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Abstract

This paper evaluates the effect of adding Blast Furnace Dust (BFD), a by-product of the steel industry, on the
multifunctional performance of porous asphalt mixtures designed for self-healing permeable pavements.
Porous mixtures were prepared with six different BFD percentages (i.e., 0%, 2%, 4%, 6%, 8%, 10% by
weight), as substitutes for fine aggregate. The physical, mechanical, hydraulic, electrical, thermal, and self-
healing properties of the porous asphalt mixtures were subsequently evaluated. The effect of the chemical,
mineralogical, and physical properties of both the aggregate and BFD on microwave heating and healing
efficiency was also examined. The healing capability of the mixtures was quantified by measuring the three-
point bending strength of specimens before and after microwave-induced healing. X-ray micro-computed
tomography (micro-CT) was also employed on core samples to assess the distribution of BFD and the internal
porosity. Results showed that the lower density of BFD reduced air void content when used as a fine aggregate
replacement. At 4% BFD, hydraulic permeability approached that of the reference mixture, due to its good
void distribution and connectivity, as evidenced by puCT reconstruction analysis. Electrical resistivity and
thermal conductivity were unaffected by BFD incorporation. Mechanical properties and durability improved
under both dry and wet conditions, while energy efficiency during microwave exposure also increased. The
highest heating rates were observed in BFD and fine aggregate components. Healing indices generally
decreased from the third cycle onward; however, the 4% BFD mixture maintained a high healing index for an
additional cycle without adverse effects. In short, incorporating BFD into porous asphalt mixtures improves
mechanical performance, durability, and microwave heating efficiency, while supporting multifunctional

pavement design and promoting sustainability.
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1. Introduction

Climate change has accelerated markedly over the past 150 years, with the global mean temperature in 2022
recorded as 1.1 °C above pre-industrial levels. This warming has substantially altered global precipitation
patterns, heightening the risk of flooding and creating significant challenges for road infrastructure [1]. To
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address this challenge, porous asphalt mixtures (PAM) are extensively used as permeable pavement surfaces
due to their capacity to improve road safety by enhancing surface drainage, ensuring efficient water flow, and
reducing the burden on stormwater systems, thus reducing the risk of aquaplaning, even in adverse weather
conditions [2].

Standardised hydraulic permeability values for PAM typically range from 5800x10~° cm/s [3] to 7000x10°
cm/s [4], making them effective in managing surface runoff and improving safety conditions. For instance,
specimens with a 14 mm maximum aggregate size and 16% air void content (AVC) exhibit significantly higher
permeability, exceeding 11000x10->cm/s. This superior performance is attributed to an average void size of
2.2 mm and enhanced connectivity and tortuosity within the mixture [5]. However, environmental conditions
and traffic loads can lead to the premature deterioration of PAM, promoting the development of microcracks,
reducing their mechanical strength and durability over time [6]. To address this issue, the bitumen in asphalt
pavements, a complex molecular organic bituminous material, exhibits relatively strong surface wetting and
diffusion capabilities, which impart an intrinsic self-healing behaviour. This enables the closure of microcracks

and, consequently, the recovery of stiffness and strength over the pavement’s service life [7-9].

To enhance the self-healing capability of bituminous materials, various extrinsic self-healing techniques have
been developed. Among these, external microwave radiation heating can effectively raise PAM temperature,
thereby promoting microcrack repair [10-13]. Microwave heating for self-healing asphalt relies on non-
ionising electromagnetic radiation to induce volumetric heating within the material. This occurs through the
oscillation, rotation, or vibration of molecules resulting from the interaction between microwaves and the
material’s constituents [14, 15]. Consequently, the efficiency of this self-healing technique is influenced by
the chemical composition of the bituminous matrix, the pavement's internal structure, and the presence of
additives responsive to microwave radiation. On one hand, the porous multi-cavity structure of PAM facilitates
multiple microwave reflections, thereby amplifying the heating effect [16]. On the other hand, the addition of
ferrous or metallic particles, which possess high thermal conductivity, can enhance both the mechanical

properties and the microwave self-healing capacity of PAM by improving heat generation.

Recent studies have extensively investigated the effect of incorporating metallic particles into PAM. For
instance, steel wool fibres significantly boost resistance to ravelling, tensile strength, and water sensitivity in
PAM [10]. Similarly, NiZn ferrite, when used as a filler at a 5% addition, optimises the dynamic modulus and
extends the fatigue life of PAM, providing uniform heating and achieving a fatigue life extension ratio of 1.05
after 120 seconds of microwave exposure at 300 W [13]. However, steel wool fibres exhibit a reduction in the
self-healing index from 80% to 58% over five cycles, with optimal performance observed at a 6% addition and
heating to 80 °C for 75 seconds at 1000 W [12]. Additionally, aluminium shavings at 800 W provide the best
results for indirect tensile strength (ITS) healing, with a healing index of 35-75% [17]. These results highlight
the potential of electrically responsive metallic additives to enhance the self-healing capacity of PAM under
electromagnetic or microwave exposure, while simultaneously offering a sustainable pathway to valorise

industrial by-products, such as steel industry waste, in high-performance pavement design.

In the steel industry, the production of pig iron generates between 7 and 45 kg of BFD per ton of pig iron [18,
19]. Furthermore, steel industry by-products, including steel slag (SS) and electric arc furnace (EAF) slag, not
only pose environmental challenges but also offer opportunities for sustainable utilisation in self-healing
asphalt mixtures [20—22]. SS has been employed as a replacement for coarse aggregates. In contrast, EAF slag

has been investigated as a substitute for fine aggregates (<2 mm) in dense asphalt mixtures, aiming to enhance



microwave heating and improve mechanical performance [21, 23]. For example, replacing 3% fine aggregates
with EAF slag increased the microwave healing rate by 50%, while basic oxygen furnace slag showed strong
microwave absorption at 0.6—2.36 mm [21, 23]. In mixture comparisons, open-graded friction course OGFC-
13 with 80% steel slag achieved a healing index of 90% in cycle 1, declining to 61% by cycle 5, whereas
asphalt concrete AC-13 with 60% steel slag started at 76% and decreased to 56% [24].

