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ARTICLE INFO ABSTRACT

Handling Editor: Zhen Leng This study systematically investigated the potential of waste carbon fibers (WCFs) as a sustainable solution in
enhancing the multiple induction heating healing of asphalt mixture, thereby tackling two major concerns: the
environmental impact of WCFs and the durability of asphalt pavement. Firstly, four groups of asphalt binder
samples with different WCFs contents were prepared. The viscosity and workability of WCFs modified asphalt
binder were analyzed. Next, asphalt mixture containing 2% steel fibers was prepared at the optimal WCFs
content, while control groups without WCFs were prepared with 2% and 4% steel fibers content. A compre-
hensive study was conducted on the induction heating rate, effective heating depth and surface temperature
cooling rules of the asphalt mixture. Finally, by conducting multiple "fracture-healing" tests, the influence of
WCFs on the healing efficiency of asphalt mixture was analyzed. The results revealed that WCFs increased the
viscosity of the virgin asphalt, but excessive WCFs content hindered the workability. The optimal WCFs content
was determined to be 1% (by weight of asphalt binder). WCFs enhanced the thermal conductivity of the asphalt
mixture, accelerating heating and improving vertical heat transfer while reducing surface temperature decline.
During multiple "fracture -healing" processes, the inclusion of WCFs enhanced the mechanical strength of the
asphalt mixture, improved its healing efficiency, and increased the number of healings. Even after five cycles, the
specimen with the most damage still showed a fracture energy recovery rate (FERR) of over 30%. In conclusion,
W(CFs significantly enhanced the multiple induction heating healing efficiency of the asphalt mixture.
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1. Introduction

Asphalt mixture is a widely used material in highway and urban road
construction due to its excellent performance in terms of traffic safety,
driving stability, and fast traffic time (Meng et al., 2022; Qin et al., 2021;
Wan et al., 2021). However, asphalt pavement is prone to develop cracks
over time due to temperature fluctuations (Norouzi and Richard Kim,
2017; Souza and Castro, 2012), traffic load (Loizos and Karlaftis, 2005;
Wang and Zhong, 2019), moisture infiltration (Khodaii et al., 2014;
Mirhosseini et al., 2016), and construction quality (Schuster et al.,
2023), which not only reduces the service life of the pavement but also
affects the pavement structure and vehicle traffic safety (Li et al., 2019;
Zhang et al., 2019). After asphalt road cracking occurs, it is necessary to
take appropriate maintenance measures to repair the cracks and prevent
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the occurrence of other pavement diseases. Given the substantial con-
sumption and increasing demand for natural resources in asphalt
pavement maintenance, numerous endeavors have been undertaken to
create sustainable pavements, which have hastened the implementation
of clean and efficient maintenance technologies in the paving industry
(Ayar et al., 2016; Gonzalez-Torre and Norambuena-Contreras, 2020).
In recent years, self-healing asphalt mixture has emerged as a promising
solution to mitigate these issues (Anupam et al., 2022).

Currently, there are three main categories of accelerated self-healing
methods for asphalt mixture: microcapsule healing, microwave heating,
and induction heating (Liang et al., 2021; Sun et al., 2018; Xu et al,,
2018). Notably, induction heating outperforms microwave heating in
uniformity, efficiency, and avoidance of excessive heating. This
approach also mitigates environmental and health concerns linked to
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intense microwave radiation. Furthermore, it simplifies the process by
eliminating microcapsules and allows for repetitive healing. In contrast,
microcapsule healing offers singular healing (Ayar et al., 2016; Garcia
et al.,, 2020; Karimi et al., 2021; Liu et al., 2019). Asphalt mixture
self-healing through induction heating has been extensively studied and
validated in laboratory settings, as evidenced by references (Garcia
et al., 2011, 2020; Gomez-Meijide et al., 2018; Liu et al., 2011, 2013).
The composition of asphalt, including dense stone mastic asphalt and
porous asphalt, has been optimized for induction heating, taking into
account the type and quantity of electrically conductive particles (Ajam
et al., 2018; Gomez-Meijide et al., 2016; Vila-Cortavitarte et al., 2018).
Among the commonly used conductive particles, steel fibers have shown
significant benefits in enhancing self-healing capability of asphalt
mixture when used within the recommended range of 1%-4% by mass
(Ajam et al., 2018).

However, most of the current research has only focused on the single-
time healing of asphalt mixture under induction heating. In practical
applications, it is necessary to achieve healing of asphalt mixture at
different stages. "Multiple heating healing" refers to the process of sub-
jecting asphalt mixture to three or more "fracture-healing" cycles,
wherein after each fracture, the asphalt mixture is self-healed through
induction heating. This method can effectively assess the recovery of
mechanical properties of asphalt mixture after multiple "fracture-heal-
ing" cycles. (Amani et al., 2020).

