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Self-healing in asphalt mixtures is a property that can be enhanced by external heating, which causes a thermal

expansion that increases the flow of bitumen with reduced viscosity through the cracks.
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1. Introduction

Industrial and technological development, combined with demands for a better quality of life, has increased the

consumption of material resources, making it impossible for the planet to continue on this path. Thus, society has become

aware that resources are finite and that reducing their consumption and use is imperative.

The construction industry is one of Europe’s largest and most active economic sectors. However, it is also responsible for

a significant environmental impact due to its high energy consumption, how it develops, uses, distributes, and disposes of

virgin resources, and produces excessive greenhouse gas emissions .

More specifically, the road infrastructure sector damages the environment and the planet’s sustainability, from transporting

goods and people to constructing pavements. Thus, changing this sector’s current design, management, and monitoring

paradigm is essential. This sector must develop policies to achieve sustainable development objectives effectively,

creating innovative processes aimed at reducing CO  emissions, reducing the use of virgin materials, and reusing waste

in construction while ensuring positive effects from an economic, technical, and environmental point of view .

2. Aggregates and Bitumen Characterization

The particle size distributions of the NGA and SSA fractions were obtained before designing the studied asphalt mixtures.

The grading curves showed that the SSA material has fewer fines than the NGA, which increased the use of limestone

filler in mixture C. The density values determined by Moura et al.  for these materials (2.65 Mg/m  for NGA and LF; 3.25

Mg/m  for SSA) were also used to design the asphalt mixtures.

The 35/50 pen-grade bitumen used in is the most widely applied in Portugal. The bitumen presented a penetration value

of 44.9 tenths of a millimeter and a softening point temperature of 51.1 °C, and both values are within limits established by

the EN 12591 standard for this type of bitumen.

3. Mix Design, Production, and Characterization of Asphalt Mixtures

Table 1 presents the compositions of the three asphalt mixtures (A, B, and C) studied by showing the percentage volume

of each aggregate fraction used. The corresponding mass values used to produce the mixtures were determined based

on the aggregates’ densities. The composition was defined based on the particle size distribution of the different

aggregates to obtain a final grading curve of each asphalt mixture fitting the grading envelope of an AC 14 surf defined in

the Portuguese standards .

Table 1. Volume percentages of the aggregates’ fractions used in the different asphalt mixtures.

Fraction NGA 0/4 NGA 4/6 NGA 6/14 SSA 0/10 SSA 10/14 LF

Mixture A 40% 14% 42% 0% 0% 4%

Mixture B 40% 14% 42% 0% 0% 4%

Mixture C 27% 0% 17% 36% 14% 6%
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The asphalt binder content of mixtures A and B was 5.0%, using an equivalent value in mixture C, adjusted to 4.5%, to

consider the higher density of the SSA (3.29 Mg/m ) in comparison to the NGA (2.64 Mg/m ). The percentage of steel

wool fibers added to mixtures B and C was 7% of bitumen weight. The fibers were included as an additive and were not

considered when adjusting the aggregate grading curve of those mixtures.

The volumetric characteristics of the asphalt mixtures were obtained by assessing their maximum density (MD) and bulk

density (BD) of compacted specimens. Then, each specimen’s air voids content (Vv) was computed from MD and BD

values. Table 2 presents the mean volumetric characteristics for each asphalt mixture.

Table 2. Volumetric characterization of asphalt mixtures.

Property Maximum Density
(Mg/m )

Bulk Density
(Mg/m )

Air Voids Content
(%)

Mixture A 2.484 2.415 2.8

Mixture B 2.481 2.410 2.9

Mixture C 2.830 2.753 2.7

The three mixtures have similar air voids contents, slightly below the limit defined in the specifications. The high density

and low air voids content of mixture C should be emphasized from these results. Good workability was observed for the

mixture with 50% SSA during the laboratory production and compaction phases, which solved the high air voids content

issue mentioned in Moura et al.’s  study for a similar asphalt mixture.

4. Preliminary Microwave Induction Heating Tests of Asphalt Mixtures

In the present work, the influence of the asphalt mixture composition was initially studied by assessing its thermal

induction behavior when heated by microwave radiation. The temperature evolution of cylindrical specimens was

evaluated every 40 s, for a total time of 160 s, with different microwave power levels (540 W, 720 W, and 900 W) to find

differences in the heating rate between the studied mixtures. The tests were performed according to the procedures and

techniques described previously. Figure 2 shows the mean surface temperature of three specimens of each asphalt

mixture (A, B, and C) as a function of the heating time for the different microwave power levels used.

Figure 2. Evolution of surface temperature of the different asphalt mixtures with the heating time for three microwave

power levels.

These results show that mixture B generally presented slightly higher temperatures than mixture A for identical induction

times. Mixture C showed higher temperatures for all induction periods and power levels, mainly for longer induction times

(80 s to 160 s). Thus, the combined use of SSA and SWF increases the heating rate in the microwave induction process.

The temperatures measured with the thermographic camera had a very low deviation, assuring high confidence in the

obtained results. The positive influence of incorporating SSA and SWF (mixture C) becomes evident in the thermal

images of Figure 3, obtained for the same microwave heating conditions (160 s and 900 W).
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Figure 3. Thermal images of the different asphalt mixtures for the same radiation conditions (160 s and 900 W) in the

microwave: (a) mixture A, (b) mixture B, and (c) mixture C.

The influence of microwave power levels on the heating results was not as substantial as expected, probably due to the

equipment used. However, temperatures evolved more rapidly and uniformly for the 900 W power, particularly in mixtures

B and C. Thus, that power level was selected for remaining microwave heating tests. Long induction times (i.e., higher

than 120 s) should be avoided when heating cylindrical specimens to reduce bitumen aging at high induction

temperatures (near 100 °C) since bitumen becomes stiff and brittle, decreasing the fatigue and fracture resistance of the

mixtures.

5. Self-Healing Assessment and Mechanical Characterization of the
Asphalt Mixtures

This section mainly discusses the self-healing performance of the studied asphalt mixtures resulting from their fracture

recovery or fatigue life increase after successive cycles of mechanical tests (damaging stage) and microwave heating

(healing stage).
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