Previous studies indicate that open-graded friction course asphalt mixtures achieve enhanced microwave
heating efficiency, as dense, interconnected macropores are transformed into smaller, discrete pores. The
formation of additional micropores is driven by the capillary flow of bitumen, which partitions macro- and
mesopores into finer pores [16, 24]. Although air voids in open-graded friction course asphalt mixtures initially
reduced resistance to moisture damage after two freeze-thaw cycles, microwave heating enhanced resilience,
enabling up to five cycles. Freeze-thaw enlarges and connects pores, whereas microwave heating closes cracks
and subdivides larger pores [24]. In summary, incorporating steel industry by-products such as BFD into PAM
valorises industrial waste and promotes circular economy policies, improves self-healing performance, and
promotes sustainable pavement design, reducing maintenance costs and dependence on virgin materials.
However, key questions remain concerning its influence on the physical, hydraulic, mechanical, and electrical
properties of PAM, as well as the effects of BFD on heating and healing under controlled microwave radiation.

The scope of this study focuses on the design of multifunctional porous asphalt pavements incorporating steel
industry by-products, with hydraulic and self-healing properties activated through external microwave heating.
This study specifically aims to: (i) assess the impact of varying BFD contents on the physical, hydraulic,
mechanical, electrical, and thermophysical properties of PAM; (ii) examine the chemical and mineralogical
factors controlling microwave absorption and heat generation in PAM and its components; and (iii) evaluate
the effectiveness and durability of microwave-induced crack healing over multiple cycles. This integrated
approach provides a comprehensive framework for the design of durable, hydraulically efficient, and self-

healing permeable pavements, consistent with SUDS and circular-economy principles.
2. Materials and Methods

PAM samples containing varying proportions of BFD were systematically assessed for their physical,
hydraulic, mechanical, electrical, and thermophysical properties. Figure 1 summarises the experimental
workflow, illustrating the relationship between the materials and the experimental methods applied to the

porous asphalt mixtures.

2.1. Raw materials

PAM were prepared in accordance with the Spanish PA-16 standard, employing polymer-modified bitumen
PG 76-22. The aggregates were classified into three fractions: coarse aggregate or gravel, fine aggregate or
sand, and filler. A bitumen content of 5 wt.% was adopted following preliminary laboratory tests, which
showed that this proportion provided the best compromise between the physical, hydraulic, and mechanical
characteristics of the PAM. BFD was used to partially replace the fine aggregate fraction to enhance the
microwave heating capacity of the mixtures (see Figure 1). The particle size distribution (see Figure 2)
remained constant across mixtures, with fine aggregates replaced in the 0.075 — 2 mm range. A detailed
characterisation of the bitumen, coarse and fine aggregates with and without BFD replacement is given in
Tables S1, S2 and S3 of the supplementary material, respectively.
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Figure 1. Flowchart detailing the materials and experimental methods for the PAM.
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Figure 2. (a) Granulometry distribution of aggregates and BFD used for asphalt mixture manufacturing, and (b)

example of BFD ranged between 2 mm and 0.074 mm sieve size.

2.2. Morphological and chemical properties of raw materials

The optical properties of the minerals within the aggregates were analysed in thin sections using a Meiji

MT9000 optical microscope (Petrographic), as shown in Figure 3(a—c). The morphology of the aggregates and
BFD was evaluated through Scanning Electron Microscopy (SEM) using a ZEISS EVO MA10. Figure 3(d)
and (e) shows representative SEM images of the ground aggregate, characterised by a rough surface which
improves adhesion with the bitumen. Regarding the characterisation of the BFD depicted in Figure 3(f), SEM

images were recorded, identifying a rough and porous surface (see Figure 3 (g) and (h)) with pore sizes between

10-30 um, improving the cohesion of the mixtures. The chemical composition of the aggregates and BFD was
obtained through X-ray fluorescence (XRF) tests (see Table 1). Finally, the mineral composition of the
aggregates and BFD was determined by X-ray diffraction (XRD), with results provided in Table 2 and Table

3, respectively.
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Figure 3. Detail of (a) aggregates showing (b) recrystallised quartz crystals with crenulated edges (1), relicts of
plagioclase porphyroclasts (3), calcite (4), sericite (5), and (¢) chlorite (6); representative SEM images showing (d)
ground aggregates and their (e) surfaces; (f) BFD particles and SEM images of their (g) surfaces and (h) porosity.

Table 1. Chemical elements (XRF) present in aggregates and BFD.

Element Si Al Fe Ca K Ti Mn S Zn
Aggregates concentration (%) 46.7 18 15.5 13 52 12 03 03 -
BFD concentration (%) 2.2 58 756 7.8 0.6 - 26 1.8 3.1

Table 2. Mineral composition (XRD and petrographic) of the aggregates (Mylonite).

Mineral Quartz Orthoclase* Microcline* Chlorite Plagioclase* Hornblende Sericite* Calcite

. . . KAL
Chemical iy g AISIOs  KAISEOs [ E5HO10 \aatsi0p C2FSSEO2 (41616, cacos
compound (OH), (OH), (OH),

Weight (%) 34 32 10 8 5 5 2 2

Note: *Feldspar minerals.

Table 3. Mineral composition (XRD) of the Blast Furnace Dust (BED).

Mineral Magnetite Hematite Siderite Wiistite Quartz Calcite Lime Sillimanite Groutite

Chemical . .
con‘fg(‘ﬁ q  FeOs Fe:0;  FeCO; FeO  Si0, CaCO; CaO  ALSiOs MnO,
Weight (%)  29.2 15.4 153 118 156 53 3.0 2.8 1.7

2.3. Manufacturing of the PAM test specimens

PAM test specimens were manufactured according to the method described in Figure S1 of the
supplementary material. Firstly, the aggregates and BFD were heated to 170 °C for 24 h, while the bitumen
was conditioned at 170 °C for 2 h before mixing. Then, the raw materials were mixed in a metallic bowl in the
following order: (1) coarse aggregate, (2) fine aggregate (with and without BFD replacement), (3) bitumen,
and (4) filler. As for the specimens including BFD, the additive was added at six percentages as a weight
replacement for fine aggregate: 0%, 2%, 4%, 6%, 8%, and 10 wt.%. These values were selected based on
preliminary tests, which demonstrated that BFD contents of <10% produce detectable changes in properties
without adversely affecting the manufacture of the mixtures. The raw materials were mixed for 5 min at 170°C.
Once the aggregates were fully coated with bitumen, the mixture was poured into a pre-heated Superpave
Gyratory Compactor mould and compacted with 70 gyrations at 160 °C. The compaction criterion was defined
to achieve an air void content close to 20% in MO. Then, the samples were extracted from the mould and
conditioned to room temperature (~20 °C) for 24 h once compacted. In addition, different test samples were

prepared to characterise the physical, electrical, thermal, and self-healing properties of each mixture as follows:



o Superpave specimens: Specimens with dimensions of 100 mm diameter and 62 + 1 mm height. They were

used for the measurement of bulk specific gravity, hydraulic permeability, particle loss resistance, indirect
tensile strength, and indirect tensile stiffness modulus.

o  Cylindrical samples: Three Superpave specimens per mixture type were selected and cut on each external

face, producing samples with a height of 50 mm and a diameter of 100 mm. These were used to measure
electrical resistivity and thermal conductivity. Three cylindrical samples (50 mm diameter x 50 mm height)
were also used for X-ray micro-computed tomography tests on mixtures containing 0%, 4%, and 8% BFD.

o Semicircular samples: The modified Superpave samples were cut through two opposite planes, producing

quarter samples with approximate dimensions of 100 mm length, 50 mm height, and 25 mm width. A
notch 5 mm thick and 10 mm deep was introduced at the midpoint along the loading direction. These

samples were used for microwave heating and self-healing measurements.