One innovative approach to achieve multiple induction heating
healing in asphalt mixture is the use of waste carbon fibers in combi-
nation with induction heating. Waste carbon fibers, byproducts gener-
ated in various industries such as aerospace, automotive, and wind
energy, are typically discarded, contributing to environmental chal-
lenges (Cheng et al., 2022; Tapper et al., 2020). While conventional
carbon fibers have been extensively studied for their role in reinforcing
and self-healing asphalt mixtures (Mawat and Ismael, 2020; Slebi-Ace-
vedo et al., 2019; Wang et al., 2016; Yang et al., 2023), the distinctive
attributes of WCFs, arising from their diverse sources, sizes, and ar-
rangements (Akbar and Liew, 2020; Li et al., 2023), set them apart. The
thermal conductivity of waste carbon fiber is excellent, but the heating
speed under electromagnetic induction is relatively slow. To harness
their potential within asphalt mixtures, they must be combined with
steel fibers to establish a conductive network. This network facilitates
the efficient absorption of electromagnetic energy during the induction
heating process. Consequently, the heating process is accelerated,
enabling rapid localized heating of the asphalt mixture around micro-
cracks. The energy absorbed plays a crucial role in softening the asphalt,
reducing viscosity, improving flowability, and ultimately leading to a
self-healing phenomenon. Despite these promising attributes, the pre-
cise extent and mechanisms through which WCFs influence the effec-
tiveness of multiple heating healing in asphalt mixture remain unclear.

This study explored roles of WCFs on the efficiency of multiple in-
duction heating healing behavior in asphalt mixture. Research was
conducted to investigate the variation patterns of asphalt viscosity and
workability with different levels of WCFs content. The optimal dosage of
WCFs in asphalt was determined. Subsequently, asphalt mixture con-
taining steel fibers was prepared at the optimal dosage of WCFs, and two
control groups were set up to analyze the effect of WCFs on the induction
heating performance of asphalt mixture. Finally, the changes in peak
load and healing rate of asphalt mixture under multiple "fracture-heal-
ing" cycles were quantitatively analyzed by a semi-circular bending test
(SCB). This research provides new avenues and theoretical support for
improving the self-healing properties of asphalt mixture while
addressing the challenges of waste management.

2. Materials and test methods
2.1. Raw materials

The binder chosen for this research was 70# virgin asphalt, the
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characteristics of which are detailed in Table 1. The aggregates
employed in the study were sourced from Guangzhou, China, their
essential physical parameters being outlined in Table 2. Steel fibers were
also integrated into the asphalt mixture; these fibers exhibited an
average length of 2.5 mm and a diameter of 65 pm. Depending on the
experimental setup, their contribution to the mass of the asphalt mixture
varied between 2% and 4%. A critical component of our study, Waste
Carbon Fibers (WCFs), were procured from Shenzhen, China. These fi-
bers were residual materials from the carbon fiber spinning process,
along with offcuts produced during the cutting and shaping operations
associated with carbon fibers. The technical properties and specifica-
tions of the WCFs are provided in Table 3.

2.2. Preparation of WCFs modified asphalt and asphalt mixture

2.2.1. Preparation of WCFs modified asphalt

In order to achieve a homogeneous dispersion of waste carbon fibers
within the asphalt mixture, a procedure was implemented whereby the
WCFs were incorporated into the virgin asphalt to synthesize WCF-
modified asphalt (WCFMA). The detailed steps are outlined as follows.

The preparation of WCFMA involves a sequence of distinct stages.
Initially, the WCFs were subjected to a drying process at 110 °C for an
hour, ensuring removal of any residual moisture. Subsequently, the
virgin asphalt was heated to a temperature of 165 °C. To circumvent
clumping of the WCFs within the asphalt, they were gradually incor-
porated into the heated asphalt over a span of 10 min. Following the
addition of WCFs, a high-speed shear operating at 4500 r/min was
employed to facilitate swift and uniform distribution of WCFs in the
heated asphalt, maintained at 165 °C + 5 °C for 30 min. Post shearing,
the asphalt mix was transferred to an oven set at 130 °C and was left
undisturbed for 2 h, or until no visible bubbles surface from the asphalt
mix. To experiment with the impact of WCFs content on the asphalt
properties, three different concentrations of WCFs were utilized, namely
1%, 2%, and 3% by weight of the virgin asphalt. Table 4 provides the
identification details of each WCF-modified asphalt (WCFMA) mixture.

2.2.2. Preparation of asphalt mixture

Fig. 1 displays the aggregate gradation of the asphalt mixture utilized
in this study. Asphalt mixture incorporating 2% steel fiber (by weight of
the asphalt mixture) was prepared at the optimal WCFs dosage. Two
control groups were created using Pen70 asphalt: one set of asphalt
mixture was prepared with 2%wt steel fiber, and another with 4%wt
steel fiber. Table 5 details the identifications of asphalt mixture.

