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Abstract 11 

The use of waste fillers as substitutes for limestone powder (LP) filler is a promising way to consume 12 

industrial by-products and achieve sustainable asphalt pavement. This study recycles three types of 13 

microwave-sensitive fillers, namely, coal gangue powder (CGP), ferrite powder (FP), and fly ash (FA), as 14 

alternatives to LP filler, in the creation of microwave-heating healing asphalt composites. The results 15 

indicate that conventional LP-modified asphalt mastics have a self-healing initiation temperature of 88.2℃. 16 

On the contrary, CGP-modified asphalt mastics and FP-modified asphalt mastics exhibit significantly lower 17 

starting self-healing temperatures, with values of 65.6℃  and 56.2℃ , respectively. Moreover, CGP-18 

modified asphalt mastics and FP-modified asphalt mastics achieve an average surface temperature 19 

surpassing 95℃ within 60 seconds of microwave heating. It is worth noting that FP-modified asphalt 20 

mastics retain an impressive healing index of 46.6% even after three cycles of damage-healing-damage. 21 

The incorporation of microwave-sensitive fillers in asphalt composites can improve the conversion 22 

efficiency of microwave radiation to thermal energy, and thus enhance the microwave-heating healing 23 

characteristics compared to conventional LP-modified asphalt composites. Additionally, a comprehensive 24 

assessment of the environmental benefits and economic costs reveals significant cost savings and reductions 25 

in CO2 emissions associated with the adoption of microwave-heating healing asphalt pavement. These 26 

findings strongly support the practical implementation of microwave-sensitive fillers in asphalt composites, 27 

leading to improved maintenance efficiency, enhanced serviceability, and sustainability for pavement 28 

systems. 29 

Keywords: Asphalt concrete; Solid waste recycling; Waste filler; Microwave-heating healing; Sustainable 30 

pavement 31 
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Abbreviations 33 

LP, Limestone powder; CGP, Coal gangue powder; FP, Ferrite powder; FA, Fly ash, PG, Performance 34 

grading; PA, Porous asphalt; XRF, X-ray fluorescence; DSR, Dynamic shear rheometer; SCB, Semi-35 

circular bending; HI, Healing index; EBEC, Environmental benefits and economic cost.  36 
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1. Introduction 37 

  Asphalt mixture has been extensively utilized in pavement construction due to the benefits of mechanized 38 

construction, low cost, and driving comfort (Ma et al., 2021; Segundo et al., 2021). However, throughout 39 

its lifespan, the asphalt mixture is exposed to diverse natural and human factors, including sunlight, rainfall, 40 

and vehicular load, which can result in various forms of damage (Grossegger and Garcia, 2019; Lu et al., 41 

2023a; Ma et al., 2022b). Damage in asphalt pavement typically begins as microcracks and progresses to 42 

macroscopic cracks, causing a range of detrimental effects (Lu et al., 2023c; Santero et al., 2011; Varma et 43 

al., 2021). These damages can significantly impact the durability of the pavement and pose safety risks for 44 

drivers (Jahanbakhsh et al., 2018). Therefore, it is crucial to heal these microcracks, ideally in their early 45 

stages, to prevent further propagation and widening. The objective of healing these microcracks is to restore 46 

the performance of the asphalt mixture efficiently and cost-effectively, ultimately extending the lifespan of 47 

the pavement. 48 

  It is widely recognized that asphalt binder has inherent self-healing behavior, with certain microcracks 49 

capable of repairing themselves under intermittent loading conditions (García, 2012; Mehrara and Khodaii, 50 

2015). This behavior is attributed to the thermodynamic movements of asphalt molecules, such as 51 

infiltration, diffusion, and dissolution (García et al., 2013). Notably, raising the temperature with the aid of 52 

external energy can speed up the migration of asphalt molecules (Amani et al., 2020; Liu et al., 2013). 53 

Therefore, it is crucial to employ auxiliary heating techniques to elevate the asphalt temperature and 54 

improve its self-healing capability (Anupam et al., 2022; Varma et al., 2021; Xu et al., 2018).  55 

  Previous studies have confirmed that microwave radiation is an efficient and environmentally friendly 56 

heating method to enhance the healing efficiency of asphalt materials as compared to the electromagnetic 57 

induction heating technique, and it has been widely used in recent decades (Liu et al., 2022; M. Karimi et 58 

al., 2022; Zhu et al., 2019). Typically, microwave-sensitive additives, such as metal-based fibers (Schuster 59 

et al., 2023) or carbon-based materials (Jahanbakhsh et al., 2018; Karimi et al., 2018), are directly mixed 60 

with asphalt before mixing with aggregate and filler to make self-healing asphalt materials. However, 61 

achieving proper dispersion of these additives within the asphalt remains a significant challenge, and the 62 

pre-dispersion treatment is time-consuming and expensive (Wang et al., 2016; Wang et al., 2022; Wen and 63 

Chung, 2004). Moreover, the aggregation of the additives can result in localized overheating under 64 

microwave radiation, which may cause the asphalt mixture to collapse (Karimi et al., 2021). Another 65 

promising approach to enhance the efficiency of microwave-heating healing in asphalt mixtures involves 66 
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the incorporation of steel or iron slag as a partial replacement for natural aggregate (Yang et al., 2022b). 67 