Finally, each test specimen was labelled with an MX code, where “M” denotes the mixture and “X” indicates
the BFD replacement content (0%, 2%, 4%, 6%, 8%, 10 wt.%). For example, M10 corresponds to a mixture
with 10% by weight BFD replacing fine aggregates.

2.4. Physical properties of PAM test specimens

The bulk specific gravity (Gsb) was determined following ASTM D1188M [25]. Dry mass and the real volume
of the Superpave specimens were determined from water-submerged test specimens at 20 °C. The maximum
specific gravity (Gsm) of the mixtures was measured according to the ASTM D2041 [25], using loose asphalt
samples submerged in deionised water at 20 °C in continuous agitation. A vacuum of 4 kPa was applied for
15 minutes, with continuous vibration to ensure full saturation. Finally, with the calculus Gsm and Gsb, the
Air Void Content (AVC) was calculated in accordance with ASTM D3203M [25], and the representative AVC

content for each PAM sample was determined as the average of twenty measurements.

2.5. Hydraulic permeability of PAM specimens

The hydraulic permeability was determined based on the Florida Method [26], using a falling head
infiltrometer (see setup in Figure 4). The method consisted of measuring the time required for 500 mL to pass
through the test specimen, and a correct reading was considered when the difference between the first and third
tests was £4.0 %. The permeability coefficient (kv) was determined based on Darcy’s Law equation, being

determined as the mean of three measurements.

PAM specimen 500 mL

<+—— Graduated cylinder

h2
< Sealing cylinder
£
£ |
R
> < Pressure membrane
1 10cm

]‘_\Eg <«— Outlet pipe

Figure 4. Hydraulic permeability test of PAM specimens.
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2.6. Mechanical properties of the PAM specimens

The effect of the BFD additive on the particle loss and disintegration resistance of the PAMs under dry and
wet conditions was evaluated by the Cantabro test (particle loss) [27, 28] in accordance with NLT-352/86
standard [27]. Additionally, the ITS test was performed on the PAM samples under dry and wet conditions
according to ASTM 7064-13 [29]. The Tensile Strength Ratio (TSR) was calculated from this method as the
proportion of the ITS values between dry and wet samples with similar void and permeability conditions. The
stiffness of the PAM specimens was measured by a tensile strength test, in accordance with the European
Standard UNE EN-12697-26:2019 Annexe C [30]. Finally, the representative values of particle loss, ITS, and

stiffness were determined as the average of five measurements.

2.7. Electrical and thermal conductivity of PAM specimens

The susceptibility of PAM samples to electrical conductivity as a result of BFD content was evaluated using
an electrical resistivity test, based on Ohm’s second law and the method described in Norambuena-Contreras
et al. [31]. For this, the electrical resistance of PAM samples was measured using a 500 V megohmmeter
(Hioki, model IR 4056) connected to two 10x15 cm stainless steel electrode plates. A pressure of ~1 kPa was
applied to ensure good contact and stable, noise-free electrical resistance measurements. In addition, the
thermal conductivity of PAM samples was measured using the thermal needle probe method, as described in
Norambuena-Contreras et al. [31]. A KD2-Prothermal Properties Analyser (Decagon Devices Inc.) was
equipped with a handheld controller and the RK-1 needle-shaped sensor. The sensor was coated with a thermal
compound to minimise air gaps and inserted into pre-drilled PAM samples. Each sample containing BFD was
stacked on two identical BFD samples for consistent heat transfer. Electrical resistivity and thermal

conductivity for each test sample were then determined as the mean of three measurements.

2.8. X-ray micro-computed tomography of PAM samples

X-ray microtomography (LCT) scans of the M0, M4, and M8 samples were performed using a Nikon XT H225
microfocus system equipped with a 1.3 MP Varian PaxScan 2520 flat-panel detector in reflection mode with
a tungsten target. All scans were conducted under identical conditions: 145 kV tube voltage, 75 puA current,
1420 ms exposure, and 3015 projections, yielding a voxel size 0f 39.86 um. A 0.5 mm tin (Sn) filter was placed
between the source and the sample to refine the X-ray beam. Tomograms were reconstructed using CTPro 3.0
(Nikon Metrology) with a cone-beam filtered back-projection algorithm. Reconstructed data were processed
in Dragonfly World 2024.1 (Comet Technologies, Canada) to generate 2D grayscale slices and 3D volumes.
Porosity was segmented, visualised, and quantified, while the thickness meshing module was used to calculate

3D porosity thickness and determine percentage AVC area profiles as a function of depth.

2.9. Microwave heating of PAM and its individual components

The heating efficiency of the PAM and its components (i.e., coarse aggregate, fine aggregate, BFD, filler, and
bitumen) was evaluated under microwave radiation, following the procedure defined by Norambuena-
Contreras et al. [32] (see setup in Figure 5). Microwave heating was evaluated for the raw materials in PAM,

according to their proportional weight in the mixture design, following the three steps provided below:

o Step 1: The natural aggregates and BFD were washed, dried above 100 °C, and conditioned at 20 °C in a
controlled chamber.



e Step 2: Each raw material sample was placed in a marked ceramic container to ensure consistent
positioning and was heated in a microwave oven (700 W, 2.45 GHz) for 100 seconds at 10-second
intervals.

e Step 3: The surface temperature of each sample was recorded using a thermal camera (HIKMICRO, model
M30) with a resolution of 384x288 pixels, a measurement range of =20 to 170°C, and a precision of £2%.

Then, using the same microwave equipment, PAM semi-circular samples were heated for 60 seconds at 10-
second intervals, see Figure 5(c). During this period, energy consumption was measured using a High-Power
Monitor GM89, operating at 220 V and 50 Hz. Finally, the representative temperature distribution of each raw

material and PAM sample was determined as the mean of three measurements.
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Figure 5. Representation of (a) PAM components, (b) a semicircular PAM sample heated under microwave radiation,

and (c) evaluation of the superficial heating of both test samples under microwave radiation.

