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The concept of self-healing has an excellent potential to extend the life of asphalt pavement. This technology can be considered a
sustainable technology due to its ability to reduce the utilization of asphalt mixture production materials used for road
maintenance, polluting the environment. It is a complex physicochemical process wherein the molecular diffusion healing
mechanisms in asphalt materials are inspired by self-healing polymeric systems, which describe the self-recovery behaviors based
on polymer chain dynamics. Several methods have been adopted to improve the self-healing of asphalt, one of which is induction
healing. It is the process of heating the asphalt pavement incorporated with an electrically conductive material such as steel fibers,
wherein asphalt healing is undertaken via electric field induction. Induction healing via induction heating occurs with eddy
current where the electric current flows within the conductive fibers when magnetically susceptible under the magnetic field.
Microwave heating is another self-healing method similar to induction in which magnetic radiation is employed to treat asphalt
mixtures instead of the electric field-induced induction healing processes. The conductive fibers can absorb the electromagnetic
(EM) waves to convert them into heat energy through doublet polarization, interface polarization, and electrical conduction
dissipation when placed in the microwave field. These two types of heating systems, which are induction heating and microwave
heating, are compared and discussed thoroughly in this study. Finally, some recommendations for the future development of self-
healing asphalt are proposed.

1. Introduction

1.1. Asphalt Concrete in Civil Engineering. Asphalt concrete
(AC) consists of a mixture of bitumen and aggregate pro-
duced as a composite of viscoelastic and nonviscoelastic
materials used primarily on civil engineering structures such
as airports and highways [1, 2]. It is a material that deforms
at high temperatures and can become brittle at low tem-
peratures [3]. Asphalt concrete is utilized to build flexible
pavements and road networks that connect one city to
another. According to the Asia Trade Hub website,

Malaysia’s road network covers 144,403 kilometers, where
116,169 kilometers are paved and 1,821 kilometers are ex-
pressways [4]. However, after several years in service, the
flexibility and relaxation capacity of these asphalt concrete
roads gradually decrease due to the repeated daily traffic
loads and environment interchange (mainly temperature
and moisture) [5]. The asphalt binder becomes brittle,
lowering its adhesion capabilities, thereby causing the
separation of aggregates and the binder [2]. Therefore, from
time to time, such paved asphalt concrete needs to be
maintained to ensure the estimated lifespan of the road is
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achieved while preventing traffic accidents from occurring
due to the asphalt pavement distress [6]. One of the primary
indications of asphalt pavement distress is cracks. The
cracking mechanism related to bituminous materials is
complicated and depends on traffic loading conditions and
atmospheric temperatures. Atmospheric conditions that can
cause oxidation are one of the main reasons for the deg-
radation of asphalt mixtures. This event is also known as
aging, where the asphalt binders and their viscoelastic
properties become stiffer compared to their original states.
As time goes by, the materials will reach a certain level of
stiffness that causes them to become brittle, hence unable to
resist and recover during loading/unloading conditions,
which eventually leads to cracking at microscopic and
macroscopic levels. Many researchers have conducted
studies to solve the damage caused by cracking failure via
promoting crack closure at an early stage. Although the
capability of asphalt as a self-healing material has been
proven, its ability to heal is obviously limited due to nonstop
traffic loading and is not enough to accommodate the as-
phalt degradation that keeps happening due to atmospheric
conditions. Therefore, the induction of self-healing tech-
nology into asphalt mixtures was investigated and intro-
duced to overcome these problems [7].

1.2. Asphalt as Self-Healing Materials. Asphalt concrete is a
self-healing material that has the capability of restoring some
of its functionality. This usually occurs due to the potential of
bitumen to behave like a Newtonian fluid at temperatures
ranging from 30 to 70°C, depending on the type of bitumen
[8]. Dai et al. [3] reported the healing behavior of asphalt as
the self-recovery capability of asphalt materials under spe-
cific loading and/or environmental conditions, especially
during rest time. Xu et al. [9] also mentioned that the
fundamental of self-healing in asphalt pavement depends on
the initiation of a “mobile phase” during the rest period that
gradually results in crack closure. The self-healing material
will regain a certain rate of its functionality where the bi-
tumen can flow and diffuse to close its microcracks when it is
not exposed to loads [10, 11]. This process mainly occurs due
to the viscosity and gravitational force acting on the bitumen
[12]. However, it would not be possible to halt traffic on the
roads and allow enough self-healing and recovery at ambient
temperatures [13]. Hence, the healing of asphalt mixtures
becomes somewhat influenced by external conditions,
wherein further propagation of micro-to macrocracks re-
sults from consistent loading, loading level, number of load
repetitions, aging, and moisture conditions [14].

