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Abstract: In order to apply RAP fine aggregate to High Modulus Asphalt Concrete(HMAC), this
study first extracts aged asphalt from RAP fine aggregate through extraction and distillation, and
adds it to high modulus modified asphalt in proportions of 20%, 40%, 60%, and 80%. The
performance changes of the recycled asphalt were investigated using conventional performance
tests and dynamic shear rheological tests (DSR). Microscopic techniques such as four-component
analysis and infrared spectroscopy were employed to explain macroscopic performance changes in
terms of component and functional group changes in the asphalt. Using HMAC-20 gradation as an
example, uniaxial compression dynamic modulus tests, rutting tests, freeze-thaw splitting tests, and
low-temperature bending tests were conducted to evaluate the performance changes of recycled
asphalt mixture with different RAP fine aggregate contents through four indices: dynamic modulus,
dynamic stability, tensile strength ratio (TSR), and maximum bending strain. The results indicate
that for every 20% increase in aged asphalt, the penetration at 25°C, ductility at 25°C, and dynamic
viscosity at 60°C decrease by approximately 6.2%, 15.4%, and 3.9%, respectively, while the softening
point increases by approximately 13.3%. It is concluded that the addition of aged asphalt
significantly affects the ductility at 25°C and the softening point. As the aged content increases, the
complex shear modulus (G*) and phase angle (9) of the recycled asphalt decrease, while the rutting
factor increases. The four-component analysis and infrared spectroscopy of the asphalt demonstrate
that the incorporation of aged asphalt is merely a physical blending phenomenon, involving
changes in the content of the four components without the formation of new functional groups (new
peaks). When RAP fine aggregate is applied to high modulus recycled asphalt mixture, compared
to high modulus modified asphalt mixture, the recycled mixtures exhibit higher dynamic modulus
and dynamic stability, but significantly reduced water stability and low-temperature performance.

Keywords: road engineering; high modulus asphalt concrete; RAP fine aggregate; rheological
properties; road performance

1. Introduction

As many existing asphalt pavements gradually reach the end of their design life, coupled with
the increasing shortage of gravel aggregate resources, rising environmental protection pressures, and
economic considerations, it has become urgent to improve the efficiency of recycled asphalt mixture
[1,2]. In response to these challenges, the recycling of asphalt pavement is an effective measure to
achieve resource recovery, energy conservation, and environmental protection, and it is also a crucial
approach to realizing the ‘carbon neutrality” strategy [3]. Through the separation and screening of
asphalt pavement milling materials, and the fine regeneration of the screened milling materials, a
new method for the high-value utilization of waste asphalt mixture has emerged. In the process of
fine separation, the RAP coarse material is refined after the milling material is broken and screened,
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resulting in a higher proportion of RAP fine aggregates and a larger proportion of RAP fine
aggregates with a particle size of 0 ~ 5 mm [4].

With the increasing rut damage of asphalt pavement under the combined action of temperature
and load, a variety of solutions have been proposed to address this problem from multiple
perspectives, such as road materials and design structures [5]. Among them, the excellent high-
temperature deformation resistance of High Modulus Asphalt Concrete is widely used in preventing
rutting damage [6-8]. High Modulus Asphalt Concrete (HMAC) originated in France in the early
1980s. It was proposed that HMAC could be used to reduce the thickness of the asphalt surface layer.
This technology has been widely applied in heavy load traffic areas, high-temperature zones, long
slope sections, and airport runways. It primarily addresses the issues of insufficient load resistance
of pavements and deformation diseases such as rutting in asphalt mixture under high-temperature
conditions [9,10]. In 2010, France paved a test road with high modulus recycled asphalt mixture in
Toulouse and found that the water stability and fatigue performance of the high modulus recycled
asphalt mixture on the test road still met the specifications, and its low-temperature performance was
not significantly different from that of the conventional high modulus mixture [11]. In 2012, Hongrui
Zhang et al. from the Highway College of Chang’an University studied the performance of High
Modulus Asphalt Concrete with low-grade asphalt and high old material content [12]. In 2014, in
order to increase the content of recycled old materials, Minghong Ma and Ye Qin referred to the
French High Modulus Asphalt Concrete design method. By optimizing the gradation and using 504
low-grade asphalt, the road performance of hot recycled asphalt mixture with high content of old
materials was improved [13]. In 2015, Gaogiang Ma used the design concept of High Modulus
Asphalt Concrete to realize the recycling of high old material content. According to the results of
indoor experiments, the addition of a higher proportion of recycled asphalt mixture has little effect
on its performance, and it can still maintain its excellent road performance [14].

