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Whether reclaimed asphalt pavement can be reusedmultiple cycles has become
a focal issue in the industry. This paper investigates the macroscopic physical
property changes and microscopic four-component alteration mechanisms of
multiple recycling asphalt, simulates the multiple recycling processes of asphalt
mixtures through laboratory tests, determines the mix proportions of multiple
recycling asphalt mixtures through Marshall test, and evaluates the pavement
performance of the mixtures using high-temperature wheel tracking test, semi-
circular bending test, and freeze-thaw splitting test. The results indicate that
after multiple recycling, multiple recycling asphalt exhibits poorer rheological
property; high-temperature performance of multiple recycling asphalt mixture
is improved, and low-temperature performance of multiple recycling asphalt
mixture is significantly degraded. The solubilization of rejuvenator in old asphalt
intensifies with increasing rejuvenator dosage but decreases exponentially with
the increasing number of recycling cycles. The high-temperature stability of
recycled asphalt mixtures gradually increases with the number of recycling
cycles, while water stability shows low sensitivity to the number of recycling
cycles. After the third recycling, the Marshall volume indicators of the recycled
asphalt mixtures can meet the regulatory requirement. After the second
recycling, the low-temperature anti-cracking performance of the recycled
mixtures deteriorates rapidly. In summary, when asphalt mixtures undergo
multiple recycling, special attention should be paid to the restoration of their
low-temperature property.

KEYWORDS

recycled asphalt, microscopic performance, multiple recycling, reclaimed asphalt
pavement mixture, low-temperature performance, water stability

1 Introduction

Due to the increasing scarcity of paving aggregates, the recycling of discarded
asphalt pavement aggregates has become an inevitable trend (Fan et al.,
2024; Wang J. et al., 2024). Considerable research has been conducted on its
recycling mechanism, fraction design, performance evaluation, and construction
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techniques (Wang Y. et al., 2024; Wu et al., 2024; Rashid et al.,
2019; Hou et al., 2007). Asphalt pavement recycling technology,
characterized by its excellent performance and stable quality,
has been widely applied domestically and internationally, making
the recycling of reclaimed asphalt pavement (RAP) a significant
development direction in highway transportation (Wang Y. et al.,
2024; Wang et al., 2019; Miao et al., 2018).

Similar to that of the ordinary asphalt pavement, the
performance of recycled asphalt pavement will also degrade under
the combined effects of the traffic load and the environment.
Once the recycled asphalt pavement reaches its design life, it
also faces major repairs or reconstruction. And the issue of
whether the resulting discarded asphalt mixtures can be reused
multiple cycles has attracted widespread attention (Zou et al., 2017;
Han et al., 2024; Valentová et al., 2016). Currently, research on
asphalt recycling primarily rely on traditional physical property
indicators (Wang et al., 2017; Yiqiu et al., 2010; Si et al., 2024;
Shi et al., 2024; Villegas et al., 2024). Asphalt undergoes aging,
resulting in reduced penetration, poorer ductility, increased
viscosity, and other physical property changes primarily due to
alterations in its chemical composition (Cannone Falchetto et al.,
2013; Al-Saffar et al., 2022; Baqersad and Ali, 2019). During the
aging and recycling processes of asphalt, changes in the mass
fractions of its four chemical components affect the stability of
its colloidal structure, leading to differences in physical properties
(Gulzar et al., 2023; Abe et al., 2023).

Existing research shows that European and American countries
have conducted fruitful research on the rejuvenating results
of rejuvenators and evaluation methods for the physical and
mechanical properties of recycled asphalt mixtures (Solaimanian
and Chen, 2021; AbuQtaish et al., 2018; Guo et al., 2016; Erdem
and Blankson, 2014), providing a scientific basis for the practical
application of asphalt mixture recycling technology. However, little
research has been conducted on the multiple aging and recycling of
asphalt (Zou et al., 2019; Zhao et al., 2016). Some researchers have
also conducted researches on asphalt recycling technology. Huang
et al. (Huang et al., 2001), based on China’s current design methods
for base asphalt mixtures and other countries’ design methods for
recycledmixtures, proposed targetedmix proportion designmethod
for recycled asphalt and recycled mixtures. Ji et al. (2010) measured
the viscosity of recycled asphalt with different blending ratios
of new and old asphalt, established and validated the composite
viscosity-temperature curve for recycled asphalt and a calculation
formula for the heating temperature of new aggregate based on heat
conduction, and verified the reliability of the calculation formula
through practical engineering projects. Qi et al. (2014) designed
a test scheme to simulate the diffusion process of rejuvenators in
aged asphalt and conducted regression analysis based on softening
point test results, indicating that increases in ambient temperature
and diffusion time can significantly improve the diffusion degree
of rejuvenators and sufficient diffusion of rejuvenators in aged
asphalt is beneficial to improving the strength of recycled asphalt
mixtures. Considering only initial recycling while neglecting long-
term recycling is detrimental to maximizing economic and social
benefits, leading to “lingering concerns” in the application of asphalt
pavement recycling technology.