Various test methods can be employed to assess the self-healing
performance of asphalt mixture, including three-point bending, four-
point bending fatigue, indirect tensile, direct tensile, and semi-circular
bending (SCB) tests. Among these, the SCB test stands out due to its
simplicity and flexibility in sample acquisition through methods like
Marshall, rotary compaction, and core-drilling sampling. Moreover, the
SCB test yields results that closely correlate with actual road perfor-
mance, making it the preferred choice for evaluating the healing capa-
bility of asphalt mixture (Badroodi et al., 2020; Liu et al., 2022; Zhu

Table 1
Physical properties of 70# virgin asphalt.

Physical properties Test Test methods (JTG
results E20-2011)

Penetration (25 °C, 100 g, 5'5; 0.1 66 T0604
mm)

Softening point (°C) 49 T0606

Ductility (15 °C, 5 cm/min; cm) >100 T0605

Viscosity (135 °C; Pa-s) 0.526 T0625

RTFOT

Mass loss (%) 0.1 T0608

Residual penetration (%) 63 T0604

Ductility (15 °C, 5 cm/min; cm) 22 T0605
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Table 2
Basic physical performance of aggregates.

Aggregate properties Test Test method (JTG
type results E42-2005)
Coarse Aggregate crushing value 10.2 T0316
aggregate (%)
Los Angeles wear value (%) 11.4 T0317
Apparent relative density 2.951 T0304
Water Absorption (%) 0.5 T0308
Pin content (%) 4.9 T0312
Soft soil content (%) 0.4 T0320
Less than 0.075 mm particle 0.1 T0310
content (%)
Fine Apparent relative density 2.882 T0328
aggregate Mud content (%) 1.4 T0333
Sand equivalent (%) 75 T0334
Table 3

Technical specifications of WCFs.

Technical specifications

Test results

Tensile strength (GPa) 1.68
Tensile modulus (GPa) 752
Diameter (pm) 10
Average fiber length (mm) <3
Electrical resistivity (Q-m) 102
Table 4
Identifications of asphalt binders.
Binder types Identifications
Virgin asphalt Pen70
WCFMA with 1 wt% WCFs content WCFMA1
WCFMA with 2 wt% WCFs content WCFMA2
WCFMA with 3 wt% WCFs content WCFMA3
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Fig. 1. Aggregate gradation used for asphalt mixture.
Table 5
Identifications of asphalt mixture.
Asphalt mixture Identifications
WCFMA1-+2%wt steel fibers w2
Pen70 + 2%wt steel fibers P2
Pen70 + 4%wt steel fibers P4
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et al., 2020).

In this study, testing was conducted using SCB samples with a
thickness of 50 mm. The preparation process is illustrated in Fig. 2.
During the forming process, a double-sided saw needed to be used to
symmetrically cut the specimens formed by Superpave Gyratory
Compactor (SGC). SCB specimens of 50 mm thickness were prepared,
with predetermined notch depths of 10 mm, 15 mm, and 20 mm. After
cutting, the samples were left at room temperature for over 24 h to
ensure complete drying. Similar procedures have been employed in
previous research studies as well (Fakhri et al., 2020; Liu et al., 2022).

2.3. Viscosity and workability characterization of WCFMA

Rotational viscosity offers insights into flow characteristics, tem-
perature sensitivity, and workability—critical aspects during the in-
duction heating healing process. The interplay between flow
characteristics, temperature susceptibility, and the healing efficiency is
substantial (Cao et al., 2018). To determine the optimal dosage of WCFs,
measurements of rotational viscosity were conducted on Pen70 and
WCFMA at five different temperatures (120 °C, 135 °C, 150 °C, 165 °C,
180 °C) using a Brookfield viscometer (DVIII).

2.4. Heating characteristics of asphalt mixture

As shown in Fig. 3, this study utilized the DDCGP-60 ultra-high
frequency induction heating equipment produced by Shenzhen Dongda
Co., Ltd. The output frequency of the equipment is 285 kHz, and the
output power is 9.2 kW. The induction heating equipment consists of a
cooling water tank, an ultra-high frequency electromagnetic induction
heating equipment body, and a 15cm x 15 cm coil. The induction
heating equipment generates an inductive magnetic field to heat the
conductive fillers inside the asphalt mixture. Additionally, to accurately
monitor the temperature changes of asphalt mixture, the DS-2TPH13-
3AVF handheld thermal imager was used to collect temperature data
throughout the entire heating process. The collected data was then im-
ported into the HIKMICRO Analyzer thermal imaging analysis software,
which was compatible with the thermal imager. This software allows for
the analysis of temperature data for each point in the image as well as
the temperature conditions within defined regions (such as maximum
temperature, minimum temperature, average temperature, etc.). The
induction heating rate, vertical temperature transfer, cooling patterns of
asphalt mixture were investigated.

2.4.1. Induction heating rate

During the induction heating process, the room temperature was
maintained at 25 + 1 °C. A 15 x 15 cm square copper coil was used, with
an induction heating distance of 10 mm. In order to enhance the vertical
heat transfer inside the asphalt mixture and avoid overheating of the
surface temperature, a heating mode of 3 s on and 1 s off was adopted.
Real-time temperature was recorded.