However, this method may result in concentrated heating and durability concerns (Liu et al., 2022). 68 

Moreover, the unstable properties of solid waste materials like steel or iron slag and their associated 69 

transportation costs pose practical limitations on their application (Jiang, Q. et al., 2023; Jiang et al., 2018; 70 

Song, Q. et al., 2021; Yang et al., 2022a). Given these limitations, it is evident that the development of 71 

effective and precise techniques for microwave-heating healing in asphalt mixtures is crucial.  72 

Recent studies have highlighted the potential of coal gangue powder (CGP), ferrite powder (FP), and fly 73 

ash (FA) in improving the rheological properties, rutting resistance, and cracking resistance of asphalt 74 

materials, presenting a viable alternative to limestone powder (LP) (Li et al., 2023; Li et al., 2022; 75 

Muhammad et al., 2021; Nabiun and Khabiri, 2016; Woszuk et al., 2019). Moreover, these fillers contain a 76 

significant amount of metallic oxides and exhibit excellent microwave absorption capabilities (Lu et al., 77 

2023b; Norambuena-Contreras and Garcia, 2016). When exposed to microwave radiation, they can 78 

generate heat, making them an environmentally friendly and cost-effective choice for microwave heating 79 

and healing in asphalt materials. While microwave-sensitive fillers show promise for use in microwave 80 

heating-healing asphalt materials, comprehensive studies on their efficacy as substitutes for LP are lacking. 81 

Additionally, there is limited literature available comparing the effectiveness of different microwave-82 

sensitive fillers for the microwave-heating healing behavior of asphalt materials. As such, further research 83 

and investigation are needed to fully understand the potential of these fillers and their performance in 84 

enhancing the microwave-heating healing characteristics of asphalt materials. 85 

To bridge the research gap and advance the practical applications of microwave-heating healing asphalt 86 

materials, this study aims to utilize industrial by-products such as CGP, FP, and FA as substitutions for LP 87 

filler for developing sustainable microwave-heating healing asphalt materials. To assess their potential for 88 

practical applications, the rutting factor, microwave heating ability, and microwave-heating healing 89 

behavior of asphalt materials are systematically evaluated in this research. The findings of this research 90 

hold promising implications for the practical use of microwave-sensitive filler-modified asphalt materials, 91 

paving the way for improved maintenance efficiency and serviceability and offering opportunities to 92 

achieve sustainable pavements. 93 

 94 

2. Experimental       95 
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2.1. Materials  96 

The asphalt used in this study is PG-76/22 and its main properties are provided in Table S1 (Supporting 97 

Information). To increase the microwave-heating property of asphalt materials, three microwave-sensitive 98 

fillers, namely CGP, FP, and FA, were used as substitutes for LP filler. The fundamental properties of these 99 

four fillers are presented in Table 1. Importantly, the particle sizes of these microwave-sensitive fillers are 100 

similar to those of the LP, eliminating the need for additional pre-dispersing processes. The microwave-101 

heating healing property of the asphalt materials was evaluated by employing a porous asphalt (PA) mixture, 102 

with a nominal maximum aggregate dimension of 13.2 mm (PA-13). Table S2 (Supporting Information) 103 

presents the aggregate gradation used for preparing the PA mixture. 104 

Table 1 Basic properties of four types of fillers.  105 

Properties LP CGP FP FA 

Density (g/cm3) 2.556 2.643 5.120 2.860 

Specific surface area (m2/g) 0.23 0.27 2.16 3.69 

2.2. Preparation of asphalt materials        106 

As shown in Table 2, a volume control method was adopted to maintain consistent volume composition 107 

of different asphalt mastic specimens. Fig. 1 illustrates the experimental setup and process, where the 108 

asphalt was initially heated in a sample vessel maintained at a temperature of 170℃. Subsequently, the 109 

filler was heated to 180℃ for 60 minutes before being mixed with the asphalt binder. The filler-binder ratio 110 

was kept at 1.0 throughout the experiments. Homogeneous dispersion of the filler in the asphalt was 111 

achieved using an ESK-500 high-speed shearing machine at 1800 r/min for 30 minutes.  112 

To assess the microwave-heating healing efficiency of asphalt composites, PA-13 mixture was prepared. 113 

The optimum asphalt content and filler content were determined to be 3.9% and 1.5 wt% by weight of the 114 

asphalt mixture. The LP filler was replaced by the functional fillers in an equivalent volume. The 115 

preparation process involved dry mixing the aggregates for 60 seconds, followed by mixing them with the 116 

asphalt for 90 seconds. Subsequently, the filler was introduced into the mixture and mixed for another 90 117 

seconds. The well-mixed mixture was finally compacted using a rotary compaction machine. The obtained 118 

standard Marshall specimens were cut into semi-circular specimens (diameter=150 mm, thickness=50 mm, 119 
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and height=75 mm) for semi-circular bending (SCB) bending tests. 120 

Table 2 Mix ratios of asphalt mastics. 121 

Sample ID 
Mix ratio of fillers (%) 

Filler-Binder ratio 
LP CGP FP FA 

AM-LP 100 0 0 0 

1.0 
AM-CGP 0 100 0 0 

AM-FP 0 0 100 0 

AM-FA 0 0 0 100 

 122 

 

Fig. 1. Illustration of preparation of asphalt mastics. LP is Limestone powder; CGP is Coal gangue powder; FP is Ferrite 

powder; and FA is Fly ash. 

