<]
TUDelft

Delft University of Technology

Document Version
Final published version

Citation (APA)

Wan, P., Wu, S, Liu, Q., Wang, H., Gong, X., Zhao, Z., Xu, S., Jiang, J., Fan, L., & Tu, L. (2023). Extrinsic self-healing
asphalt materials: A mini review. Journal of Cleaner Production, 425, Article 138910.
https://doi.org/10.1016/j.jclepro.2023.138910

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.jclepro.2023.138910

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Journal of Cleaner Production 425 (2023) 138910

ELSEVIER

Journal of Cleaner Production

journal homepage: www.elsevier.com/locate/jclepro

ournal of

Contents lists available at ScienceDirect Cleaner
tion

Review

Extrinsic self-healing asphalt materials: A mini review

Pei Wan?, Shaopeng Wu ™, Quantao Liu™” ", Huan Wang?, Xing Gong °, Zenggang Zhao?,

Shi Xu“, Jian Jiang©, Lulu Fan®, Liangliang Tu®

2 State Key Laboratory of Silicate Materials for Architectures, Wuhan University of Technology, Wuhan, 430070, PR China

Y Wuhan University of Technology Advanced Engineering Technology Research Institute of Zhongshan City, Zhongshan, 528400, PR China
€ School of Civil Engineering and Architecture, Wuhan University of Technology, Luoshi Road 122, Wuhan, 430070, PR China

4 Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN, Delft, the Netherlands

€ Shenzhen Sez Construction Group Co., Ltd, Guangdong, Shenzhen, 518034, PR China

ARTICLE INFO ABSTRACT

Handling Editor: Giovanni Baiocchi Self-healing is a biological phenomenon in which living organism responds to the suffered damage in a complex
way. Inspired by the self-healing phenomenon in nature, various biomimetic healing methods rooted in intrinsic
or extrinsic healing mechanisms have been explored. Research on novel self-healing asphalt materials with
intelligent response is at the cutting-edge of materials science and offers a potential strategy for building long-life
and low-carbon asphalt concrete infrastructure. This paper describes the progress of research on extrinsic self-
healing asphalt materials and makes a clear distinction between intrinsic and extrinsic self-healing. The
asphalt self-healing mechanism is interpreted by capillary flow theory, phase field theory, molecular diffusion
theory and surface energy theory form various perspective. The extrinsic self-healing strategies including thermal
induced healing and rejuvenator induced healing are proposed to enhance the healing level of cracked asphalt
materials. A brief review of the methods including fracture-healing test and fatigue-healing test for assessing the
efficacy of different extrinsic healing methods is presented. The thermal induced healing method bring high
crack repair efficiency for asphalt concrete and the rejuvenator induced healing strategy not only improve the
healing ratio of cracked asphalt concrete but also regenerate the ageing asphalt in situ. Important lessons for
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prospective research on the creation of novel self-healing asphalt materials are highlighted.

1. Introduction

Asphalt concrete, which is primarily composed of asphalt binder and
stone aggregates, has been widely used in the building of road networks
due to its excellent performance (Garcia et al., 2010; Li et al., 2019;
Menozzi et al., 2015; Yang et al., 2023). Nevertheless, micro-cracks and
aging fatally occur in asphalt pavement due to the cumulative effects of
UV irradiation, oxidation, water erosion, temperature variation and
traffic loading (Hu et al., 2020; Li, J. et al., 2022b; Menapace and Masad,
2018; Polo-Mendoza et al., 2022; Sun et al., 2021; Yang, C. et al., 2022).
If the maintenance treatment is not conducted on asphalt pavement
timely, the micro-crack expands and degenerates into macro-crack,
which will shorten the service duration and affect the concrete frame-
work stability and traffic security. Nowadays, conventional mainte-
nance treatments face a series of serious challenges including resource
scarcity, energy reliance and greenhouse gas (GHG) and volatile organic
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compounds (VOCs) emission (Cui et al., 2021; Gong et al., 2023; Li et al.,
2023; Lv et al., 2023; Ma et al., 2021; Xie et al., 2023; Yu et al., 2018).
Hence, extend the service life of asphalt pavement can minimize the
need for additional constructions while decreasing the maintenance cost
and GHG and VOCs emission.

