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This paper investigates the effects of freeze-thaw cycles on the performance
of asphalt mixtures containing 60% rejuvenated asphalt pavement (RAP). Two
rejuvenation processes, traditional and bio-graded recycling, are compared
regarding high-temperature performance, low-temperature performance,
dynamic stability, flexural tensile strength, split tensile strength, water stability,
and fatigue performance after various freeze-thaw cycles. The results indicate
that bio-graded rejuvenation, compared to traditional rejuvenation, effectively
enhances the high-temperature performance, low-temperature performance,
water stability, and fatigue performance after freeze-thaw cycles. Both
rejuvenations initially meet the dynamic stability requirements but show
a decreasing trend with increasing freeze-thaw cycles, with traditional
rejuvenation exhibiting more severe degradation. The flexural tensile strength
initially exceeds that of conventional asphalt mixtures but decreases significantly
with freeze-thaw cycles, especially in traditional rejuvenation. Additionally,
freeze-thaw action increases the internal void ratio, affecting water stability
and anti-freezing ability, particularly in traditional rejuvenated mixtures. These
findings underscore the impact of freeze-thaw cycles on rejuvenated asphalt
mixtures and emphasize the importance of innovative rejuvenation techniques
for sustainable pavement.

KEYWORDS

bio-graded recycling, RAP, hot mixture asphalt, low-temperature performance, freeze-
thaw

1 Introduction

As one of the effective ways to address the current energy crisis, the development
and utilization of sustainable and renewable resources will encompass various aspects of
human social production in the future. In the transportation industry, particularly in asphalt
pavement projects that heavily rely on non-renewable resources such as stone and petroleum
asphalt, a considerable amount of waste and aged asphalt mixture is generated during
construction andmaintenance. Disposal of this waste resource contributes to environmental
damage, including pollution and land space occupation. In order to promote the recycling
of waste and aged asphalt mixtures, ongoing research involves adding a certain proportion
of new aggregates and new asphalt to the aged asphalt mixture and remixing it to produce a
rejuvenated asphalt mixture, commonly referred to as RAP (Reclaimed Asphalt Pavement)
(Tarsi et al., 2020). This rejuvenation technology, as an efficient means for handling aged
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asphalt mixtures, holds significant potential for development.
It not only aligns with the green and environmentally friendly
principles of pavement construction but also reduces the economic
costs associated with pavement construction while fostering
the sustainable development of the transportation industry.
Consequently, this field has gathered increasing attention in
recent years.

Over the course of lifespan, asphalt pavement undergoes gradual
aging due to external factors such as solar radiation, rain erosion,
and tire friction. The properties of the asphalt within aged asphalt
mixtures, when initially milled, tend to become more brittle and
harder, leading to a decreased utilization rate and lower-than-
expected performance (Zhu et al., 2020; Hu et al., 2022; Hu et al.,
2023; Adwani et al., 2024). By restoring the colloidal structure and
rheological properties of aged asphalt, rejuvenators can promote
the blending uniformity of aged asphalt and new asphalt, thereby
enhancing the performance of rejuvenated asphalt mixtures to
meet secondary utilization standards (Rajib et al., 2022). Presently,
petroleum-based rejuvenators (such as aromatic oil extracts and
naphthenic oils) are widely utilized in rejuvenating aged asphalt
mixtures. However, their application presents certain drawbacks: the
high-temperature mixing environment accelerates the volatilization
of light components in the rejuvenator, reducing rejuvenation
efficiency; moreover, petroleum-based rejuvenators, due to their
high aromatic content and abundance of unsaturated bonds, tend
to accelerate oxidation at high temperatures, thereby diminishing
the expected rejuvenation effect. Consequently, the aging resistance
and durability of rejuvenated asphalt are relatively insufficient
to meet performance requirements. Additionally, the extraction
of petroleum-based rejuvenators from petroleum contradicts the
principles of green construction and hinders the sustainable
development of rejuvenated aged asphalt mixtures (Zadshir et al.,
2018; Yang et al., 2022).

Bio-oil, a viscous substance obtained frombiomass such as straw,
livestock manure, and grease through processes like rapid pyrolysis,
hydrothermal liquefaction, or filtration and centrifugation, shares
chemical similarities with petroleum asphalt and offers numerous
advantages, including high yield and low cost (Zhang et al.,
2017). Bio-oils typically exhibit acidity, with a pH value ranging
from one to 6, and their density and viscosity vary based on
the content of different compounds, with a density between
0.9 and 1.3 and a viscosity lower than that of commonly
used asphalt mixtures (Baloch et al., 2018). Bio-oils have been
successfully applied to modified asphalt or asphalt binder, with
different types of bio-oils exhibiting varying effects on asphalt
properties. For instance, bio-oils derived from waste wood and
waste cooking oil can enhance the low-temperature cracking
resistance of asphalt but may compromise its high-temperature
performance (Yang and You, 2015; Al-Sabaeei et al., 2020). Given
that most bio-oils contain amide polar groups and nitrogen-
containing functional groups that can deconstruct the structure of
asphaltene aggregates, relevant research reports suggest that bio-
oils can serve as highly efficient asphalt rejuvenators (Zadshir et al.,
2019; Hu et al., 2021). Unlike petroleum-based rejuvenators, which
consume non-renewable resources, the utilization of bio-oil as a
rejuvenator in aged asphalt mixtures enables the utilization of
dual waste materials, yielding significant sustainability benefits
(Fang et al., 2021).