2.10. Crack-healing capacity of PAM via microwave heating

The microwave crack-healing test for PAMs was conducted on semi-circular samples using a four-step cyclic
method: (i) conditioning, (ii) fracture, (iii) heating, and (iv) healing, as described by Norambuena-Contreras
et al. [31] and summarised as follows, see Figure 6:

o Step 1. Conditioning: The test samples were pre-conditioned for 2 h at 5°C.

e Step 2. Fracture: The samples were fractured using a three-point semicircular bending test at a speed of

0.5 mm/min. Then, the samples were conditioned at room temperature for 4 h.

o Step 3. Microwave heating: The fractured samples were carefully realigned and exposed to microwave

heating for an optimal healing time using a microwave oven.
o Step 4. Healing: Afterwards, the samples were left at room temperature for 12 h at 20°C, repeating step 1

and completing one cycle.



The healing index (HI) was determined as the ratio of the maximum force recorded during the fracture process,
before (Finitiqr) and after (Fpeqieq) the healing process. Finally, each PAM test sample underwent five crack-
healing cycles to evaluate the efficacy of the healing methodology at different stages of the asphalt mixtures.

The representative HI value for each PAM healing cycle was calculated as the mean of eight measurements.
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Figure 6. Schematic representation of crack-healing cycle using microwave heating.

3. Results and Discussions

3.1. Effect of the addition of BFD on the physical and hydraulic properties of PAM

Figure 7(a) presents the average results for the maximum density and bulk density of the mixtures. Overall,
the evaluated mixture designs show a decrease in maximum density from 2.48 g/cm? for MO to 2.42 g/cm? for
M10, while the bulk density of all mixtures remained nearly constant at approximately 2.00 g/cm?. This effect
can be attributed to the low density and inherent internal porosity of BFD, which, relative to its weight,
occupies a larger volume in the mixture, thereby reducing the maximum density. Additionally, as the
proportion of BFD increases, the AVC of the mixtures decreases due to the reduction in maximum density, as
shown in Figure 7(b). Incorporation of BFD slightly reduced the AVC from 19.2% (MO0) to 17.6% (M10).

Furthermore, the volumetric relationships in asphalt mixtures were analysed using a phase diagram (Figure
S2), considering parameters such as AVC, effective bitumen, absorbed bitumen, and voids filled with bitumen.
With the addition of BFD, the angularity and absorption of the fine fraction (Table S3) increased. The increase
of BFD raises the effective bitumen content, suggesting enhanced performance in mixtures M2 to M6.
Conversely, low bitumen absorption observed in the aggregates of M8 and M10 is attributed to high bitumen
absorption of BFD, which may potentially compromise the strength and durability of the asphalt pavement

structure. This hypothesis is evaluated through the mechanical analysis presented in Section 3.2.
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Regarding the hydraulic permeability property, Figure 7(b) also shows that the average hydraulic permeability
was decreased with the increment of the BFD content from 7700x10- cm/s for the M2 to 6600x105 cm/s in
M10. This result is primarily attributed to the reduction of AVC in the mixtures [33]. The notably similar
permeability values for the M8 and M 10 samples, approximately 6600%10~° cm/s, can be explained by their
low AVC (17.6%). Additionally, M4 exhibited an average permeability value closer to that of M0O. The
similarity in permeability for M4 can be attributed to the comparable average AVC contents of 19.2% for MO
and 18.1% for M4, as well as to the tortuosity of the mixtures. Variations in tortuosity and BFD composition
were examined using the pCT scan of a cored sample from each porous asphalt mixture (see Figure 8(a—c))
and analysed in terms of raw material and porosity distribution. From the top view, M0 exhibited fewer but
larger voids than M4 and M8, the latter having smaller and more isolated voids. Complementarily, the frontal
and 3D views reveal that MO and M4 share similar void sizes and distributions. For these results, it can be

concluded that MO and M4 possess more interconnected voids compared to M8, see Figure 8(b).
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Figure 8. (a) Cored sample and pCT scan showing the raw material. (b) Top, frontal, and 3D puCT images of cored
samples. (c) Percentage AVC area profile with depth for M0, M4, and M8 divided by regions (R1-R3).

In addition, Figure 8(c) shows the percentage AVC area profile with depth for each mixture, quantified from
uCT image analysis. A reduction in the total AVC is observed with the addition of BFD, decreasing from
18.1% (MO, blue line) to 9.9% (M8, green line), which is notably greater than the 1.6% reduction estimated
from bulk density. This suggests a higher concentration of air voids near the sample boundaries, contributing
to an overall increase in void content. Figure 8(c) also presents the uCT-derived spatial distribution profile of
AVC for the cored samples, divided into three depth regions: R1 (0—15 mm), R2 (15-30 mm), and R3 (3045



mm). In samples MO, the AVC peak (=22%) was evenly distributed, whereas M4 exhibited peaks of around
20% in regions R2 and R3. In the same regions, M8 showed peaks near 14%, indicating better compaction.
The pronounced peaks in MO and M4 suggest greater void connectivity and higher permeability. In contrast,
MS8 had lower AVC in R2, with a slight increase in R3, resulting in reduced permeability (see Kv results in
Figure 7(b)). These results indicate that the effective bitumen content and BFD proportion in M4 (see 3D pCT

reconstruction of M4 in Video S1) created pathways that promote water movement comparable to MO.

3.2. Effect of BFD addition on the mechanical properties of PAM

Figure 9 presents the average resistance to particle loss in dry and wet conditions, measured along with the
Water Damage Factor (WDF). The average dry particle loss for MO was 20.8%, while M2, M4, M6 and M8
recorded losses of 16.7%, 17.6%, 18.4% and 19%, respectively. Mixtures containing BFD showed improved
resistance to particle loss compared with the reference mix, likely due to enhanced cohesion of the fine fraction
and reduced voids. However, M10 exhibited a high particle loss (32%, AVC 17.6%), indicating that the
additional fines increase bitumen absorption, thereby reducing the effective binder film thickness. This
weakens the aggregate skeleton and inter-particle contact, promoting mixture disintegration rather than merely
decreasing inter-particle friction. During the wet-state test at 60°C, water penetrates the bitumen—aggregate
interface due to its lower density, reducing particle loss resistance as the small contact angle facilitates water
ingress and weakens adhesion [34]. Mixtures containing 4—10% BFD exhibited markedly improved resistance
compared with the reference mixes M0 and M2 (Figure 9). The average wet particle loss was 39.4% for M0
and M2, compared with 24.6%, 33.4%, 25.1%, and 34.6% for M4, M6, M8, and M 10, respectively. Increasing
the BFD content improves resistance to water-induced particle loss, as shown by the decrease in WDF from
2.3 for MO to 1.1 for M10. This reduction indicates enhanced cohesion between the coarse aggregates and the
asphalt mortar, attributed to the angularity and porosity of BFD, which strengthens bitumen adhesion. In short,

incorporating 2—8% BFD in porous asphalt improves particle loss resistance under dry and wet traffic.
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Figure 9. Results of particle loss in the asphalt mixtures with different BFD content.