Multiple Recycled Asphalt refers to asphalt subjected to two
or more cycles of aging and rejuvenation. Multiple Recycled

Asphalt Mixtures are mixtures composed of recycled asphalt
that has undergone multiple aging - rejuvenation cycles, along
with old aggregates and new aggregates. Previous studies
(Fan et al., 2024; Wang J. et al., 2024) mainly focused on the
initial recycling of asphalt and asphalt mixtures, neglecting
the long-term recycling situation. This study fills this gap by
comprehensively investigating the performance changes of multiple
recycled asphalt and asphalt mixtures, which is of great significance
for promoting the sustainable development of asphalt pavement
recycling technology, reducing construction costs, and protecting
the environment. In this study, laboratory tests were conducted
to simulate the multiple recycling processes of asphalt mixtures,
investigate the performance differences of base asphalt undergoing
multiple aging and recycling with varying rejuvenator dosages, and
reveal the changing patterns of performance indicators for multiple
recycled asphalt. Based on the aging and recycling mechanisms of
ordinary discarded asphalt pavements, the feasibility of multiple
recycling of ordinary discarded asphalt mixtures was explored,
and the changing patterns of the performance of multiple recycled
asphaltmixtures were studied, aiming to lay a theoretical foundation
for the multiple recycling applications of asphalt pavements. This
paper investigates a critical gap in sustainable pavement engineering:
the long-term feasibility of reusing asphalt through multiple
recycling cycles. While existing research focuses on single-cycle
recycling, the cumulative effects of repeated aging and rejuvenation
remain poorly understood. By evaluating performance degradation
across three cycles, this work provides actionable insights for
extending pavement service life, reducing resource consumption,
and minimizing environmental impacts.

2 Materials and methods

2.1 Materials

2.1.1 Asphalt
The asphalt used in this study is all Tipco Asphalt 70#. Prior to

the experiment, themain performance indicators of the asphalt were
tested according to the current “Standard Test Methods of Bitumen
and Bituminous Mixtures for Highway Engineering” (JTG E20-
2011) (Ministry of Transport of the People’s Republic of China,
2011a). The test results are shown in Table 1. From Table 1, it can be
seen that the main performance indicators of the used 70# asphalt
meet the regulatory requirements.

2.1.2 Rejuvenator
The rejuvenator used in this study is denoted as S. Rejuvenator S

is selected based on its compatibility with Tipco Asphalt 70# and its
widespread use in road rehabilitation projects (Wang et al., 2020).
According to ASTM D4552, the main technical indicators of the
rejuvenator were tested, as shown in Table 2.

2.2 Simulated aging test scheme

2.2.1 Simulated aging of asphalt
Considering the large amount of asphalt required for this

recycling test and the high requirement for asphalt performance
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TABLE 1 Main performance indicators of original asphalt.

Performance indicators Results Requirement

Penetration (25°C)/0.1 mm 62.2 60–80

Softening point/°C 52.5 ≥46

Ductility (15°C)/cm >100 ≥100

Ductility (10°C)/cm 56.7 ≥20

Kinematic viscosity (135°C)/Pa·s 0.670 —

Adhesive tenacity/N·m 9.61 —

Toughness/N·m 4.23 —

After thin film oven test (hereafter referred to as TFOT)
(Ministry of Transport of the People’s Republic of China, 2011a)

Mass change/% 0.41 ≤±0.8

Retained penetration ratio/% 70.1 ≥61

Retained ductility (10°C)/cm 8.9 ≥6

Retained ductility (15°C)/cm 27.8 ≥15

stability, it is unreasonable to obtain aged asphalt through extraction.
This paper focuses on the study of the basic laws of multiple ageing
and recycling. Therefore, the indoor simulated ageing method was
adopted to prepare aged asphalt, which is more appropriate for the
needs of this study because it is more convenient to operate and can
ensure the stability of asphalt properties.

The study uses a Thin-Film Oven Test (TFOT) for indoor aging
simulation. Based on the standardTFOT temperature of 163°C, aged
asphalt would be obtained by extending the aging time. The test
results are shown in Table 3.

Through investigation of the technical indicators of recycled
asphalt in China and in combination with the current “Technical
Specifications for Highway Asphalt Pavement Recycling,” it is
specified that when heat recycling technology is adopted, the
penetration of the original pavement asphalt at 25°C should not
be less than 20 (0.1 mm). Therefore, the present study intends to
prepare aged asphalt indoors using the TFOT method at 163°C
for 10 h. The flowchart of simulated aging and multiple recycling
procedures for asphalt can be seen in Figure 1.

