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Abstract: The microwave heating/healing technique is regarded as a green maintenance approach for
asphalt pavements thanks to its promising environmental and economic benefits. However, the main
concern about this technology is represented by the possible aging effect generated on bituminous
binders. Currently, there is a significant lack of studies dealing with this topic. Based on these
premises, the main purpose of this study is to appraise the feasibility of implementing microwave-
based maintenance operations considering the associated aging effect. The assessment of fatigue life
after cyclic microwave heating (MH) based on a linear amplitude sweep (LAS) test and the changes
in the chemical groups detected through Fourier transform infrared (FTIR) spectroscopy document
the aging phenomenon. The results indicate that the microwave aging degree on bituminous binder
is nonlinear with MH cycles. The microwave radiation causes a distinct aging impact on binders
during the first 10 cycles, then the values become constant. Furthermore, a feasibility analysis of
MH technology is developed, encompassing four main multidisciplinary aspects: evaluation of
microwave aging degree, working mechanism of MH equipment, safety assessment, and economic
and ecological considerations. Despite the associated aging issue, the MH method is an efficient
technology, considering its various advantages (i.e., rapidity of execution, uniform and non-pollutant
treatment, and deep penetration). Meanwhile, the use of steel slag as a microwave absorber bolsters
the sustainability of MH technology. This study provides a new perspective to evaluate the microwave
heating technique in road engineering comprising the generated aging effect. Practice-oriented
recommendations are also formulated regarding the safe implementation of MH technical operations.

Keywords: microwave heating technique; asphalt aging; linear amplitude sweep; feasibility analysis

1. Introduction

Asphalt materials are widely employed to construct surface layers of paved roads
worldwide, thanks to the numerous advantages reported: it increases driver safety (high
skid resistance and good road visibility), ensures a smooth, uniform surface, and provides
a cost-effective, durable solution [1]. In general, the average lifespan of asphalt pavements
can reach up to approximately 25 years with scheduled maintenance and rehabilitation
operations. In recent years, the self-healing property of asphalt pavement has received
great attention as a means to repair the fatigue cracks and restore the stiffness and strength
during the rest period of pavement [2]. Based on the increasing traffic volume and demand
for long-lasting roads, the introduction of external heating interventions would be beneficial
to accelerate this healing process.

Compared with other heating methods (i.e., hot air, flame, infrared, electric coils,
and hydronics), the microwave heating (MH) technique is considered as an innovative
maintenance solution due to its rapid, uniform, non-polluting, and deep penetrating heating
characteristics [3–5]. Microwaves are a form of electromagnetic waves in the frequency
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range of 300 MHz to 300 GHz [6], which generate a volumetric heating phenomenon [7].
When it comes to their field application, the high-frequency, reciprocating motion of internal
dipole molecules promotes the generation of internal friction heat under the microwave
radiation [8,9]; meanwhile, the flow and diffusion of asphalt binder contributes to crack
repair at high temperatures. However, the microwave-absorbing ability of conventional
asphalt concrete is quite limited due to its low susceptibility; thus, microwave absorbers
(i.e., steel slag [10], metallic fibers [11], and carbon nanomaterials [12]) can be added into
mixtures to enhance the conversion efficiency of electromagnetic energy into thermal energy.
The microwave absorber considered in this study is steel slag. Its use in road pavement
infrastructures can not only improve the road performance [13,14], but also represents an
environmentally friendly practice as it prevents or reduces the consumption of natural
resources [15]. In order to satisfy the volume stability of steel slag, some pretreatment
methods, such as cooking and autoclave [16], should be adopted to reduce the content of
free CaO to less than 3% [17]. Previous research has indicated the physical properties of
steel slag can fulfil the road performance requirements [18,19], while more technical and
environmental studies need to be carried out before employing steel slag in actual asphalt
pavements. Furthermore, the MH technique can also be successfully applied, considering
recycling reclaimed materials, pothole patching, and deicing [20–22].