To facilitate the application of bio-rejuvenators in aged asphalt
mixtures, studies have explored two primary methods for preparing
asphalt mixtures that meet pavement performance standards: hot
mix and warm mix asphalt (HMA and WMA) mixed in mixing
plants, which have been widely employed over the past 2 decades,
and in-situ recycling for pavement rehabilitation, including hot-in-
place recycling (HIR) and cold-in-place recycling (CIR) (Lv et al.,
2020; Ma et al., 2020; Bowers and Powell, 2021; Yousefi et al., 2021).
Among these, plant mix hot recycling technology is favored due
to its straightforward preparation process and precise temperature
and material control (Li et al., 2023). This technology not only
maximizes the utilization of RAP resources but also rapidly produces
rejuvenation material with properties comparable to those of hot
mix asphalt mixtures (Yu et al., 2022; Rout et al., 2023; Xing et al.,
2023). Furthermore, it boasts wide applicability, including use
in the surface structure of highways of all grades, making
it the preferred technology for asphalt pavement rejuvenation.
However, studies indicate that an increase in the amount of
rejuvenator in rejuvenated asphalt mixtures significantly alters mix
performance: while cracking resistance increases, rutting resistance
decreased (Babagoli et al., 2021; Roja et al., 2021; Barraj and Elkordi,
2022). Consequently, there is considerable research interest in
quantifying the availability of bio-rejuvenators and assessing
their mixing efficiency based on the performance of rejuvenated
asphalt mixtures.

With the increasing scale of asphalt pavements approaching
the end of their service life, coupled with the gradual depletion
of crushed aggregate resources, environmental pressures, and
economic considerations, there is an urgent need to increase the
amount of RAP in rejuvenated asphalt mixtures (Magar et al., 2022;
Zhang et al., 2022). However, as RAP dosage increases, the impact
of variation in waste material properties expands, significantly
reducing the pavement performance of rejuvenated asphaltmixtures
(Guo et al., 2020). Studies have shown that while the mix design
of thermally recycled asphalt mixtures is minimally affected by
RAP dosage when it's below 15%, detailed mix design adjustments
are necessary when RAP dosage exceeds 25% to mitigate the
effect of RAP variability on recycled asphalt mixture performance.
Evaluations of fatigue and rutting resistance of rejuvenated asphalt
mixtures with different RAP dosages suggest that rutting resistance
improves with increasing RAP dosage, albeit at the expense of
reduced fatigue performance, with the recommended RAP dosage
falling within 40%. Performance testing of hot mix asphalt mixtures
with varying RAP dosages (0%, 15%, and 25%) in hot regions
like Arizona revealed that the addition of 15% and 25% RAP to
recycled asphalt mixtures did not significantly enhance the stiffness
of asphalt mixtures but improved their rutting resistance, meeting
water stability requirements (Shah et al., 2007; Sabouri, 2020;
Zalghout et al., 2022).

Given the significance of bio-rejuvenators and RAP dosage
on recycled asphalt mixtures, coupled with the expanding output
scale of waste aged asphalt mixtures, this study elucidates
the characteristics of bio-rejuvenators and RAP dosage on
the performance of hot-mixed recycled asphalt mixtures from
both material composition and performance perspectives.
Utilizing CT scanning technology, the study elucidates the
pavement performance and mechanical properties of hot-
mix rejuvenated asphalt mixtures at a fine scale, followed
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TABLE 1 Technical indicators of bio-rejuvenator.

Test items Unit Experimental value Regulatory requirement Test methods

viscosity(60°C) mm2/s 110 50–175 T 0603

density(25°C) g/cm3 0.923 actual T 0604

flash point °C 241 ≥220 T 0606

appearance — reddish brown actual T 0605

saturate % 24.1 ≤30 T 0604

aromatic % 28.3 actual T 0615

TABLE 2 Basic technical specification of 90# asphalt.

Test items Unit Value Regulatory requirement Test methods

Density (25°C) g/cm3 0.993 actual T 0603

Penetration(25°C, 100g, 5s) mm 88.2 80–100 T 0604

softening point (Ring-and-ball apparatus) °C 46.7 ≥45 T 0606

ductility (15°C) cm 155 ≥100 T 0605

penetration index PI — −0.8 −1.5–1.0 T 0604

wax content % 1.78 ≤2.2 T 0615

flash point (COC) % 286 ≥245 T 0611

solubility % 99.80 ≥99 T 0607

Asphalt thin-film oven

mass loss % −0.018 −0.4∼+0.4 T 0609

residual PI ratio % 78.08 ≥57 T 0604

residual ductility (10°C) cm 43.63 ≥8 T 0605

by an analysis of performance damage mechanisms, thereby
providing insights for the large-scale application of RAP in
asphalt pavements.

2 Materials and methods

2.1 Materials

In this study, experiments were carried out using asphalt
mixtures recycled on site, and their properties were recovered
using a bio-rejuvenator, and basalt fibers were added to
improve their performance. The basic technical specifications
of the bio-rejuvenator selected in this study are shown in
Table 1. The new coarse aggregate is limestone, the new fine
aggregate is artificially crushed sand, and the mineral powder is
limestone powder.