2.3. Test programs 123 

2.3.1. Properties of filler 124 

  The morphology of the fillers was acquired through scanning electron microscopy (SEM). Before 125 

observation, the fillers were oven-dried and then sputter-coated with a gold (Au) film. The resulting samples 126 
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were then subjected to SEM analysis to examine their morphology. Furthermore, the fillers’ chemical 127 

compositions were examined through an X-ray fluorescence (XRF) spectrometer with a power and current 128 

of 4 kW and 160 mA, respectively, enabling accurate determination of the fillers’ compositions.  129 

The real parts and imaginary parts of the complex permittivity and relative complex permeability of the 130 

fillers were determined using a microwave vector network analyzer system (AGILENT, PNA-N5244A) 131 

through coaxial transmission/reflection measurements. A frequency of 1-18 GHz was applied in this study, 132 

as recommended by our previous study (Liu et al., 2023). To facilitate the measurement process, paraffin 133 

wax was utilized as a bonding agent to form the samples. Paraffin wax does not exhibit any microwave 134 

absorption. The mixing weight ratio of filler to paraffin was 1:1 to ensure proper adhesion between filler 135 

and paraffin, allowing for accurate measurement of the electromagnetic parameters of the fillers. 136 

2.3.2. Rutting factor  137 

  An Anton Paar CTD 180 Dynamic Shear Rheometer (DSR) was employed to access the high-temperature 138 

rheological property of the asphalt mastics using a temperature scanning mode. Two temperature tests were 139 

performed at 82℃ and 88℃, both at a scanning frequency of 10 rad/s and a 0.1% strain amplitude, as 140 

recommended by previous studies (Meng et al., 2023; Zhou et al., 2022). This strain amplitude value helps 141 

maintain the asphalt mastic's rheological property in a range where it exhibits linear viscoelastic properties.  142 

2.3.3. Microwave heating properties 143 

  To measure the heating rate, approximately 2 ml of each group of asphalt mastic samples were weighed. 144 

These samples were then put on a plastic plate for microwave heating. The samples were heated using a 145 

microwave oven with a power output of 800 W. Each sample was subjected to continuous radiation for 3 146 

minutes, with heating intervals of 30 seconds each. After each heating interval, the temperature of the 147 

samples was recorded through an infrared thermal imager (FLIR T650sc). The initial temperature of the 148 

mastics, represented as T0, was recorded at room temperature. The microwave-heating rate (VH, ℃/s) of the 149 

asphalt mastics was determined using Equation (1): 150 

𝑉𝑉H = 𝑇𝑇−𝑇𝑇0
𝑡𝑡

                                     (1) 151 

where T0 represents the initial temperature of the mastics, T represents the temperature of the mastics 152 

after heating (℃), respectively, and t is the microwave radiation duration (s). 153 

2.3.4. Microwave-heating healing behavior 154 
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  The microwave-assisted healing behavior of asphalt materials is significantly influenced by temperature, 155 

as the asphalt molecules possess the ability to effectively repair microcracks when the sample reaches its 156 

designated self-healing temperature (Tan et al., 2012). As a viscoelastic material, asphalt demonstrates 157 

liquid-like characteristics at elevated temperatures (García, 2012). Previous study has recommended 158 

determining the initial self-healing temperature of asphalt materials is related to their viscous flow 159 

properties, using the relationship between frequency and complex viscosity (Liu et al., 2021). To establish 160 

this relationship, a frequency sweep mode was conducted using a CTD 180 DSR, as depicted in Fig. 2a. A 161 

dynamic scanning frequency of 0.1 Hz-100 Hz at different temperatures (40℃, 55℃, 70℃, 85℃, 100℃) 162 

was performed in this study. The viscous flow behavior of the asphalt mastics can be fitted using Equation 163 

2, according to the scanning frequency and viscosity data.  164 

𝜂𝜂 ∗= 𝑚𝑚|𝑓𝑓|𝑛𝑛−1                                   (2) 165 

  where η* is complex viscosity; f is scanning frequency; m and n are the fitting parameters, n represents 166 

the flow behavior value. Typically, asphalt can be viewed as a near-Newtonian fluid as its flow behavior 167 

index is 0.9-1.0. As such, the temperature at which n equals 0.9 is considered to be the temperature at which 168 

the asphalt mastic reaches initial healing. 169 

 

Fig. 2. The procedure of heating-healing properties of asphalt materials: (a) frequency sweep and (b) the damage-

healing-damage tests of asphalt mixtures.  
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 As recommended by previous literature (Jahanbakhsh et al., 2018; Song et al., 2023b), the SCB test offers 170 

advantages such as low cost, simple sample preparation, and a straightforward testing setup. Consequently, 171 

it has been widely used for characterizing the cracking resistance and self-healing properties of asphalt 172 

concrete (Karimi et al., 2018; Song et al., 2023a; Song, W. et al., 2021). According to our previous study 173 

