 16.3 11.7 6.9 5.1 3.9 3.8
Coarse
RAP

97.9 85.2 72.5 60.3 39.7 24.6 15.8 10.8 5.8 4.9 3.7 3.6

Fine RAP 100 100 100 100 100 49.8 33.9 25.6 14.1 10.7 7.5 4.1
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4.5, 5.0, 5.5, and 6.0%. Marshall specimens of 63.5 mm in height
and 101.6 mm in diameter were formed. According to JTG F40-
2004 (Ministry of Transport of the People's Republic of China,
2004), the OAC can be calculated based on the relationship
between the asphalt content and the Marshall test indexes,
including bulk density, air void, voids in the mineral aggregate
(VMA), voids filled with asphalt (VFA), Marshall stability, and
Marshall flow as shown in Table 5.

3 TEST METHOD

3.1 Dynamic Modulus Test
The test were conducted on the mechanical properties of AC-20
ordinary asphalt recycled mix and AC-13 modified asphalt
recycled mix with different blending ratios (0, 20, 40, and 50%,
respectively) in which 5% of the same recycler is added to both
recycled materials with 40% RAP blending for performance
comparison. The heating temperature of RAP is 120°C for the

best compaction characteristics of themix (Ma et al., 2020), and the
test at this temperature has a molding diameter of 150 mm, height
of 150 mm rotary compaction specimens and the number of
compaction for 100 times, dynamic modulus test; the test
process is shown in Figures 1A–C. Loading frequencies of 0.1,
0.5, 1, 5, 10, and 25 Hz were used for repeated loading tests under
temperature conditions of -10°C, 5°C, 20°C, 35°C, and 50°C,
respectively, and the temperature was carried out from low to
high temperatures, in turn, whereas the frequency was carried out
from high to low frequency, in turn; the load and deformation
curves of the last five waveforms were collected for the test, and the
average of the three was taken for each specimen type as the final
result. The average value of the three waveforms for each specimen
type is taken as the final result. The test preparation and procedure
are shown in Figure 1.

The dynamic modulus of the asphalt mixture at different
temperatures can be established as a master curve with
frequency at the same reference temperature, and the shift
factor can be calculated from the corresponding model, of
which the most commonly used is the WLF equation, as
shown in Eq. 1.

log αT � C1(T − Ts)
C2 + T − Ts

(1)

where αT is the shift factor at T temperature conditions; C1, C2 are
constants; TS is the reference temperature; and T is the
temperature of the individual test.

TABLE 2 | Results of recovered AC-13 modified asphalt mix components.

Grouping Passing percentage of each sieve size (mm) (%) Asphalt
content

(%)
16.0 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

RAP 100 94.1 79.5 49.5 34.2 23.8 16.3 13.1 9.7 6.1 4.5
Coarse RAP 100 94.8 79.0 45.8 32.1 22.5 15.2 12.0 8.6 4.5 4.2
Fine RAP 100 100 100 100 76.1 51.9 34.1 24.8 16.9 10.3 4.8

TABLE 3 | Test index of recovered 70# asphalt.

Test index Test
results

Original
value

Technical
requirements

Test method (Ministry of Transport of the People's Republic of
China, 2004)

Penetration (25°C 100 g 5 s)
(0.1 mm)

23.6 71.3 60–80 T0604-2000

Ductility (15°C 5 cm/min) (cm) 55.4 >100 ≥100 T0605-1993
Softening point (°C) 62.5 46.5 ≥46 T0606-2000

TABLE 4 | Test index of recovered SBS modified asphalt.

Test index Test
results

Original
value

Technical
requirements

Test method (Ministry of Transport of the People's Republic of
China, 2004)

Penetration (25°C 100 g 5 s)
(0.1 mm)

30.8 66.2 50–80 T0604-2000

Ductility (5°C 5 cm/min) (cm) 6.9 34.8 ≥30 T0605-1993
Softening point (°C) 85.5 82.0 ≥60 T0606-2000

TABLE 5 | Summary results of the OAC for each asphalt recycled mixture.