As shown in Fig. 4, the average temperature within a depth range of
5 mm from the upper surface was used as the average temperature of the
upper surface, and the temperature was recorded once per second.
Heating was stopped when the average temperature of the upper surface
reached 110 °C.

2.4.2. Effective heating depth

As shown in Fig. 4, based on the results of previous experiments, a
temperature of 50 °C was taken as the effective healing temperature of
asphalt mixture. After heating stopped, the depth corresponding to 50 °C
in the vertical direction was read every minute.

2.4.3. Cooling rate

Fig. 4 explains the test method for the cooling rate of asphalt
mixture. After the heating ended, the average surface temperature of the
asphalt mixture was recorded every minute. The test was halted when
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Fig. 4. Heating and temperature measurement method for SCB specimen.
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the surface average temperature drops to 50 °C.
2.5. Multiple "fracture-healing" tests on asphalt mixture

As shown in Fig. 5, The multiple "fracture-healing" tests on SCB
specimens were conducted to evaluate the multiple healing capability of
asphalt mixture. The MTS-810 electronic universal testing machine was
utilized to conduct the SCB test, which involved the following specific
steps:

(1) Based on Fig. 5, the SCB specimens were placed in an environ-
mental chamber at 25 °C for 6 h, and then the specimens were
removed and installed on the support. The specimen was loaded
at a rate of 50 mm/min, and vertical displacement and corre-
sponding load values were recorded 100 times per second. To
prevent excessive deformation of the specimen, the termination
condition for loading was set as the load attenuating to 80% of
the peak load.

(2) After the failure, the specimen was left to stand at 25 °C for 6 h,
and then the sample was healed according to the heating method
described in Section 2.4.

(3) As shown in Fig. 5,the healed samples were placed in a 25 °C
environment for 24 h, and then the above steps were repeated
until the healing rate reached the specified value.

The loading curve generated during the loading process is shown in
Fig. 6, and the critical load value (P) can characterize the strength
characteristics of the specimen. Fracture energy is a crucial metric that
quantifies the energy dissipated by a specimen during the fracturing
process, offering valuable insights into the fracture behavior of asphalt
mixtures. In this study, the Fracture Energy Recovery Rate (FERR) serves
as a pivotal parameter for assessing the self-healing performance of the
asphalt mixture, as shown in Eq. (1) and Eq. (2). The effectiveness of
FERR in evaluating self-healing performance lies in its capacity to cap-
ture the material’s ability to recover from fractures. A higher FERR in-
dicates a proficient healing process that can effectively restore fracture
energy, thereby highlighting the material’s enhanced resilience and
durability across repeated loading cycles.

G Wi U
FERR; =— =2 = — » 100% 1
Gy o Uy ’ .

Area
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Fig. 6. SCB loading curve.

Area= (r —a)t (2)

Where FERR; was defined as the ratio of fracture energy; G; represented
the fracture energy value for the i-th loading after the initial loading, J/
m? Gy represented the initial loading fracture energy value, J/m?; W;
corresponded to the breaking work after the first cycle of loading, with
the same size as the integral area, J; Wy represented the fracture work for
the first load, also with the same size as the integral area, J; Area referred
to the connecting area in the middle of the sample, mm?; r denoted the
sample radius, mm; a represented the length of the incision, mm; t was
the thickness of the sample, mm. It should be noted that Area; and Areay
have the same size under the experimental conditions in this study.

3. Results and discussion
3.1. Viscosity and workability requirement of WCFMA
Fig. 7 shows the viscosity of the pen 70 and WCFMA at different

temperatures. One evident trend observed was that the viscosity of
asphalt binder exhibited a gradual increase with the augmentation of
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Fig. 5. Multiple "fracture-healing" tests scheme.
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Fig. 7. Viscosity at different temperatures for Pen70 and WCFMA.

WCFs dosage, while it underwent a decrease with elevated tempera-
tures. Specifically, at a consistent test temperature (using the example of
viscosity at 150 °C), with every 1% increase in WCFs dosage, the vis-
cosity of asphalt binder increased by 58.08%, 44.29%, and 35.45%,
respectively. It was notable that as the dosage of WCFs increased, the
rate of asphalt viscosity growth gradually diminished. This phenomenon
could be attributed to the formation of a spatial network structure
within the asphalt due to the higher WCFs dosage, thereby impeding the
flow of lighter asphalt binder components (Yao et al., 2013). Conse-
quently, the viscosity of the asphalt increased, leading to a deterioration
in its workability during construction.