The primary goal of self-healing technology is to
ensure that the material heals after being subjected to
fatigue damage. It is a technology that plays a role mainly
during maintenance in areas where pavement distresses
occur. Even without a self-healing technology, a fatigued
pavement can be restored but it will consume a lot of time
and energy to recover its initial performance. Thus, this
technology aims to overcome the local or global level of
damage, extend, and renew the damaged part, system, or
component [15]. Fatigue damage occurs when shear forces
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are exerted on the stones within the road surface. This
causes strain within the adhesive bridges between the
stones. With recurring forces (repeated traffic load),
“fatigue taxation” will occur. Fatigue in these adhesive
bridges leads to the first stage of the three-stage damage
mechanism: crack initiation. The second stage is crack
growth, which is followed by the third stage: a complete
breakage of a singular adhesive bridge [16].

According to Tabakovi¢ and Schlangen [17], the self-
healing or self-repairing property of a material is referred to
as “its ability to substantially return to an original, proper
operating state or condition before exposure to a dynamic
and susceptible environment by making the necessary ad-
justments to restore to normality and/or its ability to resist
the formation of irregularities and/or defects.” The repair is,
in principle, an automatic initiated response to damage or
failure. In order to repair the damage, the self-healing system
must be able to identify and perform the restoration
mechanism. Fischer [15] states that repair is classified into
two categories:

(1) Attributive repair: Attempting to restore the attri-
butes of the system to their initial state.

(2) Functional repair: To restore the functionality of the
system. If the functionality cannot be fully reinstated,
the residual resources are utilized to supplement the
existing functionality.

Moreover, self-healing is also known as a very complex
physicochemical process. The molecular diffusion healing
mechanisms in asphalt materials are derived based on self-
healing polymeric systems, which describe its self-recovery
behavior based on polymer chain dynamics [18]. Wool and
O’Connor [19] divided the theory of crack healing into five
stages based on molecular interdiffusion. These five stages
are as follows:

(1) The surface rearrangement stage that affects the
diffusion initiation function and topological features
of the interface

(2) Approach stage that affects the healing mode

(3) The wetting stage that controls the wetting distri-
bution of the two faces of microcrack

(4) Diftusion stage that develops the mechanical prop-
erties during healing

(5) Randomization stage that involves complete loss of
memory of the crack interface

According to Tabakovi¢ and Schlangen [17], wetting,
diffusion, and randomization are the only primary stages in
an autonomous asphalt self-healing process. Meanwhile,
Qiu et al. [14] mentioned that self-healing is influenced by
the hydrogen bond and van Waals forces between molecules.

Moreover, Sun et al. [2] observed an ongoing event
between healing and fatigue in pavement during its service
life. This process was noticed to be dependent upon vari-
ations in the pavement temperature. Figure 1 shows the
schematic diagram of its mechanism. Moreover, asphalt type
and properties also influence the wetting capacity of
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FIGURE 1: Three-step healing mechanism in asphalt [2].

aggregate phases during healing. The wetting rate is directly
proportional to the asphalt surface energy. Hence, the dif-
fusion ability can be said to correspond to the portability of
the asphalt molecules. Nonetheless, some researchers have
discovered that the asphalt consisting of more molecules
with fewer and longer branched chains has higher molecule
mobility than smaller chains and larger branches [2].

Several methods of inducing self-healing in asphalt
pavement design have been presented and critically analyzed
concerning their functionality, design, and performance to
prolong its service life [20]. Some of the methods of self-
healing, as proposed by Tabakovi¢ and Schlangen [17], are as
follows:

(1) Incorporation of nanoparticles
(2) Induction healing

(3) Rejuvenation

This paper will focus on the mechanisms of induction
healing using different approaches based on different studies
reported in the literature.

2. Induction Healing Technology

The practice of heating asphalt surface layer “in situ” has
been in use for a long time. Despite the poor heat con-
ductivity of asphalt due to mineral aggregates, the road
surfaces were heated up using infrared heaters. The desired
level of heating to the asphalt layers especially at its lowest
layer was obtained by overheating the asphalt for a long
period of time by using “additive heat radiation.” One of the
disadvantages of this method was accompanied by great
waste of energy and constant burning of the bitumen in the
asphalt surface layer [16]. The poor heat conductivity of the
mineral aggregates in the asphalt mixture and too much loss
in heat energy were addressed by using electrically con-
ductive asphalt.

The first induction heating technology was invented by
Minsk [21]. His invention was based on preventing ice and
snow accumulation on flexible pavements by adding
graphite particles in an asphaltic concrete to make it elec-
trically conductive. Garcia et al. [22] and Liu et al. [13]
defined a conductive asphalt concrete as the portion of
asphaltic concrete that contains the bitumen, aggregates, and
conductive particles such as carbon fibers. Hence, an in-
duction heating device can effectively achieve localized
heating of the particles through heat diffusion, thereby
heating the binder and healing the cracks [23]. Asphalt-
containing conductive particles are exposed to a high fre-
quency alternating electromagnetic field during induction
heating by inducing eddy currents in electrically and
magnetically susceptible materials. The induced eddy cur-
rents heat the metallic fibers while the heat energy diffuses
into the bitumen to increase its temperature. Such induction
mechanism is conducive in aiding asphalt mixtures heal
quickly because bitumen mostly behaves as a Newtonian
fluid when its temperature is above its softening point [24].
Hassan et al. [55] observed that a very small volume of fibers
of more than 0% served to increase binder temperatures via
induction heating. Meanwhile, Garcia et al. [22] found that
there is an optimum volume of fibers for each mixture below
which the conductivity of the material suddenly drops to
that of a nonconductive material. However, above such
volume of fiber, they experienced difficulties in mixing while
the increase in the conductivity was also very low [22].
Furthermore, Garcia et al. [25] reported that the resistivity of
the mastic sample would keep reducing with the volume of
conductive additive. Until a certain level of conductive
volume content, the increasing of conductive volume will
not reduce the resistivity of the mastic sample any further.
This can be seen in Table 1 based on a study by Garcia et al.
[25] where the conductive additive reaches its peak for steel
wool, with a 5.83% steel wool + graphite and 6.54% steel
wool + graphite at approximately 2, 1, and 1Qm,
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TaBLE 1: Conductive particles-bitumen ratio for asphalt mortar systems at different conductive additive content [25].