(Lu et al., 2023b), a damage-healing-damage test was conducted to assess the microwave-heating healing 174 

capability of the asphalt mixture. As shown in Fig. 2b, SCB tests were performed to intentionally create a 175 

small crack (1.5 mm in width and 15 mm in height), resulting in a damaged sample. The damaged samples 176 

were then reassembled and exposed to microwave heating at 800 W for different durations. Afterwards, 177 

allow them to rest at ambient temperature for 6 hours. Finally, the samples underwent another SCB bending 178 

test, finishing a cycle. The healing index (HI, %) of the asphalt mixture is defined as the relationship 179 

between the peak force measured in the samples after healing and the initial peak force of the samples 180 

during a SCB test (García, 2012), which was calculated through Equation (3): 181 

HI=F1/F0×100%                                 (3) 182 

  where F0 is the peak force initially tested and F1 is the peak force of the specimens after healing (N). 183 

3. Results and discussion 184 

3.1. Characterization of filler properties 185 

  In this section, the morphology, chemical compositions, microwave absorption behavior, and microwave 186 

heating capability of the four types of fillers are analyzed and compared. 187 

3.1.1. Morphology and chemical compositions 188 

  As suggested in Fig. 3a, the LP exhibits a grey-white appearance and has a flat surface as observed under 189 

SEM observation. Fig. 3b shows that CGP has a dark-brown color because of the high content of coal. 190 

Additionally, the surface of the CGP is rough and has visible protrusions and wrinkles, as well as an 191 

abundant pore structure, primarily attributed to carbon volatilization. These unique characteristics enhance 192 

the ability of CGP to absorb more asphalt film and significantly increase the contact region between filler 193 

and asphalt. As a result, CGP-asphalt demonstrates improved bonding strength relative to that of the LP-194 

asphalt (Hong et al., 2020). As shown in Fig. 3c, FP exhibits a red-brown appearance, and its SEM image 195 

reveals a plate-shaped structure with a thickness of several micrometers and a length of approximately 20 196 

micrometers. This morphology allows FP to contribute to the improved performance of the asphalt binder 197 
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when mixed together. Fig. 3d shows that FA has a grey appearance and a perfect spherical structure. This 198 

unique structure facilitates the easy mixing of FA with asphalt binder, further enhancing the compatibility 199 

between the two materials, which has been discussed in our previous study (Lu et al., 2023e). XRF results 200 

presented in Fig. 3e indicate that the LP contains a high content of CaO, reaching as high as 95.4%. In 201 

contrast, as shown in Fig. 3f-Fig. 3h, CGP, FP, and FA possess higher contents of metal oxides, such as 202 

Fe2O3, Al2O3, and ZnO, when compared to LP. This higher metal oxide content contributes to their 203 

efficiency in absorbing microwave energy and ensuring rapid microwave heating of asphalt materials, as 204 

previously observed in recent studies (Guan et al., 2019; Li et al., 2022).  205 

 

Fig. 3. Morphology and components of fillers: appearance and SEM images of (a) LP; (b) CGP; (c) FP; and (d) FA; chemical 

compositions of (e) LP; (f) CGP; (g) FP; and (h) FA.  

3.1.2. Microwave absorption behavior 206 

  Previous studies (Li et al., 2018; Lou et al., 2020) have explored the heating mechanism of asphalt 207 

materials subjected to microwave irradiation and have identified two key aspects: 1) Absorption of 208 

microwave energy by the microwave-sensitive fillers: Fillers in asphalt materials have distinct 209 

electromagnetic parameters and structures, leading to differences in their reflection loss. This variance in 210 

reflection loss allows fillers to effectively absorb microwave energy, leading to the attenuation of 211 
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microwave absorption (Li et al., 2018); and 2) Conversion of microwave energy into heat via the "internal 212 

friction heat" mechanism, mainly attributed to the dipole molecules’ high-frequency reciprocating motion 213 

within the filler, which generates heat and raises the temperature of the asphalt materials (Liu et al., 2023). 214 

The electromagnetic parameters, namely, relative complex permittivity and relative complex permeability, 215 

along with their real and imaginary parts, indicate the storage capacity and loss capability of microwave 216 

energy by the fillers (Li et al., 2018).  217 

  In Fig. 4, the real part of the complex permittivity of all mastic groups exhibits a fluctuating pattern, 218 

while the imaginary part tends to have lower values (bottom rows in Fig. 4a and Fig. 4b). The LP, due to 219 

its insensitivity to microwave radiation, demonstrates a real part of the complex permittivity ranging 220 

between 2.8-3.0 and an imaginary part ranging between 0.1-0.4. These values indicate lower dielectric 221 

parameters, resulting in inadequate microwave heating and healing properties for AM-LP samples (this will 222 

be elaborated in section 3.1.3). In contrast, CGP, FP, and FA samples exhibit significantly higher values for 223 

the real and imaginary parts of the complex permittivity compared to LP samples. This suggests that these 224 

three types of fillers have the potential to be excellent microwave absorbers with significant magnetic loss 225 

capabilities. The abundance of magnetic components within these fillers is mainly responsible for their 226 

enhanced microwave absorption properties. 227 

 