Mixture type Optimal asphalt content (%)

20% RAP 30% RAP 40% RAP 50% RAP

AC-20 4.2 4.2 4.3 4.2
AC-13 4.8 4.9 4.9 4.8
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Pellinen (Pellinen et al., 2002) of the University of Maryland
applied the least squares method to fit the sigmoidal equation and
obtained the master curve by superposition of shift factors as in Eq. 2.

lg
∣∣∣Ep∣∣∣ � δ + α

1 + eβ+γplg(fr) (2)

where |E*| is the dynamic modulus value; δ is the minimum
dynamic modulus value; α is the range of dynamic modulus
values; β, γ are the regression parameters; and fr is scaling down
the frequency, where the scaled-down frequency fr and the
frequency f can be converted by the equation as in Eq. 3.

lg(fr) � lg(f) + lg(aT) (3)
where f is the test frequency and aT is the time–temperature
conversion factor, representing the translation distance of the
dynamic modulus curve at each temperature to the curve at the
reference temperature.

3.2 High-Temperature Stability Test
The high-temperature rutting and dynamic creep tests were used
to evaluate the high-temperature performance of asphalt recycled
mixes with different RAP content ratios. The rutting specimenswere
prepared based on the density of Marshall specimens, and the
heating temperature of RAP is 120°C. The high-temperature rutting
test is used to characterize the high-temperature performance of the
mixture by dynamic stability, and the average value of three for each
specimen type is taken as the final result.

The dynamic creep test uses 150-mm-diameter and 150-mm-
height rotating compacted specimens (forming conditions,
specimen type, and dynamic modulus test are the same); 60°C
is the test temperature, axial pressure is set at 700 kPa, surrounding
pressure is 0, loading cycle is 1 s until the specimen is damaged or
the test time reaches 3 h, and each specimen type takes the average
value of the three specimen types as the final result.

3.3 Low-Temperature Crack Resistance
Test
A−10°C semicircular splitting test was conducted by using a
semicircular specimen of 150 mm in diameter and 50 mm in
height at the test temperature of −10°C. For the SCB test, the

distance S between the two round rod pivot points was also 12 cm
(0.8 times the semicircular specimen), and the loading rate was
50 mm/min. The semicircular specimen was continuously loaded
until its destruction in the test, and the load and displacement
were recorded. The test was carried out by a UTM-25
multifunctional testing machine, and the average value of
three for each specimen type was taken as the final result.

The stress and modulus equations for semicircular specimens
are used as shown in Eqs 4, 5 (Molnernaar et al., 2002).

σt � 4.8F
BD

(4)

Mr � 1.84F
BV

(5)

where σt is the bottom tensile stress (MPa), F is the vertical
direction load (N),D is the diameter of the specimen (mm), B is the
thickness of the specimen (mm), V is the vertical displacement at
the bottom of the specimen (mm), and Mr is the modulus (MPa).

3.4 Moisture Susceptibility (Freeze-Thaw
Splitting Test)
The freeze-thaw splitting test was carried out with 150 mm
diameter, 50 mm height, and 20 and 40% RAP content of
recycled mixture semicircular specimens. The air void of the
asphalt mixture is related to the compaction times and heating
temperatures of RAP and influences the moisture susceptibility,
so compaction times and heating temperature were considered
during the test. The specimens were divided into two groups, one
of which was first treated with freeze-thaw cycles and then put
into a constant temperature water bath at 25°C for 2 h, together
with the other group of specimens for splitting test with a loading
rate of 5 mm/min. The average value of the three tests was taken
as the final result for each specimen type.

4 ANALYSIS OF TEST RESULTS

4.1 Dynamic Modulus
In this test, the test temperature of 20°C was used as the reference
temperature, and aT was taken as 0. The dynamic modulus values

FIGURE 1 | Dynamic modulus test procedure.
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obtained for different loading frequencies at this temperature
were first fitted to obtain the initial fitting equations. The initially
obtained δ, α, β, and γ were used as the initial values, fitted to
determine the aT values corresponding to other test temperatures
(Ma et al., 2008), and then the test values of frequency–dynamic
modulus at different temperature conditions were leveled to
finally obtain the master curve fitting equation at the reference
temperature of 20°C as shown in Table 6. The results of
comparing the master curves of two types of asphalt recycled
mixes under different RAP admixtures are shown in Figures 2, 3,
respectively.