The utilization of self-healing, a naturally occurring phenomenon
originating from biological systems, presents a promising approach for
the repair of cracks in asphalt materials. To date, the scholars have put
considerable efforts in self-healing research from soft polymeric mate-
rials (Kang et al., 2018) to ceramics (Ozaki et al., 2016), cementitious
(Huang et al., 2016) and bituminous materials (Anupam et al., 2022).

Asphalt, as a representative viscoelastic substance, can autogenously
repair the micro-crack during rest periods, which is regarded as intrinsic
healing of asphalt (Garcia, 2012; Qiu et al., 2011; Sun et al., 2018b; Sun
et al., 2020; Zhang, L. et al., 2018). However, the attainment of the
optimal intrinsic healing state is unfeasible in practical service
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environment due to unstoppable traffic flow and uncontrollable mete-
orological condition, which make asphalt binder lack the ability to
repair the micro-cracks. Therefore, extrinsic healing methods have been
introduced to improve the crack repair efficacy of asphalt materials.

This article developed a profound and extensive comprehension of
the self-healing mechanism of asphalt and introduced advanced
extrinsic healing strategies for asphalt materials. The concept of
extrinsic healing is a noteworthy and forward-thinking idea that holds
considerable promise for achieving sustainable pavement maintenance
in a low-carbon environment.

2. Self-healing definition and mechanism of asphalt materials
2.1. Definition of asphalt self-healing

Self-healing is one of the significant features of biology, and it has
become a hot spot of research in various countries to introduce the
concept of biology into polymer materials to form intelligent materials
with self-healing performance. As early as in the mid-eighties, in order
to repair invisible microcrack, ensure the safety of polymer materials
and extend the service life, the U.S. military proposed the concept of self-
healing materials (Jud et al., 1981). The so-called self-healing refers to
the principle of mimicking the damage healing of living organisms, once
the material has defects, it has the ability of self-recovery in the absence
of external action, which is called self-healing. It includes two aspects of
meaning: the first has the ability of self-diagnosis, that is, the system can
make some kind of response when the external action produces cracks or
damage, sensing such cracks or damage; the second has the function of
self-repair. After sensing the damage, the healing agent starts to repair
and complete the restoration of material properties and structure, the
core of self-healing is energy supply and material replenishment.

Polymers can be classified in a variety of ways depending based on
classification. According to the structure of polymerization, they can be
divided into reticulated polymers (thermosetting polymers) and chain
polymers (thermoplastic polymers). Thermosetting polymer units con-
nected into a network, at high temperatures is still not melted, and will
not be deformed, has a strong resistance to high temperatures. Smart
materials with self-healing properties are also categorized as thermo-
plastic and thermoset on the same basis. Thermoplastic polymer units
are connected into chains, usually melt when heated, have plasticity,
harden and form when cooled, and can be reused; thermosetting poly-
mer units are connected into a network, and can be reused (Wu et al.,
2008).

There are many different healing methods for thermoplastic mate-
rials, and the corresponding healing mechanisms are also different, with
the main ones including mutual diffusion, photoinduction, recombina-
tion of chain segments and reversible bond formation (Jud and Kausch,
1979). Amorphous, semi-crystalline, block copolymers and fiber com-
posites are self-healing by mutual diffusion. The specific process is the
same two pieces of polymer closely together, heating temperature to the
polymer above the glass transition temperature, with the diffusion of
molecules, the interface at the interface of the material gradually dis-
appears, the mechanical properties of the material is gradually
enhanced, until the crack is completely healed. The healing time
required for this healing method is affected by pressure as well as
temperature, and for self-healing of polymers by molecular diffusion, a
five-step healing mechanism of surface rearrangement, surface prox-
imity, wetting, diffusion, and random distribution was proposed by
Wool and O’Connor (Wool and O’connor, 1981) and it’s acknowledged
by scholars.

Owing to the complexity of the chemical component and micro-
structure of asphalt, the asphalt cannot be defined as single thermo-
plastic materials. The self-healing process is considered a double healing
superposition behavior, which involves complex physical and chemical
actions. Motivated from the self-healing phenomenon observed in
polymers, self-healing of asphalt can be characterized as the progress of
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sealing crack interfaces through contact points and the restoration of
initial properties under favorable environmental conditions (Anupam
et al, 2022; Ayar et al, 2016; Gonzalez-Torre and
Norambuena-Contreras, 2020; Li et al., 2021; Liang et al., 2021; Sun, D.
et al., 2018).

