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Abstract

Electromagnetic induction heating (EIH) enables rapid thermal activation of self-healing
asphalt, but the extent to which EIH susceptibility translates into a flow-capable condition,
mechanical recovery, and subsequent rheological response remains insufficiently estab-
lished at the mastic scale. This study therefore evaluated these relationships in eight mastics
combining two binders (50/70 and PMB 45/80-65) with limestone, steel slag aggregate,
metallic, and iron fillers. Preliminary EIH screening was followed by a formulation-specific
flow-threshold procedure developed by adapting the ring-and-ball concept to localized
induction heating. The resulting exposure times were transferred to a repeated fracture—
healing—fracture protocol, followed by rheological characterization. Metallic- and iron-
filler mastics showed the strongest EIH response and reached the flow threshold within
235-450 s, although heating rate alone did not predict flow time. After two EIH-assisted
healing stages, 50/70-MF and 50/70-IF retained approximately 76-77% of their initial peak
nominal tensile stress, compared with approximately 43% for the corresponding PMB
mastics. Under the distinct, non-equivalent protocols adopted, the EIH-treated groups gen-
erally showed higher observed mechanical recovery than the corresponding Oven-treated
groups while requiring substantially shorter active-heating periods. Rheological responses
after the complete EIH- and Oven-based healing protocols were generally less pronounced
than after adapted laboratory aging, while fatigue-damage testing was more sensitive to dif-
ferences among the complete conditioning histories. Overall, effective EIH-assisted healing
depended on electromagnetic susceptibility, flow behavior, and the mechanical/rheological
response of the complete binder—filler system.

Keywords: self-healing asphalt; electromagnetic induction heating; asphalt mastics;
inductive fillers; flow threshold; mechanical recovery; rheological characterization

1. Introduction

Modern road infrastructure requires maintenance strategies that integrate techno-
logical innovation, sustainability, and resilience while reducing the energy and material
demands of conventional rehabilitation [1]. Increasing traffic volumes and the progressive
aging of asphalt pavements accelerate the accumulation of damage and cracking, reducing
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mechanical and functional performance and shortening pavement service life. Conse-
quently, approaches that extend material durability and reduce the frequency of major
rehabilitation interventions are increasingly relevant to pavement engineering.

Extrinsic self-healing technologies, particularly electromagnetic induction heating
(EIH), have emerged as promising approaches for accelerating damage recovery in asphalt
materials and potentially extending their service life [2,3]. EIH relies on the interaction
between an alternating electromagnetic field and suitably responsive additives incorporated
into the asphalt, generating localized heat via material-dependent electromagnetic loss
mechanisms [1]. The resulting increase in temperature reduces asphalt binder viscosity
and promotes material flow and rebonding across damaged interfaces, thereby enabling
partial restoration of material integrity [4,5]. The rapid and localized nature of this thermal
activation makes EIH particularly attractive for self-healing applications in which repeated
activation may be required during service.

Various additives have therefore been investigated to enhance the electromagnetic
heating response of asphalt materials. Steel fibers (SFs) and steel wool fibers (SWFs) are
among the conventional materials used for EIH and microwave-heating applications [6-8].
More recently, increasing emphasis on circular-economy principles and the valorization of
industrial by-products has encouraged the evaluation of alternative electromagnetically
responsive materials, including steel shavings, recycled steel fibers from tires, steel slag
powder, magnetite powder, waste iron powder, carbon fiber powder, and silicon carbide
powder [9-14]. These materials have been investigated at both mixture and mastic scales,
with the latter providing a useful framework for examining how filler characteristics and
binder-filler interactions influence thermal response.

Studies at the mastic scale indicate that replacing conventional mineral fillers with
alternative responsive materials can substantially modify the system’s thermal behavior,
although heating efficiency depends on both material characteristics and the electromag-
netic heating mechanism. Ren et al. [12], for example, reported markedly enhanced heating
using carbon fiber powder, while Hawari and Khedaywi [11] demonstrated the potential
of waste iron powder as a thermally responsive filler without compromising rheological
stability. Wan et al. [15] investigated steel slag powder under induction heating and related
its electromagnetic susceptibility to iron- and magnetite-containing phases. Nevertheless,
the material reached only approximately 33 °C after 240 s of exposure under the conditions
evaluated, indicating that the presence of potentially responsive iron-bearing phases alone
does not necessarily ensure a thermal response sufficient to promote mastic flow. More
broadly, these observations show that an effective induction-healing material cannot be
identified solely from its temperature rise or heating rate. The thermal response must
ultimately be related to the ability of the complete mastic to reach a flow-capable condition
and to recover mechanical performance after damage.

The present study builds on a companion investigation [16] in which the same asphalt-
mastic systems were characterized with respect to their constituent materials, formula-
tions, physical properties, and rheological behavior. The experimental matrix comprised
two binders—a conventional 50/70 penetration-grade binder and a polymer-modified
binder (PMB 45/80-65)—combined with four fillers: limestone filler (LF), steel slag aggre-
gate filler (SSAF), metallic filler (MF), and iron filler (IF). LF provided the conventional
reference, SSAF and MF represented alternative industrial materials, and IF provided
an iron-rich reference material with potential electromagnetic susceptibility. The present
work extends that characterization to the functional response of these binderfiller systems
under EIH, with particular emphasis on the relationships among induction susceptibility,
thermally induced flow, mechanical healing, and the rheological consequences of repeated
thermal activation.
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Mechanical recovery at the asphalt mastic scale has been evaluated using several
experimental approaches, although standardized procedures remain limited. Direct tensile
testing has previously been used to assess healing based on the restoration of tensile
response following controlled damage and thermal treatment [6,17,18]. In the present
study, direct tension testing (DTT) was therefore adopted within a repeated fracture—
healing—fracture (F-H-F) protocol to quantify recovery after successive healing stages. This
approach provides a direct measure of the tensile response during successive fracture tests
and enables evaluation of recovery using both the peak nominal tensile stress and the
energy absorbed up to fracture.

Although previous studies have addressed electromagnetic heating, mechanical heal-
ing, and rheological behavior of asphalt materials, the relationships among these responses
remain insufficiently established at the mastic scale. In particular, a high heating rate does
not necessarily indicate that a formulation can reach a suitable flow condition, and success-
ful mechanical recovery does not, by itself, establish whether repeated thermal activation
alters the subsequent rheological response. Therefore, the present study adopts an inte-
grated experimental sequence. Preliminary EIH screening was first performed at both filler
and asphalt mastic levels to identify differences in electromagnetic susceptibility. An EIH-
induced flow-threshold procedure, developed in this study by adapting the ring-and-ball
concept to localized induction heating, was then used to determine formulation-specific
exposure times associated with observable mastic flow. These exposure times were subse-
quently transferred to the F-H-F protocol, in which the inductive mastics were evaluated
under EIH and compared with independently tested specimens subjected to a literature-
based Oven activation procedure. Because the two activation strategies involved different
heating mechanisms and temperature—time histories, this comparison was intended to
assess the recovery achieved under the respective practical protocols rather than to isolate
the intrinsic effect of the heating mechanism. Finally, the rheological response after the
complete healing histories was evaluated using frequency-sweep, Multiple Stress Creep
and Recovery (MSCR), and Linear Amplitude Sweep (LAS) testing, and, where applicable,
compared with the Unaged, RTFOT, and R-PAV conditions.

Accordingly, the main objective of this study is to determine how the electromagnetic
susceptibility and flow behavior of different asphalt-mastic formulations translate into
mechanical recovery under repeated EIH-assisted healing and whether the associated
thermal histories alter their subsequent rheological response. By linking the preliminary
heating response, a formulation-specific flow criterion, repeated mechanical recovery,
and complementary rheological characterization within a single material framework, the
study provides an integrated assessment of EIH-activated self-healing at the mastic scale
and evaluates the potential of alternative fillers, including industrial by-products, for
this application.

2. Materials and Methods

This section describes the materials and experimental framework adopted to evaluate
electromagnetic induction heating (EIH)-activated self-healing in asphalt mastics. After
presenting the asphalt binders, fillers, and mastic formulations, the laboratory EIH con-
figuration and preliminary heating-response assessment are described. An EIH-induced
flow-threshold procedure, developed in this study by adapting the ring-and-ball concept
to localized electromagnetic heating, was then used to determine the temperature and
exposure time associated with mastic flow under EIH. These results were subsequently
used to define the heating conditions applied during the fracture-healing—fracture protocol.

Mechanical recovery was evaluated by repeatedly fracturing the mastics under tensile
loading after low-temperature conditioning and thermally activating the fractured inter-

https:/ /doi.org/10.3390/infrastructures11100360


https://doi.org/10.3390/infrastructures11100360

Infrastructures 2026, 11, 360 4 of 41

face using either EIH or Oven heating. Finally, the rheological response of the mastics
after the complete healing protocol was assessed using frequency sweep, Multiple Stress
Creep and Recovery (MSCR), and Linear Amplitude Sweep (LAS) testing, and compared
with the corresponding Unaged, RTFOT-, and R-PAV-conditioned materials. This exper-
imental sequence enabled the evaluation of the induction-heating response, mechanical
recovery, and rheological consequences of repeated thermal activation within the same
material framework.

2.1. Raw Materials

The asphalt mastics were produced using the two binders retained from the companion
study [16]: a conventional 50/70 penetration-grade binder and a polymer-modified binder
(PMB 45/80-65), both supplied by the Cepsa/Moeve Group (Lisbon, Portugal). These
binders provided contrasting conventional and polymer-modified rheological responses.