Nevertheless, the main concern of this quick heating method is related to the aging issue:
on the one hand, uneven heating of asphalt pavement may cause charring of surface asphalt
binder [23]; on the other hand, cyclic MH treatment could led to the aging of asphalt binder.
With the development of technology and material innovation, the non-uniform heating issue
can be properly solved, while the microwave aging impact is unavoidable. Some research
preliminarily indicated that the MH may trigger aging of the asphalt binder [24–26], but the
current studies specifically delving into the topic are still limited. Based on this premise,
this research evaluates the aging generated by MH technology by investigating the fatigue
performance of asphalt binder used for road surface layer.

Asphalt binders are viscoelastic materials used to produce asphalt mixtures, which
can resist distresses, such as rutting and cracking, and somehow dictate the performance
and the serviceable life of pavement [27]. The dynamic shear rheometer (DSR) is able to
quantify both elastic and viscous properties, and this device is widely used to characterize
the rheological properties of asphalt binder, for instance, its complex shear modulus
(G*) and phase angle (δ). In recent years, the time sweep (TS) test and linear amplitude
sweep (LAS) test have been developed to accurately determine the fatigue resistance of
asphalt binder considering the damage accumulation with repeated loading. The TS test is
operated according to several repeated load cycles under a constant amplitude, frequency,
and temperature [27]. The failure point in this strain-controlled test is reached when
the complex modulus/dissipated energy drops by 50% of the initial value [28], and the
number of cycles to failure is recorded as fatigue life. Although this type of investigation
presents a good correlation with the fatigue life of mixtures and is reliable for binder fatigue
evaluation, the main drawback of this method is that it is a time consuming test [29,30].
Therefore, the LAS test is adopted to accelerate damage accumulation and replace the TS
approach, and the testing period can be shortened to approximately 5 min. Therefore, this
study sheds light on the aging degree of microwave heated asphalt binder and associated
changes in fatigue life by performing LAS tests. The four main classes of compounds of
asphalt components include naphthene aromatics, polar aromatics, saturated hydrocarbons,
and asphaltenes, and they are greatly affected by the aging extent of asphalt. Thus, since
both the microwave energy and aging are phenomena related to the molecular level [31],
this research employs Fourier transform infrared (FTIR) spectroscopy to detect the chemical
functionalities of aged binder by measuring the absorbance intensity of carbonyl groups.

In summary, the main objective of this study is to appraise the feasibility of applying
the MH technology in road construction. To fulfill this objective (as shown in Figure 1), the
asphalt binders are firstly extracted from mixtures aged with a series of MH cycles. LAS
and FTIR tests are then employed to evaluate the aging extent of the bituminous binder,
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analyzing the rheological properties and the chemical groups, respectively. In addition, this
study demonstrates the development of the LAS test method and documents the feasibility
of MH applications in the field. Overall, this research provides a comprehensive analysis of
MH technology considering the microwave aging issue.
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2. Background

The fatigue performance of asphalt concrete mainly depends on the binder/mastic
phase, and its fatigue resistance can be evaluated via accelerated damage progress based on
the continuum damage principle [32]. LAS tests are performed in this study to estimate the
fatigue resistance of asphalt binder according to AASHTO TP 101 [33]. The procedure is
firstly performed in shear using a frequency sweep to determine the rheological properties,
and then a series of oscillatory load cycles at systematically increasing amplitudes at
a constant frequency are applied to accelerate damage in the specimen. The damage
accumulation for the LAS test can be used to determine the fatigue resistance from the
results of both the frequency sweep and amplitude sweep, adopting the following fatigue
damage model with coefficients A and B:

N f = A·(γmax)
−B (1)

where Nf is the fatigue life and γmax (%) is the maximum expected binder strain for a given
pavement structure.