In summary, research on the regeneration of pavement recycling materials shows that physical
and chemical changes occur under the combined conditions of service time and load of asphalt
mixture pavement. Analyzing the three components of asphalt, the increase in asphaltene content
leads to a decrease in the penetration of recycled aged asphalt, generally around 20 to 30, and the
aged asphalt becomes categorized as hard asphalt [15]. Currently, there are three commonly used
methods for producing High Modulus Asphalt Concretes: (1) directly using low-grade hard asphalt;
(2) adding natural asphalt to the base asphalt, such as rock asphalt or lake asphalt; (3) incorporating
modifiers into the base asphalt, such as high modulus agents, anti-rutting agents, polyethylene, or
polypropylene, among others. [16-18].

It has been observed that the aged asphalt in RAP fine aggregate exhibits characteristics similar
to hard asphalt. By integrating the design principles of HMAC, it is technically feasible to incorporate
RAP fine aggregate into High Modulus Asphalt Concretes, thereby enhancing the utilization rate of
RAP fine aggregate. In this study, Class A 70# road asphalt, a self-developed high modulus modifier,
and aged asphalt extracted from RAP fine aggregate were blended. The conventional properties such
as 25°C penetration, softening point, 25°C ductility, and 60°C dynamic viscosity, along with
rheological properties like complex modulus, phase angle, and rutting factor, were analyzed to assess
the impact of aged asphalt in waste asphalt mixture on the performance of high modulus recycled
asphalt. Subsequently, the high modulus regeneration of RAP fine aggregate was conducted.
Through testing the road performance and mechanical properties of the recycled mixture, the
changes in high modulus performance of RAP fine aggregate regeneration were further explored.
This study provides valuable references for the promotion and application of RAP fine aggregate and
the use of high modulus recycled asphalt mixture.
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2. Test Materials and Process
2.1. Test Materials

(1) Matrix asphalt
In the experiment, A-grade 70# road petroleum asphalt was used as the base asphalt, and the

tested raw materials complied with the specification requirements. The basic technical performance
is detailed in Table 1.

Table 1. Performance Test Results of A-grade 704 road petroleum asphal.

Test metric Unit  Testresult Specification requirement Test guidelines
Needle penetration 0.1mm 62.7 60~80 T0604
Penetration indexPI - -0.56 -1.5~1 -

Ductility (25°C) cm >100 >100 T0605
Softening point °C 50.7 46 T0606
Dynamic viscosity (60°C) Pas 346 180 T0620

Note: The standard adopted is JTG E20-2011 “Standard Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering” (China).

(2) Aged asphalt

The RAP fine aggregate recovered from the upper layer of a highway was subjected to an
extraction test to obtain the recycled aged asphalt, hereinafter referred to as JA. The basic technical
performance of each index of the aged asphalt is obtained by the basic index test, as shown in Table

2.
Table 2. Test results of aged asphalt with RAP fine aggregate extraction.
Test metric Unit Test result Test guidelines
Needle penetration 0.1lmm 21.8 T0604
Ductility (25°C) cm 26.6 T0605
Softening point °C 97 T0606

Dynamic viscosity
(60°C)

Note: The standard adopted is JTG E20-2011 “Standard Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering” (China).

Pa-s 1506 T0620

(3) High modulus modifier
The high modulus modifier used in this test is independently developed and manufactured. Its
basic technical indicators, as shown in Table 3, comply with the specification requirements.

Table 3. Main technical indexes of high modulus modifier.

Grain Melting
Name Habitat ~Component Appearance Density /(g/cm?)

size /mm point /°C
High
modulus  Shandong PE Black solid 2~4 0.93~1.0 140~160

Additive
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2.2. Test Scheme Design

(1) Recycled asphalt production

The raw materials were incorporated using an internal blending method. The content of aged
asphalt was 0%, 20%, 40%, 60%, and 80%, respectively. Based on previous test results, the content of
the high modulus modifier was set at 10%. In the preparation of recycled asphalt using the “wet”
production process, the base asphalt is first mixed with the aged asphalt, and the mixture is heated
to 160°C. Then, 1/3 of the high modulus modifier is slowly added while maintaining the temperature
rise and stirring. When the temperature reaches 170°C, another 1/3 of the high modulus modifier is
added. When the temperature is between 170°C and 180°C, the remaining high modulus modifier is
added to the mixture. Finally, after uniform stirring, the mixture is continuously sheared for 30
minutes.