Conductive additives content (vol %)

Log resistivity (Qm)

Graphite Steel wool 5.83% steel wool + graphite 6.54% steel wool + graphite
5.5 11 9.5 9 N/A
7 10.5 2 8.5 1
10.5 9.8 N/A 8.3 1
13 9.5 N/A 3 1
15.5 8.8 N/A 1.5 1
17 8.5 N/A 1 1
20.5 8 N/A 1 1

respectively. Further increment of steel wool content can
cause the mixing to become harder and form a cluster ball.
Thus, it is limited to approximately 6% steel wool content in
his study. Next, the test was conducted on the asphalt mastic
sample prepared with graphite (without steel wool), the
resistivity keeps reducing due to the filler particle size of
graphite where the connection between one particle and
another particle to induce current are weaker compared to
steel wool. This condition can be illustrated as in Figure 2
where the steel wool fibers form a connection between one
and another to form a conductive asphalt mastic.

Furthermore, Garcia et al. [22] and Dai et al. [3] utilized
the gel permeation chromatography technique to test
inducted healed specimens and noninducted specimens,
which demonstrated the chemical properties of the asphalt,
such as its averaged molecular weight not to be influenced by
induction healing. Similarly, the effect of chemical com-
position was also observed to exhibit a strong influence on
the induction healing properties of asphalt by which asphalt
with higher small molecule content/large molecular content
ratio combined with higher aromatics content had greater
self-healing abilities than those with smaller molecular and
lower aromatic contents [26].

2.1. Induced Healing via Induction Heating. Asphalt concrete
mixtures are generally added with conductive fibers in order
to improve their electrical conductivity so as to facilitate
effective induction heating. The process of adding the steel
fibers to the mixture is direct during mixing, without af-
fecting the gradation of the mixture. Liu et al. [13] reported
that the addition of long steel wool was more effective in
making asphalt concrete electrically conductive for 9.5 mm
steels long enough to conduct electric currents. Moreover,
the performance of long fibers with small diameters was
found by Sun et al. [27] to be better than short fibers with
bigger diameters. This finding was also supported by Gao
et al. [28] due to several benefits such as improving the
flexural strength and particle loss resistance of the asphaltic
concrete. However, asphalt mixtures with long fibers tended
to form cluster balls and increase the air void content of the
mixtures, which was associated with a reduction in the
mechanical properties of the mixtures as reported by
Norambuena et al. [29] and Gonzalez et al. [30].

Based on such observations, Xu et al. [24] recommended
the use of short and thick steel wool fibers with a diameter of
70-130 ym and length 4.2 mm because it is quite easier to

Graphite particle

Steel wool fibers

Asphalt mastic

Fine aggregate

Ficure 2: Illustration of asphalt mastic composition with and
without steel wool and graphite.

mix using the standard mixing procedure at an optimal steel
wool content of 6% by the volume of bitumen. Nonetheless,
some studies such as those conducted by Ameri et al. [31]
and Sun et al. [18] replaced a portion of the aggregate from
the asphalt mixture with steel slags as conductive materials
by which they attested to the fact that the steel slag-asphalt
mixture showed a better performance in healing when the
temperature distribution was more uniform. Furthermore,
laboratory test results also evidently indicated the use of
coarse steel slag aggregates in warm mix asphalt (WMA)
mixture in the enhancement of the tensile strength, resilient
modulus, Marshall stability, resistance to moisture damage,
and resistance to permanent deformation of the mixture
[31]. Similar reports on the mechanical performance of
asphalt mixture were mentioned by Dai et al. [3] while
investigating the induction healing effects of electrically
conductive asphalt mastic and asphalt concrete beams
through fracture-healing tests as asphalt mixture samples
were observed to still maintain at least half of their original
fracture strengths, after six fracture-healing cycles [32].