2.2.2 Simulated aging of asphalt mixtures
To analyze the performance changes of asphalt mixtures after

multiple recycling, aged asphalt mixtures need to be prepared.
The current “Standard Test Methods of Bitumen and Bituminous
Mixtures forHighwayEngineering” inChina proposes a testmethod
for the long-term aging of asphalt mixtures, which comprises
uniformly spreading the mixed asphalt mixture in an enamel tray
with an uncompacted layer density of approximately 21–22 kg/m2;
placing the mixture in an oven at 135°C ± 3°C under forced
ventilation for 4 h ± 5 min, and turning the mixture in the tray
with a shovel once an hour; then removing the mixture from
the oven and compacting it into a specimen, which is placed on
a specimen rack and sent into an oven at 85°C ± 3°C under
forced ventilation for continuous heating for 120 ± 0.5 h; then,

turning off the oven, opening the oven door, so as to make the
specimen cooled naturally to room temperature for no less than 16 h
before being taken out. According to the SHRP program research
and previous research (Pasetto et al., 2023), the performance of
asphalt pavements after 5–7 years of use can be simulated through
this method.

Combining a large number of technical conditions of recycled
asphalt indicators, through repeated experiments, the proposed
aging test method is as follows: uniformly spread the asphalt
mixture in an enamel tray with an uncompacted layer density of
approximately 21–22 kg/m2, then place the mixture in an oven at
160°C under forced ventilation for 9 h, turn the mixture in the tray
with a shovel once an hour, and finally remove the mixture from the
oven for the test.

2.2.3 Test scheme for multiple recycling of
asphalt

In current engineering applications, most recycled asphalt
projects do not exceed three recycling cycles due to concerns about
the quality degradation of the recycled material. Therefore, the
maximum three recycling cycles were considered.

① Asphalt is aged through the TFOT at 163°C for 10 h to prepare
a sufficient number of asphalt specimens. Test the performance
indicators of the aged asphalt from both macroscopic and
microscopic perspectives. The macroscopic indicators include
penetration, softening point, viscosity, adhesive tenacity, and
toughness, while the microscopic indicators are the four
components of asphalt.
② Add different amounts of rejuvenators to the aged asphalt for

recycling, and then test the macroscopic and microscopic
performance indicators of the asphalt under different
rejuvenator dosages. The mixing temperature of the
rejuvenator with the bitumen was 30 min, the mixing speed
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TABLE 3 Main performance indicators of asphalt with different
aging cycles.

Performance indicators Aging time/h

5 7 10 13

Penetration (25°C)/0.1 mm 43.6 36.5 28.2 18.3

Softening point/°C 55.4 57.8 59.9 63.6

Ductility (15°C)/cm 27.8 19.1 11.2 0.9

was 2,200 r/min, and the mixing equipment was an asphalt
mixer for indoor testing.
③ Based on the recovery of asphalt performance under different

rejuvenator dosages, determine an appropriate rejuvenator
dosage to prepare recycled asphalt.

These three steps constitute one cycle, and subsequent tests only
need to be repeated to complete the entire process of multiple aging
and recycling test scheme. The test process involved in this study
consists of three cycles, with the performance indicators of asphalt
tested after each aging and recycling.

2.2.4 Test scheme for multiple recycling of
asphalt mixtures

① Prepare the asphalt mixture and subject it to indoor aging
at 160°C for 9 h according to the aforementioned aging test
method to prepare once-aged asphalt mixtures.
② Use centrifugal separation method and Abson distillation

method to recover asphalt from the aged mixtures, test
the main performance indicators of the recovered asphalt,
regenerate the aged asphalt with a rejuvenator, and then
determine the appropriate rejuvenator dosage.The drymethod
of adding 50% RAP and rejuvenator was used in this study.
③ Selecting the aged mixtures preparing indoor for the mix

design of recycled asphalt mixtures, using AC-13 as the
mixture gradation type and setting the old aggregate content at
50% (mass fraction). Then, conduct performance tests on the
recycled mixtures, including high-temperature stability, low-
temperature anti-cracking performance, water stability, and
dynamic adhesive tenacity. The road performance of asphalt
mixture was tested according to “Standard Test Methods of
Bitumen and Bituminous Mixtures for Highway Engineering”
(JTGE20-2011) (Ministry of Transport of the People’s Republic
of China, 2011a). At the same time, the performance of new
aggregates is also tested in comparison with the recycled
aggregates.

These three steps constitute one cycle, and subsequent tests
only need to be repeated to complete the entire process of multiple
aging and recycling test scheme. During the mixture proportioning
test process, it is advisable to ensure consistent dosage of mineral
aggregate gradation and asphalt content as much as possible. The
test process involved in this study consists of three cycles, with the
performance indicators of the mixtures tested after each recycling.
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FIGURE 1
Flowchart of simulated aging and multiple recycling procedures for
asphalt and asphalt mixtures. (a) Flowchart of simulated aging and
multiple recycling procedures for asphalt. (b) Flowchart of simulated
aging and multiple recycling procedures for asphalt mixture.

FIGURE 2
Gradation design for multiple recycling asphalt mixtures (Note: VM
represents the asphalt mixture with virgin materials; RM1 denotes the
first recycling asphalt mixture; RM2 denotes the second recycling
asphalt mixture; RM3 denotes the third recycling asphalt mixture).