Fig. 4. Microwave absorption of fillers: (a) real parts (up) and imaginary parts (bottom) of the complex permittivity; and (b) 

real parts (up) and imaginary parts (bottom) of the relative complex permeability.; and (c) illustration of different forms of 

microwaves in asphalt materials under microwave radiation. 
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  As illustrated in Fig. 4c, under microwave irradiation, asphalt materials incorporating microwave-228 

sensitive fillers, such as CGP, FP, or FA demonstrate higher imaginary parts of relative complex permittivity 229 

and relative complex permeability. Consequently, these composites exhibit an increased ability to 230 

efficiently convert microwave energy into heat release. This heat release is induced by electric loss, which 231 

encompasses conduction loss and dielectric loss, involving the polar orientation and displacement of 232 

electric dipoles within the asphalt materials (Li et al., 2018). Additionally, asphalt composites modified 233 

with LP show lower heating-healing efficiency due to their inferior capacity to transfer microwave energy 234 

into heat. Therefore, the inclusion of CGP, FP, or FA in asphalt materials can enhance the effectiveness of 235 

microwave-induced heating and healing processes.   236 

3.1.3. Microwave heating capability 237 

  In Fig. 5, the heating ability of four different fillers when subjected to microwave radiation is analyzed 238 

and compared. As expected, all fillers’ surface temperature enhances with the duration of microwave 239 

heating. In the case of LP, the average surface temperature only reaches 34.5℃ and 64℃ after 60 seconds 240 

and 180 seconds of microwave heating, respectively. However, the microwave-sensitive fillers exhibit 241 

significantly higher temperatures compared to the LP sample at any given duration of microwave radiation. 242 

Specifically, after 60 seconds of microwave radiation, the average surface temperature of CGP, FP, and FA 243 

rises rapidly to 96℃, 104℃, and 73.1℃, respectively. Notably, PG 76/22’s softening point is approximately 244 

95℃ (see section 2.1), which implies that the surface temperatures of CGP and FP after 60 seconds of 245 

microwave heating are sufficient to soften asphalt binder. These findings suggest that microwave-sensitive 246 

fillers, particularly CGP and FP, possess exceptional heat formation capabilities with the assistance of 247 

microwave heating and hold significant potential for softening the surrounding binder.  248 
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Fig. 5. Fillers’ microwave heating ability: (a) illustration of fillers subjected to microwave radiation and (b) surface 

temperatures of fillers within 180 seconds. 

  The microwave-sensitive fillers typically have a higher content of metal oxides, exhibit the ability to 249 

generate heat more efficiently and facilitate uniform heat transfer in asphalt materials (Lu et al., 2023d; 250 

Wan et al., 2022; Zhu et al., 2019). Remarkably, significant heat formation and uniform heat transfer can 251 

be achieved in just 60 seconds of microwave radiation when using these fillers, surpassing the performance 252 

of LP. This suggests that replacing LP with microwave-sensitive fillers is a promising way to greatly 253 

improve the heating-healing capabilities of asphalt materials. Furthermore, such a substitution could also 254 

bring about potential environmental and economic benefits. 255 

3.2. Rutting factor of asphalt mastics 256 

The observed trend in the rutting factor values of all samples aligns with expectations, as they decrease 257 

as the temperature increases. This decline signifies a reduced resistance to permanent deformation in asphalt 258 

mastics as the temperature rises (as depicted in Fig. 6a). Moreover, the rutting factors of the AM-CGP, AM-259 

FP, and AM-FA samples surpass that of the AM-LP, indicating that these fillers have the potential to enhance 260 

the hardness and rutting resistance of asphalt mastics, mainly attributed to the higher density of microwave-261 

sensitive fillers in comparison to LP, as mentioned in section 2.1. In addition to their higher density, 262 

microwave-sensitive fillers also possess a higher specific surface area. This increased surface area 263 

facilitates greater contact with the asphalt binder. The SEM images of the asphalt mastics provide further 264 

evidence for this, as the microwave-sensitive fillers exhibit rough and porous surfaces that can absorb more 265 

free asphalt within the mastic. This absorption limits the flow of asphalt, contrasting with LP's flat and 266 
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smooth surfaces. By acting as a filled skeleton, the incorporated microwave-sensitive fillers can enhance 267 

the interfaces between the asphalt and fillers. This improvement allows the asphalt mastics to better 268 

withstand shear forces, ultimately increasing their rigidity.  269 

 

Fig. 6. (a) Rutting factor of asphalt mastics; SEM images of (b) AM-LP; (c) AM-CGP; (d) AM-FP; and (e) AM-FA samples. 