The dynamic modulus values of the two types of asphalt
recycled mixes increased with the increase of loading
frequency, but the degree of change was different for different
RAP admixture mixes, indicating that the recycled material was
sensitive to temperature changes. For the AC-20 common asphalt
recycled mix, the temperature stability of the mix is as follows:
RAP0%<RAP20% < RAP50% < RAP40% + regenerator <
RAP40%, which indicates that, compared with the new

material, the recycled material has a better temperature
stability after adding RAP material with the increase of RAP
content showing a trend of increasing first and then decreasing in
the content. The temperature stability of AC-13 modified asphalt
recycled mix is as follows: RAP40% + regenerator < RAP50% <
RAP20% < RAP0% < RAP40%, in which the sensitivity of the mix
to temperature after adding RAP material is not significantly
different compared with the new material, but the temperature
sensitivity of the recycled mixture was slightly better when the
RAP content was 40%, and the addition of the recycler was not
conducive to the improvement of the temperature stability of the
mixture. In addition, comparing the results of AC-13 and AC-20,
it can be seen that the temperature sensitivity of AC-20 normal
recycled asphalt mixture is influenced by the RAP content. The
temperature sensitivity of AC-13 modified recycled asphalt
mixture is weaker compared with AC-20 normal asphalt
mixture. The results of dynamic modulus values of AC-20
ordinary asphalt recycled mix at high frequency (low
temperature) with different RAP admixtures are: RAP0%

TABLE 6 | Master curve fitting equations for different asphalt recycled mixes at 20°C.

Recycled material type RAP ratio (%) Master
curve fitting equation

R2

AC-20 General 0 R2 = 0.9993

20 R2 = 0.9994

40 R2 = 0.9994

50 R2 = 0.9983

40 + regenerant R2 = 0.9992

AC-13 modified 0 R2 = 0.9996

20 R2 = 0.9991

40 R2 = 0.9978

50 R2 = 0.9980

40 + regenerant R2 = 0.9992
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<RAP20% < RAP40% < RAP40% + regenerator < RAP50%,
while the results of AC-13 modified asphalt recycled mix are:
RAP0%<RAP20% < RAP40% < RAP50% < RAP40% +
regenerant. For the two different types of asphalt recycled
mixes, the addition of the old material and the regenerant
improved the mechanical strength of the mixes to some extent
under high-frequency (low-temperature) conditions, and the
higher the RAP content, the higher the strength, but
considering the reduced flexibility of the recycled material, its
anticracking performance at low temperature still needs further
study. In addition, the RAP doping under low-frequency (high-
temperature) conditions had a significant effect on the high-
temperature stability of the AC-20 common asphalt recycled mix
and had less effect on the AC-13 modified asphalt recycled mix.
Meanwhile, the dynamic modulus values of AC-13 modified
asphalt recycled mix with the same RAP content are basically
higher than those of AC-20 ordinary asphalt recycled mix,
indicating that the mechanical strength of AC-13 modified
asphalt recycled mix is higher than that of AC-20 ordinary
asphalt recycled mix.

4.1 High-Temperature Stability
4.1.1 Dynamic Stability
The dynamic stability test results are shown in Figure 4. The
dynamic stability of the recycled asphalt mixes with different RAP
content met the technical requirements (≥1,000 times/min). With
the increase of RAP, the dynamic stability of the two types of
recycled asphalt gradually increased, and when the RAP mixture
increased from 40 to 50%, the growth rate became significantly
larger, indicating that its high-temperature rutting resistance
significantly improved. The softening point and viscosity of
the recycled asphalt increase, thus showing increasing high-
temperature performance. Comparing the two types of
recycled material, it can be seen that the high-temperature
stability of the AC-13 modified asphalt recycled mix is better
than that of the AC-20 normal asphalt recycled mix as a whole.