In order to calculate parameters A and B of equation (1), we employ the concept of
viscoelastic continuum damage (VECD), which was firstly proposed in 1984 for asphalt
mixtures [34] to predict damage evolution, which was primarily characterized through
the deviations from linear viscoelastic behavior and stiffness reduction. Subsequently, a
large number of research efforts have proven the accuracy of the parameters derived from
this formulation to predict the damage evolutions in asphalt materials, irrespective of the
testing temperature or loading mode [35–39]. In this regard, this approach has become one
of the most widely used mechanistic models.

Based on Schapery’s theoretical work, a relationship between material integrity (C)
and damage intensity (D) is established and it describes how the damage accumulation
affects the loss of the structural integrity during the cyclic loading [40]. According to the
damage characteristic curve (DCC) for a given pavement structural condition or traffic
loading, the damage accumulation rate can evaluate the fatigue performance of asphalt
binders. Meanwhile, the relationship between C and D is independent of the test conditions,
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making it widely used in investigating the fatigue life of asphalt materials [41]. The damage
evolution is represented in Equation (2):

dD
dt

= (−∂W
∂D

)
α

(2)

where W denotes the performed work, t is time, and α equals 1 + 1/m. α is a material-
dependent parameter describing the damage growth and it can be calculated using the
slope of the storage modulus versus the angular frequency in log-space (log G′(ω) = m(log
ω) + b) [42].

To represent W in Equation (2), Kim et al. took the energy dissipated during each load
cycle into consideration [43]. The damage calculation under strain-controlled cyclic shear
loading is shown in Equation (3) and the damage accumulation as a function of time can be
described according to Equation (4):

W = π·ID·γ2
0·|G∗|·sinδ (3)

D(t) ∼=
N

∑
i=1

[
π IDγ2

0(|G∗|sinδi−1 − |G∗|sinδi)
] α

1+α
(ti − ti−1)

1
1+α (4)

where ID (MPa) is the initial undamaged dynamic shear modulus divided by a modulus of
1 MPa, γ0 (%) refers to the applied strain for a given data point, |G∗| (MPa) corresponds to
the complex shear modulus, and δ (◦) is the phase angle.

Fatigue tests are performed at different applied strain amplitudes with a 1.0 % interval,
and the incremental value of D(t) at each subsequent point is added to the value of D(t)
from the previous point until a total of 30% applied strain is reached. The value of |G∗|sinδi
is plotted against the corresponding value of D(ti) based on a power law [34,44] as detailed
in Equation (5):

|G∗|sinδ = C0 − C1(D)C2 (5)

where C0 is the average value of |G∗|·sinδ from the 0.1% strain interval, and C1 and C2 are
regression coefficients.

Afterwards, Equation (5) is substituted into Equation (3) and the derivative is taken
with respect to D as shown in Equation (6). This expression is then combined with Equation
(2) to determine the number of cycles to failure given a value of the damage parameter D at
failure as shown in Equation (7):

dW
dD

= −π IDC1C2(D)C2−1(γmax)
2 (6)

N f =
f
(

D f

)k

k(π IDC1C2)
α (γmax)

−2α (7)

where k = 1 + (1 − C2)α, f (Hz) is the loading frequency and Df refers to the damage
accumulation at failure.

Grouping the following parameters in Equation (7), the fatigue equation in Equation
(1) can be expressed referring to:

A =
f
(

D f

)k

k(π IDC1C2)
α (8)

B = 2α (9)

In terms of VECD model coefficients, it can be directly observed from Equation (1)
that the parameter A is equal to the fatigue life of the binder at 1% strain level.
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3. Materials and Methods
3.1. Raw Materials