In order to ensure that the asphalt binder had reasonable workability
during construction, the Superpave specifications recommended vis-
cosities of approximately 170 mPa s and 280 mPa s for mixing and
compaction of asphalt mixtures, respectively (JTG E20-2011). The cor-
responding mixing and compaction temperatures for asphalt binder at
its optimal viscosity were determined based on the data presented in
Fig. 7. Subsequently, the temperature data were presented in Fig. 8,
facilitating a comprehensive understanding of the relationship between
construction temperature and WCFs dosage. Upon analyzing Fig. 8, it

175 ®  Mixing temperature
® Compaction temperature
173.7

Al P
) R-square=0.99
165 | 166.7
-]
ot
=
=160
g
2, y=-40.71%¢"37+185.62
5155 - R-square=0.99
=~ 154.8

150

145 145.4

1 1 1 1

1 2
WCF content (%)

Fig. 8. Required temperatures of WCFMA with different dosages of WCFs for
mixing and compaction of asphalt mixture.
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became apparent that the optimal mixing temperatures for Pen70,
WCFMA1, WCFMA2, and WCFMA3 were determined as 154.8 °C,
162.3°C,170.3°C, and 173.7 °C, respectively. Furthermore, the optimal
compaction temperatures for these asphalt types were determined as
145.4 °C, 153.8 °C, 161.8 °C, and 166.7 °C. Regression analysis yielded
significant results, indicating a pronounced exponential relationship
between the dosage of WCFs and the corresponding construction
temperature.

The introduction of WCFs in asphalt binder required an increase in
temperature to ensure proper workability, as depicted in Fig. 8. How-
ever, raising the temperature resulted in higher energy consumption,
which contradicted the goals of cleaner production. In conclusion, the
addition of WCFs enhanced the viscosity and road performance of
asphalt to a certain degree. Nonetheless, an excessive content of WCFs
will have adverse effects on the workability during construction and also
impact the flowability of asphalt during the induction heating process.
Therefore, it is crucial to maintain an appropriate dosage of WCFs to
optimize their benefits. After comprehensive consideration, the dosage
of WCFs was set at 1% by weight of the virgin asphalt binder.

3.2. Evaluation of temperature characteristics of asphalt mixture

3.2.1. Heating performance analysis

The induction heating rate directly determined the efficiency of
induced healing in asphalt mixture. The variations of the average surface
temperature over time for the three asphalt mixture specimens after
induction heating were shown in Fig. 9. It was observed from Fig. 9 that,
under the heating mode of 3 s of heating followed by 1 s of rest, the
average surface temperature of the asphalt mixture specimens exhibited
an overall upward trend. Specifically, the surface average temperatures
of W2, P2, and P4 all reached 110 °C, requiring heating durations of 48 s,
59 s, and 30 s, respectively. The linear regression analysis of the
temperature-time relationship yielded heating rates of 1.48 °C/s,
1.27 °C/s, and 2.51 °C/s for W2, P2, and P4, respectively. Compared to
P2, the heating rates of W2 and P4 increased by 16.5% and 97.6%,
respectively. It became evident that directly increasing the dosage of
steel fibers proved more effective in enhancing the heating rate of
asphalt mixture. Additionally, it was found that incorporating WCFs into
the mixture, without altering the dosage of steel fibers, also contributed
to an improvement in the induction heating rate of asphalt mixture to a
certain extent.

To analyze the induction heating rate characteristics of asphalt
mixture more accurately, the heating process was divided into four
stages: Stage 1 (25-50 °C), Stage 2 (50-75 °C), Stage 3 (75-100 °C), and
Stage 4 (100-125 °C). The time taken for each stage was recorded, and
the results were presented in Fig. 10.

From Fig. 10, it can be observed that P2 required the longest heating
time in each stage. On the other hand, compared to P2, P4 exhibited the
shortest heating time in each stage. By increasing the dosage of steel
fibers by 2%, the asphalt mixture generated more heat internally. The
heating times for P4 in each stage were reduced by 62.5%, 37.5%,
50.0%, and 33.3%, respectively. The inclusion of WCFs significantly
enhanced the heating rate of W2 in Stage 1, reducing the heating time by
50.0% compared to P2. However, in Stages 2-4, the heating times for P2
and W2 were essentially the same. This suggested that within the tem-
perature range of 50-110 °C, the WCFs did not exhibit a substantial
improvement in the heating and temperature rise performance of the
asphalt mixture surface. One possible explanation for this phenomenon
was that the addition of WCFs enhanced the ability of asphalt mixture to
absorb heat in Stage 1, resulting in a rapid increase in the surface tem-
perature of the specimens. However, as the heating time increased, the
WCFs could not generate eddy currents and generate heat under the
magnetic field, failing to provide additional heating sources for the
asphalt mixture. Moreover, the average surface temperature could not
reflect the gradient of heat transfer in the vertical direction. Therefore,
the heating times for P2 and W2 were similar in the subsequent three
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Fig. 10. The duration of different heating stages in asphalt mixture.

stages.

3.2.2. Effective heating depth analysis

The surface heating rate reflected the heating performance of asphalt
mixture under induction heating, while the vertical heat conduction in
asphalt mixture determined the effective heating depth. The infrared
images of temperature conduction in the vertical direction of asphalt
mixture after induction heating are shown in Fig. 11. The color differ-
ence in the infrared image could effectively reflect the variations in
temperature conduction within the asphalt mixture specimens over
time. In this context, brighter colors represented high-temperature

areas, while darker colors represented low-temperature areas. Accord-
ing to the results of previous experiments, a minimum effective healing
temperature of 50 °C was established for asphalt mixture. As shown in
Fig. 11, the depth corresponding to a temperature of 50 °C in the vertical
direction of the SCB specimen was measured using infrared analysis
tools, and the rectangular area from the top of the specimen to the
effective depth was defined as the effective heating area of the asphalt
mixture.