2.3 Mix design for multiple recycling
asphalt mixtures

The Marshall design method is adopted for the mix design
of asphalt mixtures. The new aggregate is divided into four
fractions: 10–15, 5–10, 3–5, and 0–3 mm, where the 10–15 and
5–10 mm aggregate are basalt, and the 3–5 mm and 0–3 mm
aggregate are limestone. The crushing value of the coarse
aggregate is tested according to T 0316-2005 of the “Test
Methods of Aggregate for Highway Engineering” (JTG E42-
2005) (Ministry of Transport of the People’s Republic of China,
2011b) and the abrasion loss of the aggregate is assessed
according to T 0317-2005, and the results are 14.3% and 13.5%
respectively.

Asphalt Concrete with Nominal Maximum Aggregate
Size of 13 mm (AC-13) was selected in this study. And
the asphalt mixture was designed according to the Marshall
test (Ministry of Transport of the People’s Republic of China,
2019). The gradations of each kind of multiple recycled
asphalt mixture are shown in Figure 2. The optimum oil/stone
ratio of the mix is 4.8% for virgin and first recycled
asphalt mixtures and 4.7% for second and third recycled
asphalt mixtures.

The Marshall volume indicators for multiple recycled asphalt
mixtures are shown in Table 4. As shown in Table 4, after
multiple recycling, the Marshall volume indicators of the asphalt
mixtures, such as air void and asphalt saturation, are basically
consistent. Compared to those of once-recycled and twice-recycled
mixtures, the stability of the three-cycles-recycled mixtures
increases, and the flow value decreases, indicating that the high-
temperature performance of the three-cycles-recycled mixtures is
enhanced, mainly due to the increased viscosity of asphalt after
repeated aging.

Frontiers in Materials 05 frontiersin.org

https://doi.org/10.3389/fmats.2025.1588683
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Yu et al. 10.3389/fmats.2025.1588683

TABLE 4 Marshall technical indicators for multiple recycling of
asphalt mixtures.

Volume indicators Recycling cycle/cycles

0 1 2 3

Theoretical maximum relative density 2.591 2.592 2.597 2.594

Bulk relative density 2.487 2.486 2.495 2.487

Air void/% 4.0 4.1 3.9 4.1

Void in mineral aggregate/% 14.6 14.7 14.4 14.7

Effective asphalt saturation/% 72.7 72.1 73.0 72.1

Stability/kN 9.97 10.49 10.15 11.63

Flow value/mm 3.61 3.32 3.89 2.89

3 Performance of multiple recycled
asphalt

3.1 Macroscopic performance

The mass ratios of rejuvenator added to the aged asphalt were
3%, 6% and 9% of the aged asphalt, respectively. Four parallel tests
were conducted for each set of tests to ensure the reliability of the
results. The recycled asphalt was tested for penetration, softening
point, ductility, viscosity, and adhesive tenacity, and the results
are shown in Figure 3.

As shown in Figure 3, with increasing aging cycles, the
penetration of aged asphalt showed no significant change, while
the softening point and viscosity increase, and ductility decrease,
albeit with small magnitudes of change. After three aging cycles,
adhesive tenacity decrease. That is, after multiple aging cycles,
the deformation resistance of asphalt worsens. As the number of
recycling cycles increases, there is no significant difference in asphalt
penetration. The penetration level of asphalt after three recycling
cycles is even higher than that after one recycling cycle, indicating
that after multiple aging and recycling cycles, the viscosity of asphalt
could recover to the level achieved after one recycling cycle. With
increasing recycling cycles, the softening point of asphalt increase,
but the magnitude of increase is small, suggesting that after multiple
aging and recycling, the high-temperature performance of asphalt is
partially improved, albeit not significantly. Comparing the recovery
effect of rejuvenators on asphalt ductility, the best effect is observed
after one recycling cycle. From the second recycling onwards, the
ductility of recycled asphalt gradually decreases. Aftermultiple aging
and recycling cycles, the ductility of asphalt fails to reach the level
achieved after one recycling, indicating a deterioration in the low-
temperature ductility of asphalt. As the number of recycling cycles
increases, the overall trend of asphalt viscosity gradually increase,
suggesting that after multiple aging and recycling, asphalt becomes
thicker and its rheological property worsens.

After multiple recycling, the adhesive tenacity of asphalt
generally shows a decreasing trend.This indicates that after multiple
aging and recycling, the adhesive tenacity of asphalt could not

fully recover to the level achieved after the initial recycling, and
its deformation resistance worsens. In summary, after long-term
aging and recycling, asphalt properties could still be partially
restored. With the same rejuvenator dosage, the softening point
and viscosity increase, ductility and toughness decreases, and
penetration shows no significant change. This indicates that after
multiple recycling, the rheological property of asphalt worsens,
high-temperature performance improves slightly, low-temperature
performance deteriorates, and its adhesive tenacity could not fully
recover to the level achieved after the initial recycling. Considering
economic benefits and in order to facilitate the comparison
and analysis of multiple recycled asphalt properties, experiments
show that when the rejuvenator dosage is 6%, the test results
for penetration, softening point, ductility, viscosity, and adhesive
tenacity of asphalt after the first, second, and third recycling meet
the regulatory requirements.