The new asphalt was penetration grade 90# asphalt, the
properties are shown in Table 2.

2.2 Rejuvenated asphalt mixture
preparation

The traditional process of preparing rejuvenated asphalt
mixtures operates on the principle that the old RAP asphalt
gradually separates from the RAP during the heating and mixing
process, subsequently blending with the new asphalt before being
distributed onto the aggregate. However, it's observed that the
actual blend states of new and old asphalt in rejuvenated asphalt
mixtures can vary, encompassing unblended, partially blended,
and fully blended states. Under traditional rejuvenation methods,
a significant portion of new and old asphalt tends to exist between
unblended and partially blended states. Preparation of rejuvenated
asphalt mixtures under these conditions adversely affects
their performance.

2.2.1 Traditional rejuvenation
The traditional rejuvenation method follows these steps for

molding specimens: firstly, heated RAP material is poured into the
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FIGURE 1
The process of bio-graded rejuvenation.

mixing pot and mixed evenly for 20 s; secondly, recycled aggregate
is added and mixed for 60 s to ensure uniform distribution of
RAP and recycled aggregate; then, preheated new asphalt is added,
and RAP and recycled aggregate are mixed to ensure complete
wrapping of the new asphalt around the RAP material and recycled
aggregate, with a mixing time of 60 s; finally, mineral powder
is added and mixed evenly for 20 s, resulting in a total mixing
time of 160 s.

2.2.2 Bio-graded recycling
Bio-graded recycling enhances the traditional rejuvenation

process based on RAP grading. In this improved approach, different
grades of RAP material are treated with varying ratios of bitumen
and aggregates, resulting in RAP material being divided into
binder-rich fine material and coarse material. Subsequently, each
type of material undergoes rejuvenation using a bio-rejuvenator
before mineral powder is added to form the rejuvenated material.
The process is shown in Figure 1. In this study, a hot-mixed
hot rejuvenation asphalt mixture with 60% RAP content was

prepared using bio-graded recycling. Performance was analyzed
comparatively. The types of rejuvenation materials used are detailed
in Table 3.

2.3 Methods

This study selected the 60% RAP plant-mixed hot rejuvenated
asphalt mixture under the bio-graded recycling process as the
research object and compared it with the traditional 60% RAP
rejuvenated material and AC-20 mixture. Firstly, considering
meteorological parameters in cold areas, the research team
employed a self-made freeze-thaw testing machine to conduct
0, 5, 10, 15, and 20 indoor freeze-thaw cycle tests on the above
three mixtures. Then, from a macro perspective, the mechanical
properties of the large-volume factory-mixed hot recycled
asphalt mixture under different freeze-thaw times are tested,
along with pavement performance tests. Finally, based on CT
tomography technology, the performance evolution of the mixture
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TABLE 3 Types of rejuvenation materials.

Types and abbreviations of materials RAP blending ratio 60% Control group

Bio-graded recycling AR60
AC-20

Traditional rejuvenation BR60

under freezing and thawing is analyzed from a microstructural
perspective.

2.3.1 Freeze-thaw cycle tests
This study employed a CLD-D freeze-thaw cycle test machine

developed by the research group to subject the hot-mixed recycled
asphalt mixture with 60% RAP content and the AC-20 asphalt
mixture under two rejuvenation processes to freeze-thaw cycle
processing.

2.3.2 Mechanical property test

(1) Uniaxial compressive strength

The compressive strength is calculated according to test method
T0713-2000 in the Testing Procedures for Asphalt and Asphalt
Mixtures in Highway Engineering, at a temperature of 20°C and a
loading rate of 2 mm/min, using the formula 1:

Rc =
4P
πd2 (1)

Where, Rc is the compressive strength, in MPa; P is the
maximum failure load during test failure, in N; d is the specimen
diameter, mm.

(2) Splitting strength

Also known as the indirect tensile test, the splitting test
determines the elastic mechanical properties of asphalt mixtures
under specific temperature conditions and loading rates. The
splitting strength was measured according to test method T0716-
2011, at a temperature of 15°C ± 0.5 °C and a loading rate
of 50 mm/min. The split tensile strength is calculated using the
formula (2).

R = 0.006287 P/h (2)

Where, R is the split tensile strength, in MPa; P is the maximum
failure load during test failure, inN; h is the specimen height, inmm.

2.3.3 High temperature performance test
This paper evaluated the high-temperature stability of the

hot-mixed recycled asphalt mixture through a 60°C rutting test.
A recycled material specimen was prepared and subjected to
high-temperature conditions. Stability is calculated using the
formula (3):

DS =
(60− 45) ×N
D60 −D45

×C1 ×C2 (3)

Where,DS is the stability,D60 is the deformation of specimen at
60 min,D45 is the deformation of specimen at 45 min,N is the round
trips per minute, C1 is the correction factor; C2 is the specimen
coefficient.

2.3.4 Low temperature performance test
In this paper, a low-temperature bending test of small beams

at −10°C was conducted to evaluate the low-temperature stability
performance of large-volume hot-mixed recycled asphalt mixtures.
The ultimate bending and tensile strength, ultimate bending and
tensile strain, and stiffness modulus of the specimen are calculated
using the formula (4–6).