From Fig. 11, it could be observed that the effective heating depths
inside the three types of asphalt mixture varied over time. For W2, as
time increased, the effective heating depth range continuously deep-
ened, and by the 6th minute, the temperature throughout the entire
specimen had reached the effective healing temperature, with an
effective heating depth of 50 mm. For P2, within the first 2 min of heat
transfer, the effective heating depth range continuously deepened. Be-
tween 2 and 4 min, the effective heating depth reduced, and during the 4
to 6-min process, the effective heating depth remained constant. For P4,
within the first 2 min, the effective heating depth continuously deep-
ened, while between 2 and 4 min, the effective heating depth remained
constant. During the 4 to 6-min process, the effective heating depth
decreased.

In order to further quantify the variations in effective heating depth
inside the asphalt mixture specimens, the results of the effective heating
depth within each specimen over time were presented in Fig. 12. In
Fig. 12, the negative values of the effective heating depth stem from the
selection of the specimen surface as the reference point. When exam-
ining depths below this reference point, the negative values inherently
indicate positions relative to the surface. From the results in Fig. 12, it
could be observed that only the effective heating depth of W2 gradually
increased with time, achieving complete and effective heating of the 50
mm thick specimen within 6 min. At the 2 nd min, both P2 and P4
specimens reached their maximum effective heating depths, measuring
32.6 mm and 32.4 mm, respectively. The effective heating depths of P2
and P4 were approximately equal at this time, while the effective
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Fig. 11. Effective heating depth of different asphalt mixture after induction heating for different time.
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Fig. 12. Trend of effective heating depth of asphalt mixture with time.

heating depth of W2 was 40.1 mm, indicating an increase of approxi-
mately 7.5 mm compared to P2 and P4. This also indicated that WCFs
could greatly promote the vertical heat transfer of steel fiber asphalt
mixture, significantly increasing the effective depth of induction heat-
ing. This was because WCFs were flexible materials with excellent
thermal conductivity and electrical conductivity. Through the modifi-
cation of the virgin asphalt binder, they could be fully dispersed into the
asphalt mixture. WCFs not only enhanced the heat absorption capacity
of the asphalt mixture but also effectively transferred surface heat
continuously to the interior of the asphalt mixture, thereby improving
the uniformity of induction heating in asphalt mixture. This provided
the possibility for induction heating of thicker asphalt pavements.

In addition, it was worth noting that although the average surface
temperature rise rate of P4 was the highest, the effective heating depth
did not increase compared to P2. Furthermore, after 4 min, the effective
heating depth of P4 would decrease. This was due to the fact that while
the heat performance of the steel fibers was strong, the increase in steel
fiber content accelerated the heat exchange between the surface of the
asphalt mixture and the surrounding environment, resulting in signifi-
cant heat loss. This manifested as a decrease in the effective heating
depth within the asphalt mixture specimens over time. Therefore, it is

necessary to control the content of steel fibers within a reasonable range.

3.2.3. Cooling process characterization

After the cessation of heating, the time-dependent variations of
average surface temperature for three types of asphalt mixture are
shown in Fig. 13. According to the fitting results from Fig. 13, the
average surface temperature of the asphalt mixture exhibited a single
exponential decay trend as time elapsed. Among them, P4 had the fastest
temperature decay, followed by P2, while W2 had the slowest average
surface temperature decay. The time required for W2, P2, and P4 to
reach a surface average temperature of 50 °C was 20 min, 12 min, and 8
min, respectively. This result also indicated that the addition of WCFs
significantly prolonged the duration of asphalt mixture at the effective
healing temperature.

Through a comparison between P2 and P4, coupled with the insights
derived from the effective heating depth analysis in Section 3.2.2, it was
concluded that W2 facilitated efficient heat conduction from the surface
into the specimen’s interior. This process minimized thermal radiation
transfer between the specimen’s surface and the surrounding environ-
ment, thereby reducing heat loss. Therefore, with the slowest cooling
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Fig. 13. Trend of average surface temperature changes in asphalt mixture over
time post induction heating.
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rate, W2 enabled heat to be distributed evenly within the asphalt
mixture and to be maintained for a sustained period, effectively facili-
tating the self-healing process of the asphalt mixture. Additionally, the
rapid decrease in surface temperature for P4 also fully explained the
phenomenon of reduced effective heating depth in the latter half.
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3.3. Analysis of multiple "fracture-healing” behavior of asphalt mixture

3.3.1. Variation patterns of mechanical strength
Through the utilization of SCB testing, the force-displacement

response of distinct asphalt mixture subjected to multiple "fracture-
healing" cycles was meticulously scrutinized. For the purpose of clarity
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expression, we shall employ the following notations: Let Rx denote the x-
th healing process, while Ny shall represent the pre-existing notch length
of the specimen as y.