3.2 Microscopic performance

The asphalt’s four-component test was carried out
in accordance with the test method (T0618-1993) in
the standard “Standard Test Methods of Bitumen and
Bituminous Mixtures for Highway Engineering” (JTG E20-2011)
(Ministry of Transport of the People’s Republic of China, 2011a).
The results of the four-component test for multiple recycled asphalt
are shown in Figure 4.

Assuming that the components of recycled asphalt are merely
the sum of the components of the rejuvenator and the old asphalt,
the composition can be calculated using the formula:

y =
(100Pa + Prx)

100+ x
(1)

where Pa is the composition in aged asphalt (%); Pr is the
composition in the rejuvenator (%); x is the rejuvenator dosage (%);
and y is the composition in recycled asphalt (%).

Equation 1 can be used to calculate the composition of
recycled asphalt. The curves of the compositions of the recycled
asphalt, which are obtained through multiple calculations
and measurements, as they vary with the rejuvenator dosage,
are shown in Figure 4.

As shown in Figure 4, with the addition of rejuvenators, the
aromatic content increases, the asphaltene and colloid contents
decrease, and the saturate content remains basically unchanged,
indicating that rejuvenators could recycle old asphalt by adjusting
the compositions. The measured aromatic content is higher than
the calculated value, while the measured asphaltene, colloid, and
saturate contents are basically lower than the calculated values, and
this difference increases with increasing rejuvenator dosage.

Research data shows that no chemical reaction occurs between
rejuvenators and old asphalt. This indicates that the change in
components of recycled asphalt is partly caused by the addition of
rejuvenator components and partly due to the rejuvenator’s role in
enhancing the compatibility of old asphalt, reducing the solubility
parameter difference between asphaltenes and maltenes, and
dispersing and dissolving asphaltene molecule groups encapsulated
by colloids in old asphalt. Therefore, the change in components
of recycled asphalt is not a simple sum of rejuvenator and old
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FIGURE 3
Changes in properties of multiple aged asphalt with rejuvenator dosage. (a) Penetration (b) Softening point. (c) Ductility (d) Viscosity.
(e) Adhesive tenacity.
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FIGURE 4
Measured and calculated compositions of multiple recycled asphalt.
(a) Measured and calculated compositions of asphalt after first
recycling. (b) Measured and calculated compositions of asphalt after
second recycling. (c) Measured and calculated compositions of
asphalt after third recycling.

asphalt components but rather the result of the combined effects of
compatibility and component adjustment.

For Equation 2, the assumption does not hold. The solubility of
recycled asphalt is related to the rejuvenator dosage, suggesting the
need to modify Equation 2 as follows:

y =
100Pa + Prax
100+ bx

(2)

where a and b are compatibility correction coefficients.
The fitting results for the composition of asphalt after one

recycling and rejuvenator dosage are shown in Table 5. In the
table, RSS represents the residual sum of squares, R2adj represents
the adjusted coefficient of determination, and P is the probability
value of the F statistic (using variance to test the significance of
the nonlinear model). Since the saturate content remains basically
stable, no fitting analysis is conducted for saturates.

As shown in Table 5, this model can well reflect the changes in
composition of multiple recycled asphalt with varying rejuvenator
dosage. Variance is used to test the significance of the model

fitting. The probability P-values of the statistical quantities for each
component are much smaller than the confidence level of 0.05,
indicating that the curve fitting is statistically significant and the
model is consistent with the changes in experimental data, i.e.,
the experimental data has a good correlation with the regression
equation. This suggests that Equation 1 could also accurately reflect
the relationship between rejuvenator dosage and composition of
asphalt after three cycles of recycling and could be used to calculate
the composition of asphalt after three cycles of recycling.

To analyze the differences in compatibility and component
adjustment effects of recycled asphalt under multiple recycling
conditions, the relative error between the measured and calculated
values of the aromatic content of recycled asphalt is used as an
evaluation index.The calculation results under different rejuvenator
dosages are shown in Figure 5.

As shown in Figure 5, under the condition of multiple
recycling, the relative error of the aromatic content of recycled
asphalt increases with increasing rejuvenator dosage, indicating
that the role of rejuvenators in enhancing the compatibility of
old asphalt gradually intensifies, and the intensification rate of the
compatibilization accelerates with increasing rejuvenator dosage.
Furthermore, with different rejuvenator dosages, the relative errors
of aromatic content follow the order: first recycling cycle >
second recycling cycles > third recycling cycles, indicating that the
compatibilization of rejuvenators is most significant in one-aging-
cycle asphalt, and gradually weakens with increasing aging cycles.

To compare the compatibility between asphalt and rejuvenators
under different recycling cycles, the rejuvenator dosage is set to 6%,
and the relative errors of the aromatic content of recycled asphalt
under different recycling cycles are shown in Figure 6.

As shown in Figure 6, the relative error between the measured
and calculated values of aromatic content gradually decreases with
increasing recycling cycles, indicating that the difference between
the calculated and measured values of aromatic content in recycled
asphalt becomes smaller, suggesting that the compatibilization of
rejuvenators in old asphalt gradually weakens.