RB =
3× L× PB
2× b× h2 (4)

εB =
6× h× d

L2 (5)

SB =
RB

εB
(6)

Where, RB is the ultimate bending and tensile strength of the
specimen, in MPa, εB is the ultimate bending and tensile strain of
specimen, in με, SB is the ultimate bending stiffness modulus of
specimen, in MPa; b is the width of specimen spanned section, in
mm; h is the height of specimen spanned section, mm; L is the
specimen span; PB is the ultimate load of specimen, N; d is the
mid-span deflection when specimen fails, in mm.

2.3.5 Water stability test
Water stability of asphalt mixtures is crucial for improving

pavement durability. This paper evaluated water stability using
immersion Marshall tests and freeze-thaw splitting tests, comparing
large-volume hot-mixed hot-regenerated asphalt mixtures prepared
by two rejuvenation methods with AC-20 asphalt mixtures.

(1) Immersion Marshall test

The residual stability after immersion in water for specific
durations was evaluated as an indicator of the asphalt mixture’s anti-
stripping ability and durability. The residual stability is calculated
using formula (7).

S0=
S2

S1
× 100% (7)

Where, S1 is the stability after immersion in water for 0.5 h, in
KN; S2 is the stability after immersion in water for 48 h, in KN; S3 is
the sample residue stability ratio, %.

(2) Freeze-thaw splitting test

The freeze-thaw splitting test evaluated the water stability of
asphalt mixtures after freeze-thaw cycles. Splitting tensile strength
before and after freeze-thaw cycleswas compared to determinewater
stability. The splitting tensile strength can be calculated as per Eqs
8–10.

R1 =
0.006287PT1

h1
(8)
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FIGURE 2
The process of image processing.

R2 =
0.006287PT2

h2
(9)

TSR =
R2

R1
× 100% (10)

Where, R1 is the splitting tensile strength of specimens without
freeze-thaw cycles, in MPa; R2 is the splitting tensile strength of
specimens under freeze-thaw cycle, in MPa; TSR is the freeze-
thaw splitting strength ratio, %; h1 is the height of the first set
of specimens, in mm; h2 is the height of the second set of specimens,
in mm.

2.3.6 CT tomography
X-ray CT tomography technology is utilized to obtain three-

dimensional images of the asphalt mixtures’ microstructure. CT
images are processed using Digital Image Processing (DIP)
techniques for noise reduction, enhancement, segmentation, and
feature extraction. Avizo analysis software is employed for CT image
processing and analysis, enabling detailed analysis of the internal
structure of asphalt mixtures. The image processing flow is shown
in Figure 2.

3 Results and discussion

3.1 Mechanical properties of plant mixed
hot recycled asphalt mixture under
freeze-thaw

3.1.1 Uniaxial compressive strength
Figure 3 displays the results of uniaxial compressive strength

index tests for two rejuvenation processes of 60% RAP dosage
plant-mix hot recycled asphalt mixtures and AC-20 mixtures. It is
evident that the compressive strength indicators of all three types
of asphalt mixtures decrease with an increase in the number of
freeze-thaw cycles, with the rate of decline gradually increasing
with more cycles. In AC-20 mixtures, the decline rate remains

at 10% after 5 and 10 freeze-thaw cycles, but it reaches 20%
after 20 cycles, indicating a significant decrease in strength. This
decline is primarily attributed to the viscoelastic nature of asphalt
mixtures, which are significantly affected by temperature. During
freezing and thawing, water can penetrate the mixture, reducing the
adhesion between asphalt and aggregate, resulting in a noticeable
decline in strength, a trend that becomes more pronounced with
repeated freeze-thaw cycles. Compared to AC-20 asphalt mixtures,
the compressive strength of the two types of recycled asphalt
mixtures exhibits different decreasing trends. In the traditional
recycled 60% RAP mixture, the index decline reaches 10.21%,
14.32%, 21.22%, and 25.31% after 5, 10, 15, and 20 freeze-thaw
cycles, respectively. Conversely, the corresponding decline in the
Bio-graded recycling recycled material is 5.23%, 8.87%, 13.55%, and
19.31% under the same freeze-thaw cycles. This suggests that the
compressive capacity of 60% RAP recycled material is improved
under Bio-graded recycling rejuvenation compared to traditional
rejuvenation. The better blending of old and new asphalt in the Bio-
graded recycling rejuvenation method results in a more solid three-
dimensional mesh structure with basalt fiber, enhancing the bond
with aggregate and increasing compressive strength.

3.1.2 Splitting strength
As depicted in Figure 4, the splitting strength of AC-20 asphalt

mixtures and two rejuvenation processes under the 60%RAPdosage
of plant-mixed hot recycled asphalt mixtures follows a similar
trend to the compressive strength indicators, declining with an
increase in the number of freeze-thaw cycles. However, unlike
compressive strength, the decrease in splitting strength becomes
more pronounced with more freeze-thaw cycles. AC-20 asphalt
mixture exhibits a decrease of over 10% after five freeze-thaw cycles,
reaching 28.86% after 25 cycles, indicating significant degradation
in mechanical properties. Bio-graded recycling rejuvenation of 60%
RAP recycled material shows a more gradual decrease in splitting
strength compared to traditional rejuvenation. Under 5, 10, 15, and
20 freeze-thaw cycles, the index decline is 13.31%, 20.13%, 25.41%,
and 33.91%, respectively. Conversely, the decrease in Bio-graded
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FIGURE 3
Comparison chart of uniaxial compressive strength index test.