Four fillers were considered: a conventional limestone filler (LF), used as the reference
material; a steel slag aggregate filler (SSAF), produced from electric-arc-furnace steel slag
supplied by Megasa (Seixal, Portugal); a metallic filler (MF), consisting of a ferrous particu-
late by-product generated during steel-structure fabrication at Bysteel (Braga, Portugal);
and a commercial iron filler (IF), supplied as an iron powder with a manufacturer-specified
Fe content of at least 98 wt%. SSAF and MF were secondary industrial materials, whereas IF
was included as an iron-rich reference material with potential electromagnetic susceptibility.

The physical and rheological properties of the binders and the physical, morphological,
elemental, and mineralogical characteristics of the fillers were comprehensively character-
ized in the companion study [16]. These properties were not re-evaluated here; only the
parameters most relevant to mastic formulation and interpretation of the induction-heating
response are summarized in Tables 1 and 2.

Table 1. Key physical properties of the asphalt binders used in this study. Data from the
companion study [16].

Bind Penetration (0.1 mm) Softening Point (°C) Dynamic Viscosity at 135 °C (Pa-s)
meer EN 1426:2024 [19] EN 1427:2015 [20] EN 13302:2018 [21]
50/70 55.9 50.1 0.5
PMB 45/80-65 46.0 68.7 2.8
Table 2. Key physical and mineralogical properties of the fillers used in this study. Data from the
companion study [16].
. Density (Mg/m?) Rigden Voids (%) i .
Filler EN 1097-7:2022 [22] EN 1097-4:2008 [23] Identified Crystalline Phases
LF 2.86 £0.18 349 +143 Calcite (CaCOs3)
Akermanite (CapMgSirO7), Wiistite
SSAF 3.76 £0.12 374 +0.26 (FeO), Brownmillerite [Cay (Al Fe),0s],
and Magnetite (Fe3O4)
MF 447 +£0.17 68.0 £ 0.15 Magnetite (Fe3Oy4)
IF 7.89 + 0.50 42.9 £ 0.06 Iron (Fe)

2.2. Asphalt Mastic Formulation, Preparation, and Basic Characterization

The asphalt mastics were produced by combining the 50/70 and PMB 45 /80-65 binders
with LF, SSAF, MF, and IF, resulting in eight formulations. The formulation procedure
followed the methodology established in the companion study [16] and was based on
the mix-composition provisions of the Portuguese road-paving construction specification,
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Specification 15.03 [24]. The procedure relates the volumetric filler-to-binder ratio to
the Rigden void content and the increase in ring-and-ball softening point, ATrgp. An
approximate ATRrgp interval of 12-16 °C was used as the formulation reference, together
with practical requirements for homogeneity, mixing, handling, and specimen preparation.

The initially calculated LF-, SSAF-, and IF-containing formulations were retained. In
contrast, the MF dosage had to be reduced because the initially calculated formulations
were excessively stiff and could not be adequately homogenized or used for specimen
preparation. The final volumetric filler-to-binder ratios were 0.11 for 50/70-MF and 0.09 for
PMB-ME, compared with 0.49-0.60 for the other filler systems. Accordingly, comparisons
among the mastics should be interpreted as the combined effects of binder type, filler type,
and filler dosage rather than as the isolated effect of filler composition. This limitation is
particularly relevant to the MF-containing mastics and is therefore considered throughout
the interpretation of their EIH, flow, mechanical recovery, and rheological responses.

Mastic preparation followed the same controlled protocol as in the companion
study [16]. The binders were preheated to 165 °C, while the fillers were dried at
105 °C to constant mass, cooled to room temperature, and weighed according to the
selected formulation. Mixing was performed mechanically at 400 rpm for 15 min, with the
mixing vessel maintained at 170 £ 5 °C, to promote homogeneous filler dispersion and
mastic consistency.

The final formulations and the corresponding penetration and ring-and-ball softening-
point values reported in the companion study [16] are summarized in Table 3. These
conventional properties are summarized here only to provide the material characterization
context required for the present induction-heating and self-healing assessment.

Table 3. Final asphalt-mastic formulations and basic physical properties. Data from the
companion study [16].

Asphalt Volumetric Mass Softening Point (°C) Penetration (0.1 mm)
Mastic Filler/Binder Ratio Filler/Binder Ratio EN 1427:2015 [20] EN 1426:2024 [19]
50/70-LF 0.60 1.68 62.65 17.63

50/70-SSAF 0.57 2.07 64.00 15.18

50/70-MF 0.11 0.49 62.20 33.80

50/70-1F 0.49 3.77 63.00 24.30

PMB-LF 0.60 1.68 81.70 16.48

PMB-SSAF 0.57 2.07 84.20 15.34

PMB-MF 0.09 0.39 87.90 21.35

PMB-IF 0.49 3.77 80.35 19.30

2.3. Electromagnetic Induction Heating System and Temperature Monitoring

The electromagnetic induction heating experiments were conducted using a laboratory-
scale induction system manufactured by CEIA S.p.A. (Viciomaggio, Arezzo, Italy) and
supplied through BIELEC INSTRUMENTS (Barcelona, Spain). The system configuration
was selected in consultation with the suppliers to meet the specimen geometries and
heating requirements of the experimental program. It comprised a Master Controller
V3+, a PW3-90/200 generator with a nominal operating frequency range of 140-220 kHz
and a maximum output power of 6 kW, a PWH-17-3 heating head, and an integrated
thermochiller. The induction head was equipped with a cylindrical spiral copper coil
with an internal diameter of 105 mm, an axial length of 130 mm, and eight turns. This
cylindrical configuration was selected to concentrate the electromagnetic field around
the laboratory specimens and was tested by the equipment suppliers before use in the
experimental program.
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During EIH testing, the specimen position relative to the induction coil was held
fixed within each experimental configuration to ensure consistent electromagnetic exposure
across replicate specimens and formulations. The specific specimen arrangements and
exposure conditions used for the preliminary screening, flow-threshold, and fracture—
healing—fracture tests are described in Sections 2.4-2.6. The generator operated through its
automatic frequency adjustment within the nominal range of 140-220 kHz.

Surface temperature during EIH was monitored using two non-contact measurement
systems: an IMPAC IN 5 Plus infrared pyrometer (LumaSense Technologies GmbH, Frank-
furt am Main, Germany) for real-time measurements at predefined surface locations and
an Optris infrared camera (Optris GmbH, Berlin, Germany) for recording the surface
temperature distribution and evolution. Within each experimental configuration, camera
position, viewing angle, and measurement regions were maintained constant. Mean surface
temperature was calculated over the defined region of interest, whereas maximum surface
temperature corresponded to the highest value recorded within that region.

An emissivity of 0.95 was applied consistently to the infrared measurements, without
an emissivity coating or reference tape. The region of interest encompassed the visible sur-
face of the tested filler or asphalt mastic, excluding the mold, support components, and the
surrounding background. Because material-specific emissivities were not independently
calibrated, the thermographic measurements of the fillers were used primarily as compara-
tive screening indicators under common acquisition conditions. The pyrometer provided
complementary spot-temperature monitoring and, where applicable, was used during
EIH to ensure that the temperature limit defined for the corresponding protocol was not
exceeded. Its readings were periodically compared with the thermographic measurements
and showed consistent values.

The induction system and laboratory configuration used throughout the experimental
program are shown in Figure 1. This setup was subsequently used for the preliminary ETH
screening, the EIH-induced flow-threshold test, and the fracture-healing—fracture protocol
described in Sections 2.4-2.6.

Figure 1. Electromagnetic induction heating system and laboratory configuration used in this study.

2.4. Preliminary Electromagnetic Induction Heating Tests

Preliminary EIH testing was performed in two stages: first on the fillers alone and
subsequently on the corresponding asphalt mastics. The filler-level tests provided an
initial screening of the electromagnetic response of the four materials independently of the
asphalt binder, whereas the mastic-level tests assessed whether the observed differences
were maintained after incorporation into the complete binder—filler formulations.

For both stages, the EIH response was characterized using surface-temperature evo-
lution and an overall average heating rate. The average heating rate was calculated as
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the change in mean surface temperature between the beginning and end of the electro-
magnetic exposure, divided by the corresponding exposure duration. Because the filler
and mastic tests involved different specimen geometries, initial thermal conditions, coil
arrangements, and exposure durations, the results were interpreted comparatively within
each experimental configuration rather than directly compared across the two stages.

2.4.1. Filler-Level EIH Screening

For the filler-level screening, equal volumes of LF, SSAF, MF, and IF were placed in
identical molds, and three independent specimens of each filler were tested. Equal-volume
specimens were adopted to provide consistent volumetric exposure to the electromagnetic
field; because the fillers had different particle densities, their masses consequently differed.
Each specimen was positioned within the induction-coil configuration shown in Figure 2
and exposed to EIH for 300 s at the maximum generator output power of 6 kW. Surface-
temperature evolution was recorded thermographically throughout the exposure. The filler
specimens were tested at an initial temperature of about 22 °C.

(b)

Figure 2. EIH configuration used for the preliminary filler screening: (a) laboratory setup with the
filler specimen positioned within the induction coil and thermographic monitoring; (b) close-up
views of the LF, SSAF, MF, and IF specimens in the test position, from top left to bottom right.

2.4.2. Asphalt Mastic-Level EIH Screening

The second screening stage was performed on all eight asphalt mastic formulations.
Three beam specimens measuring 80 x 20 x 20 mm were prepared for each formulation.
Before EIH testing, the specimens were conditioned in a cooling chamber to provide
consistent initial thermal conditions and were removed immediately before testing at a
temperature near 0 °C. Each beam was subjected to EIH for 400 s at the maximum output
power of 6 kW using the specimen—coil configuration shown in Figure 3.

Three independent specimens were tested for each formulation, and their temperature
evolution and average heating rates were used to compare the EIH response of the different
binderfiller systems.