2.2. Induced Healing via Microwave Heating. The second
technique used to increase the temperature of asphalt
mixtures for the improvement of asphalt road maintenance
was microwave radiation heating [33-35]. The preliminary
analysis for production and cost was conducted by Bevacqua
et al. [36]. The results show that the performance of mi-
crowave healing in terms of cost-saving for a lifespan of 100
years is improved compared to a traditional method, such as
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reconstructing the asphaltic layer that requires trans-
portation and additional resource [37]. Microwave heating is
usually considered a potential technique for stimulating the
self-healing of composite materials, very much similar to
induction heating. Asphalt mixtures here are mostly exposed
to alternating electromagnetic fields under high frequencies
(in the order of megahertz) by using an electromagnetic
radiation device like a microwave, which is environmentally
friendly due to the reduction of carbon dioxide emission
[37, 38]. This heating effect has been established to affect the
properties of both water and bitumen in asphalt mixtures
[35], wherein it induced a change in the orientation of their
polar molecules as a result of alternating magnetic fields. As
a result, the molecule’s mobility becomes disrupted and
impeded while their temperature increases. Generally, as-
phalt mixtures are not susceptible to heating with induction
heating energy; however, the incorporation of metallic
particles known as microwave absorbers in asphalt mixtures
may help reflect the microwave radiation, thereby boosting
its temperature susceptibility [39]. Hence, the incorporation
of metallic and ferrous particles susceptible to electromag-
netic radiation such as steel slag can help increase the heating
rates of asphalt mixtures by absorbing and conducting more
thermal energy to other components of the mixtures, that is,
aggregates and bitumen [40]. The recommended sizes for the
metallic particles of steel fiber as a microwave reflecting
admixture by Deng et al. [41] are 0.4-0.8 mm and 0.5 mm
length to width, respectively. Recent findings have estab-
lished microwave heating to be more advantageous than
induction heating in terms of its high heating efficiency
(rapid heating), no direct contact with liquids, no air
emissions, fast thermal response, precise temperature con-
trol, and selective energy absorption [18, 42, 43]. The rapid
increase of total energy means that the sample can absorb
more energy to increase the temperature [44]. Microwave
heating proved to be more economical and effective than
electromagnetic induction in promoting self-healing of as-
phalt mixture with steel wool and graphite [45]. A study by
Xu et al. [46] also shows that microwave heating can alter the
structure of air voids compared to induction heating. Lastly,
the amount of power consumption and the optimal steel
wool dosages on employing microwave heating have also
been 10 times lower than required for electromagnetic in-
duction heating [47, 48].

3. Conductive Particles Used for
Induction Healing

The induction healing technology has ventured into the field
of materials engineering in the last few years. The utilization
of this technology has resulted in a revolution in the field of
material sciences and engineering. Some of the applications
of induction healing technology in engineering materials
and its recovery performance are presented in Tables 2 and 3,
respectively.

Mostly steel fibers and steel wools are the prevalent
materials utilized for both electromagnetic heating and
induction heating of asphalt mixtures. As shown in Table 2,
Liuetal. [11, 13, 50, 51] and Garcia et al. 23, 52] utilized steel

fiber and steel wool for asphalt mixture induction and
microwave radiation heating processes, while steel shavings,
carbon fibers, and utensil steel wool have also been
employed for crack healing procedures via both induction
and microwave radiation heating mechanism [53-56].
Similarly, steel by-products such as slags, wools, and fibers
have also been widely used in road pavements, due to their
excellent mechanical properties, in terms of roughness,
shape, angularity, hardness, polishing, and wear resistance
[56, 57]. Table 3 also proved that the healing performance of
asphalt mixtures by several researchers was able to improve
the healing by 50-100% depending on the type of conductive
material used. Therefore, both induction and microwave
heating systems are successful innovations that are able to
increase the lifespan of the asphalt pavement and lower the
maintenance cost.

Wu et al. [58] reported that the mechanical character-
istics of carbon fiber-reinforced asphalt matrix had im-
proved due to the nature of the insulating conductive
polymer composites. The incorporated high-aspect-ratio
carbon fibers were helpful to improve the conductivity of the
insulating polymer matrix even at relatively low concen-
trations. Therefore, the utilization of steel in the pavement
can be inferred to be quite suitable for both mechanical and
healing performances [59, 60].

4. Mechanism of Induction Heating

The induction heating system comprises alternating power
generators, induction coils, and electrically conductive steel
fibers incorporated and dispersed between the mixture’s
interstices, as shown in Figure 3. The coil normally produces
the magnetic field for a uniform amount of frequency under
an alternating electric power supply. As shown in Figure 3,
each conductive steel fibers within asphalt mixtures were
induced. Based on Faraday’s law, the presence of a mag-
netically susceptible and electrical material within a mag-
netic field leads to an electric current (eddy current) being
induced upon it at the same frequency as the magnetic field.
At the same time, the intensity of the current is proportional
to the intensity of each coil circulation [61]. Induction
heating in asphalt mixtures is usually generated through the
dominant joule effect, dielectric hysteresis, and contact re-
sistance between heated fibers. Joule heating (also known as
resistive or ohmic heating) generates heat from electric
energy due to the resistance imposed to current flow. In a
solid or liquid with finite conductivity, electric energy is
converted to heat through resistive losses in the material.
This causes heat to be generated by the conductor via
electron energy transfer to its atoms through electron-
electron collisions, which spreads across all its atoms. The
phenomena observed in the binder-conductor interfaces
result in heat transfer between conductor and asphalt binder
atoms; hence, uniform heating between both interfaces is
achieved. The transfer of energy from the applied electric
field results in unrecoverable heat loss between both atomic
interfaces refers to its dielectric loss, hysteresis, or dissipa-
tion. The amount of energy transfer is also mainly dependent
on the properties of both the conductor and binder used,
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TaBLE 2: List of research studies on the different types of material used for induction healing.