FIGURE 4
Comparison chart of cleavage strength index testing.

recycling regenerated material is more significant, reaching 36.44%
after 20 freeze-thaw cycles. This emphasizes the advantage of 60%
RAP recycled material under Bio-graded recycling rejuvenation,
highlighting its resilience to repeated freeze-thaw cycles.

3.2 Performance of recycled asphalt
mixtures with high RAP content
considering freeze-thaw

3.2.1 High temperature performance
As illustrated in Figure 5, the dynamic stability index of

the 60% RAP-infused recycled material prepared using both
rejuvenation processes consistently exceeds the requirement
stipulated by the Technical Specification for Highway Asphalt

FIGURE 5
Comparison of high temperature performance under two
rejuvenation processes.

Pavement Rejuvenation (>800 times/mm) after 5, 10, 15, and 20
freeze-thaw cycles. Overall, the stability index of recycled asphalt
mixtures under both rejuvenation methods appears similar to that
of AC-20 asphalt mixtures, diminishing with an increase in the
number of freeze-thaw cycles. However, the decline in stability is
more gradual for AC-20 mixtures, while the rate of decrease for
the two types of recycled mixtures is more significant. In general,
plant-mix hot recycled asphalt mixtures demonstrate superior high-
temperature performance due to the presence of RAP. However,
this advantage is compromised under multiple freeze-thaw cycles,
with the deterioration of high-temperature performance becoming
more pronounced with an increasing number of cycles. Once the
number of freeze-thaw cycles reaches 20, the dynamic stability
indicators of plant-mix hot recycled asphalt mixtures fall below
those of AC-20 mixtures.

From the perspective of the rejuvenation process, although
the dynamic stability index of recycled material under both
recycling processes exhibits a declining trend, the difference in
the rate of decrease is substantial. The conventional 60% RAP
rejuvenated material experiences a decline of 21.23%, 52.36%,
56.89%, and 73.42%, whereas the corresponding Bio-graded
recycling rejuvenated material experiences declines of 25.36%,
38.51%, 47.56%, and 61.91%. This indicates that, in terms of the
recycling process, the high-temperature stability of 60% RAP plant-
mix hot recycled asphalt mixtures prepared using the Bio-graded
recycling process surpasses that of the corresponding traditional
recycled mixtures.

Under the influence of 0 and five cycles of freeze-thaw, the
high-temperature performance of traditional recycled mixtures
is superior. However, when the number of freeze-thaw cycles
exceeds 10, issues arise with the insufficient integration of old
and new asphalt, exacerbating the problems of poor adhesion
between recycled asphalt and aggregates during freeze-thaw cycles,
resulting in a significant decline in high-temperature performance.
Conversely, the Bio-graded recycling rejuvenation process proves
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FIGURE 6
Comparison of low temperature performance under two rejuvenation processes. (A) flexural tensile strength, (B) maximum bending tensile strain,
(C) flexural modulus.

more effective in enhancing the high-temperature performance of
recycled materials.

3.2.2 Low temperature performance
As can be seen from Figure 6, the flexural tensile strength

and flexural modulus of 60% RAP recycled materials prepared
by the two recycling processes are negatively correlated
with the number of freeze-thaw cycles, while the maximum
flexural strain is positively correlated with the number of
freeze-thaw cycles.

In Figure 6A, before experiencing 10 freeze-thaw cycles, the
flexural tensile strength of both recycled materials processed
through the two rejuvenation methods surpasses that of the
AC-20 mixture. This superiority is primarily attributed to the
reinforcement provided by basalt fiber, enhancing the low-
temperature performance of the recycled material. Additionally, the
higher flexural tensile strength of the 60% RAP recycled material
processed through the Bio-graded recycling method compared
to traditional material suggests the effectiveness of Bio-graded
recycling in facilitating the integration of old and new asphalt within
the material. This integration fosters the formation of a more robust
three-dimensional network structure with basalt fiber, promoting

better adhesion with aggregates and consequently, superior low-
temperature cracking performance. As the number of freeze-thaw
cycles increases, the low-temperature flexural tensile strength of
traditional recycled material declines below that of AC-20 after 15
cycles. By the time 20 cycles are reached, the flexural tensile strength
of recycled materials falls below that of AC-20, signifying a severe
impact of high freeze-thaw cycles on the internal structural stability
of recycled material, leading to deteriorated low-temperature
performance.

Figure 6B demonstrates a decrease in the maximum bending
tensile strain of all materials with an increase in the number
of freeze-thaw cycles. Notably, the 60% RAP recycled materials
processed through both AC-20 mixture rejuvenation and Bio-
graded recycling exhibit a relatively gentle decreasing trend, while
traditional recycled materials experience a significant decrease in
bending tensile strain under 15 and 20 freeze-thaw cycles, with
decreasing rates of 42.5% and 63.1%, respectively. Flexural modulus
of strength reflects a material’s resistance to deformation, with lower
values indicating better performance.

As depicted in Figure 6C, the freeze-thaw cycle adversely affects
the low-temperature performance of 60% RAP dosage plant-mixed
hot recycled asphalt mixtures and AC-20 mixes. With an increase
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FIGURE 7
Comparison of water stability performance under two
rejuvenation processes.

in freeze-thaw cycles, the low-temperature performance deteriorates
further. However, overall, the sequence remains AC-20 > 60%
RAP dosage Bio-graded recycled mix >60% RAP conventional
recycled mix.