2.5. EIH-Induced Flow-Threshold Test

An EIH-induced flow-threshold test was developed in this study by adapting the
ring-and-ball concept described in EN 1427:2015 [20] to localized electromagnetic heating.
The objective was not to determine a standardized softening point, but to identify, under
the adopted EIH configuration, the temperature and exposure time at which an asphalt
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mastic exhibited sufficient downward flow to reach a defined endpoint. The resulting mean
flow-threshold time was subsequently used as a formulation-specific reference to define
the EIH exposure duration applied during the fracture-healing—fracture protocol, whereas
the corresponding temperature characterized the thermal condition associated with the
onset of flow. Before testing, the specimens were conditioned in a cooling chamber to
approximately 0 °C and removed immediately prior to EIH exposure, ensuring a consistent

initial thermal condition across all formulations.

Figure 3. Preliminary EIH testing of a representative PMB-IF asphalt mastic beam: (a) specimen
positioned within the induction coil; (b) specimen before EIH; (c) specimen after 400 s of EIH.

This flow-based criterion was selected because thermal softening reduces binder
viscosity and increases molecular mobility, thereby facilitating material flow and re-
bonding across damaged interfaces, which are fundamental mechanisms associated with
asphalt self-healing [25,26].

The adapted configuration retained the ring-based concept but used a scaled-up ring
and support system to increase the volume of mastic exposed to the electromagnetic field.
The test assembly comprised a support frame and a larger polytetrafluoroethylene (PTFE)
ring. PTFE was selected to minimize direct electromagnetic heating of the test assembly
and thereby limit interference with the EIH response of the mastic. Unlike the standardized
ring-and-ball procedure, no steel ball was used. Figure 4 presents the geometry and
dimensions of the PTFE components, while Figure 5 shows the fabricated test assembly
and components used in the experimental program.

Based on the preliminary EIH screening described in Section 2.4, the test was applied
to the SSAF-, MF-, and IF-containing mastics prepared with both binders. LF-containing
mastics were excluded because their negligible EIH response had already been established.
Four specimens were tested for each evaluated formulation. The results were summa-
rized as mean values across the four specimens, with standard deviations (SD) indicating
interspecimen variability. Specimens of identical geometry were maintained at a fixed
position relative to the induction coil within this test configuration and were exposed at the
maximum generator output power of 6 kW. For formulations that did not reach the defined
endpoint, the maximum EIH exposure duration was 840 s.

The flow endpoint was visually defined as the first contact between the downward-
flowing mastic and the lower support of the test assembly. The elapsed EIH time at this
point was recorded as the flow-threshold time. To minimize operator-dependent variation,
the endpoint criterion was defined before testing, and all tests were performed by the same
operator. Identical specimen geometry, initial conditioning, specimen position relative to
the induction coil, and generator output were maintained across replicate specimens. The
resulting dispersion therefore characterizes within-operator, within-laboratory repeata-
bility; inter-operator and inter-laboratory reproducibility were not evaluated. Surface-
temperature evolution was monitored using the non-contact measurement system de-
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scribed in Section 2.3. Three predefined regions on the exposed mastic surface were used to
calculate a representative mean surface temperature, and the highest temperature detected
within the monitored area was additionally recorded. The mean surface temperature at the
visual endpoint was designated as the EIH-induced flow-threshold temperature.
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Figure 4. Geometry and dimensions of the PTFE components used in the EIH-induced flow-threshold
test: (a) cross-sectional view of the support assembly, (b) top view, and (c) cross-sectional view of the
PTFE ring (dimensions in mm).

(@)

(b) - ©

Figure 5. PTFE components and specimen preparation for the EIH-induced flow-threshold test: (a)
assembled PTFE support frame; (b) PTFE specimen ring; and (c) PTFE ring filled with asphalt mastic
before EIH testing.

Because the heating geometry and endpoint differ from those of EN 1427:2015, the EIH-
induced flow-threshold temperature was treated as an EIH-specific comparative indicator.
Accordingly, the proposed procedure does not reproduce the geometry, heating mode,
or deformation criterion of EN 1427 and is not intended to determine or replace the
standardized ring-and-ball softening point.
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2.6. Fracture—Healing—Fracture Mechanical Recovery Protocol

After establishing the EIH response of the mastics and the formulation-specific
flow-threshold times, mechanical recovery was evaluated using a repeated fracture—
healing—fracture (F-H-F) protocol based on direct tensile loading. The protocol comprised
three fracture tests separated by two thermal-activation and resting stages, allowing re-
covery after repeated damage and healing to be assessed. The MF- and IF-containing
mastics, identified as inductive in Sections 3.1 and 3.2, were evaluated using both EIH and
Oven activation. The LF- and SSAF-containing mastics were evaluated only under Oven
heating because their EIH responses were negligible or insufficient to reach the defined
flow threshold under the adopted conditions.

2.6.1. DTT Specimen and Mold Configuration

The specimen geometry was based on that specified in EN 13398:2017 [27]. The speci-
mens had a reduced central section of 10 x 10 mm, corresponding to a nominal minimum
cross-sectional area of 100 mm?, where fracture occurred during direct tensile loading.

Two mold materials were used according to the thermal-activation method. Specimens
subjected to EIH were prepared and tested in a bipartite polytetrafluoroethylene (PTFE)
mold. The use of PTFE minimized direct inductive heating of the mold and its contribution
to specimen heating. A metallic mold would interact with the electromagnetic field and
could therefore transfer heat to the mastic independently of its susceptibility to induction.
For the Oven protocol, metallic molds reproducing the same specimen geometry were used.

Both mold configurations incorporated removable lateral components that kept the
fractured specimen aligned during the subsequent healing stage. The specimen remained in
the mold throughout thermal activation and resting, thereby maintaining its geometry when
the mastic softened. No external compressive load was applied during healing; alignment
and contact between the fractured halves were maintained only by the mold configuration.

Although the PTFE and metallic molds reproduced the same specimen geometry, their
different thermal properties may have affected heat transfer during the respective activation
procedures. Mold material should therefore be considered one of the experimental differences
between the EIH and Oven protocols. The two mold configurations are shown in Figure 6.

= ?Ud

|

(b)

Figure 6. DTT mold configurations used in the F-H-F protocol: (a) bipartite PTFE mold for EIH
activation and (b) metallic mold for Oven heating.

To facilitate demolding, a thin layer of Baysilone silicone paste was applied only to
the lower surface of both mold configurations. No release agent was applied to the lateral
mold surfaces or directly to the fracture interfaces.

https://doi.org/10.3390/infrastructures11100360


https://doi.org/10.3390/infrastructures11100360

Infrastructures 2026, 11, 360 11 of 41

2.6.2. Fracture-Healing-Fracture Procedure and Thermal Activation

Before each fracture test, the mastic specimens were conditioned at —15 °C for at
least 4 h in a cooling unit located immediately adjacent to the DTT equipment to promote
brittle fracture. Specimens were removed individually and immediately subjected to tensile
loading at a constant displacement rate of 50 mm/min until complete fracture, thereby
minimizing temperature variation during transfer. Because the DTT equipment lacked
a temperature-controlled chamber, specimen temperature was not actively controlled
during loading.

After the fracture, the two specimen halves remained aligned within the mold and
were subjected to the corresponding thermal activation procedure, followed by a 12 h
resting period at laboratory temperature without externally applied compressive loading.
The specimens were then reconditioned at —15 °C for at least 4 h and subjected to a second
DTT under the same loading conditions. This fracture-activation—resting—conditioning
sequence was repeated once more, resulting in three DTT fracture tests (T1, T2, and T3)
separated by two healing stages. Figure 7 summarizes the complete experimental sequence.

Thermal activation 1 Thermal activation 2
Asphalt
mastic Electromagnetic induction Electromagnetic induction
e heating (EIH) Resting period heating (ETH) Resting period
Inductive mastics only 12 h at laboratory Inductive mastics only 12 h at laboratory
6 kW; formulation-specific temperature 6 kW; formulation-specific temperature
. duration duration
cong;:::)artin s Second Third
T=-15°C 8 [ fracture test l fracture test l fracture test
At>4h (DTT1) (DTT2) (DTT3)
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Figure 7. Experimental sequence of the fracture-healing—fracture (F-H-F) protocol, comprising three
direct tension tests (DTT1-DTT3) separated by two thermal-activation and resting stages. Thermal
activation was performed by EIH for the inductive mastics and by Oven heating for all mastics.

Preliminary exploratory trials were also conducted by realigning fractured specimens
within the mold and maintaining them for the same resting period without thermal acti-
vation. No measurable recovery of the peak mechanical response was observed. Because
these trials were exploratory and not conducted as a formally replicated control series, they
were not included in the quantitative comparison. They nevertheless indicated that rest
alone was insufficient to produce a detectable recovery within the adopted timeframe and
supported the use of thermal activation prior to the resting stage.

EIH was applied to the 50/70-MF, 50/70-IF, PMB-MF, and PMB-IF mastics. For each
formulation, the mean flow-threshold time determined in Section 3.2 was adopted as the
prescribed EIH exposure duration: 277 s for 50/70-MEF, 235 s for 50/70-1F, 450 s for PMB-MEF,
and 295 s for PMB-IFE. The generator operated at its maximum output power of 6 kW, and
the specimen position relative to the coil was consistently maintained in this experimental
configuration. Surface temperature was monitored using the infrared measurement systems
described in Section 2.3. For the F-H-F specimens, the mean surface temperature was
calculated as the average of three predefined regions on the exposed mastic surface, while
the pyrometer provided complementary spot-temperature monitoring. Temperature was
not used as the primary stopping criterion; the formulation-specific exposure time was
prescribed in advance, while the pyrometer provided complementary monitoring to ensure
that the predefined upper temperature limit of approximately 85 °C was not exceeded.
Figure 8 shows the EIH configuration used for the fractured DTT specimens.

Oven activation was applied to all eight mastic formulations. The specimens were
maintained at 65 °C for 4 h, following the literature-based mastic healing protocol reported
by Li et al. [17]. For both activation strategies, the specimens remained in their molds for
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approximately 12 h at laboratory temperature, then were reconditioned at —15 °C for at
least 4 h before the next DTT.