(2) Preparation of recycled asphalt mixture

In the oven, the new mineral aggregate, RAP fine aggregate, and 70# road asphalt were
preheated to 150°C, 150°C, and 160°C respectively, and kept for more than 4 hours. The new mineral
aggregate was added to the mixing pot at 175°C and stirred for 180 seconds; high modulus modifier
was added and stirred for 60 seconds; RAP fine aggregate was added and stirred for 120 seconds;
then, 704 road asphalt was added and mixed for 180 seconds to produce the recycled asphalt mixture

(3) Asphalt conventional performance test

According to the Chinese “JTG E20-2011 Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering,” the study investigated the impact of varying amounts of aged
asphalt on the penetration at 25°C, softening point, ductility at 25°C, and dynamic viscosity at 60°C
of recycled asphalt.

(4) Asphalt rheological properties test

According to the Chinese “JTG E20-2011 Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering,” the study examined the impact of varying amounts of aged
asphalt on the rheological properties of recycled asphalt, including complex shear modulus, rutting
factor, and phase angle.

(5) Four-Component analysis test

According to the Chinese “JTG E20-2011 Highway Engineering Asphalt and Asphalt Mixture

”

Test Procedures,” the four-component analysis method is used to determine the contents of
asphaltenes, resins, aromatics, and saturates in recycled asphalt.

(6) Infrared spectrum test

The EQUINOX-55 Fourier transform infrared spectrometer from EQUINOX company was used

to study the changes in functional groups of various recycled asphalts.
3. Analysis of Test Results of Asphalt Binder

3.1. Conventional Performance Index Test Results and Analysis

In accordance with the “JTG E20-2011 Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering” from China, this section evaluates the impact of varying aged
asphalt content on the penetration, softening point, ductility, and dynamic viscosity at 60°C of
recycled asphalt. The test results are presented in Table 4 below.

Table 4. test results of conventional indexes of recycled asphalt with different contents of aged

asphalt.
Needle
Softening Ductility (25°C,  Dynamic viscosity
Kind of asphalt penetration )
point °C) cm) at 60°C(Pa-s)
(0.1mm)
HMA+20%JA 29.1 66.7 63.8 2189

HMA+40%]J A 27.2 75.6 54.2 2103

d0i:10.20944/preprints202408.1053.v1
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HMA+60%]J A 241 82.4 421 1906
HMA+80%J A 22.6 91.2 38.5 1834.5

Note: The standard adopted is JTG E20-2011 “Standard Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering” (China).

According to the analysis of Table 4, it is evident that with the increase in aged asphalt content,
the penetration at 25°C, ductility at 25°C, and dynamic viscosity at 60°C of the recycled asphalt all
show a regular decrease, while the softening point shows a regular increase. Specifically, for every
20% increase in aged asphalt, the penetration at 25°C decreases by approximately 6.2%, the ductility
at 25°C decreases by approximately 15.4%, the softening point increases by approximately 13.3%, and
the dynamic viscosity at 60°C decreases by approximately 3.9%. Therefore, it can be concluded that
the addition of aged asphalt has a significant impact on the ductility and softening point at 25°C.

3.2. Rheological Performance Index Test Results and Analysis

This section of the experiment was conducted in accordance with the “JTG E20-2011 Standard
Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering” from China. The test
conditions are as follows: the tablets are made of KBr, the resolution is set to 0.2 cm™, the scanning
frequency is 16 times per second, and the spectral range covers from 4000 to 400 cm™. The complex
shear modulus and rutting factor of the recycled asphalt were tested, and the results are shown in
Figure 1 below.

—m— 20%dosage
-- @ --40%dosage
---A-- 60%dosage
--w-- 80%dosage
--4-- 0%dosage

40 b

Complex modulus/kPa

Temperature/°C

Figure 1. Changes in the complex modulus of recycled asphalt with temperature of aged asphalt with
different dosages.

Figure 1 shows the relationship between the complex modulus G* and the temperature of
recycled asphalt with different proportions of aged asphalt. An increase in the complex modulus G*
indicates stronger deformation resistance. As the temperature increases, the complex modulus of
high-modulus recycled asphalt gradually decreases, and the rate of decline also slows down. This is
mainly because, with the increase in temperature, the state of recycled asphalt changes from high
elasticity to viscosity, weakening the asphalt’s ability to resist permanent deformation. At the same
time, different proportions of aged asphalt significantly affect the complex modulus of recycled
asphalt. At the same temperature, the complex modulus of recycled asphalt increases with the
increase in the aged asphalt content, and the trend is roughly the same. The complex shear modulus
index meets the basic requirements of regularity, consistent with the research results of many scholars
[19]. Additionally, this indicates that the incorporation of aged asphalt makes the characteristics of
the recycled asphalt binder tend to be similar to elastomers, thereby enhancing the performance of
recycled asphalt..
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The curve of the phase angle O of recycled asphalt mixed with different proportions of aged
asphalt with temperature is shown in Figure 2. When the temperature rises, the phase angle of all
recycled asphalts increases, indicating that the elastic component is gradually decreasing while the
viscous component is increasing. Compared with the high modulus modified asphalt without aged
asphalt, the phase angle of recycled asphalt significantly decreases with the increase in the proportion
of aged asphalt, indicating that the internal elastic components are increasing and the elastic
properties of recycled asphalt are enhanced.
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Figure 2. Changes in the phase angle of recycled asphalt with temperature of different amounts of
aged asphalt.