3.2.3 Water stability
In Figure 7, both the 60% RAP recycled asphalt mixture and AC-

20 asphalt mixture prepared through the two recycling processes
exhibit a freeze-thaw splitting strength ratio (TSR) of over 75%
before experiencing 10 freeze-thaw cycles, meeting specification
requirements. However, when the number of cycles reaches 15, the
TSRof 60%RAPrecycledmaterial under the traditional process drops
to 62%, failing to meet specifications. By 20 freeze-thaw cycles, TSR
for all materials declines below requirements: 64%, 57%, and 46%,
respectively.This reduction underscores the detrimental effect of high
freeze-thaw action on water temperature performance. Additionally,
the recycled material indicators during freeze-thaw cycles are lower
than those of AC-20, mainly due to the higher content of aged
asphalt in the 60% RAP mixture, leading to increased brittleness.
Moreover, water ingress during freeze-thaw cycles decreases asphalt-
aggregateadhesion,while freezingandexpansioncontributetovolume
expansion, increasing the risk of cracking.

3.2.4 Fatigue performance
Figure 8A illustrates the change in breaking tensile strength of

60% RAP mixed plant mix hot recycled asphalt mixtures and AC-
20 mixtures at 15°C under different freeze-thaw cycle times for
two recycling processes. Overall, the breaking bending strength
index of the two recycled materials is similar to that of AC-20
asphalt mixtures, which decreases with the increase of the number
of freezing and thawing cycles. Under the action of the number of
freezing and thawing cycles, the size of the three kinds of mixtures’
breaking bending strength indexes follows the sequence: AC-20
asphalt mixtures > Bio-graded recycled materials > traditional
recycled materials. The presence of RAP in the plant-mixed hot

recycled asphalt mixture introduces aging molecules, leading to
hardening and brittleness of the mixture, which adversely affects
the stability of the material and decreases its fatigue performance.
Moreover, the effect of multiple freeze-thaw cycles accelerates the
degradation of fatigue performance of recycled materials. The
degradation of fatigue performance of recycled materials is more
significant with higher numbers of freezing and thawing cycles.

Figure 8B shows the fatigue life trends of the three types of
mixtures under different numbers of freeze-thaw cycles, consistent
with the trend of Figure 8A. All of them exhibit a decreasing
trend. Under the traditional rejuvenation process, the fatigue
life of 60% RAP recycled material decreases significantly with
the increase of the number of freeze-thaw cycles. The decreases
under each number of cycles reach 19.33%, 27.75%, 35.56%, and
47.34%, respectively. Conversely, Bio-graded recycling rejuvenation
mitigates this reduction, with decreases in fatigue life of 14.3%,
19.33%, 26.47%, and 37.55% under the corresponding freeze-thaw
cycles. The significant reduction in fatigue life under a high number
of freezing and thawing cycles in the traditional process indicates
that the internal adhesion ability of the mixture composed of large
doses of RAP, new and old asphalt, and aggregate further diminishes,
adversely affecting fatigue performance. Conversely, the fatigue
performance of 60%RAPBio-graded recycling rejuvenatedmaterial
is reduced within 20% in 10 freeze-thaw cycles and is controlled
at 37.55% in 20 freeze-thaw cycles. This suggests that compared
with traditional rejuvenation, Bio-graded recycling rejuvenation
effectively improves the fatigue performance of large doses of RAP
rejuvenated material.

3.2.5 Acquisition and processing of CT images
Figure 9 shows the CT images and 3D views before and after the

treatment of bio-graded recycling materials under different freeze-
thaw cycles. It can be seen that through comparative analysis, the CT
images processed by Avizo can meet the requirements for analyzing
microstructural features.

3.2.6 Microscopic evolution characteristics of
plant-mixed hot rejuvenated large proportion
RAP asphalt mixtures

Under the bio-graded recycling process, CT images of the
middle part height of asphalt mixture specimens containing
60% RAP blended in a plant-mixed hot rejuvenated asphalt
mixture, asphalt mixture with 60% RAP blended using traditional
rejuvenation process, and AC-20 conventional asphalt mixture after
0, 5, 10, 15, and 20 freeze-thaw cycles are shown in Figure 10.

From Figure 10, it can be observed that with the increase in
the number of freeze-thaw cycles, the micro-pore structure of
both rejuvenated materials and AC-20 mixture gradually changes:
under freeze-thaw cycles, existing voids continuously expand and
interconnect, while new voids keep emerging. These changes
indicate a progressive enlargement of the mixture’s freeze-thaw
damage. Among them, the structure of the AC-20 mixture is
the most stable, while the micro-void changes in traditional
rejuvenated asphalt mixtures are the most significant under
different freeze-thaw cycles, indicating poor structural stability
and insufficient resistance to freeze-thaw damage; compared with
traditional rejuvenated materials, the micro-void changes in bio-
graded recyclingmaterials are relatively stable, demonstrating better
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FIGURE 8
Comparison of fatigue performance under two rejuvenation processes. (A) Breaking bending and tensile strength, (B) Fatigue life.