During the second recycling, the relative error of aromatic
content decreases by 49.6% compared to the first recycling,
indicating that the compatibilization significantly weakens after
the second cycle of asphalt recycling. After nonlinear analysis,
the relative error of aromatic content of recycled asphalt shows a
good exponential relationship model with the number of recycling,
indicating that the compatibilization of rejuvenators in old asphalt
decreases exponentiallywith increasing recycling cycles. Specifically,
the solubilization is strongest during the first recycling, significantly
weakens during the second recycling with the largest magnitude of
decrease, and gradually stabilizes with further increases in recycling
cycles, while the component adjustment effect gradually dominates
with increasing recycling cycles.

4 Performance evaluation of multiple
recycled asphalt mixtures

Rejuvenators are added to the recycled asphalt at different mass
ratios, and tests are conducted on the softening point, penetration,
ductility, viscosity, and adhesive tenacity. When the rejuvenator
dosage reached 8%, the asphalt penetration basically meets the
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TABLE 5 Relationship between composition of multiple recycled asphalt and rejuvenator dosage.

Recycling cycle Component Fitting formula RSS R2adj P-value

1

Asphaltene y = 1599+0.22x
100+0.95x

0.182 0.817 1.959 × 10−4

Aromatics y = 2506+43.58x
100+0.1x

0.398 0.940 1.349 × 10−4

Colloid y = 3846+207.52x
100+6.71x

0.0002 0.999 4.044 × 10−8

2

Asphaltene y = 1789+0.11x
100+0.98x

0.112 0.899 9.321 × 10−5

Aromatics y = 2532+27.13x
100+0.24x

0.030 0.977 1.103 × 10−5

Colloid y = 3597+7.37x
100+0.29x

0.028 0.914 5.510 × 10−6

3

Asphaltene y = 1981+0.09x
100+1.03x

2.782 × 10−4 0.999 1.937 × 10−7

Aromatics y = 2387+23.12x
100+0.05x

0.237 0.892 9.499 × 10−5

Colloid y = 3570+1.47x
100+0.32x

0.091 0.801 1.839 × 10−5

FIGURE 5
Changes in relative error of aromatic content of multiple recycled
asphalt with rejuvenator dosage.

FIGURE 6
Relative errors of aromatic content of multiple recycled asphalt.

requirement of a target penetration of 50 (0.1 mm). To compare
the performance differences of recycled mixtures after different
recycling cycles, it is advisable to maintain a consistent rejuvenator
dosage as much as possible. Therefore, a rejuvenator dosage of 8%
is proposed.

4.1 High-temperature performance

The high-temperature stability of asphalt pavements refers to
the ability of asphalt mixtures to resist permanent deformation
under the combined effects of high temperatures and loads.Multiple
recycled asphalt mixtures and ordinary asphalt mixtures generally
have similar external usage conditions, and their differences in high-
temperature performance are mainly reflected in the properties
of the mixtures themselves. However, it is difficult to determine
the properties of the recycled mixtures composed of repeatedly
aged and recycled asphalt mixed with rejuvenators of low viscosity,
new asphalt, and new aggregate. To evaluate the high-temperature
stability of multiple recycled asphalt mixtures, the present study
employs wheel tracking test and uniaxial penetration strength test.

Using the mix design results from Section 2 for
multiple recycled asphalt mixtures, calculate the aggregate
dosages based on the Marshall specimen density at the
optimum asphalt content. The wheel tracking test is
performed according to the test procedures (T0719-2011)
(Ministry of Transport of the People’s Republic of China, 2011a).
The size of the asphalt mixture specimen was 300 mm long,
300 mm wide and 50 mm thick, which is shown in Figure 7. The
test temperature was 60°C, the wheel pressure was 0.7 MPa, and
the test time was 60 min. Dynamic stability values were obtained
from rutting tests. And a comparison of the dynamic stability of
recycled asphalt mixtures with that of the virgin asphalt mixtures
is shown in Figure 8.

As shown in Figure 8, the dynamic stability of the recycled
asphalt mixtures is significantly greater than that of the new
aggregate. For example, the dynamic stability of the once-recycled
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FIGURE 7
The wheel tracking test.

FIGURE 8
Variation of dynamic stability of multiple recycled asphalt mixtures.

mixture increases by 60.2% compared to the new aggregate,
indicating a significant improvement in the high-temperature
stability of the recycledmixtures. Aftermultiple aging and recycling,
the high-temperature performance of the recycled mixtures further
improves, but the increase is smaller. For instance, the dynamic
stability of the three-cycles-recycledmixture increases by only 14.8%
compared to that of the once-recycled mixture.

Through nonlinear analysis, a good logarithmic relationship is
observed between the dynamic stability of the recycled mixtures
and the number of recycling cycles. Specifically, during the initial
recycling, the dynamic stability of the recycled mixtures increases
rapidly, and after repeated aging and recycling, the growth rate
of dynamic stability slows down. This is mainly because the
recycled mixtures contain old aggregates with asphalt that have
undergone long-term aging, resulting in a significant increase
in viscosity. Consequently, the high-temperature performance of
the recycled mixtures is significantly better than that of the
new aggregate. As the number of aging and recycling cycles
increases, the growth rate of asphalt viscosity slows down, causing
the high-temperature performance of the recycled mixtures to
gradually stabilize.