Furthermore, Figure 10(a) presents a bar chart showing the mean values and error bars (+6) of ITS in dry and
wet conditions, as well as the ratio (ITSR) between the two in the mixtures. Under dry conditions, ITS values
increase from 485 kPa for MO to 531 kPa for M 10, reflecting the influence of BFD content and reduced voids.



The rough, angular BFD particles and lower void content enhance the internal skeleton, strengthening
mechanical interlocking. Under wet conditions, ITS rises slightly with BFD addition, from 445 kPa for MO to
451 kPa for M6, reaching 475 kPa and 470 kPa for M8 and M 10, respectively.

Correspondingly, ITSR decreases from 90% to 84% as BFD content increases from 2% to 6%, while 8% BFD
achieves the highest ITSR of 94%, exceeding M0’s 92% despite a slight reduction in dry strength. These
results, consistent with particle loss tests, indicate that BFD addition maintains or reduces water sensitivity
while improving mixture cohesion. Alternatively, increasing BFD content is associated with higher bitumen
absorption, which reduces the effective bitumen content and weakens adhesion between the mortar and coarse
aggregates [10, 24]. Supporting this observation, visual comparison of the failure surfaces of MO (Figure 10(b))
and M10 (Figure 10(c)) revealed a substantial increase in coarse aggregates without bitumen in M10,

contributing to its failure.
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Figure 10. (a) Results of ITS and ITSR measured in the asphalt mixtures with different BFD content. Images of failure
surfaces A in samples (b) MO and (c) M 10, showing cohesion loss in the asphalt aggregate.

Moreover, Figure 11(a) presents the average stiffness modulus of the mixtures, both with and without BFD,
across different temperatures. It can be observed that the stiffness modulus of porous asphalt decreases with
increasing test temperature, primarily due to bitumen's viscoelastic behaviour, which loses stiffness at higher

temperatures.

Additionally, Figure 11(a) shows that incorporating BFD slightly increases the stiffness modulus of asphalt
mixtures compared with those without BFD, irrespective of the testing temperature. Particularly, at low (5°C)
and intermediate (25°C) temperatures, M4 exhibited higher average stiffness modulus than MO0, with values of
5210 MPa and 507 MPa, respectively. This slight increase is attributed to reduced voids and improved mortar
cohesion due to BFD distribution. At 25°C and 40°C, M10 showed a marked increase in modulus, with
averages of 829 MPa and 158 MPa, corresponding to rigidity gains of +397 MPa and +68 MPa compared with
MO. The overall increase in rigidity for M10 can be attributed to several factors: (i) the reduction in AVC, (ii)
the lower bitumen content, and (iii) the resulting increase in aggregate-to-aggregate contact, as shown in Figure

10(c), which promotes interlocking of the aggregate particles.

Figure 11(b) also shows a direct relationship between stiffness modulus values measured in the longitudinal
(A—A") and transverse (B—B') directions of the asphalt specimens, independent of BFD content and test
temperature. These results indicate that porous asphalt modified with BFD does not exhibit significant



anisotropic mechanical behaviour perpendicular to the coaxial axis, confirming uniform BFD distribution and
consistent stiffness modulus across specimens. Consequently, BFD modification slightly enhances stiffness
modulus, reduces aggregate loss (a common cause of premature ravelling), and may help mitigate this issue in
asphalt mixtures [10].
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Figure 11. (a) Results of stiffness modulus in porous asphalt mixtures with and without BFD addition at different
temperatures. (b) Correlation between stiffness modulus of test samples in longitudinal (A) and transverse (B)

orientations.

Previous results demonstrate that adding BFD to porous mixtures improves mechanical performance by 2—8%,
with 4% identified as the optimal content. The M4 mix shows enhanced aggregate—bitumen coating, cohesion,
and flexibility, primarily due to bitumen absorption and adhesion to BFD. This improvement is attributed to
the low density, high surface roughness, and porosity of BFD, which increase the contact area with bitumen,
creating additional sites for mechanical bonding and chemical affinity [35]. A strong chemical affinity between
aggregates and bitumen is essential for durable bonding (see Tables 1-3). Acidic minerals like quartz and
plagioclase adhere well, while alkaline minerals enhance bonding with weakly acidic bitumen in dry conditions
[36-39]. BFD’s metal oxides and high CaO/(Si02+P205) ratio (0.19 vs. 0.06 in aggregates) improve adhesion,
supporting an optimal 4% replacement that enhances resistance without affecting voids. Although moisture
can weaken bonds, carboxylic acids in bitumen bond effectively with BFD oxides and siliceous surfaces,
reducing moisture damage (see results in Figure 9 and Figure 10). Fully coated coarse aggregates further
minimise stripping. Porous asphalt mixtures with 4—6% BFD show improved mechanical performance under

both dry and wet conditions, demonstrating the material’s effectiveness in enhancing adhesion and durability.

3.3. Effect of the BFD addition on the electrical and thermal properties of PAM

Figure 12(a) displays a bar chart with the mean values and error bars (o) for the electrical resistivity measured
for the mixtures, comparing different BFD contents with the reference sample. The reference mixture exhibits
an average electrical resistivity of 2.6 x 107 Q-m, while mixtures containing 2%, 4%, 6%, 8%, and 10% BFD
show increased resistivities of 4.8 x 107, 6.9 x 107, 1.21 x 108, 8.6 x 107, and 5.1 x 107 Q-m, respectively. The
minimal variation between BFD-containing mixtures and the reference mixture indicates that the mixtures
were not electrically conductive, corresponding to an insulating phase [40]. These results may be explained by
the distribution of BFD within the mixtures (see CT results in Figure 8(a)), which forms groups that behave as

isolated particles, inhibiting the development of conductive pathways within the porous mixtures.