2.2. Mechanisms of asphalt self-healing

The self-healing of asphalt materials is influenced by various factors,
including asphalt composition, structure, ageing level, damage degree,
ambient moisture, repair temperature and time (Ayar et al., 2016; Lv
etal., 2017; Sun, D. et al., 2018; Tabakovic¢ and Schlangen, 2016; Varma
et al., 2021). It is imperative to investigate the intrinsic mechanism of
asphalt self-healing behavior in order to attain a comprehensive un-
derstanding of its complexities.

A thorough comprehension of the self-healing mechanism is the key
point to precisely characterize and evaluate asphalt self-healing.
Generally, as shown in Fig. 1, four predominant self-healing theories
consisting of capillary flow theory (Garcia, 2012; Zhang, L. et al., 2018),
phase field theory (Hou et al., 2015; Kringos et al., 2011), molecular
diffusion theory (Bhasin et al., 2011; Yu et al., 2020) and surface energy
theory (Lytton et al., 1993; Si et al., 2002) are adopted to explain the
healing of asphalt materials.

The theory of capillary flow is proposed at macroscopic level and the
establishment condition is that asphalt binder can exhibit near-
Newtonian fluid behavior under elevated temperatures. Therefore, it
presupposes that when the ambient temperature exceeds the transition
temperature of Newtonian fluid, asphalt at the crack interface show self-
healing behavior under molecular interdiffusion after sufficient contact
via the capillary flow, which is conducive to the restore of mechanical
strength. The capillary flow theory explains the healing mechanism of
asphalt binder at high temperatures on a macroscopic scale, but fails to
provide a corresponding elucidation for the healing of asphalt at low
temperatures.

The phase field theory establishes the relations between the asphalt
self-healing phenomenon and its micro-structure evolution by using
atomic force microscopy (AFM) analysis. It states that from the
perspective of thermodynamics, asphalt self-healing can be interpreted
as a recombination process of material-phase field. The stress concen-
tration region at the interface of two phases is prone to the development
and subsequent repair of micro-cracks. The completion of asphalt
healing is attributed to the wetting of the interface between the intact
and cracked phases, which is caused by the surface energy between
them. The phase field theory is a theoretical framework that investigates
the alterations in the microstructure of asphalt materials throughout the
duration of cracking and healing. This theory can be employed to
elucidate the mechanisms underlying the propagation of cracks and the
subsequent healing processes. Nevertheless, there is an ongoing debate
regarding the formation principle and composition of the bee-like
structure found in asphalt binder. This has resulted in the phase field
theory being insufficient in providing a complete explanation for the
self-healing behavior of asphalt.

The Molecular diffusion theory characterizes the asphalt self-healing
behavior from molecular level. The three-stage healing theory of asphalt
cracks has been widely accepted, namely, (1) the closure of macro crack
via the coagulation stress and asphalt movement; (2) the closure of
micro crack by wetting and adhesion of crack interface; (3) the restore of
mechanical property through the molecular diffusion at crack interface
(Phillips, 1998). Current studies on molecular diffusion theory are based
on molecular dynamics simulations, and it is still impossible to track the
observation of molecular diffusion in asphalt by imaging techniques.

The surface energy theory is proposed in the fracture mechanics field
and it states that the reduction of surface energy serves as the impetus
for the self-healing behavior of asphalt (Lytton et al., 1993; Si et al.,
2002). The process of asphalt cracking and healing is associated with the
reduction of crack surface energy through the variation of crack
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Study scale :10*~10?m

Phase field theory
Study scale :10%~10°m

Molecular diffusion theory
Study scale :10°~10°m

Fig. 1. Multiple-scale interpretation of the self-healing mechanism of asphalt. Capillary flow theory (Garcia, 2012) phase field theory (Kringos, 2009) and mo-

lecular diffusion theory (Sun, D. et al., 2016).

interfaces in the area. The healing rate was determined by the nonpolar
(Lifschitz-Van der Waals) and polar (Lewis acid-base) components
(Little et al., 1999). While the surface energy theory can categorize the
process and factors that affect asphalt healing based on theoretical for-
mulas, it requires substantial experimental data to corroborate its
claims. In summary, a plausible approach to comprehend the
self-healing mechanism of asphalt at various stages and scales is to
appropriately integrate the four theories.