FIGURE 9
CT images and 3D views before and after the treatment of rejuvenated materials.

resistance to freeze-thaw damage. To analyze the microscopic
structure of basalt fiber-reinforced asphalt mixtures accurately
and quantitatively, analysis is conducted based on three typical
microscopic characteristic parameters: porosity, pore quantity, and
fractal dimension.

(1) Porosity

Theporosity of asphaltmixtures is calculated for different freeze-
thaw cycles by determining the percentage of pixels representing
internal voids within the total number of pixels in the cross-section.
The variation of porosity with the number of freeze-thaw cycles is
shown in Figure 11.

From Figure 11, it can be observed that with the increase in
the number of freeze-thaw cycles, the porosity of the 60% RAP
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FIGURE 10
CT images of the middle section height of asphalt mixture specimens.

FIGURE 11
Variation of porosity with the number of freeze-thaw cycles.

hot-mix asphalt mixtures with two rejuvenation processes and the
AC-20 mixture specimens also increases, indicating that the freeze-
thaw cycles continuously generate new voids within the mixtures.
Compared to the specimens without freeze-thaw treatment, the
increases in porosity for AC-20 and bio-graded recycling materials
under 5, 10, 15, and 20 freeze-thaw cycles are 13.2%, 22.3%, 31.5%,
44.3% and 16.1%, 27.2%, 38.5%, 49.5%, respectively. The curves of
both show relatively gentle changes and are closer under low-cycle
freeze-thaw conditions, while the change in traditional rejuvenated

materials is more significant, especially at 15 and 20 cycles, reaching
45.7% and 59.6%, respectively. This indicates that the internal
structure of bio-graded recycling materials, which exhibit more
thorough fusion between old and new asphalt, is more stable
under high-cycle freeze-thaw conditions compared to traditional
rejuvenated materials.

(2) Void Count

The void count of asphaltmixtures at different freeze-thaw cycles
was statistically analyzed, and the variation of void count with the
number of freeze-thaw cycles is shown in Figure 12.

As shown in Figure 12, with the increase in the number of
freeze-thaw cycles, the variation in void count for the three types
of mixtures exhibits a similar trend, namely, a decrease followed by
an increase with relatively low amplitudes. However, the nodes of
decrease and increase in void count show different patterns. For AC-
20 mixture and 60% RAP bio-graded recycling mixture, the void
count decreases initially after five freeze-thaw cycles, followed by
an increase. In contrast, for the 60% RAP traditional rejuvenation
mixture, the void count continues to decrease during the first 5 and
10 freeze-thaw cycles and then shows a slight increase at the 15th
cycle. The decrease in void count observed at lower freeze-thaw
cycles is attributed to the fusion of existing voids within the material
under freeze-thaw action, resulting in a reduction in void count.
However, at higher freeze-thaw cycles, the fusion process of existing
voids is essentially complete, and the main reason for the increase
in void count is the generation of new voids and micro-cracks
induced by freeze-thaw action. Nonetheless, the increase in void
count is relatively low due to fewer new voids and cracks induced
by higher freeze-thaw cycles. However, the continuous increase in
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FIGURE 12
Shows the variation of void count with the number of
freeze-thaw cycles.

void count for the traditional rejuvenationmixture at 5 and 10 cycles
indicates that the internal structure of the 60% RAP rejuvenation
material under this rejuvenation process is unstable, and it is most
significantly affected by freeze-thaw action. In contrast, the void
count for the bio-graded recycling material decreases initially after
five cycles and then continues to increase, following a trend similar
to that of the AC-20 mixture. This suggests that the fusion process
of existing voids in the bio-graded recycling material under freeze-
thaw action is the shortest, and its performance is stable. This is
partly due to the more thorough fusion of old and new asphalt
in the composition of the rejuvenated material and partly relies
on the reinforcing, crack resistance, and toughening effects of
basalt fiber.

(3) Fractal Dimension

Figure 13 shows the variation of fractal dimension of 60% RAP
rejuvenated asphalt mixture and AC-20 mixture under different
freeze-thaw cycles. From the figure, it can be observed that the
fractal dimension of the AC-20 mixture initially increases and
then decreases. This is mainly due to the expansion of voids
and the partial detachment of components such as aggregates
under the influence of freeze-thaw cycles, leading to an increase
in fractal dimension. As the number of freeze-thaw cycles
increases, the complexity of the void boundaries decreases,
resulting in a decrease in fractal dimension. For the rejuvenated
materials, similar to the AC-20 mixture, there is an initial increase
followed by a decrease in fractal dimension. However, during
the 15th and 20th freeze-thaw cycles, the fractal dimension
continues to increase, mainly due to severe internal detachment
of materials.

3.2.7 Macroscopic and microscopic damage
analysis of hot mix rejuvenated mixtures under
freeze-thaw conditions

According to the grey correlation analysis theory,
the grey correlation calculation results between the

FIGURE 13
Fractal dimension variation of 60% RAP rejuvenated asphalt and
AC-20 mixture.

microscopic characteristic parameters of bio-graded recycling
materials and the macroscopic performance are shown
in Figure 14.

As shown in Figure 14, under different freeze-thaw
cycles, the influence of various microscopic parameters
of the 60% RAP hot-mix rejuvenated asphalt mixture
under the bio-rejuvenation process on its macroscopic
performance varies.