Based on the findings depicted in Fig. 6b, the admixing LP filler and asphalt do not establish sufficient 270 

contact.. In contrast, CGP interacts strongly with the asphalt, leading to a blurred interface. This indicates 271 

that CGP has better adhesion to the asphalt interface (as depicted in Fig. 6c). Additionally, the dispersion 272 

of CGP throughout the asphalt mixture appears to be relatively homogeneous. The incorporation of FP 273 

results in a decrease in fractional voids, as observed in Fig. 6d. Moreover, the AM-FP sample exhibits 274 

improved and more uniform bonding with the asphalt. This improvement can be attributed to the smaller 275 

granulometry of FP compared to LP. In Fig. 6e, significant agglomeration of FA particles is observed, and 276 

the asphalt encapsulates the FA particles. Although voids remain due to the hollow and porous particle 277 

characteristics of FA, the asphalt-filler bonding may not be as strong. Additionally, the hydrophilic nature 278 

of FA poses challenges in achieving proper mixing with the asphalt due to its high viscosity. Note that the 279 

possible aggregation of microwave-sensitive fillers could result in localized overheating inside the asphalt 280 

mastics during microwave radiation. As such, addressing this issue is crucial before considering the 281 

practical applications of this technology. 282 

3.3. Microwave heating behavior of asphalt mastics 283 

The surface temperature distribution of the asphalt mastics can be measured in a non-contact and real-284 

time manner using infrared cameras. As depicted in Fig. 7, the majority of regions in the AM-LP sample 285 

achieve approximately 45℃ after 90 seconds of microwave heating. This temperature level does not 286 
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achieve the temperature required for softening the surrounding asphalt. Microwave-sensitive fillers 287 

modified asphalt mastics exhibit a surface that is covered with red and bright colors, particularly in the case 288 

of the AM-CGP and AM-FP samples. These samples demonstrate the highest surface temperatures of 289 

around 95℃ and 110℃, respectively, at 90 seconds. This indicates that the AM-CGP and AM-FP samples 290 

possess excellent microwave thermal heating rates and uniformity. However, the AM-FA sample exhibits 291 

relatively low-efficiency microwave heating capability, likely due to its limited metal oxide components. 292 

Notably, the temperature over 100℃ may lead to asphalt deterioration after 120 seconds. Therefore, in 293 

practical applications, the duration of microwave radiation should be appropriately controlled to prevent 294 

excessive heating. 295 

 

Fig. 7. Temperature distribution of asphalt mastics via using infrared cameras. 

As suggested in Fig. 8a, all mastics’ temperature increases with longer durations of microwave radiation. 296 

Specifically, the AM-LP sample exhibits a gradual increase in temperature with extended microwave 297 

durations, reaching 54.4℃ at 180 seconds. Comparatively, the surface temperature of the AM-CGP, AM-298 
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FP, and AM-FA samples increases by 25-50℃, 50-80℃, and 10-40℃, respectively, in comparison to the 299 

AM-LP samples, suggesting that introducing microwave-sensitive fillers can improve the microwave 300 

heating capacity of asphalt materials due to the high content of metal oxide components in these fillers, 301 

which enhance their ability to absorb microwaves. Notably, both the AM-CGP and AM-FP samples achieve 302 

average surface temperatures exceeding 95℃ at 60 seconds of heating. Consequently, 60 seconds of 303 

radiation is used to compare the microwave heating capacities of these specimens. Additionally, the heating 304 

rates for the AM-CGP, AM-FP, and AM-FA samples are calculated to be 0.52℃/s, 0.65℃/s, and 0.39℃/s, 305 

respectively (as illustrated in Fig. 8b). These values are higher than that of the AM-LP specimen, which is 306 

0.16℃/s. It should be noted that the heating rate and temperature of the asphalt materials can be adjusted 307 

by optimizing microwave parameters, taking into account the softening point of the asphalt. 308 

 

Fig. 8. Microwave heating of asphalt mastics: (a) surface temperature and (b) heating rate. 

3.4. Initial self-healing temperature of asphalt mastics 309 

The complex viscosity of all asphalt mastics displays a decreasing trend as the scanning frequency and 310 

temperature increase (Fig. 9). Notably, at higher temperatures, particularly at 85℃ and 100℃, the curves 311 

become horizontal lines, indicating that the complex viscosity of asphalt mastics remains relatively constant 312 

with varying frequencies. This observation suggests that the flow behavior of asphalt mastics is highly 313 

influenced by temperature and is close to a near-Newtonian fluid, as stated by Garcia et al. (García, 2012). 314 

To assess the changes in asphalt flow performance, the temperature frequency scanning test was performed. 315 

Fig. 10 summarises the flow characteristics of the asphalt mastics. 316 
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Fig. 9. The function of scanning frequency and complex viscosity of asphalt mastics: (a) AM-LP sample; (b) AM-CGP 

sample; (c) AM-FP sample; and (d) AM-FA sample. 

The results presented in Fig. 10 show the fitting outcomes for the flow behavior indexes of asphalt 317 

mastics at different temperatures. The flow behavior indexes of all samples increase with the increasing 318 

temperature, and the increasing tendency becomes slower at higher temperatures. Especially, the gaps in 319 

flow behavior indexes among the asphalt mastics samples become less significant, mainly ascribed to the 320 

asphalt mastic beginning to resemble a Newtonian liquid as its flow behavior index over 0.9, where the 321 

flow state of the asphalt mastics tends to be unchanged. Based on the fitting results, the initial self-healing 322 

temperature value for the AM-LP sample is determined to be 88.2°C. In contrast, the initial self-healing 323 

temperatures of the microwave-sensitive fillers modified asphalt mastics decrease to 81.1°C (AM-FA 324 

sample), 65.6°C (AM-CGP sample), and 56.2°C (AM-FP sample), respectively. This suggests that the AM-325 

LP sample needs a higher temperature to reach a similar flow state relative to the microwave-sensitive 326 
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fillers modified asphalt mastics. Consequently, using microwave-sensitive fillers can enable asphalt 327 

materials to achieve substantial microwave-heating healing efficiency at lower energy consumption.    328 

 

Fig. 10. Flow behavior index of asphalt mastics. 