3. Recent strategies for achieving extrinsic healing of asphalt
materials

According to the intrinsic healing mechanisms of asphalt, it can be
inferred that the flow and diffusion of asphalt play a crucial role in the
process of crack closure. The impact of viscosity on the flow and diffu-
sion of asphalt is a significant consideration. Therefore, decreasing
asphalt viscosity to enhance its flow properties is a crucial factor in the
extrinsic healing of asphalt.

Asphalt is a viscoelastic material that exhibits temperature sensi-
tivity and displays obvious reduction in viscosity when subjected to high
temperatures. The solar radiation is uncontrollable and unable to pro-
vide on-demand healing for the cracked asphalt. Therefore, the imple-
mentation of regulated heat supply system for asphalt is beneficial in
facilitating timely crack repair. Asphalt as multicomponent mixture
loses its light component and thus has high viscosity under the ageing
action. Related studies indicated that the active agent can be added into
asphalt to restore the balance of light component ratio and lower the
viscosity of asphalt (Behnood, 2019; Ji et al., 2017; Zahoor et al., 2021).
Nevertheless, direct spraying of rejuvenator on asphalt pavement can
only penetrate the surface layer of pavement and fails to meet the

requirement of whole area healing. Besides, the spayed rejuvenator re-
duces the skid resistance of the pavement, which will drastically degrade
the vehicle security. Therefore, it is imperative to encapsulate the
asphalt rejuvenator and incorporate into the asphalt concrete and sub-
sequently release it on demand to speed up crack healing.

3.1. Extrinsic self-healing

Extrinsic self-healing is developed based on energy provision or
healing agent supply to the damaged asphalt to facilitate the repair of
structural damage. The extrinsic healing for asphalt materials can be
defined as providing healing energy or supply healing agent for cracked
asphalt materials to improve its healing efficiency. The extrinsic self-
healing enables the asphalt materials to react to the incidence of mul-
tiple cracking events and repair multiple cracks concurrently. Drawing
inspiration from the hyperthermia technology and drug capsule devel-
oped by humans (shown in Fig. 2), heat energy via external activation or
supply rejuvenator within encapsulation carrier can be provided for
cracked asphalt concrete to accelerate the repair process in time.
Currently, the classification of extrinsic self-healing in asphalt materials
encompasses two distinct categories, namely thermal induced self-
healing and rejuvenator encapsulation induced self-healing.

3.2. Thermally induced healing strategies

The thermal induced self-healing approach encompasses two pri-
mary techniques: electromagnetic induction heating self-healing (Fu
et al., 2023; Garcia et al., 2009; Gomez-Meijide et al., 2018; Li et al.,
2019; Liu et al., 2010; Menozzi et al., 2015) and microwave induced
heating self-healing (Gallego et al., 2013; Liu et al., 2022; Lou et al.,

Human being

\ @ )

—

Asphalt pavement

Thermal induced healing

Self-healing capsule

Fig. 2. Insights from medical treatment of human being to damage repair of asphalt pavement. Whole-body hyperthermia. Reprinted with permission from
http://news.sohu.com. Drug capsules. Reprinted with permission from http://news.sohu.com. Thermal induced healing (Garcia et al., 2010). Self-healing capsule

(Norambuena-Contreras et al., 2019b).
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2021). As shown in Fig. 3, proper dosage of conductive or microwave
responsive substances are added into asphalt mixtures and then the
resultant mixtures are subjected to thermal treatment through external
stimulation (electromagnetic field or microwave, as shown Fig. 4) when
micro cracks appear. The increase of asphalt temperature accelerates the
flow ability of asphalt binder near the microcrack area which accelerates
the closure of crack in asphalt concrete.