A neat base asphalt binder with a penetration of 82 dmm, a softening point of 46.3 ◦C,
dynamic viscosity of 188 Pa·s at 60 ◦C, and a density of 1.01 g/cm3 at 25 ◦C is used in this
study. The aggregates include crushed rocks and steel slag, and are provided by Franzefoss
Pukkverk (Heimdal, Norway) and Skanska Stålfabrikk (Melhus, Norway), respectively. The
rock aggregates are mainly composed of fine-grained gabbro/metagabbro and are widely
used for road construction in the central part of Norway [45,46]. As a typical magnetic
material, steel slag is adopted as a microwave absorber in the asphalt mixtures to generate
heat. According to the X-ray diffraction pattern of the steel slag illustrated in Figure 2, the
existence of metallic composites proves that the material can help to increase the microwave
heating capacity of the mixtures.
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As a traditional road surfacing material commonly used in Norwegian conditions,
standard AC-11 dense asphalt mixtures are fabricated [47]. The prepared samples are
then treated under the microwave radiation until the average temperature reaches 90 ◦C,
which is considered a proper heating temperature to guarantee the asphalt binder a flow
state without overheating. A domestic microwave oven with output power of 700 W and
working frequency of 2.45 GHz is adopted. In this study, 3, 5, 10, 15, 20, and 25 MH cycles
(namely #3, #5, #10, #15, #20, and #25) are performed to evaluate the aging effect.

3.2. Extraction of Asphalt Binder

The aged asphalt binder is extracted from the mixtures through an extraction machine
(Asphalt Analyzer YOU, InfraTest, Brackenheim, Germany), together with dichloromethane
solvent. The crumbled asphalt samples are placed into a washing drum and undergo a
series of eight washing cycles, an amount selected to make sure that the asphalt binder can
be totally extracted from the mixtures (Figure 3a). Subsequently, the acquired bitumen and
dichloromethane mixtures are separated by employing a rotary evaporator (Buchi, Flawil,
Switzerland), thanks to their different evaporation temperatures (Figure 3b). Finally, the
pure aged asphalt binder can be collected and further analyzed.

3.3. LAS Test

The LAS test is used to determine the fatigue damage of asphalt binder by means of
cyclic loading employing systematic, linearly increasing load amplitudes. The LAS tests are
operated with a dynamic shear rheometer machine (DSR, Anton Paar, Graz, Austria) using
the 8 mm parallel plate geometry with a 2 mm gap setting. The LAS test involves two steps:
a frequency sweep is firstly performed to evaluate the rheological properties of asphalt
binder, then an amplitude sweep is employed to measure the damage characteristics. As
mentioned in Section 2, the damage analysis parameter “α” can be deduced during the
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frequency sweep, which possesses an applied load of 0.1% strain over a range of frequencies
from 0.2 to 30 Hz. Subsequently, the amplitude sweep is run in strain-control mode at a
frequency of 10 Hz using oscillatory shear, and the amplitude is linearly increased from
0.1% to 30% in 5 min. The failure definition in the LAS test corresponds to a 35% reduction
in the initial modulus.
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3.4. Infrared Spectrum Test

The microstructural characteristics are captured by an FTIR spectrometer (Nicolet iS50,
ThermoFisher, Waltham, MA, USA) within the scan range of 4000 cm−1–400 cm−1. In order
to assess the microwave aging effect on asphalt binders, the two commonly used aging
parameters carbonyl index and sulfoxide index are adopted, as shown in Equations (10)
and (11) [48,49].

IC=O =
Characteristic peak area around 1700 cm−1 carbonyl group

Sum peak area between 2000 cm−1 and 600 cm−1 (10)

IS=O =
Characteristic peak area around 1030 cm−1 sulfoxide group

Sum peak area between 2000 cm−1 and 600 cm−1 (11)
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4. Results and Discussions
4.1. Fatigue Performance of Microwave Aged Asphalt