Healing
Type

Materials

References Used

Diameter
(pm)

Length
(mm)

Temperature
Heating ("C)

Duration of
Heating (s)

Relevant Conclusion

Induction
Heating

Induction
Heating

Induction
Heating

Steel fibre type
1
Steel wool
type 00

Liu et al.
[23]
Steel wool

type 000

Steel wool
type 000

Garcia et al.

[24] Graphite filler

Garcia et al.  Steel wool
[51] type 00

29.6-191.1

8.89-12.7

6.38-8.89

6.35-8.89

<20

8.89-12.7

<1

3.2/6.4/9.5

3-22, 30

1-15

180

60, 120, 180

180

(i) The porous asphalt concrete
with the best performance, i.e.,
higher resistance to particle loss
and water damage, was 8% by
volume of bitumen of steel wool
(type 00) of the length of 9.5 mm
(ii) Optimum content for the steel
fibre type 1, 00, and 000 are 20%,
12%, and 10%, respectively, while
the maximum temperatures
reached by each types of steel
fibre are 207°C, 169°C, and 137°C,
respectively.

(i) At an optimal volume of fibre
addition, the graphite can
increase and stabilize the
conductivity of the mastic.

(ii) The maximum temperature
for the 6% volume of fibre after
60s, 120, 180 s are
approximately 100°C, 150°C, and
200°C, respectively.

(iii) Increasing the volume of steel
fibre by more than 6% does not
increase the maximum
temperature further. The
resistivity graph proves that the
increase of steel fibre content by
more than 6% will improve
conductivity by approximately
10%.

(i) Based on the Marshall tests,
the mechanical resistance of the
asphalt concrete remains
unaffected with any change in the
volume of fibers and the mixing
time. The response remained
constant even though the
parameters were changed.

(ii) At the initial period of mixing,
the mixing time had a negative
effect on the length of the fibres.
(iii) The temperature increased
linearly for the increase in the
volume of fibres.

(iv) The maximum temperature
reached was lower when the fibre
was added in the first place to the
mixer than the fibre added in the
last place after aggregate and
bitumen. This is due to the length
reduction of the fibre when it is
mixed with the aggregate.
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TaBLE 2: Continued.

Healing

References

Materials
Used

Diameter Length Temperature
(um) (mm) Heating (°C)

Duration of
Heating (s)

Relevant Conclusion

Induction
Heating

Induction
Heating

Induction
Heating

Induction
Heating

Liu et al.
[52]

Liu et al.
[53]

Garcia et al.
[54]

Liu et al.
[11]

Steel wool
type 00

Steel wool

type 00

Steel wool
type 3
Steel wool
type 1
Steel wool
type 00

Steel wool
type 0000

Steel fibres

Steel slag

30, 50, 70, 85,

8.89-12.7 10 100

8.89-12.7 10 70, 85, 100

154.98

83.89 Length for
each steel
36.42 type.
Short —
fibres: 2.5,
Long
28.55 fibres: 7

70-130 4.2

Replace
partially of 80
coarse o
aggregate

180

60

(i) The mortar of porous asphalt
concrete exhibits a higher
nanoindentation modulus when
strengthened with steel wool.

(ii) Heating of the beam fracture
at 20°C does not result in any
healing. The fracture recovery
increased from 14.9 to 78.8%
when the heating time is from 30
to 85°C.

(i) The best outcome of healing
effects is obtained for an optimal
heating temperature of 85°C.
Overheating may result in
problems like swelling and binder
drainage, inhibiting healing.

(ii) Performing induction heating
multiple times can extend the
fatigue life of porous asphalt
concrete.

(iii) The fatigue life extension
ratio (healing rate) of the fatigue
damaged beams can be improved
by induction heating, wherein the
rate of healing is dependent on
the higher level of microstrain
developed.

(i) Steel wool fibers might
negatively impact the abrasion
loss performance of the asphalt
concrete mixture when they are
not homogeneously distributed,
characterized by the appearance
of fibre clusters.

(ii) The mechanical resistance of
the test samples could be
recovered up to 60% when the
material was damaged. This
happened at around 100°C.

(i) The induction heating rate of
the asphalt mixture can be
increased with the suitable
composition of steel fibres and
steel slag. The order of heating
rate for different asphalt mixtures
is SF+SS > SF > SS. The selection
of the right composition can
facilitate homogenous heating
and the efficiency of induction
healing.

(ii) Incorporating steel slag or
steel fibres may also improve the
water stability, Marshall stability,
and residual Marshall stability
ratio.
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TaBLE 2: Continued.