In 2009, Garcia et al. firstly introduced the electrically conductive
fillers and fibers such as graphite and steel wool into asphalt mortar to
increase the conductivity and explore the feasibility of induction heating
(Garcia et al., 2009). They proposed a four-stage conductivity mode for
asphalt materials with conductive additives, as depicted in Fig. 5. Their
investigation revealed that the percolation threshold was reached at an
earlier stage when steel fibers were added, as compared to the addition
of graphite. Meanwhile, it has been determined that there exists an
optimal fiber content for every sand-asphalt ratio. If the fiber content
surpasses this threshold, the mixture becomes challenging to produce
and the electrical resistivity levels off. Moreover, it was discovered that
the asphalt mortars containing three different quantities of steel wool
exhibited the capability of induction heating while their temperature
rise were observed. Subsequently, considerable academics-initiated in-
vestigations into the utilization of electromagnetic induction heating for
asphalt materials. In 2013, Gallego et al. innovatively applied the mi-
crowave instead of electromagnetic induction to asphalt concrete con-
taining steel wool and explored the healing property under different
variables (Gallego et al., 2013). The study revealed that the most
favorable proportion of steel wool employed in this research is
approximately one-tenth of the quantity suggested for electromagnetic
induction heating. Furthermore, the energy consumption of microwave
devices is significantly lower than that of electromagnetic induction
methods for achieving a comparable outcome. Since then, researchers
have also begun to explore the effect of microwave heating on the
healing properties of asphalt concrete. The thermal induced healing
technology bring superior crack repair efficiency and muti-crack sealing
potential for asphalt concrete. However, this technology requires the
mixing of specified materials in the asphalt mixture and human inter-
vention during its service life, which not only consumes a lot of plentiful
power energy, but also produces masses of greenhouse gases during
operation period.

3.3. Rejuvenator encapsulation induced healing strategies

The utilization of thermal-induced healing technology has the po-
tential to enhance the efficiency of crack repair in asphalt concrete.
Regrettably, this technology is incapable to address the ageing issue of
asphalt materials in the actual service period. The utilization of the
rejuvenator encapsulation induced healing strategy has the potential to
facilitate both the repair process of cracked asphalt and the rejuvenation
of aged asphalt in situ through the provision of light components
(Gonzalez-Torre and Norambuena-Contreras, 2020; Li et al., 2021; Wan

Conductive materials Asphalt binder

/

Vv
Aggregates

Microcrack

(ﬂ'l’(‘l’l‘l’l’l‘l‘l‘)

» Induction heating
» Microwave heating

-RXUQDO RI &0OHDQHU 3URGXFWLRQ

1

mfrare% Induction
Wi 7 heating system

Infrared camera
9

Fig. 4. Thermal induced healing technology: (a) electromagnetic induction
heating healing and (b) microwave induction heating healing (Nor-
ambuena-Contreras and Garcia, 2016).
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Fig. 5. The four-stage conductivity mode of asphalt materials with conductive
additives (Garcia et al., 2009).

et al., 2022b). The proposed technique involves the encapsulation of
asphalt rejuvenator within capsules or fibers (shown in Fig. 6), which
are subsequently incorporated into asphalt mixtures. As illustrated in
Fig. 7, in the event of micro-crack formation within the asphalt binder,
the tip stress stemming from micro-crack will break the capsule and the
inner rejuvenator will follow out and diffuse to crack zone. The reju-
venator fills in crack and softens the asphalt around the crack zone. The
asphalt on both sides of the crack will diffuse and move, get along with
the contact for molecular rearrangement, hence the crack is gradually
closed and the mechanical performance of asphalt are gradually
restored. The application of rejuvenator has the potential to mitigate the

Asphalt softening

Closure of crack

Fig. 3. The mechanism of thermal induced healing for asphalt.
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Fiber wall
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Ca-alginate fiber

Compartmented fiber

Fig. 6. The common forms of rejuvenator encapsulation. (a) Core-shell microcapsules (Sun et al., 2018a). (b) Muti-cavities capsule (Norambuena-Contreras et al.,
2019a). (c) Hollow fiber (Guo et al., 2019). (d) Compartmented fiber (Shu et al., 2019).

Capsules Asphalt binder

/
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Zoom
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> Capsule fracture &
rejuvenator release

J

Asphalt & Rejuvenator

> Asphalt rejuvenation
via diffusion

Y,

Fig. 7. The mechanism of rejuvenator induced healing (in capsule form) for asphalt (Tabakovic¢ and Schlangen, 2016).

stiffness of asphalt binder and speed up crack sealing. The proposed
technique entails utilizing the capillary action of rejuvenator to remedy
cracks and restore the deteriorated asphalt binder in the vicinity of the
crack. Therefore, rejuvenator encapsulation induced healing is an
intelligent and sustainable pre-maintenance methods for extending the
service life of pavement.