4.2 Low-temperature performance

The Semi-Circular Bend (SCB) test, introduced from rock
mechanics, is used to evaluate the cracking performance of asphalt

mixtures. The SCB test applies a concentrated load to the mid-span
of a simply supported semi-circular specimen of a specified size until
the specimen fails. Compared to the beam bending test, the stress
state of the SCB specimen is closer to that of the actual pavement
structure, offering significant advantages.

Use a gyratory compactor (SGC) to form SCB specimens,
compact the asphalt mixture into cylindrical specimens with a
diameter of 150 mm and a height of 105 mm,which are then cut into
semi-circular specimens with a diameter of 150 mm and a thickness
of 50 mm, with a void ratio controlled at 7% ± 0.5%. Make a pre-cut
joint at the mid-span of the bottom of the semi-circular specimen to
ensure that cracking of the mixture initiates from the pre-cut joint,
with a joint depth of 15 mm, as shown in Figure 9. The test loading
rate is 1 mm/min, and the test temperature is −10°C.

It may be difficult to distinguish the superiority of aggregates
with different performances solely based on breaking strength
or deformability. Studies have shown that it is reasonable to
evaluate the anti-cracking performance of asphalt mixtures from an
energy perspective by comprehensively considering both stress and
deformation factors during asphalt mixture fracture. The larger the
strain energy of the asphalt mixture, the greater the energy required
for breaking, and thus the better its anti-cracking performance.
Therefore, fracture energy (Gf ) and tensile strength (R) are selected
to evaluate the crack resistance of the recycledmixtures, as shown in
Equations 3–5.

G f =
W f

(D
2
− a) × t

(3)

W f = ∫Pdu (4)

R = 4.8P
Dt

(5)

where, Gf is the fracture energy (J/m2); D is the specimen
diameter (m), a is the joint depth (m); t is the specimen
thickness (m); P is the test load (kN); u is the displacement
under the load (mm).

4.2.1 Analysis of test results
Thecalculated results for the fracture energy and tensile strength

of the multiple recycled asphalt mixtures are presented in Figure 10.
As shown in Figure 10, the addition of old aggregates results in

lower low-temperature fracture energy and tensile strength for the
mixtures compared to those of the new aggregate, with reductions
of 1.4% and 7.6% respectively for the once-recycled mixture. This
indicates that old aggregates have a negative impact on the low-
temperature performance of asphalt mixtures, but the difference in
low-temperature performance between the once-recycled mixture
and the new aggregate is relatively small.

After the mixtures undergo two cycles of aging and recycling,
both the fracture energy and tensile strength continue to decrease,
with a significant increase in the rate of reduction. For instance, the
fracture energy and tensile strength of the twice-recycled mixture
decreased by 23.6% and 19.5% respectively compared to the new
aggregate, indicating that after two cycles of aging and recycling, the
low-temperature performance of the mixtures deteriorates rapidly,
and the possibility of low-temperature cracking in the pavement
increases significantly.
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FIGURE 9
Specimen and SCB test. (a) Specimen Size (b) SCB Test.

FIGURE 10
Variation of SCB test results of multiple recycled asphalt mixtures.

4.2.2 Decay law of low-temperature
anti-cracking performance of mixtures under
multiple recycling conditions

Based on the previous analysis, after aging, the asphaltene
content of asphalt increases, the aromatic content decreases, and the
colloidal instability index of asphalt increases, resulting in asphalt
with lower temperature sensitivity, i.e., high viscosity, low ductility,
and poor low-temperature deformability.

As asphalt continues to undergo multiple aging and recycling,
its colloidal properties continue to decay accordingly, which in turn
affects the mechanical properties of the mixtures. By studying the
change in fracture energy of the mixtures after multiple recycling,
the decay law of the low-temperature anti-cracking performance of
the recycled mixtures under multiple recycling conditions can be
investigated.

Therefore, the decay law of the low-temperature performance
of the mixtures can be characterized by measuring the change
in fracture energy of the specimens during multiple recycling,
calculated using Equation 6.

D = 1−
G(n)
G0

(6)

where, G(n) is the splitting strength after n cycles of recycling; G0 is
the fracture energy of the new asphalt mixture.

The variation of fracture energy decay of the recycled
mixtures with the number of recycling is shown in Figure 11.
As shown in Figure 10, the fracture energy decay of the recycled
mixtures gradually increases with the number of recycling cycles.
Based on the characteristics of the curve showing the variation of
fracture energy decay with the number of recycling, the multiple
recycling process of asphalt mixtures can be divided into three
stages: (1) Stable decay stage, where the fracture energy of the once-
recycled mixture differs slightly from that of the new aggregate; (2)
Rapid decay stage, where the fracture energy decay of the twice-
recycled mixture increases rapidly. At this point, due to repeated
aging, the colloidal instability index of the asphalt increases, causing
severe attenuation of the low-temperature deformability of the
asphalt, which accelerates the decay of the low-temperature anti-
cracking performance of themixtures; (3) Decay development stage,
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FIGURE 11
Variation of fracture energy decay of multiple recycled
asphalt mixtures.