Regarding thermal properties, Figure 12(b) presents the average thermal conductivity results from PAM test
samples with different BFD contents. The reference sample exhibits a thermal conductivity of 1.53 W/m-K,
while mixtures containing 2%, 4%, 6%, 8%, and 10% BFD show average values of 1.61, 1.64, 1.45, 1.53, and
1.51 W/m-K, respectively. Although M2 and M4 samples exhibited a slight increase in average thermal
conductivity, an ANOVA at the 0.05 significance level showed no significant difference. This behaviour is
consistent with theoretical models, which indicate that thermal conductivity in asphalt mixtures is primarily
governed by the composition and distribution of thermally conductive additives such as BFD, whereas small
variations in air void content have only a marginal effect on heat transfer in porous media [41]. The increases
observed in M2 and M4 are attributed to the high conductivity of BFD and its interaction with the aggregate—
binder matrix, rather than to the slight (1.6%) change in AVC from M0 to M10.

Accordingly, the low variation in results can be attributed to the thermal contributions of each constituent
material and their distribution within the mixture; see CT scans in Figure 8(a). The high Fe-based compound
content in BFD (75.6%, see Table 1) suggested that an enhancement of both thermal and electrical properties
of the PAM could be anticipated. The expected thermal conductivity of the aggregates (mylonite) is 4.38
W/m-K, influenced by minerals such as quartz (7.70 W/m-K) and orthoclase (2.32 W/m-K) [42]. BFD, with
higher oxide content, has an estimated conductivity of 7.07 W/m-K due to minerals including FesO4, Fe:0s,
and FeO (see XRD results in Table 3), which have conductivities of 5.2, 12, and 10 W/m‘K, respectively [43].
These values indicate that the thermal conductivity of mixtures is primarily governed by the binder, with a
polymer-modified bitumen value of 0.19 W/m-K [44].
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Figure 12. Average results of (a) electrical and (b) thermal properties of the mixtures with different BFD content.

This suggests that at high BFD content, metallic particles lead to clustering and uneven material distribution,
resulting in a more dispersed structure with smaller voids, as shown in Figure 8. This behaviour is consistent
with previous studies on metallic additives, where high dosages reduce thermal conductivity due to uneven
material distribution [45]. In short, adding BFD has a minor effect on the thermal conductivity of porous
asphalt, as the bitumen coating on BFD primarily influences the distribution and size of voids. A 4% BFD
addition appears optimal for enhancing heat transfer, whereas higher contents may reduce thermal

conductivity, potentially due to changes in internal structure or interactions with voids within the mixture.



3.4. Contribution of individual materials to the heating performance of PAM

Figure 13(a) shows the average surface temperature of the materials over microwave heating time, while
thermographic images in Figure 13(b) and (c) depict the temperature distribution of fine aggregates and BFD,
respectively, after 50 seconds of heating. Overall, an increase in temperature is observed over time for all the
PAM samples, following a linear trend as characterised by their respective linear regression equations. To
better understand the temperature, increase over time, a heating rate can be determined by the slope of the
linear regression curves in Figure 13(a). BFD exhibited the highest heating rate at 0.88 °C/s, reaching an
average temperature of 147 °C after 100 seconds. In contrast, bitumen showed the lowest temperature gradient
of 0.14 °C/s, attaining 31 °C after the same heating period.

Among the studied aggregates, fine material exhibited the highest heating rate, followed by filler and coarse
aggregates, with gradients of 0.41 °C/s, 0.33 °C/s, and 0.21 °C/s, respectively. As shown in Figure 13 (b),
coarse, fine, and filler aggregates exhibited heterogeneous heating at high temperatures, whereas Figure 13 (c)

shows that bitumen and BFD displayed homogeneous temperature distributions.

The observed differences in heating rates can be attributed to several factors: (i) material susceptibility to
microwave heating, (ii) chemical composition, (iii) penetration depth and dielectric properties, (iv) moisture
content, and (v) geometry [46, 47]. Materials differ in microwave susceptibility, transmitting, reflecting, or
absorbing radiation to varying degrees, which affects volumetric heating. In PAM samples, metals are highly
reflective, water strongly absorbs, and quartz is largely transparent [48], whereas bitumen is mostly inert,
absorbing little heat and heating more slowly than other components. In terms of chemical composition, the
particularly high susceptibility of BFD to microwave radiation heating is attributed to its high Fe content
(75.6%), as shown in Table 1, which amplifies electromagnetic wave reflection and enhances material heating.
Regarding the mineral aggregates (Mylonite), the high presence of quartz (34%) and feldspar (49%), as shown
in Table 2, results in low susceptibility to heating [15], while the increased concentration of metals intensifies
localised heating.
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Figure 13. (a) Results of surface temperature versus heating time in the components of the porous asphalt mixture.

Infrared images of the surface temperature of the (b) fine aggregate and (c) BFD at a heating time of 50 s.

The penetration depth of microwave radiation in mylonite-based aggregates is estimated to be 1.5 cm at 25°C
[48]. For fine aggregates (4.75—0.08 mm) and mineral filler (<0.08 mm), penetration depth exceeds particle



size, enabling most microwave absorption. Low water absorption in coarse and fine aggregates (Tables S2 and
S3) limits moisture effects. Morphologically, sub-rounded to sub-angular coarse aggregates heat efficiently,

while finer, spherical particles are more susceptible to microwave radiation.

With all these results in mind, it can be concluded that the steeper temperature gradient in fine aggregates and
filler is primarily influenced by their geometry, particle distribution, and volume in the sample, which allows
microwave absorption due to penetration depth. This makes them more susceptible to being heated compared
to the coarse aggregate. The previous characterisation of the raw material composing PAM samples will
provide valuable insights into how the composite bituminous material absorbs microwave radiation and

distributes heat, impacting the mixture’s performance.

3.5. Influence of BFD content on the microwave heating performance of PAM

The average surface temperature of PAM samples is shown as a function of heating time under microwave
radiation (see Figure 14(a)). Overall, all mixtures exhibit a linear temperature increase over time, with heating
rates rising from 0.52°C/s for MO to 1.12 °C/s for M10 due to the susceptibility of PAM components to
microwave heating (BFD > fine aggregate > filler > coarse aggregate > bitumen). Notably, between 10—40 s,
M10 reaches a lower surface temperature than M8. From 50 s onwards, M 10 matches M8 and surpasses it at
60 s, attaining 84.2 °C, with an average of 86.4 °C. The initially lower temperatures in M10 can be attributed
to BFD distribution, where high dosages form clusters that act as isolated hot spots, reducing heat transfer.