Materials

References Used

Diameter

(pm)

Length

(mm)

Duration of
Heating (s)

Temperature

Heating (°C) Relevant Conclusion

Grade 3
coarse-
grained 90 10
Trollull Steel
Wool

Tabakovi¢
et al. [55]

Microwave
Heating

IM8 Carbon

fibres 5.2 6.35

Microwave  Wang et al.
Heating [56] AS4 Carbon

fibres 7.1 6.35

Microwave
Heating

Kitchen wash
steel wool

Hassan

et al. [57] 97.54 3-7

Gonzélez
et al. [58]

Microwave

Heating 1.310

Steel shavings 3-21

(i) Busy airports that face

problems of runway closure can

benefit from the microwave

healing process using steel fibres.

The addition of steel fibres with
180 (at . . .

— 300W) 3 min of microwave .heahng
initiates a rapid healing process.
(ii) Optimum steel fibre content
for the Porous Friction Course
(PFC) mix is 5% with 300 W
heating power.

(i) The electrical resistivity of the
mastic can be decreased with an
optimal addition of carbon fibres.
It can even absorb more
microwave energy for healing.
Thus, less energy is required to
heal cracks on using carbon
fibres.

— 11120(2) §:,t) (ii) 3% of AS4 and 2% of IM8
carbon fibres by bitumen weight
have the best healing
performance.

(iii) The microwave energy was
absorbed by the carbon fibre and
heal the crack when the surface
temperature went up to around
100°C.
(i) Steel wool content of 3 and 5%
by volume of bitumen have an
excellent bonding between the
fractured surfaces 24 hours after
heating.
— 6(7)’03(\)/\7(; t (ii) Modified asphalt with steel
wool causes the bulk density to
reduce while the air void
percentage increases. Thus, to
overcome this problem, higher
compaction energy is required.
(i) After microwave radiation, the
average surface temperature of
the asphalt reached 71.7°C.
(ii) The number of air voids in the
mixture increased with the
addition of shavings which was
observed in SEM analysis. The air
voids are due to the complex
geometry and rough surface of
the shavings.

40 (at
700 W)

while the contact resistance depends on the resistance to
current flow due to the surface conditions of both materials
used. The heated binder usually exhibits Newtonian flow
when its temperature reached 50°C depending on the source
and composition of the asphalt binder as established by
Garcia [62], which helps fill the asphalt mixture cracks in a
sort of capillary flow. The capillary pressure drives the binder
to flow over crack space. However, such flow depends on the
bituminous flow threshold as different types of bitumen

exhibit different threshold temperatures for flow, depending
on their rheological properties, usually ranging from 30°C to
70°C. Menozzi et al. [63] claimed in their study that the flow
behavior index, n where it is near-Newtonian, occurs when
the flow behavior index is within 0.9 <n < 1. It is the tem-
perature where the Newtonian behavior occurs almost
starting from 30°C and above. Hence, the microcracks heal
and fill the binder while ensuring its bonding and adhesive
strength have been restored [3]. Additionally, the flow
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TaBLE 3: Comparison of recovery performance between the microwave and induction heating system.

Optimum heating temperature or

Recovery performance of optimum steel
fibre content in term of strength at

Healing type References duration of heating optimum heating Healing index
Initial Pre-healing  Post-healing
Induction . Post-healing:
heating Liu et al. [23] 120 seconds N/A N/A N/A 100%
Induction . . Post-healing:
heating Garcia et al. [24] 100°C N/A N/A N/A 60%
Cycle 1: 2.1kN Pre-healing:
Induction . . Cycle 2: 2kN . 84%
heating Liu et al. [52] 85°C 2.5kN Cydle 3: 2kN Cycle 5: 2kN Post-healing;
Cycle 4: 2kN 80%
Cycle 1:
2000 MPa Pre-healing:
Induction . 0 Cycle 2: Cycle 4: 86-95%
heating Lu et al. [53] 8¢ 2200MPa 5,50 MPa 2000MPa  Post-healing;
Cycle 3: 91%
1900 MPa
Induction . . Post-healing:
heating Garcia et al. [54] 100°C N/A N/A N/A 60%
Induction . . Post-healing:
heating Liu et al. [11] 90°C N/A N/A N/A 52-70%
Pre-healing:
Microwave Tabakovic¢ et al. Cycle 1: Cycle 2: 86%
heating [55] 180 seconds (at 300 W) 2200MPa 500 \1p, 2000MPa  Post-healing;
91%
Cycle 1: 3.6 kN Pre-healing:
Microwave Cycle 2: 3.4kN . 76-94%
heating Wang et al. [56] 120 seconds (at 1100 W) 3.8kN Cydle 3 32kN Cycle 5: 2.9kN Post-healing;
Cycle 4: 2.9kN 76%
Microwave Gonzdlez et al. Post-healing:
heating (58] 40 seconds (at 700 W) N/A N/A N/A 50-60%
Fibers Aggregate
Alternative
magnetic field
Coil
Asphalt
Asphalt Induced
sample Currents
FIGURE 3: Schematic demonstration of induction healing mechanism for thermoplastic asphalt materials [3].
behavior index of the bitumen has also been found to be il
essential in characterizing the threshold for the initial self- Qi du ction = TeqymBrwz, (1)
P

healing temperature of bitumen [64, 65]. In the case of
microcrack, molecular interdiffusion models can predict
crack occurrences between binder and aggregate interfaces,
while capillary flow healing models best describe the mac-
rocracking self-healing phenomenon [66].