(@

Figure 8. Laboratory configuration used for EIH activation during the F-H-F protocol: (a) fractured
specimen in the PTFE DTT mold positioned within the induction coil; (b) induction head and coil
configuration; (¢) pyrometer monitoring of specimen surface temperature; and (d) thermographic
monitoring during ETH.

The prescribed thermal-activation and resting conditions for both protocols are sum-
marized in Table 4.

Table 4. Thermal activation and resting conditions adopted in the F-H-F protocol.

Heating Mastic EIH Output Oven Heating Rest Period
Method (kW) Temperature (°C) Duration (h)
EIH 50/70-MF 6 - 277 s 12
EIH 50/70-IF 6 - 235s 12
EIH PMB-MF 6 - 450's 12
EIH PMB-IF 6 - 295s 12
Oven All mastics - 65 4h 12

Therefore, the EIH and Oven procedures represented two distinct thermal-activation
strategies. EIH involved formulation-specific exposure durations of 235450 s at 6 kW,
whereas the Oven protocol involved 4 h at 65 °C. In addition, the protocols differed in their
heating mechanisms and mold materials. Their comparison was consequently designed
to evaluate the mechanical recovery achieved under the two adopted activation strate-
gies rather than to isolate the intrinsic effect of the heating mechanism under equivalent
temperature—time histories.

Five specimens were initially prepared for each mastic formulation and heating con-
dition. Mechanical results were calculated using all valid specimens. A limited number
of specimens were lost or damaged during specimen handling, particularly during low-
temperature demolding and handling in subsequent fracture cycles. Accordingly, the
number of valid specimens ranged from three to five, depending on formulation and
fracture stage. The actual replicate numbers used for the healing-index calculations are
reported together with the results in Section 3.3.2.

2.6.3. Mechanical Recovery Indices

Mechanical recovery was evaluated using two complementary indices derived from
the load-displacement curves. Because the specimens had a reduced central section of
10 x 10 mm, the measured peak tensile load was converted with Equation (1) to a
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peak nominal tensile stress, ocmax, using the nominal minimum cross-sectional area,
Amin = 100 mm?:
Fmax (1)

0 max
A i
min

where Fiay is the measured peak tensile load. The resulting stress was expressed in MPa.
Because the specimen cross-section varies outside the central reduced zone, omax Was
interpreted as a nominal tensile stress rather than an intrinsic uniaxial tensile strength.

A second mechanical parameter, the energy absorbed up to fracture, Ef, was calculated
with Equation (2) as the area under the load—displacement curve from the beginning of
loading to the peak load:

Ef= .5” Fds )

%

where ) and J;, are the displacement values at the beginning of loading and at peak
load, respectively. Because the peak load corresponded to specimen rupture following
the adopted low-temperature conditioning, this area represents the mechanical energy
absorbed up to fracture and was expressed in N-mm, equivalent to mJ. Since displacement
was measured through the loading system and the specimen had a variable cross-section,
Ef was used as a comparative energy parameter and was not interpreted as an intrinsic
fracture-energy property.

The peak tensile stress-based healing index, Hlprs, and the energy-based healing
index, HIg, were calculated with Equations (3) and (4) as:

Hiprs,: = Zmax'i x 100 3)
max,
Ef,l
HIg,; = £ % 100 4)
fl

where i = 2 or 3 identifies the second or third fracture test. Here, 0,y ; and Esi correspond
to the values obtained in DTT 7, while 0'may,1 and Ey 1 are the corresponding reference values
obtained in DTT1. Thus, T2/T1 represents mechanical recovery after the first healing stage,
whereas T3/T1 represents the retained recovery after two successive fracture-healing
stages. Both indices were expressed as percentages.

2.7. Conditioning and Rheological Characterization of Asphalt Mastics

A rheological characterization program was conducted using a Dynamic Shear
Rheometer (DSR; Anton Paar GmbH, Graz, Austria) to evaluate the asphalt mastics under
five conditioning states: Unaged, EIH, Oven, RTFOT, and R-PAV, where applicable. The
program was designed to assess the rheological changes associated with the thermal activa-
tion procedures used during the fracture-healing—fracture protocol and to compare them
with those resulting from adapted short- and long-term laboratory aging.

The EIH- and Oven-conditioned materials used for rheological testing were recovered
directly from the DTT specimens after completion of the third fracture test, following the
two heating-and-resting stages. After recovery, the materials were stored frozen until
rheological testing. No additional oven reheating, remolding, or homogenization was
applied. For each DSR test, the material was placed directly on the rheometer plate and
heated only within the rheometer to allow trimming and establish the required testing
geometry. The Unaged, RTFOT-, and R-PAV-conditioned reference materials originated
from the same initial production batch for each asphalt mastic formulation.

Since the RTFOT and PAV procedures are formally intended for asphalt binders,
they were applied to the mastics as adapted comparative conditioning procedures. Short-
term conditioning was performed using standard RTFOT bottles under the temperature—
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time conditions specified in EN 12607-1:2024, namely 163 °C for 85 min [28]. Before
loading the bottles, each mastic was gently remixed to maintain a homogeneous filler
distribution. Because the mastics had different densities, using a common material mass
would have resulted in different material volumes and exposure geometries. The loaded
mastic mass was therefore calculated from the mass specified for the standard binder
procedure according to #magtic = Mpinder X (Omastic/ Pbinder), thereby maintaining the same
nominal material volume. During rotation, all mastics spread sufficiently along the bottle
surface to form a film, and no visually significant filler sedimentation was observed. After
RTFOT conditioning, the recovered material was combined and divided for subsequent
rheological testing or PAV conditioning.

Long-term conditioning was performed by transferring the RTFOT-conditioned mastics
directly to standard PAV pans and applying the conditions specified in EN 14769:2023, namely
100 °C for 20 h under an air pressure of 2.1 MPa [29]. Similarly, the mass placed in each
PAV pan was adjusted based on the density ratio between the mastic and its corresponding
binder to maintain the nominal material volume prescribed in the binder procedure. No
additional homogenization was performed before PAV conditioning to avoid introducing an
additional thermal or mechanical history between the sequential RTFOT and PAV conditioning
stages. After conditioning, the material was recovered, combined, and homogenized during
the heated post-PAV recovery procedure prior to preparing the DSR specimens. The same
adapted procedure was applied consistently to all mastic formulations.

Accordingly, the EIH- and Oven-conditioned states represent the material response
after the complete F-H-F history, including mechanical fracture, thermal activation, resting,
and repeated testing, whereas the RTFOT and R-PAV states represent adapted laboratory-
aging histories without prior fracture-healing cycling. Comparisons among these states
therefore characterize the resulting rheological conditions but do not isolate the effect of
thermal exposure alone.

In the following sections, mastics subjected to RTFOT conditioning are designated as
RTFOT, whereas those subjected sequentially to RTFOT and PAV conditioning are desig-
nated as R-PAV. The rheological characterization comprised frequency-sweep, Multiple
Stress Creep and Recovery (MSCR), and Linear Amplitude Sweep (LAS) testing, as detailed
in Sections 2.7.1-2.7.3.

2.7.1. Frequency-Sweep Testing and Master-Curve Construction

Frequency-sweep tests were performed using a dynamic shear rheometer to evaluate
the linear viscoelastic response of the asphalt mastics under the different conditioning
states. The tests were conducted in accordance with EN 14770:2023 [30] at 18 frequencies
ranging from 0.1 to 100 Hz.

Considering the stiffness of the asphalt mastics and the objective of evaluating their
rheological behavior at intermediate and high temperatures, testing was performed at 30,
40, 50, 60, and 70 °C using a 25-mm parallel-plate geometry and a strain amplitude of 0.1%.
The selected strain amplitude was intended to maintain the material response within the
linear viscoelastic range.

The measured parameters were the magnitude of the complex shear modulus, |1 G*1,
and the phase angle, 6. The complex shear modulus represents the overall resistance
of the material to sinusoidal shear deformation, whereas the phase angle indicates the
relative contributions of the elastic and viscous components of the response. Because the
presence and heterogeneous distribution of mineral filler may increase the variability of
the phase-angle results, comparisons among conditioning states focused primarily on the
evolution of 1 G*l, while é was used as complementary information.
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Master curves of | G*| and § were constructed at a reference temperature of 40 °C
using the time—temperature superposition principle. Horizontal shift factors were calcu-
lated using the Williams-Landel-Ferry relation in Anton Paar RheoCompass software,
version 1.33.615. One DSR specimen was tested for each mastic formulation and condi-
tioning state over the complete temperature—frequency range, and the resulting frequency-
sweep dataset was used to construct the corresponding master curves.

Curve fitting was performed in MATLAB R2025b, version 25.2.0.3055257 Update 2. A
Fourier model in log-log coordinates was applied to the complex-modulus data, and all fitted
curves had coefficients of determination greater than 0.98. Data points outside the valid
measurement range or affected by equipment compliance were excluded from the analysis.

To provide a concise comparison of the high-temperature rheological response among
conditioning states and mastic formulations, | G*| values at 70 °C and an angular frequency
of 10 rad /s were obtained from the corresponding isothermal frequency-sweep datasets.
The temperature of 70 °C was selected to provide a common comparison at the upper
end of the experimental temperature range, while 10 rad /s was adopted as a commonly
used reference angular frequency in DSR-based asphalt-binder characterization [31]. This
common comparison condition was used to summarize the magnitude of rheological
changes associated with the complete EIH, Oven, RTFOT, and R-PAV conditioning histories.