3.3.1. Self-healing capsule
In 2010, Garcia et al. firstly applied the rejuvenator encapsulation
technology to asphalt concrete (Garcia et al., 2010). They employed

porous stone to absorb asphalt rejuvenator forming core materials and
utilized an epoxy-cement matrix as shell materials to envelop the core,
as shown in Fig. 8. The prepared capsules exhibited exceptional thermal
and mechanical durability, enabling them to withstand the process of
asphalt concrete preparation. The authors put forth the fundamental
operational principle of the stone-epoxy-cement capsule in asphalt
concrete. Specifically, when the stress experienced by the capsules
embedded within the asphalt mixture surpasses a certain threshold, the
capsules will fracture and discharge a portion of the rejuvenator,
thereby restoring the initial characteristics of the asphalt. The effective

Fig. 8. The fabrication process of stone-epoxy-cement capsule (a) and its CT scan image (b) (Garcia et al., 2010).
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implementation of rejuvenator encapsulation within asphalt concrete
represents an initial stride towards the development of intelligent
pavements.

However, the incorporation of stone-epoxy-cement capsule has been
observed to significantly decrease the modulus of asphalt concrete,
rendering it more prone to permanent deformation. Additionally, the oil
present in the porous sand exhibits limited flow into the asphalt mastic,
thereby restricting its ability to enhance the self-healing characteristics
of asphalt concrete. Therefore, the researchers developed novel encap-
sulation carriers for loading asphalt rejuvenators.

Presently, the incorporation of healing agent within polymer cap-
sules is being utilized to enhance the healing effectiveness of asphalt
materials. The in-situ polymerization method is utilized to synthesize
core-shell microcapsule with micrometers size. The present study has
opted for polymer materials, namely melamine-formaldehyde (MF)
(Aguirre et al., 2016; Sun et al., 2015),
methanol-melamine-formaldehyde (MMF) (Su and Schlangen, 2012;
Wang, Y.-Y. et al., 2022), urea-formaldehyde (UF) (Li et al., 2015; Wang
and Hao, 2021) and melamine-urea-formaldehyde (MUF) (Sun et al.,
2015, 2017a), polyurethane (PU) (Tan et al., 2020), isophorone diiso-
cyanate (IPDI) (Chen et al., 2023; Ji et al., 2021), high methylether
melamine—formaldehyde (HMMM) (Tian et al., 2020; Yang, P. et al.,
2022) to serve as shell materials. The asphalt rejuvenator is used as core
material. The multi-cavities capsule is fabricated by the iron-exchange
principle and the orifice-bath method. The calcium alginate is
employed as wall material, while the vegetable oil is selected as asphalt
rejuvenator and is encapsulated in the cavities within the capsule
(Al-Mansoori et al., 2018b; Bao et al., 2020; Micaelo et al., 2016; Nor-
ambuena-Contreras et al., 2019a; Ruiz-Riancho et al., 2021a; Wan et al.,
2022a; Zhang et al., 2019).

The core-shell microcapsules show intelligent response to micro-
crack within asphalt binder and open the door for smart maintenance of
asphalt pavement. However, compared with multi-cavities capsules,
there are some limitations for core-shell microcapsules.

(a) Synthesis condition. The capsules with multiple cavities are
produced using the orifice-bath technique under mild reaction
conditions, whereas the core-shell microcapsules are predomi-
nantly synthesized via the in-situ polymerization method under
strict reaction conditions. Moreover, the raw material utilized in
the production of multi-cavity capsules is environmentally
friendly, whereas the synthetic raw material utilized in the pro-
duction of core-shell microcapsules has negative impacts on the
environment.

Rejuvenator loading content. The multi-cavities capsules (mm
size) own plentiful inner cavities structure and the healing agent
is embedded in separate cavities. Conversely, the microcapsules
(um size) own conventional core-shell structure where the entire
rejuvenating substance is contained within the shell. Due to the
size advantage and distinctive structure, the multi-cavities cap-
sules outperform core-shell microcapsules in rejuvenator encap-
sulation capacity.