3.5. Microwave-heating healing capability of asphalt mixture 329 

  In this section, the microwave-heating healing behavior of asphalt materials is evaluated using PA-13 330 

mixtures. The results obtained from the microwave heating characteristics and flow behavior indexes 331 

indicate that FA has limited potential to enhance the heating-healing efficiency of asphalt composites. As 332 

a result, it is excluded from further analysis in this section. Fig. 11a presents the mixture’s initial force and 333 

the forces of the mixtures after three damage-healing-damage cycles. It is important to note that each group 334 

of samples undergoes triple repetition tests, and one random sample from each group is displayed in the 335 

figure. Additionally, the peak force of all mixtures decreases with increasing the damage-healing cycle. 336 

Interestingly, the peak forces of the LP-modified mixtures and FP-modified mixtures samples significantly 337 

exceed the LP-modified mixtures.  338 
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Fig. 11. Healing efficiency of asphalt mixtures (AM): (a) peak force and (b) the calculated HI values. D-H-D is damage-

healing-damage.  

The HI is calculated to further assess the healing efficiency of asphalt composites, as presented in Fig. 339 

11b. As suggested in Fig. 11b, the AM-LP’s HI achieves 20.5% at the initial state and its HI decreases to 340 

11.1% after three damage-healing-damage cycles, indicating poor heating-healing capability. Remarkably, 341 

asphalt mixtures incorporating microwave-sensitive fillers demonstrate higher HI relative to the AM-LP 342 

specimens, implying an increased heating-healing efficiency compared to the AM-LP specimens, indicating 343 

that substituting LP with CGP or FP can increase the healing efficiency of the mixture, as CGP or FP 344 

possess outstanding microwave absorption ability, which aligns with the surface temperature results of the 345 

asphalt materials. Furthermore, the AM-CGP and AM-FP samples achieve HI values of 30.7% and 46.6% 346 

after three damage-healing cycles, respectively, indicating that FP-modified asphalt mixtures perform better 347 

in enhancing the microwave-heating healing capability compared to using CGP. Note that the HI values of 348 

the AM-CGP and AM-FP samples are below 50% after three damage-healing cycles. To further enhance 349 

the heating-healing efficiency of the asphalt composites, it would be ideal to explore and investigate the 350 

combined usage of functional fillers and functional aggregates, which will be addressed in future studies. 351 

4. Environmental benefits and economic cost (EBEC) analysis  352 

This section undertakes a comparative evaluation of the environmental benefits and economic costs 353 

(EBEC) associated with two types of pavement: conventional pavement (LP-modified asphalt mixtures) 354 

and self-healing pavement (FP-modified asphalt mixtures). The analysis focuses on the unit pavement of 355 

PA-13 asphalt mixture, which has dimensions of 1000 m in length and 3.75 m in width. To evaluate the 356 
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effectiveness of the self-healing pavement, key parameters such as the microwave heating ratio (MHR) and 357 

energy conversion improvement rate (ECIR) are determined. These parameters are calculated utilizing 358 

Equation (4), resulting in an MHR value of 0.65°C/s and an ECIR value of 3.063. Equation (5) is 359 

employed to quantify the amount of electric energy saved on the pavement. Subsequently, a conversion is 360 

made to estimate the energy savings experienced by the pavement based on the percentage of area, 361 

considering the electric energy saved by the specimen. At last, the economic cost of the unit pavement is 362 

determined by utilizing Equation (6) and Equation (7). 363 

ECIR=(MHRN-MHRC)/MHRC                                          (4) 364 

WSpecimen=PMicrowave×t×ECIR                           (5) 365 

WPavement=WSpecimen×SRatio                                          (6) 366 

 EFPavement=WPavement×1.0                             (7) 367 

where MHRN and MHRC are the MHR of self-healing asphalt material and conventional asphalt material 368 

(°C/s), respectively. WSpecimen and PMicrowave are the electric energy saved by the specimen (kW·h) and the 369 

microwave power (800 W); t is the microwave radiation duration (3 minutes); SRatio is the percentage of the 370 

area between specimen and unit pavement; WSpecimen and EFPavement are the electric energy saved (kW·h) 371 

and electric costs saved by unit pavement (USD), and the local electricity price is about 0.15 USD/kW·h. 372 

Global warming has emerged as a significant and pressing issue across the globe since the 1980s (Abdalla 373 

et al., 2022; Deng et al., 2023; Fanijo et al., 2023). Carbon dioxide (CO2) is the main contributor to the 374 

greenhouse effect, accounting for about 55% of the overall greenhouse effect (Fu et al., 2022). China, being 375 

predominantly reliant on thermal power generation, faces challenges due to CO2 emissions resulting from 376 

the combustion of raw coal. Consequently, the greenhouse effect in China is aggravated (Fu et al., 2023). 377 