2.7.2. Multiple Stress Creep and Recovery Testing

The Multiple Stress Creep and Recovery (MSCR) test was used to compare the re-
coverable and nonrecoverable shear-deformation responses of the asphalt mastics under
the different conditioning states. Because asphalt mastics are outside the formal scope of
EN 16659:2015 [32], the test conditions and calculation procedures defined in the standard
were applied as an adapted comparative protocol. This approach enabled evaluation of
the effects of binder and filler types, as well as thermal and laboratory conditioning, under
consistent testing conditions.

Testing was conducted at 60 °C using a dynamic shear rheometer equipped with a
25-mm parallel-plate geometry and a 1-mm gap. The test temperature of 60 °C was selected
in accordance with EN 16659:2015 [32], which identifies 50, 60, 70, and 80 °C as applicable
MSCR test temperatures. The same temperature was used for all formulations to provide
a common high-temperature comparison and to maintain direct comparability with the
Unaged MSCR dataset reported in the companion study [16]. The selected temperature
and loading protocol otherwise followed EN 16659:2015 [32]. Before testing, each specimen
was allowed to reach thermal equilibrium at 60 °C for at least 15 min. Each specimen
was subjected to ten consecutive creep—recovery cycles at 0.1 kPa, immediately followed,
without an intermediate rest period, by ten cycles at 3.2 kPa. Each cycle comprised 1 s of
loading at constant shear stress followed by 9 s of recovery under zero applied shear stress.

Three replicate specimens were tested for each Unaged mastic, using the results
reported in the companion study [16]. Two independent replicate specimens were tested
for each applicable EIH-conditioned mastic and for each Oven-, RTFOT-, and R-PAV-
conditioned mastic. The results were reported as mean values and standard deviations.

For each stress level, percent recovery (R) and nonrecoverable creep compliance (J,.r)
were calculated in accordance with EN 16659:2015 [32] using the strains measured at the end
of the creep and recovery periods. The average values obtained from the ten cycles were
reported as Ry and R3, and as [, 0.1 and J,r 32, respectively. Higher R values indicate a
greater recoverable fraction of the imposed deformation, whereas lower J,;, values indicate
lower nonrecoverable deformation normalized by the applied stress.

The stress dependence of the nonrecoverable response was quantified using J,;,.4i, €x-
pressed as a percentage, and calculated separately for each specimen according to Equation (5).
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Jar, 32 — ]nr, 0.1

x 100 )
]nr, 0.1

]nr,diﬁ =

The mean and standard deviation were subsequently calculated from the individual
specimen values. No truncation was applied to ;4 therefore, negative values were
retained when J;;; 32 was lower than [, 01. Values close to zero indicate limited stress
dependence, whereas positive or negative values indicate the direction of the measured
change in nonrecoverable compliance as the applied stress increased from 0.1 to 3.2 kPa.

2.7.3. Linear Amplitude Sweep Testing and VECD Analysis

The Linear Amplitude Sweep (LAS) test was used to compare the fatigue-damage
response and damage evolution of the asphalt mastics under the different conditioning
states. The baseline LAS procedure followed AASHTO TP 101-14 [33]. This edition
was retained because it was the procedure implemented at the start of the multiyear
experimental program and applied consistently across all materials, thereby ensuring
internal comparability among the datasets. Although this method is formally applicable
to asphalt binders, the same test conditions and calculation procedure were used for the
mastics as part of an adapted comparative protocol.

The tests were conducted at 20 °C using a dynamic shear rheometer equipped with
an 8-mm parallel-plate geometry and a 2-mm gap. Each test comprised two successive
stages. First, a nondestructive frequency sweep was performed at a strain amplitude of
0.1% at 12 frequencies ranging from 0.2 to 30 Hz. Second, a strain-controlled amplitude
sweep was performed at 10 Hz, with the strain amplitude increasing linearly from 0% to
30% over 3100 loading cycles. The applied shear-strain amplitude, corresponding shear-
stress amplitude, phase angle, and complex shear modulus were recorded every 10 cycles,
yielding approximately 310 recorded data points per amplitude sweep.

The Unaged results, based on three replicate specimens per mastic, were obtained from
the companion study [16]. Three independent replicate specimens were tested for each
applicable EIH-conditioned mastic and for each Oven-, RTFOT-, and R-PAV-conditioned
mastic. Representative stress—strain and damage-characteristic responses were selected for
illustration, whereas the VECD-predicted fatigue-life results were summarized as mean
values (n = 3).

The fatigue-damage response was analyzed using the Viscoelastic Continuum Dam-
age (VECD) procedure specified in AASHTO TP 101-14 [33]. The storage modulus was
calculated from the preliminary frequency-sweep results as G’ = | G*| cos 4. A linear
regression was fitted to the logarithm of G’ as a function of the logarithm of frequency, and
the resulting slope, m, was used to determine the VECD parameter as « = 1/m.

During the amplitude sweep, the material-integrity parameter, C(f), represented
the fraction of the initial complex shear modulus retained as loading progressed, with
C(t) = 1 corresponding to the initial undamaged reference condition and decreasing val-
ues indicating progressive loss of material integrity. The accumulated-damage parame-
ter, D(t), was calculated incrementally from the applied-strain history, the change in mate-
rial integrity, elapsed loading time, and «, following the procedure specified in AASHTO
TP 101-14 [33]. The relationship between C(t) and D(f) was used to construct the dam-
age characteristic curve (DCC). The damage at failure, Dy, was defined as the accumu-
lated damage value corresponding to the maximum shear stress reached during the
amplitude sweep.

The fatigue model parameters A and B were calculated according to AASHTO
TP 101-14 [33], with B = 2a. The VECD-predicted fatigue life was determined as a function
of the selected maximum shear-strain amplitude using Equation (6):
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Nf=A % (Ymax) " (6)

where Ny is the predicted number of loading cycles to failure, A and B are the fatigue-
model parameters calculated from the VECD analysis, and ymax is the selected maximum
shear-strain amplitude. Predicted fatigue lives were calculated at maximum shear-strain
amplitudes of 2.5% and 5%. Accordingly, Ny was used as a comparative mastic-scale
indicator and should not be interpreted as the direct fatigue life of an asphalt mixture or
pavement structure.

3. Results and Discussion

Replicated results were analyzed descriptively using mean values, with standard
deviations (SD) additionally reported where available. For the F-H-F healing indices,
coefficients of variation (CV) were also calculated to assess the relative dispersion among
replicates. Comparisons were based on the magnitude, consistency, and overall trends
of the observed results, without inferential statistical testing. Accordingly, terms such as
“higher,” “lower,” and “greater” are used to describe numerical differences in the observed
mean values and do not imply statistically significant differences.

3.1. Preliminary EIH Response of Fillers and Asphalt Mastics
3.1.1. Filler-Level EIH Response

Preliminary EIH tests were initially used to compare the heating responses of the selected
fillers under identical, equal-volume exposure conditions. Three independent specimens were
evaluated for each filler. Figures 9 and 10 present the infrared thermographic response after
300 s and the corresponding temperature evolution and average heating rates, respectively.

(b)

Figure 9. Representative infrared thermographic images of the fillers after 300 s of EIH: (a) IF, (b) MF,
(c) SSAF, and (d) LE.
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Figure 10. Quantitative EIH response of the fillers: (a) mean heating rate & SD and (b) mean
surface-temperature evolution during 300 s of ETH (1 = 3).

Numerical differences were observed among the fillers. MF exhibited the strongest
response, with an average heating rate of approximately 22.9 °C/min, followed by IF
at approximately 6.9 °C/min. SSAF showed a substantially lower response rate of ap-
proximately 2.7 °C/min, while LF exhibited negligible heating, with an average rate
of approximately 0.15 °C/min. Thus, under the adopted equal-volume conditions,
the three iron-bearing fillers did not exhibit comparable EIH responses despite their
iron-containing compositions.

In particular, the stronger response of MF relative to the commercial IF, despite
the latter having a manufacturer-specified Fe content of at least 98 wt%, shows that
high iron content alone is insufficient to predict EIH performance. The companion
characterization [16] identified a magnetite-dominated crystalline fraction and a broad
particle-size distribution for MF, whereas IF was characterized by metallic iron, higher
particle density, larger characteristic particle sizes, and a substantially lower estimated
specific surface area. Therefore, these materials differ in several characteristics that may
affect their interaction with the electromagnetic field. Since electrical conductivity, magnetic
permeability, and electromagnetic loss mechanisms were not measured independently in
the present study, the specific contribution of each characteristic cannot be isolated. The
preliminary tests should consequently be interpreted as an experimental ranking of EIH
response rather than as evidence of a single governing heating mechanism.

The limited response of SSAF is also relevant because its mineralogical characterization
identified several iron-bearing phases, including wiistite and magnetite. The presence
of these phases was therefore insufficient on its own to produce a strong EIH response
under the adopted conditions. The relatively limited heating observed here is consistent
with previous EIH observations for steel slag reported by Wan et al. [15] and Liu et al. [34].
Higher heating efficiencies reported for steel slag under microwave exposure [35-38] are not
directly contradictory, because microwave and electromagnetic induction heating involve
different material-field interactions. LF, whose identified crystalline phase was calcite,
showed essentially no EIH response and provided a non-inductive reference.

Because the EIH response of a filler may change after its incorporation into the asphalt
binder and at the dosage adopted in the final mastic formulation, the corresponding asphalt
mastics were subsequently evaluated under EIH.
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3.1.2. Asphalt Mastic EIH Response

Preliminary EIH tests were also conducted on asphalt mastic beam specimens to
determine how the filler-level heating responses evolved after incorporation into the
complete binder—filler systems. Three independent specimens were tested for each mastic
formulation. Figure 11 presents representative infrared thermographic images of the PMB-
IF mastic beam before and after 400 s of EIH, while Figure 12 summarizes the corresponding
quantitative analysis of surface temperature evolution and average heating rate.