Rejuvenator release pattern. The multi-cavities capsules release
the encapsulated rejuvenator in a gradual manner when sub-
jected to the external loading, while the core-shell microcapsule
tend to break under the action of microcrack tip-stress, leading to
the sudden release of the entire rejuvenator at once. The release
mechanism of rejuvenator in core-shell microcapsule is intelli-
gent by sensing the onset and spread of micro-crack. However,
the single-use release pattern has a limited functional lifespan
and lacks the ability to facilitate healing of multiple cracks.
Moreover, the issue of matching the strength of microcapsules
and microcrack tip stress poses a challenge in guaranteeing the
timely release of the healing agent within the microcapsules. The
activation mechanism of the rejuvenator release of multi-cavity
capsules involves the accumulation action of cyclic compressive

b

-

(c

~
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loading, which may fail to achieve the immediate smart healing
objective, but can effectively accomplish the long-term healing
goal by gradually releasing the healing agent.

(d) Impacts on the pavement performance. The fracture of micro-
capsules occurs due to tip stress and results in the formation of
micro-pores within the asphalt binder. This process has the po-
tential to negatively impact the stability of the pavement struc-
ture. The capsules with multiple cavities and appropriate strength
can release the rejuvenator that is encapsulated within them
without rupturing, due to the elastic contraction-expansion
pattern. This process does not have adverse impact on the per-
formance of the pavement.

3.3.2. Self-healing fiber

Inspired by human blood vessels, the polymer fibers are also
commonly used to encapsulate asphalt rejuvenator to improve the self-
healing properties of asphalt. The fiber can be categorized as hollow
fiber and compartmented fiber based on the inner structure. As shown in
Fig. 9, the wet-spinning method is commonly employed in the prepa-
ration of the hollow fiber. The Polyvinylidene fluoride resin (PVDF) is
used as the wall material, and the oily rejuvenator is selected as the
healing agent (Guo et al., 2019; Qing Wang et al., 2021; Su et al., 2019;
Zhang, X.-L. et al., 2018). The compartmented fiber is fabricated by the
wet-spinning method (Tabakovi¢ et al., 2016; Zaremotekhases et al.,
2020) or microfluidic technology (Li, Y. et al., 2022; Shu et al., 2018).
The calcium alginate serves as the wall material, while the commercial
rejuvenator and vegetable oil are selected as the healing agents.

As presented in Fig. 10, upon exposure to stress at the micro-crack
tip, the whole rejuvenator in hollow fiber will follow out and can only
heal the micro-crack for one time. The compartmented fiber in-
corporates rejuvenator within discrete chambers, which can be gradu-
ally released upon microcrack activation, thereby conferring multiple
healing capabilities to asphalt materials. One notable difference be-
tween hollow and compartmented fibers is their respective single-crack
healing capabilities and the former excel later. This can be attributed to
the greater amount of rejuvenator stored in the hollow fibers, as well as
their unique pattern of releasing all rejuvenator at once. However,
compartmented fibers demonstrate superior multi-crack healing capa-
bility and long-term healing potential compared to hollow fibers due to
the presence of internal isolated chambers that contain healing agents.

4. Assessment of extrinsic healing level of asphalt materials

The evaluation of the healing level of bituminous materials typically
involves the assessments of their self-healing capacity, crack repair
status, mechanical functionality, and chemical characteristics.

4.1. Visual observation

The topic of visually monitoring the process of crack repair has been
a prominent area of research within the field of self-healing. Scholars
have endeavored to investigate the healing process of asphalt cracks
through various scales of observation. Comprehensive visualization of
the microcrack change process was carried out by imaging and micro-
scopy techniques. The qualitative characterization of asphalt materials
before and after extrinsic healing treatment has been extensively studied
through the analysis of the camera photos (Liu et al., 2013; Sun et al.,
2017a), CT reconstruction images (Garcia, 2012; Micaelo et al., 2016)
and fluorescence microscope (FM) pictures (Sun et al., 2017a), as shown
in Fig. 11. These results confirmed that the asphalt crack exhibited a
distinct closure state after the extrinsic healing intervention.