As shown in Fig. 14, the loading curve of the first fracture indicated
that for SCB specimens with the same crack depth, the peak load of W2
and P4 were similar, and both were higher than the peak load of P2. This
suggested that when the steel fibers content in the asphalt mixture was
2%wt, increasing the steel fiber content or adding WCFs to the asphalt
mixture enhanced its crack resistance. In fact, it had been proven that
carbon fibers uniformly dispersed in asphalt mixture acted as re-
inforcements and improved its crack resistance (Wang et al., 2016).
Compared to steel fibers, WCFs exhibited better stability and corrosion
resistance at high temperatures and could be repeatedly used in induc-
tion heating. Additionally, WCFs had a higher elastic modulus and lower
weight, which better prevented asphalt mixture from undergoing plastic
deformation under loading, enhancing the stiffness and stability of
mixture structures while reducing the load on the foundation and sup-
porting structures (Akbar and Liew, 2020).

Moreover, significant differences were observed in the number of
"fracture-healing" cycles that the three variations of asphalt mixture
could endure. W2 proved capable of withstanding up to five "fracture-
healing" cycles, whereas P2 and P4 could tolerate only three and two
cycles, respectively. Notably, throughout these five cycles, the peak load
of 10 mm notched SCB specimens from W2 showed minimal decrease
and even exhibited a slight increase after the 2nd, 3rd, and 4th cycles.
Conversely, the peak load of the 15 mm and 20 mm notched SCB
specimens demonstrated a slight reduction as the number of cycles
increased, suggesting that the asphalt mixture’s strength in W2 recov-
ered well after each healing cycle. In contrast, following 2-3 cycles, the
peak load of SCB specimens from P2 and P4 fell dramatically, implying a
less satisfactory strength recovery after multiple healing cycles for these
asphalt mixture types.

Journal of Cleaner Production 423 (2023) 138694

3.3.2. Variation patterns of fracture energy

The recovery of SCB specimen strength provided insight into the
wetting and filling effects of asphalt flow on cracks under the effective
healing temperature. With an increasing number of "fracture-healing"
cycles, stress damage accumulated gradually at the crack tip. Thus, it
was imperative to analyze the healing process of asphalt mixture
through an energy perspective.

By analyzing the loading curve, the fracture energy for SCB speci-
mens with varied crack depths was calculated, as illustrated in Fig. 15. In
addition, we closely examined and fitted the relationship between
fracture energy and the number of healing cycles. As can be seen from
Fig. 15, the deeper the crack depth in SCB specimens, the lower the
required fracture energy. This phenomenon can be linked to the greater
mechanical damage incurred from loading on deeper cracks, which fa-
cilitates easier failure of the specimens and consequently necessitates
less fracture energy for failure.

Fig. 15 illustrates the fitting results for W2, showing a linear decrease
in the fracture energy of the SCB specimen with increasing healing cy-
cles, given a constant notch depth. After five healing cycles, the required
fracture energies to cause a break in SCB specimens with notch depths of
10 mm, 15 mm, and 20 mm amounted to 62%, 46%, and 33% of the
initial fracture energy, respectively. These findings support the concept
that mechanical damage inflicted on the specimen by the crack increases
in proportion with the notch depth. Moreover, with each successive
"fracture-healing" cycle, stress damage at the crack site accumulated,
leading to a pronounced decrease in the healing efficiency of the asphalt
mixture. Therefore, to fully utilize the benefits of induction healing in
asphalt pavements, it is crucial to perform induction heating healing
early in the pavement’s life. This approach can prevent stress damage
accumulation under load, thereby achieving improved healing outcomes
and effectively extending the pavement’s service life. Fig. 15 (b) and (c)
demonstrate similar trends for P2 and P4. Of note, the fitting results
revealed that for the same notch depth, the fracture energy decay rate
followed a descending order: P4 > P2 > W2. This rapid decay in fracture
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energy clearly indicated an inferior healing efficiency for P2 and P4.

3.3.3. Evaluation of multiple healing effect

Based on the results analysis in Sections 3.3.1 and 3.3.2, the Fracture
Energy Recovery Rate (FERR) was selected as the healing indicator for
asphalt mixture. The healing results for three types of asphalt mixture
are displayed in Fig. 16.