4.1.2 Dynamic Creep Cumulative Strain
The dynamic creep cumulative strain curves of AC-20 normal
asphalt recycled mix and AC-13 modified asphalt recycled mix
with different RAP content are shown in Figures 5, 6. For the AC-
20 common asphalt recycled mix, the new material is the earliest
to be damaged, the slope of the second stage is the largest, and the
number of rheology is the smallest, only about 1,000 times. In
addition, it can also be seen that the slope and strain of the second
stage of the recycled material with 50% RAP is slightly greater
than that of the recycled material with the addition of the recycler,
and the performance of the two is similar, whereas both are
significantly greater than the slope and strain of the recycled
material with 40% RAP. For AC-13 modified asphalt recycled
mixes, the third stage did not appear in any of the five different
mixes, and the high-temperature rutting resistance of AC-13
modified asphalt recycled mixes with the same RAP content
was better than that of AC-20 normal asphalt recycled mixes.
Compared with the new material, the high-temperature rutting
resistance of both types of recycled mixes with RAP was
significantly improved, and the best high-temperature
performance was achieved at 40% of RAP, and the high-
temperature performance of AC-20 normal asphalt recycled
mixes with this amount was close to that of AC-13 modified
asphalt recycled mixes. In addition, the high-temperature rutting
test and dynamic creep results are different, indicating that, for
the high RAP mixture, it is not suitable to use a single index of
dynamic stability and evaluate its high-temperature performance.
It should be integrated with the dynamic creep test
comprehensive evaluation.

4.2 Low-Temperature Crack Resistance
The critical value of bending strain energy density (Shan et al.,
2019) was used as the main evaluation index of low-temperature
performance. The semicircular splitting test indexes of 10
different asphalt recycled mixes at −10°C low temperature are
shown in Table 7. Under the same RAP content conditions, the

FIGURE 2 | Master curve of five different AC-20 normal asphalt
recycled mixes.

FIGURE 3 | Master curve of five different AC-13 modified asphalt
recycled mixes.
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four indexes of the AC-13 modified asphalt recycled mix are
greater than the performance indexes of the AC-20 common
asphalt recycled mix, which proves that the low-temperature
performance of AC-13 modified asphalt recycled mix is more
superior. The trend of bending and tensile strength and modulus
of stiffness of both types of recycled mixes is the same: RAP0%
<RAP20% < RAP40% < RAP40% + regenerator < RAP50%,
whereas the trend of bending and tensile strain value is the
opposite: RAP0%>RAP20% > RAP40% + regenerator >
RAP40% > RAP50%, which finally leads to the trend of strain
energy density change: RAP20% > RAP0%>RAP40% +
regenerator > RAP40% > RAP50%. Compared with the new
material, only the low-temperature performance of the mixture
with 20% RAP doping is improved, whereas continuing to
increase the RAP doping will instead make its anticracking
performance worse, and the higher the RAP doping, the worse
the anticracking performance. In addition, the proportion of RAP

at 40% of the recycled mix after adding the regenerant four
indicators have different degrees of increase, the regenerant in a
certain degree makes the old and new asphalt mix combined
more fully, and makes the brittle asphalt softened to a certain
extent so as to enhance the toughness of the recycled mix and
low-temperature cracking resistance.