4.2. Improved healing level for asphalt materials

The results of visual observation show that asphalt exhibits a higher
potential for effective crack repair following extrinsic healing treatment
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Fig. 9. The common fabrication methods of hollow fiber and compartmented fiber. (Left) wet-spinning method and hollow fiber (Zhang, X.-L. et al., 2018), (Right)

micro-fluidic method and compartmented fiber (Shu, B. et al., 2019).

Fig. 10. The rejuvenator release mechanisms of hollow and compartmented fiber (Wan et al., 2022b).

compared with plain asphalt specimen. Nevertheless, it should be noted
that achieving visual closure of cracks does not necessarily ensure the
full restoration of the mechanical properties of asphalt mixture. There-
fore, it is imperative to assess the healing efficiency of asphalt materials
from mechanical standpoint.

The efficiency of extrinsic healing strategies in promoting the self-
healing capacity of asphalt necessitates the use of appropriate method-
ologies for its evaluation. Self-healing assessment methods in the labo-
ratory can be classified into fracture-healing tests and fatigue-healing
tests based on the extent of damage (Li et al., 2021; Varma et al., 2021),
as depicted in Fig. 12. The fracture-healing tests are conducted to assess
the healing ratio of the two observable crack surfaces of the test speci-
mens. This is achieved through providing intervals of rest to gradually
heal the apparent visible cracks and restore their mechanical attributes.
The fatigue-healing tests have been devised to investigate the healing of
microcracks in undamaged specimens during the repetitive fatigue load
procedure, which better simulates the asphalt pavement under actual
service conditions.

4.2.1. Evaluation of healing ratio of asphalt mixtures via thermal induced
healing treatment
The strength recovery is a metric utilized to evaluate the healing

efficiency of asphalt concrete following thermal induced treatment. The
three-point bending (3 PB) test (Liu et al., 2011; Xu et al., 2022) and
semi-circular bending (SCB) (Fu et al., 2022; Norambuena-Contreras,
2017) test are usually conducted on asphalt concrete with conductive
materials to obtain the strength recovery ratio. The asphalt concrete
with steel fiber exhibits a favorable capacity for self-healing upon
exposure to electromagnetic induction heating, and the maximum
strength recovery ratio can reach 77.9% (Liu et al., 2013). Moreover, the
process of electromagnetic induction heating can be iterated up to five
times on asphalt mixtures beam in the event of crack formation, without
compromising the healing efficacy of the fractured beams. The fatigue
life of asphalt concrete is determined through the application of the
four-point bending (4 PB) fatigue-healing-fatigue test subsequent mul-
tiple cycles of electromagnetic induction heating. The study conducted
by Liu et al. investigated the induction healing effect of porous asphalt
concrete. The experimental procedure involved subjecting the material
to four cycles of damage loading, induction heating, and resting. The
results indicated that the final fatigue life of the beam was 277720, with
a corresponding fatigue life extension ratio of 190% (Liu et al., 2012).

A discernible thermal gradient is present in the asphalt specimens
subjected to electromagnetic induction heating. The temperature dif-
ferential between the uppermost and lowermost portions of the
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Fig. 11. The multiscale observation methods for crack repair process. (a) Fracture and healing morphologies of asphalt binder with 3 wt % microcapsules (Sun et al.,
2017a). (b) Fractured beam photo before and after induction heating (Liu et al., 2013). (c¢) CT scan reconstruction images of asphalt mixtures beam through the
induction healing process (Garcia, 2012). (d) CT scan images of asphalt mixtures with capsules before and after healing process (Micaelo et al., 2016). (e) Fluo-
rescence microscopic images of crack evolution of asphalt binder with microcapsules (Sun et al., 2017a).

Fig. 12. Self-healing evaluation methods for asphalt materials in laboratory. Test for asphalt binder: (a) DSR fatigue-healing-fatigue test (Sun et al., 2017b; Tan et al.,
2020). (b) Pre-cut ductility test (Xue et al., 2017).(c) tensile stress recovery test (Shu, B. et al., 2018). Test for asphalt mixtures: (d) Four-point bending
fatigue-healing-fatigue test (Liu et al., 2012). (e) Three-point bending test (Wan et al., 2022a). (f) Semi-circular bending test (Xu, S. et al., 2019).

specimen exhibits an increase in proportion to the duration of h