Regarding the void ratio parameter analysis, within 0, 5, and
10 freeze-thaw cycles, this parameter exhibits a good correlation
with various macroscopic mechanical performance parameters,
all above 0.7, and the correlation pattern is obvious, inversely
proportional to the freeze-thaw cycle number. This is mainly
because under low freeze-thaw cycles, the structure of the bio-
graded recycling material is relatively stable, consistent with
the analysis results of macroscopic performance. At the same
time, it can be observed that under these freeze-thaw cycles,
the correlation degrees from high to low are: fracture bending
strength, uniaxial compressive strength, dynamic stability, splitting
tensile strength, and low-temperature bending stiffness. This
indicates that the change in void ratio significantly affects
the fatigue performance of the bio-graded recycling material
under different freeze-thaw cycles. However, when the freeze-
thaw cycle reaches 15 times, severe damage occurs to the
rejuvenated material, and the gray correlation between the void
ratio and various macro parameters significantly decreases,
showing no obvious correlation pattern. Nevertheless, the gray
correlation between fracture bending strength and void ratio
remains the highest. When the freeze-thaw cycle reaches 20
times, the damage to the rejuvenated material intensifies, and
at this point, the correlation between void ratio and various
macroscopic mechanical performance indicators is very low, with
an average gray correlation distributed around 0.5, indicating
that the change in void ratio is not significantly correlated
with the change in macroscopic mechanical performance of the
rejuvenated material.
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FIGURE 14
Shows the grey correlation between the void ratio of hot-mix rejuvenated asphalt mixture and the macroscopic mechanical performance parameters
under various freeze-thaw cycles.

Regarding the analysis of void quantity parameters, compared
with the void ratio, the correlation between its change within
0, 5, and 10 freeze-thaw cycles and macroscopic mechanical
performance parameters decreases. Only the gray correlation
with dynamic stability index is higher than 0.7. The correlation
degrees between void quantity and various macroscopic mechanical
performance parameters from high to low are: dynamic stability,
uniaxial compressive strength, fracture bending strength, low-
temperature bending stiffness, and splitting tensile strength. This
indicates that under these freeze-thaw cycles, the change in void
quantity significantly affects the high-temperature performance of
the rejuvenated material. Additionally, it can be observed that
under 15 and 20 freeze-thaw cycles, except for splitting tensile
strength, the gray correlation between void quantity and other
macroscopic mechanical parameters is at a level of about 0.6.
Among them, the correlation with fracture bending strength is the
highest, with correlation coefficients of 0.65 and 0.68 respectively,
indicating that under high freeze-thaw cycles, the change in
void quantity is closely related to the fatigue performance of the
rejuvenated material.

Regarding the analysis of the fractal dimension parameter
of the void profile of bio-graded recycling mixtures, it can be
found that under each freeze-thaw cycle, the fractal dimension of
the bio-graded recycling material shows a good correlation with
various macroscopic mechanical performance indicators. Within
0, 5, and 10 freeze-thaw cycles, the correlation is above 0.7, and
even under 15 and 20 high-cycle freeze-thaw actions, the correlation
remains above 0.6. This indicates that the change in fractal

dimension can comprehensively reflect the change in macroscopic
mechanical performance. It can also be observed that under each
freeze-thaw cycle, the macroscopic mechanical parameters with
relatively good correlation with fractal dimension are uniaxial
compressive strength and fracture bending strength, indicating a
close relationship between fractal dimension and the macroscopic
mechanical performance as well as the fatigue performance of the
bio-graded recycling material.

4 Conclusion

(1) Both types of rejuvenation processes result in 60%
RAP rejuvenated materials that meet dynamic stability
requirements after various freeze-thaw cycles. However,
dynamic stability decreases with increasing cycle numbers.
Traditional rejuvenated materials exhibit a greater decrease
compared to bio-graded recyclingmaterials.This deterioration
is attributed to the freeze-thaw action, affecting the inherent
performance advantages of aged asphalt in RAP. After 20
freeze-thaw cycles, dynamic stability of rejuvenated materials
is lower than that of AC-20 asphalt mixture.

(2) Initially, flexural tensile strength of rejuvenated materials is
higher than AC-20 mixture due to basalt fibers enhancing
low-temperature performance. However, with more freeze-
thaw cycles, flexural tensile strength decreases. At 15 cycles,
traditional rejuvenated materials fall below AC-20; at 20
cycles, both types of rejuvenated materials are lower than
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AC-20, indicating significant freeze-thaw effects on low-
temperature performance. Maximum flexural strain decreases
with freeze-thaw cycles, with AC-20 and bio-graded recycling
materials declining more gently compared to traditional
rejuvenated materials.

(3) Freeze-thaw action increases internal void ratio of rejuvenated
materials, leading to water ingress that damages asphalt-
aggregate bond. Freezing and expansion effects further
increase material volume, raising the risk of cracking and
reducing anti-freezing ability. Freeze-thaw action significantly
reduces water temperature performance of rejuvenated
mixtures, with a more pronounced decrease in anti-freezing
performance due to inherent aging components.

Due to the time limitation, this study only employed one type
of bitumen and one type of rejuvenator. It is recommended to
investigate different types of rejuvenator to validate the applicability
of thismethod, thereby to improve the performance of recycled RAP
materials and to optimize mix designs, subsequently to enhance the
durability and longevity of rejuvenated asphaltmaterials considering
freeze-thaw conditions.
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