Besides, Figure 14(b) presents the average energy consumption for each PAM sample and the optimal heating
times, defined as the time required for the bitumen to reach its softening point (60 °C) based on the temperature
curves in Figure 14(a). The softening point criterion was selected, as it is widely reported [10, 49, 50] as the
optimal temperature for asphalt self-healing. Overall, it is seen that both variables decreased in value with the

addition of BFD in the PAM samples, following a similar trend.

Energy consumption dropped from 105.5 Wh/kg (MO) to 50.5 Wh/kg (M10), showing that BFD addition
increases energy efficiency, reducing consumption by up to 50%. Comparable results were observed in dense
asphalt [23], where 9 wt.% fine slag replacement doubled energy efficiency. Heating time decreases from 75
s (MO0) to 35 s (M10). Similar energy consumption and optimal heating times for M2—M4 and M8-M10 suggest
comparable volumetric heating, consistent with their thermal properties (see Sections 3.1 and 3.3) and similar

heating rates (Figure 14(a)).

As examples of heating at optimal times, Figure 14(c) and (d) show representative thermographic images of
MO and M4 samples heated during 75 s and 55 s, respectively, with their corresponding surface temperature
distribution histograms shown in Figure 14(e) and (f). For M0, 30% of the surface was 50—70 °C and 33%
above 70 °C, due to hot spots, porosity, and localised metals. Similar effects occur in M8 and M10. M4 showed
a more uniform distribution, with 60% at 50—70 °C and 25% above 70 °C, like M2 and M6—greater bitumen

exposure near the softening point permits controlled flow and healing.

Conversely, mixtures with larger surface areas exposed to temperatures above 70 °C may overheat, causing
aggregate movement within the porous structure or loss due to excessive bitumen softening. This can reduce
the mixture’s ability to effectively close cracks over successive heating cycles. Similar observations were
reported by Norambuena-Contreras and Garcia [51] for dense asphalt mixtures with high metallic fibre content

under microwave heating.



Overall, this analysis suggests that BFD contents up to 6% provide optimal thermal performance in PAM,

avoiding excessive heating while promoting crack healing under consecutive microwave cycles, as will be
evaluated in the following section.
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Figure 14. (a) Surface temperature over heating time for porous asphalt mixtures with and without BFD. (b) Energy
consumption and optimal heating time for mixtures with different BFD contents. Infrared images of (c) MO at 75 s and
(d) M4 at 55 s. Histograms of surface temperature at the optimal heating time for (¢) MO at 75 s and (f) M4 at 55 s.

3.6. Influence of BFD content on the crack-healing performance of PAM

Average healing indices (HI) for PAM samples with different BFD contents across five crack-healing cycles
are presented in Figure 15a. Overall, HI values ranged from 50% to 87%. The addition of BFD generally led
to a decrease in HI compared with the MO sample, although no clear trend was observed among BFD-
containing mixtures. Regarding the effect of successive healing cycles, no distinct pattern was apparent, though
a slight initial reduction in H/ was noted. To better quantify the influence of both BFD content and healing
cycles, a healing index improvement ratio was defined as follows in Eq. 1:

Hlc; — Hlgy
HI; = (—) 100 1
= () M

where, Hl¢; is the healing index for cycles 2, 3, 4, and 5, and Hl, is the healing index for cycle 1 for each

BFD content. Since HI; is a comparison against the first healing cycle, this variable can be interpreted as a



performance parameter of the healing property under successive cycles. With this in mind, HI; values tending

to positive values indicate an improvement of the HI with the successive cycles, HI; values close to zero

indicate a trend of maintaining the HI with the successive cycles, and HI; tending to negative values, meaning

a decay in the HI with the successive cycles.
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Figure 15. (a) Average healing index results for asphalt mixtures MO—M 10 across healing cycles C1-CS5, and (b) results

of healing index improvement (HI;) for asphalt mixtures MO—M10 and healing cycles C2—CS5.

On the other hand, Figure 15b shows an overall reduction of the HI; values with the healing cycles, regardless

of the BFD content. For M0 and M2, the consecutive healing cycles notably decreased the HI compared to the

initial healing C1. The observed decay in HI; over successive healing cycles can be attributed to insufficient

heating in the crack zone, which reduced the crack-closure efficiency of the initially damaged sample.

Consequently, the similar trend identified for both MO and M2 meant that 2% BFD was not enough to maintain

the healing performance through successive cycles. When the BFD content increased to 4%, Figure 15b reveals

an increase in the HI; for the healing cycles C2 and C3, with variations of +8% and +5% with respect to C1,

respectively. These results suggest that during healing cycles C1-C3, M4 experienced more uniform heating



across the crack zone, effectively promoting closure. This is supported by the previous infrared temperature
distribution analysis, which showed 60% of the surface between 50 °C and 70 °C, allowing the mixture to
maintain its structure and mechanical integrity throughout the cycles. A decay in HI; is then observed for
cycles C4 and CS5.

In the same way, samples M6, M8, and M 10 presented high negative HI;. These results can be explained by a
local overheating of the BFD in the sample, promoting the bitumen to flow into voids near the failure zone
together with a change in the aggregates position, reducing the strength of the PAM sample in the cracked
area. Based on the previous analysis of the HI;, it can be concluded that the addition of 4% BFD promotes a

consistent healing for up to three successive healing cycles in a PAM.

To evaluate if the variations in the HI previously analysed are statistically significant, Table 4 summarises the
ANOVA results, evaluating the individual and combined effect of the BFD and healing cycle. Regarding the
individual effect of the BFD content, the average HI values were ordered as MO (77.1%) > M2 (70.9%) > M10
(69.7%) > M8 (69.6%) > M4 (65.7%) > M6 (61.2%). The least significant difference (LSD) pairwise mean
comparisons (see Table 4) showed significant differences between MO and the samples with BFD contents.
Among the samples with BFD, significant differences were identified between samples M6 and M2, M8, and
M10. Consequently, it can be concluded that the addition of BFD has a significant effect on reducing the HI
values compared with M0. Additionally, among the samples incorporating BFD, differences between M2 (the
sample with the highest HI value) and M4 (the sample presenting uniform heating) were not significant,

validating the previous selection of 4% BFD as an appropriate content to be selected for healing purposes.

Regarding the individual effect of the healing cycle, the average HI values were ordered as C1 (72.7%) > C2
(72.6%) > C3 (67.1%) > C5 (66.2%) > C4 (66.0%). For this study variable, the LSD pairwise mean
comparisons (see Table 4) showed significant differences except between C1 — C2, C3 — C4 (C5), and C4 —
C5. These results suggest that during the first two consecutive cycles, the healing performance of the samples
tends to be similar, with consistently high HI values. However, starting from the third healing cycle, the
similarly low HI suggests that the samples were affected by a possible overheating effect as previously
explained, reducing the healing performance of the PAM samples.