According to the simple model derived by Garcia et al.
[49] as in the following equation:

where 4, 4 ction = power dissipated by time unit, = radius of
each individual fiber, L.q = equivalent length or total length
of fibers being heated, y,, =magnetic permeability of the
mastic, B, = resultant magnetic field, and (w) = frequency of
the alternating magnetic field.
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Based on the formula, the power dissipated per unit time
is related to the total equivalent fibers length. The power
exhibits a linearly increasing trend with an increase in the
volume of fibers, wherein the relationship is valid until the
percolation threshold is reached. Beyond that threshold
point, the effective length will be the same for all sample
widths wherein no more fibers can fit into the sample.

The process of induction heating, as mentioned earlier, is
based on electromagnetic induction and Joule’s heating,
which can be expressed using electromagnetic induction
Faraday’s law. The electromotive force (e, in volts) and
magnetic flux (¢_B, in Webers) are related based on the
following equation [2]:

_ 9%
&= i (2)

Apart from that, Faraday’s law emphasized that the
strength of these currents and the magnetic field are linear
to the magnitude of the current flowing through the coil.
Electrically nonconductive bitumen requires particles that
are conductive to be added to its mixture, such as steel
fibers, to build closed loops of eddy currents and facilitate
the transfer of electron energy between the bituminous
and steel phases. Moreover, the induced electromotive
force of steel fibers modified asphalt mixtures can be
expressed as follows [2]:

e=wA B=2nfAHuyu, (3)

where w is the frequency of the alternating magnetic field, A
is the enclosed loop area of the conductive fiber, B is the
magnetic flux, f is the magnetic field frequency, H is the
magnetic field intensity, and u, is the magnetic
permeability.

Based on Joule’s effect, the eddy current heating the
material is expressed as follows [2]:

P=tI>R, (4)

where P is the heat generated per unit time, ¢ is the time of
exposure to the magnetic field, I is the constant current, and
R is the material resistance.

The following equation shows the relationship between
the power generated and the source in the sample [2]:

_ M (5)
R

p

Equation (5) shows that the time required to heat a
composite to a specific temperature decreases quadrati-
cally as the frequency increases. A phenomenon called the
“skin effect” is observed during higher frequencies,
wherein the penetration depth of the electromagnetic field
might be limited, even though more power can be dis-
sipated. Rudnev et al. [65] stated that the phenomenon
depends on the occurrence of electromagnetic fields by
induced currents, which have opposite field directions
than the generating field (Figure 4). The penetration depth
d is expressed using Maxwell’s formulations in the fol-
lowing equation [66]:

Advances in Materials Science and Engineering

Asphalt sample

FIGURE 4: Schematic diagram of “skin effect” phenomenon [66].

o= \/E (6)

From equation (6), an inverse relationship between
frequency and heating depth can be inferred, that is, higher
frequency leads to a lower heating depth. Thus, it is essential
to take into consideration the contributing factors in the self-
healing process, such as frequency and so on.

5. Mechanism of Microwave Heating

Another technology related to the self-healing of asphalt
pavement is microwave radiation. Microwaves are electro-
magnetic (EM) waves is similar in nature to radar, ultraviolet
(UV), and infrared (IR). Both the waves are differentiated
from each other based on their wavelength (known as
frequency). For example, ultraviolet has a wavelength be-
tween 4.3x10”'m and 3 x10™°m, while the wavelength of
microwave ranges between 3 mm and 3 m, corresponding to
frequencies between 100 MHz and 100 GHz [42, 67]. A
microwave oven typically functions at 2.45GHz, which
usually corresponds to an approximate wavelength of
120 mm [45, 68, 69].

Microwaves are nonionizing electromagnetic radiation
that causes heating of the matter by oscillation, rotation, or
vibrations of molecules [70]. Conventional processing
methods involve heating the surface of materials while
transferring the heat into the material via conduction,
convection, and radiation modes. In contrast, in microwave
heating, atomic level heating occurs, which gives rise to
volumetric heating in the processed component [71]. The
electromagnetic energy is converted into heat within the
material during microwave heating. The heat generated in
the core moves in the outward direction. The electromag-
netic waves only increase the energy stored thermally by an
object when they are absorbed. This phenomenon can be
inferred that the more thermally stored energy within a
material, the more the occurrence of vibration and oscil-
lation of its molecules under electromagnetic radiation. Such
an increase in vibration and oscillation of molecules in form
of kinetic energy leads to the dissipation of heat energy
within the material that can cause the increment of tem-
perature [5]. However, the energy of electromagnetic ra-
diation and its absorbance depends on the photon
wavelength, that is, color that varies over a wide range. This
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FIGURE 5: Phenomenon of heat generation in microwave heating [72].
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FIGURE 6: Schematic diagram of crack closure via microwave heating [38].