(a) (b)

Figure 11. Representative infrared thermographic images of the PMB-IF asphalt mastic beam:
(a) before EIH and (b) after 400 s of EIH.
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Figure 12. Quantitative EIH response of the asphalt mastics: (a) mean heating rate & SD and
(b) mean surface-temperature evolution during 400 s of EIH (1 = 3).

Preliminary testing of the complete asphalt mastics showed that the principal filler-
related ranking was broadly maintained after incorporation into the binder matrix. The
MF- and IF-containing mastics exhibited the strongest heating responses, whereas SSAF
remained considerably less responsive, and LF showed only a minor temperature increase.
For the 50/70-based mastics, the average heating rates were approximately 12.9 °C/min
for 50/70-MF and 9.7 °C/min for 50/70-IF, compared with approximately 2.6 °C/min
for 50/70-SSAF and 1.4 °C/min for 50/70-LF. The corresponding PMB mastics exhibited
average rates of approximately 7.7, 7.6, 2.4, and 1.1 °C/min, respectively.
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The strong response of the MF mastics is particularly notable because the MF dosage
had been substantially reduced during formulation to obtain workable mastics. Its volumet-
ric filler-to-binder ratio was only 0.11 with 50/70 and 0.09 with PMB, compared with 0.49
for the corresponding IF mastics. Therefore, although the response cannot be attributed
independently to filler type because the adopted filler dosages differed substantially among
formulations, the strong EIH response of the MF mastics cannot be explained by a greater
volumetric filler content. It should instead be interpreted as the response of the specific
binder-MF formulations at the adopted dosages.

For a given filler, the 50/70-based mastics generally exhibited somewhat higher heat-
ing rates than the corresponding PMB-based formulations, particularly for MF and IF.
This indicates that the binder—filler system also influenced the measured heating response.
However, the thermal conductivity, diffusivity, heat capacity, and other thermophysical
properties of the complete mastics were not measured independently. Therefore, the origin
of these binder-related differences cannot be determined from the present results.

Based on this preliminary screening, the MF- and IF-containing formulations were
hereafter classified as inductive mastics. The SSAF-containing mastics were classified as
having a limited EIH response, whereas the LF-containing mastics exhibited a negligible
response. Accordingly, the MF-, IF-, and SSAF-containing mastics were subsequently
evaluated using the EIH-induced flow-threshold test described in Section 2.5, while LF
was excluded from that stage. Only the MF- and IF-containing mastics were subsequently
subjected to EIH during the fracture-healing—fracture protocol; SSAF- and LF-containing
mastics were evaluated using Oven heating.

3.2. EIH-Induced Flow-Threshold Response

The EIH-induced flow-threshold test was used to determine whether the heating
response identified in the preliminary screening was sufficient to promote observable flow
of the complete asphalt mastics and to establish formulation-specific EIH exposure times

for the subsequent fracture-healing—fracture protocol. Figure 13 illustrates representative
stages of the test for 50/70-MF, including the defined flow-threshold endpoint, while
Figure 14 shows the corresponding thermographic response.

Figure 13. Representative stages of the EIH-induced flow-threshold test for 50/70-MF: (a) initial test
configuration, (b) intermediate heating stage, and (c) flow-threshold endpoint.

Numerical differences were observed among the evaluated formulations. Both MF-
and IF-containing mastics reached the defined flow threshold under EIH, whereas neither
SSAF-containing mastic reached the endpoint even after the maximum exposure duration
of 840 s. At the end of this exposure, the mean surface temperatures of 50/70-SSAF
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and PMB-SSAF were only approximately 27 and 33 °C, respectively, with corresponding
maximum temperatures of approximately 37 and 38 °C. These results support that the
limited EIH response identified for SSAF during the preliminary screening was insufficient
to produce mastic flow under the adopted conditions.

(@) (b)

Figure 14. Representative infrared thermographic images of 50/70-MF during the EIH-induced
flow-threshold test: (a) initial condition and (b) after 278 s of EIH.

For the inductive mastics, the mean surface temperature at the flow endpoint ranged
from approximately 57 to 72 °C. The corresponding local maximum temperatures were
considerably higher, ranging from approximately 89 to 114 °C (Figure 15), illustrating
the spatially nonuniform temperature distribution generated during localized EIH. The
50/70-IF and 50/70-MF mastics reached the flow threshold after approximately 235 and
277 s, respectively, whereas PMB-IF and PMB-MF required approximately 295 and 450 s
(Figure 16). Thus, for both inductive fillers, the 50/70-based mastics reached the defined
flow condition more rapidly than the corresponding PMB-based formulations. This behav-
ior is consistent with the higher conventional softening points of the PMB mastics and with
their generally lower preliminary EIH rates observed in Section 3.1.
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Figure 15. Mean and local maximum surface temperatures measured at the end of EIH exposure
for the evaluated asphalt mastics (mean + SD, n = 4). For MF- and IF-containing mastics, values
correspond to the flow-threshold endpoint; for SSAF-containing mastics, values correspond to the

maximum exposure duration of 840 s.

For the four inductive mastics that reached the defined endpoint, the within-operator
dispersion of the flow-threshold time was characterized by CV values of 6.56% for 50/70-IF,
2.60% for 50/70-MEF, 3.95% for PMB-IF, and 4.11% for PMB-MF. Thus, the observed CV
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range was 2.60-6.56% under the adopted laboratory configuration. The SSAF-containing
mastics were excluded from this repeatability assessment because the reported 840 s
corresponds to the predefined maximum exposure duration rather than to a measured
flow-threshold endpoint.

PMB-SSAF 840
PMB-MF ) = 450
PMB-IF I
50/70-SSAF 840
50/70-MF 277
50/70-IF 235
0 1(I)0 2(I)O 3(I)0 4(I)0 5(I)O 6(l)0 7(I)O 8(I)O 900

EIH exposure time (s)

Figure 16. EIH exposure time for the evaluated asphalt mastics. For MF- and IF-containing mastics,
values represent the flow-threshold time (mean + SD, n = 4). For SSAF-containing mastics, 840 s
represents the predefined maximum exposure duration; the flow threshold was not reached, and
these values were not included in the repeatability assessment.

The combined results also show that the preliminary heating rate alone was not
sufficient to predict the time required to reach the flow endpoint. MF exhibited the strongest
heating response during the preliminary screening, yet IF reached the flow threshold earlier
with both binders. Because the preliminary beam screening and the flow-threshold test
used different specimen geometries and exposure configurations, their heating rates are not
directly transferable. Nevertheless, the different rankings show the value of evaluating the
complete mastic response: the time required to achieve flow reflects the combined influence
of EIH susceptibility and the rheological flow behavior of the binder—filler system rather
than induction-heating efficiency alone. Because MF and IF were incorporated at different
filler-to-binder ratios, these differences should likewise be interpreted at the formulation
level rather than as an isolated effect of filler type.

Table 5 compares the conventional ring-and-ball softening points with the mean sur-
face temperatures measured at the EIH flow endpoint. For the 50/70 mastics, the mean EIH
flow-threshold temperatures were relatively close to the corresponding conventional soft-
ening points, whereas larger differences were observed for the PMB mastics. At the same
time, the local maximum temperatures measured during EIH exceeded the conventional
softening points. These differences are consistent with the localized, spatially heteroge-
neous nature of EIH and with the different geometries and deformation criteria of the
two procedures. Accordingly, the EIH-induced flow-threshold temperature should not be
interpreted as an alternative determination of the conventional softening point; rather, it
provides a formulation-specific thermal reference associated with the onset of observable
flow. From a self-healing perspective, reaching this flow-capable condition is relevant
because the associated reduction in mastic viscosity promotes the mobility required for
closure and rebonding of a fractured interface.

Overall, the results indicate the practical utility of the proposed procedure within the
experimental framework of this study. The test distinguished mastics capable of reaching
a defined flow condition under EIH from those with insufficient induction response and
provided formulation-specific exposure times for subsequent healing activation. These
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flow-threshold times, rather than the measured threshold temperatures, were subsequently
used to define the EIH durations applied during the fracture-healing—fracture protocol.
Because the specimen geometry and coil arrangement differed between the two tests, the
surface temperatures reached during the subsequent healing procedure were not expected
to reproduce those measured in the flow-threshold configuration.

Table 5. Comparison between the conventional ring-and-ball softening point and the EIH-induced
flow-threshold response.

Asphalt Conventional EIH-Induced Flow Difference,

Mastic Softening Point (°C) Threshold Temperature (°C) EIH—Conventional (°C)
50/70-IF 63.00 61.00 —2.00

50/70-MF 62.20 57.00 —5.20

50/70-SSAF 64.00 Not reached (27 °C after 840s) -

PMB-IF 80.35 72.00 —8.35

PMB-MF 87.90 70.00 —17.90

PMB-SSAF 84.20 Not reached (33 °C after 840s) -

3.3. Mechanical Recovery During the Fracture—Healing—Fracture Protocol

The F-H-F protocol was used to determine the extent to which the thermal-activation
procedures translated the heating behavior identified in Sections 3.1 and 3.2 into measurable
mechanical recovery. Figure 17 illustrates representative stages of the protocol for the
50/70-IF mastic before fracture, after the first DTT, and after EIH activation followed by
the 12 h resting period.

(b)

Figure 17. Representative stages of the F-H-F protocol for 50/70-IF mastic: (a) before the first DTT,
(b) after the first fracture test, and (c) after EIH activation and the subsequent 12 h resting period.

3.3.1. Thermal Response During Healing Activation

Figure 18 shows representative thermographic images of 50/70-IF before and after
the prescribed 235 s of EIH exposure. The formulation-specific exposure times established
from the flow-threshold test produced final mean surface temperatures ranging from
approximately 80.6 to 84.0 °C across the two healing activations (Figure 19). Despite
substantial differences in prescribed EIH durations among formulations (235-450 s), the
temperatures reached at the end of activation were comparatively similar.