Table 4. ANOVA p-values and LSD post-hoc test evaluating the statistical effect of the BFD content and healing cycle
on the healing index (HI).

Variable HI p-value LSD - Significant differences
MO — M2 (M4; M6; M8; M10)
X <0.001 M6 — M2 (M8; M10)
C1-C3 (C4;C5)
Y 0.0059 C2-C3(C4;C5)
X*Y 0.7341 No significant differences

Note: X: BFD content (M0, M2, M4, M6, M8, M10); Y: Healing cycle (C1, C2, C3, C4, C5).

As a result, the healing process should be limited to no more than two successive cycles to avoid significantly
reducing the healing performance of PAM samples. Nonetheless, given the particularly positive HI; value
obtained for the M4 in the third healing cycle, this sample could withstand an additional consecutive healing
cycle compared with the rest of the samples. Finally, no statistically significant interaction between BFD

content and the healing cycle was found, as shown in Table 4.



In summary, the analysis indicates that healing performance is influenced by both BFD addition and AVC
reduction in the mixtures. For effective on-site maintenance, heating porous asphalt mixtures with 4% BFD
for approximately 55 s is recommended, ensuring consistent crack-healing across cycles. The uniform heating
provided by BFD supports prolonged healing under microwave radiation, maintaining stable mechanical
performance with each cycle and demonstrating the potential for constructing durable roads with enhanced

crack-healing capabilities.

3.7. Summary and scoring for measured variables

Table 5 summarises the effect of BFD addition on the properties of PAM, expressed as percentage variations
relative to MO0. Results were scored as increase, decrease, or steady, with steady representing no effect on the
measured variable. Physical and hydraulic results indicate that higher BFD contents progressively reduce air-
void content and permeability, especially in mixtures M6-M10, as excessive fine replacement constricts the
void network and impairs hydraulic efficiency. In contrast, moderate replacement (see M4) maintains both
permeability and a stable void structure, which is critical for SUDS applications. From a mechanical
perspective, BFD clearly enhances resistance to particle loss and increases the stiffness modulus, especially
under wet conditions, indicating improved aggregate—binder interaction and overall structural integrity.
However, excessive BFD contents (M8—M10) increase moisture sensitivity and reduce strength ratio stability,
highlighting a trade-off between mixture densification and moisture susceptibility. Regarding electro-thermal
properties, variations in electrical resistivity do not significantly affect electromagnetic behaviour, while

thermal conductivity exhibits only marginal changes, particularly for M4.

Conversely, microwave heating influences the measured properties. The efficiency of microwave heating rises
significantly with BFD content, reflecting the strong microwave responsiveness of steel-industry residues.
Nevertheless, the healing index declines as BFD content increases, owing to reduced air-void content and
limited binder mobility, indicating that heating efficiency alone is insufficient to achieve optimal healing.
Table 5 shows that BFD incorporation results in multivariable effects in PAM, and that moderate replacement
levels (M4) provide the best overall performance. This emphasises the need to optimise BFD content rather
than simply maximise microwave susceptibility when designing SUDS-compatible, self-healing pavements.

Table 5. Multivariable comparison of PAM containing BFD (M2-M10) with respect to MO (values in %).

Porous Asphalt Mixtures (PAM) with BFD

Property Type Measured Variable

M2 M4 M6 M8 M10
Phsical Bulk density (0.4) 0.4) (-0.1) 0.3) (-0.3)
N Air Void Content (-3) W) V6 V(D V(8)
Hydraulic Permeability (-15) (-2) V(-12) V(28) V(27
Particle loss (Dry) (20) (15) (12) 9) (55)
Mechanical Particle loss (Wet) (1) (38) (15) (36) (12)
Strength Ratio (-2) (-4) V(9 ) (-3)
Stiffness modulus at 25°C (0) (17) 9) (14) (92)
Electro-thermal Electrical resistivity 4) (6) ) (7) 4)
Thermal conductivity (5) @) Y (-5) (0) (1)
. . Heating efficiency (42) (38) (75) (83) (115)
Microwave heating Healing index v(8) YCIS) Y2 Y0 Y(I0)

Scoring notation: A Increase V Decrease ! Steady



4. Conclusions

This study evaluated the effect of replacing fine aggregate with BFD on the physical, hydraulic, mechanical,
electrical, thermal, and microwave crack-healing properties of porous asphalt mixtures, supported by a detailed
physical and chemical characterisation of the materials. From the analysis of the results, the following main
conclusions can be drawn:

e The addition of BFD to porous asphalt reduced the air void content by lowering the maximum density,
owing to the internal porosity of BFD, as revealed by uCT reconstruction analysis. A 4% BFD addition
maintained well-distributed voids, ensuring efficient water flow, while higher BFD levels created smaller
voids, reducing permeability by up to 27% compared to the reference mixture without BFD addition.

e Mixtures with 4% BFD (M4) showed superior mechanical performance compared with the reference
mixture (MO), with greater resistance to particle loss, higher indirect tensile strength in both dry and wet
conditions, and an increased stiffness modulus, largely due to reduced AVC. The iron oxides in BFD
enhanced bitumen adhesion, while its angularity, porosity, and distribution improved mortar cohesion.

e The addition of BFD did not significantly affect electrical resistivity or thermal conductivity, owing to the
shielding effect of bitumen and the dispersion of the metallic additive. All porous mixtures remained in
the insulating phase, while 4% BFD (M4) optimised heat transfer.

e Microwave exposure showed the highest heating rate for BFD, followed by fine aggregate, filler, coarse
aggregate, and bitumen. Increasing BFD content in PAM enhanced the heating rate, reducing both energy
demand and the optimal healing time for bitumen fluidity. An 8% addition (M8) doubled the efficiency of
the reference mixture (MO).

e All porous asphalt mixtures, with or without BFD, exhibited comparable healing indices, ranging from 60
to 80%. The bitumen heating time, based on the softening point, was found to be optimal for effective self-
healing in PAM.

e Statistical analysis showed a general decline in healing indices for PAM—BFD mixtures from the third
successive healing cycle. Among them, M4 achieved a healing index comparable to the best-performing
sample and sustained an additional third cycle without adverse effects.

e This study concluded that PAM with 4% BFD is recommended for crack-healing via external microwave
heating, as it maintains structural integrity and hydraulic performance through uniform heat distribution
and controlled bitumen flow, thereby promoting multifunctional asphalt for self-healing permeable roads.
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