determines its rate of heat transfer, wherein, for instance,
photon wavelengths of black surfaces have higher heat
transfer rates than transparent surfaces, which makes the
utilization of asphalt black surfaces incorporated with
conductive materials very efficient in terms of heat transfer
between the bitumen and conductor molecular interfaces.
This phenomenon helps ensure uniform heat dissipation
from the bituminous phase to the conductor phase, which
leads to effective capillary flow in both phases. The heating
mechanisms of asphalt in a microwave system are shown in
Figure 5. An example of microwave heating towards the
asphalt sample that can increase the temperature of the
binder and close the crack is shown in Figure 6.

The EM waves can be absorbed by the steel fibers when
they are placed in the microwave field. The steel fibers can
absorb the microwaves and convert them to heat through a
combination of different phenomena, such as double po-
larization, interface polarization, and electrical conduction
dissipation [73]. The converted heat is passed on to the
asphalt and aggregates. The effect of temperature on the
asphalt at the time of microwave heating results in a

Newtonian flow of the asphalt, enabling it to fill the cracks in
the mixture. On a microscale, the process of crack healing in
a microscale can be considered to be characterized by a
combination of capillary flow induced by the surface tension
force, the gravity of liquid asphalt, and friction between
aggregate particles and flowing asphalt. The recovery of
adhesion strength occurs when the molecular diffusion and
rebinding process occurs, while the binder flows into the
microcrack space. The recovered strength was ascribed to
two major aspects: the molecular diffusion in asphalt and the
rebinding of asphalt and aggregates [54]. The healing
mechanism of asphalt mixture via microwave heating is
shown in Figure 7.

The efficiency materials in absorbing energy from mi-
crowave radiations, which ultimately induce increments in
its temperature via the penetration of such wave into its
molecular structure, can be expressed by its dielectric
properties. Three related parameters in this field are as
follows:

(1) The dielectric constant of the material (&)
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FIGURE 7: Schematic demonstration of microwave healing mechanism [54].

(2) The dielectric loss factor (¢”)

(3) The dissipation factor or loss tangent of the material
(tan )

The dielectric constant (&) affect the electrical field
energy that is stored within the material. The dielectric loss
factor (¢”) determines the value of that energy is dissipated
in the form of heat, while the loss tangent, which equals ¢”¢’,
is the parameter that quantifies the inherent dissipation of
electromagnetic energy [74]. By discovering these factors,
several researchers such as Wan et al. [75] and Zhang et al.
[76] are making an improvement to the ability of asphalt
mixtures toward the microwave absorption via increment of
the dielectric constant of asphalt mixtures.

6. Conclusions and Way Forward

An extensive review of the research works carried out on the
advancement of self-healing has revealed that the method is
a competent technology for road maintenance with a great
potential to prolong the service life of asphalt pavements.
The innovation of self-healing by using induction/micro-
wave heating can help enhance the temperature absorption

of the binder, which can help improve its fatigue resistance
under repeated traffic loading. Such loads also inhibit the
performance of pavements under various adverse weather
and stress loading conditions. Asphalt self-healing processes
mainly entail the wetting of nanocrack surfaces, diffusion of
binder molecules between binder-aggregate interfaces, and
the randomization of these diffused molecules, which help
achieve the strength of cracked interfaces relatively similar to
that of the original materials. Thus, self-healing is an effective
method of enhancing the ability of asphalt pavement to heal,
especially on microcracks healing.

Incorporating self-healing technologies into asphalt
pavements leads to more durable roads and addresses en-
vironmental and economic challenges by lowering costs and
emissions during maintenance and manufacturing pro-
cesses. Such incorporation between sustainable materials
can aid in developing asphalt pavements with self-healing
technologies and construction of asphalt pavements as a
whole. Moreover, these technologies can help reduce the
consumption of natural resources, saving the cost of ag-
gregates and bitumen that would otherwise be used in re-
construction or repair/maintenance actions of road
networks while mitigating the effect of related costs and CO,
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emissions, as well as minimizing the traffic disruptions
during road construction cycles. Additionally, the utilization
of renewable and sustainable materials on asphalt pavement
construction has led to the quest for material efficiency,
suitability, and productivity in both the fields of material and
transportation engineering. Contrastingly, different mate-
rials may or may not be compatible with asphalt mixtures
based on their nature and composition; materials such as
steel and its by-product have been established to be suitable
in improving asphalt mixture mechanical and healing
strengths as a result of its efficient physical and conductive
properties. Hence this review recommends further explo-
ration concerning the effect of steel slags, wools, and fibers in
terms of the impact of bituminous and steel free energy
phases on healing while also taking into consideration the
influence of chemical compositions on steel rusting and
deterioration for a thorough understanding between steel
and bitumen as a singular system.
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