These temperatures were higher than the mean flow-threshold temperatures mea-
sured in Section 3.2. This difference is consistent with the different specimen geometry,
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coil arrangement, and thermal field of the F-H-F configuration and was therefore expected.
The temperatures reached during F-H-F activation indicate a substantially softened mastic
condition favorable to interfacial flow; however, thermal response alone does not demon-
strate healing. The extent to which activation produced mechanical recovery was therefore

quantified from the subsequent DTT results.

(a) | (b)

Figure 18. Representative infrared thermographic images of 50/70-IF during EIH activation:

(a) before heating and (b) after the prescribed 235 s exposure.

M First healing stage B Second healing stage
82.9
PMB-IF
83.6
I—'—( 83.6
PMB-MF
84.0
83.8
50/70-1F
80.6
80.8
50/70-MF
83.2
0 20 40 60 80 100

Mean surface temperatur€Q)

Figure 19. Mean surface temperatures reached at the end of EIH activation during the first and
second healing stages (mean + SD; 50/70-MF: n = 4; 50/70-IF, PMB-MF, and PMB-IF: n = 5).

The similar temperatures observed during the first and second EIH activations also
indicate that the formulation-specific exposure procedure yielded a reasonably repeatable
thermal response across the two healing stages.

3.3.2. Mechanical Recovery and Healing Indices

Figure 20 presents representative load—displacement curves for 50/70-IF under EIH
and Oven activation. The peak load and energy absorbed up to fracture decreased after
successive fracture-healing stages relative to the initial DTT, indicating partial rather than
complete recovery. The exploratory rest-only trials showed no measurable recovery of the
peak mechanical response, supporting the interpretation that the recovery observed in the
formal F-H-F tests was attributable to the complete thermal-activation and resting protocol,
although those exploratory trials were not treated as a quantitative control series.
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Figure 20. Representative load—displacement curves obtained during the F-H-F protocol for 50/70-IF
under (a) EIH and (b) Oven activation.
The mechanical recovery indices obtained for the four inductive mastics under EIH
are summarized in Table 6. Both Hlprs and HIf are reported for recovery after the first
(T2/T1) and second (T3/T1) healing stages, together with their dispersion and the number
of valid specimens.
Table 6. Mechanical healing indices of inductive asphalt mastics under EIH, reported as mean £ SD
and CV; the number of valid specimens (1) is indicated for each healing stage.
Healing . N EIH
Index Ratio Statistic 50/70-MF 50/70-F PMB-MF PMB-IF
Mean + SD 91.5+57 85.7 £ 45 73.8 £10.1 623 £ 164
T2/T1 CV (%) 6.3 52 13.7 26.3
Valid specimens, n 4 5 5 5
Hlprs P
Mean £ SD 76.5+12.3 77.0 £ 3.6 430+ 6.9 428 £12.9
T3/T1 CV (%) 16.1 4.6 16.1 30.2
Valid specimens, n 4 5 5 5
Mean + SD 68.8 £13.2 68.2 +£89 794 +£11.7 478 £15.3
T2/T1 CV (%) 19.2 13.0 14.7 31.9
HI Valid specimens, n 4 5 5 5
E
Mean £ SD 573+ 122 53.6 = 8.8 161+ 3.1 243 £3.1
T3/T1 CV (%) 21.3 16.4 19.0 13.9
Valid specimens, n 4 5 5 5

Under EIH, the clearest binder-related difference was observed in the peak ten-
sile stress-based healing index. After the first healing stage, the 50/70 mastics re-
covered approximately 86—-92% of their initial peak nominal tensile stress, compared
with approximately 62-74% for the PMB mastics. After the second healing stage, the
50/70 mastics retained approximately 76-77%, whereas both PMB mastics dropped to
approximately 43%.

The energy-based response was more formulation-dependent. After the first heal-
ing stage, 50/70-MF and 50/70-IF showed HIr values of approximately 69% and 68%,
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respectively, whereas PMB-MF reached approximately 79% and PMB-IF approximately
48%. Thus, the binder-related ranking observed for HIprs was not universal across both
mechanical indicators. After the second healing stage, however, the PMB mastics exhibited
substantially lower energy recovery, approximately 16-24%, compared with approximately
54-57% for the corresponding 50/70 systems.

Dispersion under EIH remained formulation-dependent, with CV values generally
below approximately 32%. No universal increase in variability was observed for every
indicator after the second healing stage, although repeated fracture and healing introduced
greater scatter in some formulations.

For comparison, Table 7 presents the corresponding healing indices for all eight mastics
under Oven activation. Because the Oven protocol was applied independently of EIH
susceptibility, these results also provide a broader basis for examining binder- and filler-
related differences in mechanical recovery under a common thermal-activation procedure.

Table 7. Mechanical healing indices of asphalt mastics under Oven activation, reported as mean + SD
and CV; the number of valid specimens (1) is indicated for each healing stage.

Healing Ratio Statistic Oven
Index 50/70-MF 50/70-IF 50/70-SSAF 50/70-LF PMB-MF PMB-IF PMB-SSAF PMB-LF
Mean + SD 59.3+9.2 62.1+65 85.5+8.8 88.8+99 55.4+69 61.2+24 63.3 =235 40.1£11.6
T2/T1 CV (%) 15.6 10.5 10.3 11.1 125 3.9 37.2 28.8
n* 5 5 5 5 5 5 5 5
Hlprs
Mean + SD 441+12 443+19.2 53.1+14.0 53.3 £32.0 373+77 334+174 26.3+15.3 21.2+44
T3/T1 CV (%) 2.6 434 26.4 60.1 20.7 52.0 58.2 20.5
n* 5 4 5 4 4 4 3 5
Mean + SD 349 +126 31.0£55 725+16.8 79.6 +23.6 26.1+£14.0 27.8 £3.7 348+24.1 132+82
T2/T1 CV (%) 36.1 17.7 23.1 29.7 53.6 13.2 69.5 61.7
n* 5 5 5 5 5 5 5 5
HIp
Mean + SD 18.8 2.5 142 +85 264 +129 33.5+£27.0 106 +1.8 9.5+88 71+5.7 39+13
T3/T1 CV (%) 13.1 60.3 49.0 80.7 17.0 92.7 80.5 34.0
n* 5 4 5 4 4 4 3 5

* Number of valid specimens.

Under Oven activation, the 50/70 mastics showed a clear formulation-dependent
response after the first healing stage. The LF- and SSAF-containing mastics exhibited
the highest recovery, with Hlprs values of approximately 89% and 86% and HIr values
of approximately 80% and 73%, respectively. The corresponding MF- and IF-containing
mastics showed lower first-stage recovery, approximately 59-62% for Hlprs and 31-35% for
HIg. After the second healing stage, LF and SSAF retained HIprs values of approximately
53%, compared with approximately 44% for MF and IF, while the energy-based values
remained lower for all four formulations.

The PMB mastics exhibited a different formulation-dependent pattern. PMB-LF
showed the lowest first-stage recovery for both indicators, whereas SSAF, MF, and IF
generally produced greater recovery. After the second healing stage, the mean values
varied among the PMB formulations; however, the large dispersion and reduced sample
sizes preclude a robust between-formulation ranking.

The Oven results also show that greater EIH susceptibility does not necessarily trans-
late into greater mechanical recovery when thermal energy is supplied externally. In
the 50/70 system, the LF- and SSAF-containing mastics exhibited greater first-stage re-
covery under Oven activation than the corresponding MF- and IF-containing mastics,
despite their negligible or limited EIH susceptibility. EIH susceptibility should therefore
be regarded primarily as the capacity of a formulation to generate the thermal activation
required for healing, whereas the resulting mechanical recovery depends on the complete
binderfiller system.
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The relatively high dispersion of several Oven-treated groups, particularly after the
second healing stage, substantially limits between-formulation comparisons. Some HIg
CV values approached or exceeded 80%, with a maximum of approximately 93%, while
the number of valid specimens decreased to three or four in several T3 groups. Accord-
ingly, these second-stage results should not be used to establish robust rankings among
individual formulations. Their interpretation is therefore restricted primarily to broader
trends, including the general decrease in recovery from T2/T1 to T3/T1 and the lower
energy-based recovery observed after repeated fracture and healing.

Across all formulations and both activation protocols, the T3/T1 values were lower
than the corresponding T2/T1 values for both mechanical indices, demonstrating a progres-
sive reduction in recoverable mechanical response after repeated fracture and healing. In
addition, after the second healing stage, HIr was lower than Hlprs across all formulations.
Thus, recovery of the peak nominal tensile stress did not imply equivalent restoration of
the broader load—displacement response up to fracture.

To complement the normalized healing indices, Figure 21 presents the evolution of
mean peak nominal tensile stress across DTT1, DTT2, and DTT3 for the EIH- and Oven-
treated specimens.

6 6
—e— 50/70-MF —e— 50/70-MF
) —e— 50/70-F T o —e— 50/70-IF
5 PMB-MF 5 | —e— 50/70-SSAF
& ---8--- PMB-TF —o— 50/70-LF
i ) 1 PMB-MF
------ PMB-IF
7 4 PMB-SSAF

---8--- PMB-LF

Peak nominal tensile stress (MPa)
w
1

Peak nominal tensile stress (MPa)
[6%)

DTT1 DTT2 DTT3 DTT1 DTT2 DTT3
(a) (b)

Figure 21. Evolution of mean peak nominal tensile stress during the F-H-F protocol: (a) inductive
mastics under EIH and (b) all mastics under Oven activation. Mean values were calculated from the
valid specimens; corresponding replicate numbers are reported in Tables 6 and 7.