The rutting factor can partially reflect the anti-rutting performance of asphalt pavement. Figure
3 illustrates the relationship between the rutting factor and temperature variation for recycled asphalt
with different contents of aged asphalt. According to the test results, when the strain level is
standardized to 12%, the rutting factor changes exhibit a generally consistent trend for all samples at
a test frequency of 10 Hz under simulated normal conditions. Under these test conditions, the rutting
factor increases with the rise in the amount of aged asphalt. Therefore, from the perspective of
regularity, the rutting factor index meets the expected requirements.
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Figure 3. Changes in the phase angle of recycled asphalt with temperature of different amounts of
aged asphalt.
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3.3. Four-Component Analysis

To study the changes in the components of recycled asphalt when mixed with different amounts
of aged asphalt, this paper conducted tests based on the asphalt chemical composition (four-
component method) outlined in China’s “Standard Test Methods of Bitumen and Bituminous

Mixtures for Highway Engineering” JTG E20-2011. The test results are shown in Figure 4.
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Figure 4. Four-component variation diagram of recycled asphalt with different dosages of aged
asphalt.

From the results shown in Figure 4, it can be observed that with the increase in the content of
aged asphalt, the asphaltene content in the recycled asphalt increases due to the high asphaltene
content of 9.86% in the aged asphalt, while the other three components do not change significantly.

This is because, during the configuration process of recycled asphalt, only the eutectic recombination
of chemical components occurs.

3.4. Infrared Spectrum Analysis

Infrared spectroscopy tests are mainly used to analyze the changes in molecular structure and
functional groups of five groups of recycled asphalt. Infrared spectroscopy tests were carried out on
five groups: HMA, HMA +20% JA, HMA +40% JA, HMA + 60% JA, and HMA + 80% JA. The results
of the infrared spectroscopy tests are shown in Figure 5.
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Figure 5. Infrared spectra of recycled asphalt with different amounts of aged asphalt.
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From the analysis of Figure 5, it can be seen that, compared to high-modulus modified asphalt,
no new absorption peaks appear in the infrared spectra of recycled asphalt with different contents of
aged asphalt. However, strong absorption bands appear at around 1400 ~ 1600 cm-1 and 2700 ~ 3000
cm-1, and the absorption peak positions of each asphalt group are basically the same. This indicates
that the incorporation of aged asphalt is merely a physical mixture, with no chemical reaction
occurring and no new functional groups being generated.

4. Analysis of Asphalt Mixture Test Results

In this section, HMAC-20 is selected as the reference gradation. The asphalt-to-aggregate ratio
of RAP fine aggregate is known to be 5.6%, and the theoretical maximum content of RAP fine
aggregate in the HMAC-20 mixture gradation is calculated to be 36% through inverse calculation.
Three types of recycled asphalt mixture with RAP fine aggregate contents of 0%, 18%, and 36% were
designed. The road performance and mechanical properties of the recycled asphalt mixture were
tested.

4.1. Dynamic Modulus

The dynamic modulus of asphalt mixture is a critical mechanical parameter in the design of
asphalt pavement structures, used to characterize the mechanical properties of asphalt pavement
under dynamic load. According to the Chinese standard JTG E20-2011 “Test Procedures for Asphalt
and Asphalt Mixture for Highway Engineering,” the dynamic modulus of each mixture group was
measured at a test temperature of 20°C and a loading frequency of 10Hz. The results are shown in
Figure 6.
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Dynamic modulus/MPa
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0 1
0 18 36

RAP fine material content/%

Figure 6. Dynamic modulus test results.

The results indicate that under the same test conditions, the dynamic modulus of recycled
asphalt mixture increases with the content of RAP fine aggregate. Compared to the dynamic modulus
of high modulus modified asphalt mixture, the dynamic modulus of recycled asphalt mixture
containing 18% RAP fine aggregate increased by 15%, and that containing 36% RAP fine aggregate
increased by 27%. This is mainly due to the higher content of asphaltene components in the aged
asphalt within the RAP fine aggregate. The introduction of aged asphalt increases the viscosity of the
recycled asphalt binder, thereby enhancing its mechanical properties [20].