4.3 Moisture Susceptibility Performance
The experimental results after freeze-thaw splitting tests with
different RAP admixtures under different compaction times and
heating temperatures are shown in Figure 7A–D. Considering
the effect of heating temperature on the freeze-thaw splitting
strength ratio TSR, it can be seen that, with the increase of heating
temperature of the old material, the water damage resistance of
the recycled asphalt mixture is significantly higher, and the
difference between the performance of the mixture with the
heating temperature of the old material above 120°C and that
of the new material (RAP content is 0%) is small, which indicates
that increasing the heating temperature of the old material can
effectively improve the moisture susceptibility of the mixture.
Considering the effect of the RAP admixture on the moisture
susceptibility performance of the recycled mix, it can be seen that,
with the increase of the RAP admixture from 20 to 40%, the
freeze-thaw splitting tensile strength ratio of the mix increased
slightly, and its water damage resistance increased slightly, but the
enhancement effect on the moisture susceptibility performance
was weak compared with the heating temperature. When
considering the number of rotational compactions, the
increase makes a small increase in the TSR value of the mix,
which is due to the fact that the increase in the amount of
compaction reduces the void ratio to a certain extent, improves
the compactness of the mix, reduces the water infiltrated inside
the mix during freeze-thaw, and shows better moisture
susceptibility. Compared with the AC-20 ordinary asphalt
recycled mix, the AC-13 modified asphalt recycled mix has
higher splitting strength before and after freeze-thaw and has
better resistance to water damage.

FIGURE 4 | Dynamic stability of asphalt recycled material with different
RAP content.

FIGURE 5 | Dynamic creep curves of five different AC-20 ordinary
asphalt recycled mixes.

FIGURE 6 | Dynamic creep curves of five different AC-13 modified
asphalt recycled mixes.
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5 CONCLUSION

The effects of RAP content (0, 20, 40, and 50% respectively) on
the road performance of two different types of mixes, AC-20
normal asphalt recycled mix and AC-13 modified asphalt
recycled mix, based on dynamic modulus, high- and low-

temperature performance, and moisture susceptibility
performance were investigated, and the main findings can be
summarized as follows.

1 The addition of RAP and regenerant improved the dynamic
modulus and mechanical strength of the recycled mixture, and

TABLE 7 | Semicircular splitting test results of different asphalt recycled mixes (−10°C).

Mix type RAP content
(%)

Bending and
tensile strength

(MPa)

Bending tensile
strain (µε)

Modulus of
rigidity (MPa)

Strain energy
density (KJ/m3)

AC-20 General 0% 10.82 2,385 2,916 9.35
20% 11.46 2,328 3,602 9.67
40% 12.55 2,143 4,709 8.84
50% 13.63 2000 5,244 8.65

40% + regenerant 13.32 2,259 4,909 9.06

AC-13 modified 0% 12.17 2,853 3,647 13.35
20% 12.95 2,822 3,964 13.60
40% 13.39 2,768 4,985 13.16
50% 13.98 2,683 5,610 12.92

40% + regenerant 13.75 2,804 5,273 13.31

FIGURE 7 | TSR values of each asphalt recycled mix.
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the higher the RAP content, the higher the strength. Under
low-frequency (high-temperature) conditions, the RAP
content had a greater effect on the mechanical properties of
AC-20 ordinary asphalt recycled mixes, but the mechanical
properties of AC-13 modified asphalt recycled mixture has less
effect.

2 Compared with the virgin asphalt mixture, the high-
temperature rutting resistance of both types of recycled
mixes with RAP were significantly improved, and the
introduction of regenerant did not significantly improve the
high-temperature rutting resistance. Compared with AC-20
ordinary asphalt recycled mix, the high-temperature rutting
resistance of AC-13modified asphalt recycled mix was better at
the same RAP content level.

3 The low-temperature cracking resistance of the two different
types of asphalt recycled mixes tended to increase with the
increase of RAP content (from 0 to 50%) and then weakened,
and the best low-temperature performance was achieved when
the RAP content was 20%.

4 The moisture susceptibility of the two types of recycled
mixtures showed a trend of increasing and then decreasing
with the increase of RAP and reached the best state when the
RAP was 40%.

5 Under the high RAP content condition, the regenerant for
road performance needs to be systematically analyzed
according to the specific situation, and a single regenerant
has a negative impact on the mechanical properties and high-
temperature performance of the recycled mixture. Systematic
analysis is needed to determine the appropriate RAP content

and regenerant use according to the actual project
characteristics.

It is noteworthy that the content of RAP influences the
performance of the recycled asphalt mixture, mainly because
of interaction between virgin and aged asphalt binder. So, for
future research, the blending between the virgin and aged asphalt
binder is required to shed more light on the reasons.
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