Fig. 16 illustrates that the healing indicators for all three types of
asphalt mixture decrease with the increasing number of "fracture-heal-
ing" cycles. The FERR provides a quantitative reflection of the stress
damage accumulation in asphalt during multiple healing processes from
an energy standpoint. This allows for a more accurate assessment of the
healing condition of asphalt mixture. Notably, W2 managed to maintain
a healing indicator of over 30% after undergoing five healing cycles - the
highest among the three types. In contrast, P4 only managed two healing
cycles, and the healing indicator dropped below 30% after the second
cycle. P2, with a healing cycle limit of three, showed a FERR of only 21%
for its 20 mm notched SCB specimen after the second healing, with the
healing indicator dropping below 30%. These findings suggested that
WCFs could improve the multiple healing potential of asphalt mixture,
restore the strength of damaged asphalt mixture, and reduce stress
damage accumulation during successive "fracture-healing" cycles. This
underscored that when the steel fibers content exceeded 2%wt, an in-
crease in steel fibers content could exacerbate the stress damage accu-
mulation during "fracture-healing" cycles, significantly affecting the
healing efficacy of asphalt mixture. In addition, these results also
revealed that focusing solely on the surface heating rate when inducing
asphalt mixture healing via induction heating could be limiting. To
ensure optimal healing, it’s essential to transfer the heat generated by
electromagnetic induction fully into the asphalt mixture, increase the
effective heating depth, and prolong the duration of the effective healing
temperature.

91%
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3.4. Discussion on the mechanism of multiple "fracture-healing" of asphalt
mixture

Fig. 17 illustrates the role of waste carbon fibers (WCFs) in
enhancing the efficiency of multiple induction heating healing behav-
iors within asphalt mixture. The beneficial effects of WCFs on the asphalt
mixture’s capability for repeated "fracture-healing" can be attributed to
two primary mechanisms.

Firstly, WCFs significantly enhance the vertical heat transfer effi-
ciency within the asphalt mixture during induction heating. This
heightened heat transfer efficiency ensures comprehensive self-healing
initiation, even within 50 mm-thick SCB specimens. The extent of
effective heating profoundly influences the realization of multiple
heating healing effects.

Secondly, the incorporation of WCFs, combined with steel fibers,
establishes a robust three-dimensional network structure within the
asphalt mixture. This synergistic amalgamation of WCFs and steel fibers
strengthens the material’s resistance to cracks. Consequently, this
arrangement leads to reduced mechanical damage during successive
fracture occurrences, thereby minimizing cumulative mechanical
degradation over multiple fracturing events. The reduction in the extent
of this damage facilitates the rapid recovery of the strength and fracture
energy of asphalt mixtures after induction heating.

Under these favorable conditions, characterized by complete and
effective healing coupled with reduced mechanical damage, the strength
and fracture energy of the W2 asphalt mixture undergo substantial
rejuvenation. As a result, the number of healing cycles significantly in-
creases, thereby vigorously promoting multiple induction heating
healing behavior within the asphalt mixture.

4. Conclusions
This research offers innovative insights into enhancing asphalt

8% 170

Fig. 16. Trends of FERR under cyclic "fracture-healing": (a) W2; (b) P2; (c) P4.

11



X. Yeet al

Induction™___/

@, e Self-healing
4~ n-(")‘ not triggered
g
Al "

Asphalt concrete!

Crack _Asphalt concrete
> 0

Journal of Cleaner Production 423 (2023) 138694

2 cycles of
fracture-healing

Vertical
heat
transfer :
the
effective
heating

Flowing state
of asphalt.

Self-healing
not triggered

Capillary action

<50

Self-weight o
asphalt 3 cycles of

fracture-healing

depth
continued
to
increase |

WCFs

Fully triggered
self-healing

W2: WCFMA1+2%wt steel fibers

Steel fibers

Steel fibers and WCFs had played a synergistic role
in enhancing the strength of asphalt concrete

Schematic demonstration of Induction heating
healing mechanism for asphalt concrete

R 5 cycles of
fracture-healing

Fig. 17. Mechanism of waste carbon fibers on the efficiency of multiple induction heating healing behavior in asphalt mixture.

mixture self-healing using waste carbon fibers. while also promoting the
resource recovery of waste carbon fibers in pavement engineering and
more environmentally friendly road maintenance methods. Several
critical conclusions can be summarized:

(1) WCFs were able to improve the viscosity of the virgin asphalt, but
excessive WCFs content resulted in poorer workability of the
asphalt binder. The optimal WCFs content was 1% (by weight of
the virgin asphalt binder).

WCFs slightly increased the induction heating rate of asphalt
mixture, significantly improved the efficiency of heat transfer in
the vertical direction within the asphalt mixture, and achieved
effective heating of a 50 mm thick specimen within 6 min. In
addition, WCFs slowed down the rate of decrease in the average
surface temperature of asphalt mixture.

WCFs enhanced the crack resistance of asphalt mixture during
multiple "fracture-healing" cycles, and increased the number of
"fracture-healing" cycles. At the same time, under the same
number of cycles and destruction conditions, it enhanced the
healing efficiency of the asphalt mixture.

The mechanism by which WCFs promoted the effect of multiple
induction healing of asphalt mixture was mainly explained in two
aspects: on one hand, WCFs were able to reinforce the mixture,
enhancing the crack resistance of asphalt mixture and reducing
the accumulation of mechanical damage during multiple healing
processes. On the other hand, the excellent thermal conductivity
of WCFs enhanced the efficiency of heat transfer from the surface
of asphalt mixture to the interior, effectively reducing heat loss,
increasing the effective healing depth of asphalt mixture,
extending the effective healing time, and providing more favor-
able conditions for the healing of cracks.
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