4.2. High Temperature Stability

High temperature stability refers to the performance of asphalt mixture in high temperature
environment, which can resist persistent deformation under the action of vehicle load cycle for a long
time. In this study, the high temperature (60 °C) rutting test was carried out on the recycled asphalt
mixture with different RAP fine aggregate content, and the test results are shown in Figure 7.
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Figure 7. High temperature stability test results.

The results show that with the increase of RAP fine aggregate content, the dynamic stability
gradually increases. The increase of RAP fine aggregate content improves the high temperature
performance of recycled asphalt mixture, because the formation mechanism of high temperature
stability comes from the high temperature adhesion of asphalt and the interlocking effect of mineral
aggregate gradation [21]. The aged asphalt in RAP fine aggregate contains a large amount of
asphaltene components, which makes the viscosity of recycled asphalt formed by the addition of RAP
fine aggregate increase, thus improving the high temperature rutting resistance of recycled asphalt
mixture.

4.3. Water Stability

Water stability can be understood as the ability of asphalt mixture to effectively prevent the
spalling of asphalt film after subjected to water penetration or freeze-thaw cycles, as well as the
continuous impact of wheel dynamic loads. In this paper, the freeze-thaw splitting test is used to
evaluate the water stability of high modulus recycled asphalt mixture with different RAP fine

aggregate content. The test results are shown in Figure 8.
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Figure 8. Results of freeze-thaw splitting test.

The results show that when the content of RAP fine aggregate increases, the freeze-thaw splitting
strength ratio of recycled asphalt mixture does meet the specification requirements. its value will
gradually decrease. When the content of RAP fine aggregate reaches 36 %, the freeze-thaw splitting
strength ratio at this time is almost equal to the threshold required by the specification. This
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phenomenon is due to the increase of RAP fine aggregate content, which makes the content of aged
asphalt increase, so that the recycled asphalt and mineral aggregate produce a fragile junction area,
which further leads to the decrease of adhesion between asphalt and mineral aggregate [22], resulting
in the decrease of water stability of high modulus recycled asphalt mixture.

4.4. Low temperature Crack Resistance

Low temperature crack resistance is defined as the performance of asphalt mixture to prevent
crack formation under the dual influence of vehicle load and temperature stress in the environment
of continuous low temperature or sudden large temperature reduction. In this paper, the low
temperature bending test of the beam is carried out under the test conditions of-10 °C and 50mm/min
loading speed to measure the low temperature crack resistance of the high modulus recycled asphalt
mixture added with different proportions of RAP fine aggregate. The test results are shown in Figure
9.

2500

2000

1500

1000 /

Maximum bending strain / pe

W

(=

(=]
T

0 18 36

RAP fine material content/%

Figure 9. Low temperature trabecular test results.

The results show that with the increase of the proportion of RAP fine aggregate, the recycled
asphalt mixture shows a gradual downward trend in the maximum bending strain. In particular,
when the incorporation of RAP fine aggregate reaches 36 %, the measured bending tensile strain
value is quite close to the limit threshold of the specification. The reason is that the plasticity and
ductility of aged asphalt in the service process of asphalt pavement are deteriorated, which leads to
the hardening and brittleness of recycled asphalt mixture [23]. Although its strength is improved, its
low temperature deformation resistance is reduced.

5. Conclusion

1. With the increase of aged asphalt content, the conventional properties and rheological
properties change. For every 20 % increase of aged asphalt, the penetration at 25 °C, ductility at 25 °C
and dynamic viscosity at 60 °C decreased by about 6.2 %, 15.4 % and 3.9 % respectively, the softening
point increased by about 13.3 %, the complex shear modulus G * and rutting factor increased, and the
phase angle & decreased. Under the gradient of temperature change, the changes of complex
modulus, phase angle and rut factor meet the requirements of regularity.

2. After four-component analysis and infrared spectrum analysis, it can be obtained that there
are strong absorption bands near 1400 ~ 1600cm™ and 1700 ~ 3000cm-. The absorption peak position
of each group of asphalt is basically the same. It can be seen that the addition of different amounts of
aged asphalt to high modulus modified asphalt does not form new functional groups, but only
physical melting occurs, and the four components are relative.

3. Under the theoretical maximum content of 36 %, the recycled asphalt mixture with the content
of 18 % and 36 % was compared with the high modulus modified asphalt mixture. It was found that
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the dynamic modulus and 60 °C dynamic stability of the recycled material were significantly
improved, and the water stability and low temperature crack resistance were lower than that of the
high modulus modified asphalt mixture.
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