Pavement engineering is known for being a high-energy and high-carbon activity (Lu et al., 2023f), and the 378 

carbon footprint is further increased by the need for frequent maintenance activities (Jiang, X. et al., 2023; 379 

Ma et al., 2023; Ma et al., 2022a). To address this issue, this study mainly analyses the self-healing 380 

pavement and its potential contribution to reducing CO2 emissions. Specifically, the environmental benefits 381 

associated with the unit pavement are assessed by examining CO2 emissions. This analysis involves several 382 

steps:  383 

1) Assessment of the consumed power in terms of the microwave power cost converted into calorific 384 
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value. 385 

2) Calculation of the amount of raw coal required to yield the calorific value. 386 

3) Evaluation of the CO2 emissions during the microwave heating-healing process based on the CO2 387 

emission coefficient of raw coal.  388 

Equation (8) and Equation (9) are employed to determine the amount of calorific value saved by the 389 

pavement and the quality of raw coal, respectively.  390 

QSpecimen=WSpecimen×3.6×1000                          (8) 391 

MRaw coal=QSpecimen/QRaw coal                                        (9) 392 

where QSpecimen is the calorific value saved by pavement (kJ); MRaw coal is the content of raw coal (kg); 393 

QRaw coal is the calorific value of 1 kg of raw coal (kJ/kg). At last, the amount of CO2 emissions can be 394 

calculated using Equation (10).  395 

VCO2=MRaw coal×CCO2                                                                        (10) 396 

  where VCO2 and CCO2 are the amounts of CO2 emissions (kg) and CO2 emission coefficient of raw coal, 397 

respectively. 398 

 

Fig. 12. Calculated electricity savings and reduced CO2 emissions per unit of pavement. 
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According to the aforementioned analysis, it is evident that microwave-heating healing asphalt pavement 399 

offers substantial advantages in terms of reducing CO2 emissions compared to conventional pavement. As 400 

demonstrated in Fig. 12, the unit pavement achieves notable outcomes in terms of both cost savings and 401 

CO2 emission reduction. Specifically, the electric fees saved amount to 1.15×104 USD, while the 402 

corresponding reduction in CO2 emissions is estimated to be 4.41×104 kg. These results unequivocally 403 

highlight the exceptional EBEC benefits associated with the implementation of microwave-heating healing 404 

PA-13 pavement. 405 

5. Findings and summary 406 

In this study, three microwave-sensitive fillers, namely, coal gangue powder (CGP), ferrite powder (FP), 407 

and fly ash (FA), were recycled as alternatives to limestone powder (LP) filler to create microwave-heating 408 

healing asphalt materials with enhanced sustainability. The incorporation of these fillers resulted in 409 

significant improvements in key properties of the asphalt materials, including resistance to rutting, 410 

microwave heating capacity, and effectiveness in microwave-heating healing. The outcomes and analysis 411 

of this research led to the following findings: 412 

  (1) The microwave-sensitive fillers have higher electromagnetic parameters than that of the LP filler, 413 

which allows them to convert microwave irradiation into thermal energy more efficiently when 414 

incorporated into asphalt materials. This leads to improved microwave heating ability and heating-healing 415 

capability in the asphalt materials, making them highly promising for such applications compared to those 416 

containing LP filler. Notably, both AM-CGP and AM-FP mastics achieve average surface temperatures 417 

above 95℃ within just 60 seconds. 418 

  (2) In the AM-LP sample, the initial self-healing temperature is approximately 88°C. However, by 419 

incorporating microwave-sensitive fillers, the asphalt mastics exhibit lower initial self-healing temperatures: 420 

81°C for AM-FA, 66°C for AM-CGP, and 56°C for AM-FP. This suggests that the presence of microwave-421 

sensitive fillers allows the asphalt composites to achieve a flow state at lower temperatures compared to 422 

AM-LP. As a result, the heating-healing efficiency of the asphalt materials can be improved and energy 423 

consumption can be reduced. 424 

  (3) The asphalt mixtures modified with CGP filler and FP filler achieve healing indexes (HI) of 31% and 425 

47% respectively after three cycles of damage-healing-damage. These results indicate that FP-modified 426 

asphalt mixtures outperform CGP-modified mixtures in terms of enhancing microwave-heating healing 427 
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ability. However, the HI values remain below 50% even after three cycles, suggesting that the use of CGP 428 

or FP filler alone is not sufficient to significantly enhance the healing efficiency of asphalt mixtures. One 429 

possible reason for this limitation is the limited volume of filler in the mixtures. In future studies, it is 430 

recommended to explore and investigate the combination of functional fillers and functional aggregates as 431 

a more promising strategy to increase the microwave-heating healing efficiency of asphalt mixtures. 432 

  (4) The analysis of environmental benefits and economic costs reveals that the adoption of asphalt 433 

mixture modified with microwave-sensitive fillers can result in significant savings in electricity costs, 434 

estimated at 1.15×104 USD. Furthermore, this implementation is projected to lead to a reduction of 435 

approximately 4.41×104 kg in CO2 emissions. These promising findings provide a robust basis for the 436 

practical application of asphalt mixture incorporating microwave-sensitive fillers. 437 
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