The parameters A and B can be obtained from the accelerated LAS test to evaluate the
fatigue resistance. The value of the storage modulus is reduced during the process of the
amplitude sweep, indicating the decreasing ability of the asphalt binder to maintain its
integrity during loading cycles and the accumulated damage process, and this trend can be
represented by parameter A [50]. Meanwhile, parameter B is related to the sensitivity of
the asphalt binder to strain level change, and a higher value of this parameter indicates
that the fatigue life decreases at a greater rate when strain level amplitude is augmented.
In summary, a better fatigue resistance ability of asphalt binder is associated with a higher
A value and lower B value [51]. As Figure 4 shows, parameter A clearly decreases with
the increase in MH cycles. Nf follows a similar trend, which demonstrates that the fatigue
parameter A plays a primary role in determining the fatigue life of asphalt binder.
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In addition, Nf is calculated at 4% strain level as previous studies pointed out that the
fatigue failure does not occur at very low strain levels [52]. Considering Figure 4, the Nf
value of the control unaged asphalt sample is approximately 1.2, 1.6, and 2.9 times larger
than the aged samples undergoing microwave action three (#3), five (#5), and ten (#10)
times. The cyclic MH process causes a visible reduction in the Nf value; however, when
the heating treatment exceeds 10 cycles, the difference exerted by different amounts of MH
cycles no longer becomes obvious. This nonlinear effect of MH on the fatigue resistance
of asphalt binder is, to some extent, unexpected, as the more MH cycles performed, the
smaller the impact on the rheological properties. This phenomenon is highly relevant when
it comes to estimating the feasibility of MH applications in the field. To better understand
the MH influence on asphalt binder, the changes in chemical groups should be detected
through the FTIR method.

4.2. Infrared Spectroscopy of Microwave Aged Asphalt

Figure 5 shows the FTIR spectra of microwave-treated asphalt samples; overall, the
spectra curves are similar. The main oxygen-containing functional groups, namely sulfoxide
(S=O) and carbonyl (C=O), appearing at 1700 cm−1 and 1030 cm−1, respectively, are
adopted as the main indicators of asphalt aging. The aging indexes IC=O and IS=O have
a similar changing trend as presented in Table 1: the aging index of the sample treated
with 10 microwave cycles (#10) is approximately 1.2 times higher than the index of the
control specimen. The increase in IS=O index does not follow a precise trend, while the
IC=O of #15, #20, and #25 is about 1.29, 1.40, and 1.50 times larger than the control sample.
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This minor difference between the above two aging indexes after 10 MH cycles may be
attributed to the fact that the microwave energy causes chemical changes in asphalt at the
molecular level [22], which would cause a deviation in the determination of oxidative aging
parameters. In summary, the FTIR results are consistent with the characteristics of MH on
the asphalt aging observed from the LAS tests.
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Table 1. IS=O and IC=O changes of asphalt after microwave aging.

Index Control #3 #5 #10 #15 #20 #25

IS=O 0.0143 0.0163 0.0169 0.0173 0.0177 0.0189 0.0194
IC=O 0.0065 0.0069 0.0071 0.0076 0.0083 0.0090 0.0097

4.3. Comprehensive Feasibility Analysis

The potential use of microwave energy to heat and maintain asphalt road pavements
has attracted increasing attention recently. Even if much work has been done regarding
the microwave absorbers selection, as well as their efficiency and mechanisms, there is a
noticeable paucity of information available in the literature about the feasibility of applying
MH technologies in real scenarios. Therefore, a practice-oriented discussion regarding the
feasibility of MH implementation is presented in the following four subsections.