FIGURE 12
The water stability test for asphalt mixture.

where the fracture energy decay of the three-cycles-recycledmixture
further increases. At this point, after three aging and recycling,
the colloidal structure of the asphalt becomes even more unstable,
causing further decay of the aggregate properties. Through analysis,
it can be concluded that after multiple recycling, the blending ratio
of old aggregates should be strictly controlled, or the dosage of
rejuvenators or new asphalt should be appropriately increased.

4.3 Water stability performance

The water stability of asphalt mixtures refers to their ability to
resist gradual damage such as asphalt film stripping, particle loss,
loosening, and pothole formation due to water erosion (Ma et al.,
2022; La Macchia et al., 2024). Water damage is one of the primary
issues affecting asphalt pavements. Existing surveys indicate that,
with properly designed mixtures, water damage on pavements
is associated with inhomogeneity in asphalt mixtures. Recycled
asphalt mixtures, containing old aggregate with uneven gradation,
are more prone to uneven mixing; the dust on the surface of
recycled old aggregate may also impair their adhesion with new

FIGURE 13
Water stability test results for multiple recycled asphalt mixtures.

aggregate. Additionally, recycled asphalt mixtures contain aged
asphalt, which may further diminish their resistance to water
damage. Furthermore, asphalt mixtures undergo multiple aging and
recycling cycles, resulting in decreased ductility, increased viscosity,
and harder, thicker asphalt upon repeated recycling. These changes
adversely affect the water stability of multiple recycled asphalt
mixtures.Therefore, evaluating thewater stability of recycled asphalt
mixtures is particularly crucial. This study evaluates the water
stability of multiple recycled asphalt mixtures using the immersion
Marshall test and freeze-thaw splitting test, which is shown in
Figure 12. The tests are carried out according to the “T 0709-
2011” and “T 0279-2000” protocols in the specification “Standard
Test Methods of Bitumen and Bituminous Mixtures for Highway
Engineering” (JTG E20-2011) (Ministry of Transport of the People’s
Republic of China, 2011a).

The results of the immersion Marshall test and freeze-thaw
splitting test for multiple recycled asphalt mixtures are presented
in Figure 13. As can be seen from Figure 13, the addition of
old aggregates increases the stability and splitting strength of
the mixtures but decreases the retained stability and freeze-thaw
splitting strength ratio. Compared to new aggregate, the once-time
recycled mixture exhibits a decrease in retained stability and freeze-
thaw splitting strength ratio by 8.9% and 4.3%, respectively, but
still meets the specifications with a retained stability of no less
than 80% and a freeze-thaw splitting strength ratio of no less than
75%. As the number of recycling cycles increases, the stability and
splitting strength continue to increase, primarily due to the repeated
aging of asphalt, which leads to increased asphalt viscosity. The
retained stability and freeze-thaw splitting strength ratio do not
exhibit a clear trend with increasing recycling cycles, remaining
roughly constant. Compared to new aggregate, the three-cycles
recycled mixture shows a decrease in retained stability and freeze-
thaw splitting strength ratio by 8.0% and 2.6%, respectively. The
retained stability still significantly meets the requirement of no
less than 80%, and the freeze-thaw splitting strength ratio meets
the requirement of no less than 75%. This indicates that after
multiple recycling, the water stability of the recycled mixtures
remains roughly equivalent to that after once recycling, suggesting
that the water stability of the mixtures is less affected by the
recycling cycles.
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5 Conclusion

Based on the research on the macro-performance and micro-
performance ofmultiple recycled asphalt, as well as the performance
of multiple recycled asphalt mixtures, the main conclusions drawn
are as follows:

(1) After multiple aging processes, the base asphalt exhibits
significant reductions in penetration and ductility,
accompanied by increases in softening point and viscosity.
The improvement rates of softening point and viscosity are
30% and 43%, respectively.

(2) Asphalt undergoes deteriorated rheological property after
multiple recycling cycles, with enhanced high-temperature
performance but notably degraded low-temperature
performance.

(3) A nonlinear relationship model between the component
content ofmultiple recycled asphalt and the rejuvenator dosage
has been established. Under conditions of multiple recycling,
the solubilization of the rejuvenator in aged asphalt intensifies
with increasing dosage, yet it decreases exponentially with an
increase in the number of recycling cycles. Specifically, the
solubilization is strongest during the first recycling, followed
by a shift where component adjustment becomes dominant.

(4) After multiple recycling cycles, theMarshall volume indicators
of asphalt mixtures can still meet the regulatory requirements.
The high-temperature stability increases logarithmically.
The low-temperature anti-cracking performance deteriorates
rapidly after two recycling cycles, while the water
stability shows relatively low sensitivity to the number of
recycling cycles.
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