4.3.1. Practicability of MH Technology Considering Aging

In Sections 4.1 and 4.2, laboratory study is conducted to estimate the microwave
aging effect on asphalt binders by characterizing the changes in the rheological properties
and molecular structures. Considering the fatigue lives derived from the LAS tests, the
microwave radiation does cause aging on asphalt binders, especially during the initial
applied MH cycles. Under the conditions of this study, an obvious deterioration of fatigue
lives can be observed within 10 MH cycles, while minor changes can be detected during
further MH cycles, and the aging indexes acquired from FTIR agree well with this trend. To
intuitively analyze the extent of the aging degree caused by microwave radiation, Figure 6
compares the penetration and softening point parameters obtained in this study with other
findings reported in the literature testing similar asphalt type with different aging methods
according to NS-EN 1426 and NS-EN 1427 [53,54]. Considering the results attained in
this study after cyclic MH treatment, the values follow the similar changing trend as Nf
indicated in LAS tests. The changes in physical properties are relatively apparent during
the first few cycles and then level off after 10 cycles. When comparing these outcomes with
the laboratory aging data collected from other tests [55–57], the deterioration reported by
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MH technology is not considerably significant. Therefore, bearing in mind the various
benefits of MH technology (rapidity of execution, uniform and non-polluting treatment,
deep penetration), the aging impact on asphalt binders is within an acceptable range.
Furthermore, other interventions, such as adding encapsulated rejuvenators, adjusting
microwave heating parameters, and selecting the proper microwave maintenance frequency,
could hinder aging, to some extent.
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4.3.2. Practicability of MH Technology Considering Field Equipment

The early practical use of MH energy in pavement engineering was envisaged to
rapidly patch Portland cement concrete with polymer modifiers [58]. The microwave
device comprised eight radiating units (2.5 kW for each unit) and the frequency was equal
to 2.45 GHz, which could radiate an area of 0.73 m × 1.1 m. Afterwards, a large 100 kW
and 915 MHz microwave asphalt pavement heater was built in California to patch potholes
and repair longitudinal cracks, and the applicators were enclosed by a curtain made of
closed-spaced metal chains. In Texas, a microwave recycling system was developed to heat
reclaimed asphalt pavement: the target pavement areas were firstly preheated in a fluidized
bed warm-air oven using a conventional burner, then the materials were conveyed into
a microwave radiation tunnel to reach the desired working temperature. The 200 kW
power of the microwave tunnel could guarantee a maximum production rate of 200 tons
per hour, which led to a promising 100% ratio of recycled asphalt concrete mix in Austin,
Texas in the summer of 1986 [59]. In recent years, asphalt road microwave maintenance
vehicles have also been developed in China (WB series) and used to repair potholes, fatigue
and block cracking, grooves, etc. in asphalt highways, local roads, and even airport
runways [60]. Overall, the MH technique can be applied for different purposes related to
asphalt pavements, and the fundamental MH field equipment is a mobile, truck-mounted
microwave power generator. A general schematic diagram is depicted in Figure 7. The
MH panel at the rear of the vehicle slows down on the pavement area to be treated and
the microwave units heat the pavement. Meanwhile, the MH vehicle can be followed by a
compactor roller to heal cracks, a recycler machine to collect reclaimed asphalt, a deicing
machine to mince ice crust, etc.
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4.3.3. Practicability of MH Technology Considering Safety Policies

Introducing the innovative MH technique to perform maintenance operations of road
pavement constructions requires special attention to thoroughly address unforeseen chal-
lenges and multifaceted safety issues. Although, currently, there are no specific standards
that regulate possible leakages originating from microwave heating machines for paving
purposes, this issue can be discussed here considering the code framework actually in
force regarding domestic microwave ovens. Several relevant institutions, i.e., the Interna-
tional Electrotechnical Commission (IEC), the International Committee on Electromagnetic
Safety (ICES), and the European Committee for Electrotechnical Standardization (CEN-
ELEC), define a product emission limit of 50 watts per square meter (W/m2) at any point
5 cm away from the external surfaces of the oven [61]. In general, emissions from the
microwave units are substantially below this international limit and the exposure decreases
dramatically with distance. When it comes to the field application of MH, many safety
precautions should be adopted: the microwave applicators should be surrounded by a
metallic enclosure with a lock system which is part of the on-off switching mechanism, and
a remote controlled switching arrangement could further increase the safety level [58]; the
applicators should be enclosed by a curtain made of closely spaced, short vertical metal
chains in Microdry systems [20]; and Hertzian waves radiation shield technology should
be adopted to keep the radiation to low levels to guarantee high security [60]. Therefore,
thanks to the introduction of the metal shields, remote control, and monitor systems, MH
can be considered as a safe technique, though it is still suggested to (1) regularly clean
the MH panel, (2) guarantee the MH unit is in good condition before use, and (3) avoid
standing directly against the MH panel when it is operational.

4.3.4. Practicability of MH Technology Considering Economic and Ecological Aspects

The economic and ecological values of MH are attributed to its uniform, deep, and fast
heating characteristics, which can effectively reduce construction time, leading to savings
in labor cost and reduced traffic disruptions [62]. For example, based on an open life cycle
assessment framework, Ali-Mansoori et al. indicated that there was a remarkable reduction
in greenhouse gas emission and energy usage (approximately 22 GJ) in microwave heating
pavements compared with conventional pavements [63]. Compared with other hot-in-
place recycling methods, 40% to 50% energy can be saved under the first generation of
microwave pavement heaters in a field test [64]. Therefore, MH can be regarded as an
innovative and environmentally friendly technology for road maintenance operations,
which can not only reduce the cost and extend the service life of the pavement, but can
also decrease the polluting emissions. Beyond being a typical microwave absorber, steel
slag is a byproduct of metallurgical industries. According to the World Steel Association
report [65], the steel slag industry is at the heart of the global economy of both developed
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and developing countries and the amount of steel production is steadily increasing, as
reported in Figure 8; consequently, a large quantity of its byproducts (e.g., steel slag) needs
to be properly managed. Therefore, the incorporation of steel slag in asphalt pavement
can reduce the construction cost of MH pavement [21], as well as reduce the associated
environmental burdens and save natural resources.
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5. Conclusions

This research has appraised the MH technique according to two main perspectives:
evaluation of the aging impact on steel slag asphalt mixtures, and practice-oriented feasibil-
ity assessment of MH application.

The study has performed laboratory tests, including the evaluation of physical proper-
ties (penetration point, softening point) and rheological properties (fatigue life), as well as
identification of chemical groups (infrared spectra) to investigate the changes in microwave
heated samples. The findings document that the MH technique causes aging and its impact
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is nonlinear with the amount of MH cycles. The fatigue lives, calculated with an LAS test
based on the VECD model, are characterized by a relatively distinct deterioration during
the first 10 cycles. The aging indexes assessed with FTIR tests and physical tests also
document the aging effect and agree well with the trend of the calculated fatigue lives.

Furthermore, a comprehensive feasibility analysis has been proposed, revolving
around four main aspects: evaluation of the microwave aging degree, description of
MH equipment for field implementation, development of safety policies, and the discus-
sion of economic and ecological aspects. Despite the fact that asphalt aging is the main
concern of MH technology, its field implementation is still feasible and cost-effective based
on the following considerations:

1. The microwave irradiation causes aging of asphalt binder. However, the aging effect
is not significant and it tends to level off after several cycles.

2. Other interventions, such as adding encapsulated rejuvenators [66,67], adjusting mi-
crowave heating parameters [68], and selecting appropriate microwave maintenance
frequency [69], can hinder aging, to some extent.

3. As every newly developed technology has its own pros and cons, future research
should focus on maximizing the advantages, while unraveling the drawbacks and
preventing detrimental effects to human health and the total environment.

Moreover, policies regarding safety issues and the use of well-designed MH equipment
should be borne in mind to prevent any harm to operators. Finally, a wise selection of
the microwave absorbers inside the road pavement, i.e., steel slag, can lead to additional
economic and ecological benefits.

In summary, this study provides a useful reference documenting the aging effect and
the practicality of microwave technology for the maintenance of asphalt roads. Before
implementing the technology in the field, it is recommended that laboratory and large-scale
tests are performed to determine all the relevant technical parameters. In the future, more
practice-oriented research should focus on the laboratory standardization of microwave
heating/healing efficiency, as well as full-scale implementation.
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