The absolute stress evolution provides important context for interpreting the relative
healing indices. For example, 50/70-IF exhibited a substantially higher initial peak nominal
tensile stress than 50/70-MF, approximately 3.8-4.0 MPa compared with approximately
1.6 MPa. Although their relative EIH healing indices were similar, 50/70-IF consequently
retained a considerably higher absolute mechanical capacity throughout the successive
fracture-healing cycles. Thus, similar healing ratios do not necessarily imply comparable
retained mechanical performance. As the healing indices were calculated for each specimen
before averaging, the mean Hlprs values reported in Tables 6 and 7 are not expected to
exactly coincide with the ratios derived directly from the mean stresses shown in Figure 21.
Therefore, the normalized healing indices provide a more appropriate basis for comparing
recovery between the independently tested EIH and Oven groups, while the absolute stress
evolution provides complementary information on retained mechanical capacity.
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3.3.3. Integrated Comparison of EIH and Oven Activation

Under the specific, non-equivalent protocols adopted in this study, the EIH-treated
groups generally exhibited higher mean mechanical recovery indices than the correspond-
ing Oven-treated groups. These numerical differences reflect the response to the complete
activation protocols and cannot be attributed solely to the heating mechanism. The differ-
ence was particularly pronounced for the 50/70-MF and 50/70-IF mastics. For example,
after the second healing stage, HIprs remained approximately 76-77% under EIH but
was approximately 44% under Oven activation. The corresponding energy-based indices
showed the same general numerical trend. For the PMB mastics, the differences were less
uniform; notably, the first-stage HIprs values of PMB-IF were very similar under EIH and
Oven activation, whereas the energy-based response remained higher under EIH.

These comparisons must be interpreted within the adopted experimental frame-
work. EIH and Oven activation differed in their heating mechanisms, temperature-time
histories, and mold materials, and they were applied to independent specimen groups.
Consequently, the observed differences should not be interpreted as demonstrating the
intrinsic superiority of electromagnetic induction under equivalent thermal conditions.
Nevertheless, the results show that the formulation-specific EIH strategy developed in
this study achieved substantial mechanical recovery in only 235-450 s of active heating,
compared with the 4 h Oven procedure reported in the literature [17]. Conversely, the
measurable recovery observed after 4 h at 65 °C shows that a lower activation tem-
perature can also promote healing when sustained for a substantially longer period,
underscoring the importance of the complete temperature-time history rather than peak
temperature alone.

The mechanical response under EIH also complements the thermal and flow-threshold
results obtained in Sections 3.1 and 3.2. The 50/70-MF and 50/70-IF mastics reached
the defined flow condition more rapidly than their PMB counterparts and retained a
larger proportion of their initial peak nominal tensile stress after two ElH-assisted heal-
ing stages. This correspondence does not establish a single causal mechanism, but
it reinforces the importance of considering both EIH susceptibility and the flow be-
havior of the complete binder—filler system when selecting formulations for thermally
activated healing.

The comparison between MF and IF further illustrates this interaction. MF exhibited
the highest preliminary heating rate, whereas IF reached the flow threshold earlier and,
within the 50/70 system, provided substantially greater absolute mechanical resistance
during the F-H-F protocol. Heating rate alone is therefore insufficient to identify the
most effective formulation for EIH-assisted healing. Rather, an effective system requires a
combination of adequate induction susceptibility and suitable mastic flow and mechanical-
recovery characteristics.

From a formulation perspective, the alternative fillers did not systematically compro-
mise mechanical recovery relative to the LF reference. SSAF showed particularly similar
recovery to LF in the 50/70 system, although its limited EIH susceptibility restricts its use
as the sole inductive phase. MF and IF conferred substantially greater EIH susceptibility
with meaningful mechanical recovery, supporting their further evaluation in thermally
activated self-healing systems. These comparisons should nevertheless be interpreted
as the combined effects of binder type, filler type, and filler dosage, consistent with the
formulation limitations established in Section 2.2.

Overall, the F-H-F results support the use of the thermal screening and flow-threshold
procedure to define formulation-specific activation conditions associated with measur-
able mechanical recovery under the adopted experimental conditions. The following
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rheological assessment examines the material response after the resulting complete
F-H-F histories.

3.4. Rheological Response After Healing Protocols and Laboratory Aging

The rheological response after the complete EIH- and Oven-based F-H-F histories
was assessed by comparing these mastics with the corresponding Unaged, RTFOT, and
R-PAV conditions, where applicable. The objective was to determine how the result-
ing post-healing rheological states compared with those obtained after adapted labo-
ratory aging. As described in Section 2.7, the EIH- and Oven-conditioned materials
had also undergone mechanical fracture, thermal activation, resting, and repeated test-
ing; therefore, comparisons with RTFOT- and R-PAV-conditioned materials character-
ize the resulting rheological states rather than isolating the effect of thermal exposure
alone. Frequency-sweep, MSCR, and LAS tests provided complementary assessments
of viscoelastic stiffness, high-temperature creep-recovery behavior, and fatigue-damage
response, respectively.

3.4.1. Frequency-Sweep Response and Master-Curve Analysis

The rheological response of the mastics under the different conditioning states was
first evaluated using master curves derived from the frequency-sweep tests. Figure 22
presents representative master curves of the magnitude of the complex shear modulus,
| G*1, and the phase angle, J, for the 50/70-MF mastic at a reference temperature of 40 °C.
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Figure 22. Master curves of complex shear modulus magnitude, |G*|, and phase angle, J, as
functions of reduced frequency for the 50/70-MF mastic under different conditioning states at a
reference temperature of 40 °C.

For all conditioning states, | G*| increased and J generally decreased as reduced
frequency increased, indicating a progressively stiffer response and a greater elastic contri-
bution at shorter loading times. The conditioning state clearly influenced both rheological
parameters. The Unaged, EIH-conditioned, and Oven-conditioned curves remained rela-
tively close over most of the reduced-frequency range. In contrast, RTFOT conditioning
shifted the response toward higher | G*| values, while R-PAV conditioning produced the
greatest increase in stiffness and the lowest phase-angle values. For this representative
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mastic, these results indicate that the adapted RTFOT and, in particular, the R-PAV condi-
tioning procedures caused substantially more pronounced rheological changes than the
complete fracture-healing—fracture protocols involving EIH or Oven heating.

Although the phase-angle curves provide complementary information on changes
in the relative viscous and elastic contributions, their interpretation in filled asphalt mas-
tics may be affected by the heterogeneous distribution and interactions of filler particles
within the binder matrix. Therefore, the quantitative comparison among formulations and
conditioning states focused primarily on |G*I.

To facilitate comparison across the complete experimental matrix, Figure 23 presents

I G*| at the common high-temperature condition of 70 °C and an angular frequency of
10 rad/s. Figure 23a presents the results for the inductive mastics, whereas Figure 23b
presents those for the mastics with limited or negligible EIH response. This single-point
comparison complements the complete frequency-dependent response illustrated by the
representative master curves.
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Figure 23. Complex shear modulus magnitude, | G*1, at 70 °C and an angular frequency of 10 rad/s
for the asphalt mastics under different conditioning states: (a) inductive mastics and (b) mastics with
limited or negligible EIH response.

For the 50/70-based mastics, EIH and Oven conditioning generally produced modest
increases in | G*| relative to the Unaged condition. For 50/70-IF, | G*| increased from
6234 Pa in the Unaged state to 7614 Pa after EIH and 7671 Pa after Oven conditioning. For
50/70-MEF, the corresponding values increased from 6319 Pa to 6611 and 7056 Pa, respec-
tively. Similarly, Oven conditioning increased | G*| from 6014 to 6614 Pa for 50/70-SSAF
and from 4494 to 5078 Pa for 50/70-LF. These variations were substantially smaller than
those produced by adapted RTFOT and R-PAV conditioning, with the latter yielding the
highest stiffness values across all 50/70-based mastics.

The PMB-based mastics exhibited a more formulation-dependent response. PMB-IF
and PMB-SSAF showed relatively limited increases in | G*| after EIH or Oven conditioning.
In contrast, PMB-MF increased from 7034 Pa in the Unaged condition to 14,262 Pa after EIH
and 12,455 Pa after Oven conditioning, while PMB-LF increased from 19,746 to 49,627 Pa
after Oven conditioning. Accordingly, the magnitude of the response after the complete
EIH- or Oven-based healing history was not uniform across the PMB formulations. Never-
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theless, the adapted RTFOT and, in particular, the R-PAV procedures generally produced
considerably greater increases in stiffness than the EIH- and Oven-based protocols.

Overall, the frequency-sweep results show that the rheological changes associated with
the complete thermal-healing protocols depended on the binder—filler formulation. The
50/70-based mastics generally remained close to their Unaged high-temperature stiffness,
whereas some PMB-based formulations exhibited more pronounced changes. However,
neither EIH nor Oven conditioning produced a systematic stiffening response comparable
to that caused by adapted RTFOT and R-PAV conditioning. These results represent the
behavior of the complete asphalt mastics, including the filler phase, and reflect their full
conditioning histories rather than the effect of the heating mechanism alone.

3.4.2. High-Temperature Creep-Recovery Response Under Different Conditioning States

The high-temperature creep-recovery response of the asphalt mastics was evaluated
using nonrecoverable creep compliance, J,;r, percent recovery, R, and the stress-sensitivity
parameter, [, 4. The results for the inductive mastics are presented in Table 8.

Table 8. MSCR parameters of the inductive asphalt mastics under different conditioning states at 60 °C.

Asphalt Mastic Condition Juroa kPa™1)  Ju 3, kPa™l) ], difr (%) Ro1 (%) R332 (%)
Unaged 0.175 +£0.007 0.223 £0.007 272+1.0 11.6 =25 534+13
EIH 0.295 4+ 0.019 0.302 +0.002 26+7.2 12.8 4.2 564+09
50/70-1F Oven 0.319 £+ 0.002 0.299 £ 0.002 —6.34+0.0 104 +2.3 58+0.2
RTFOT 0.149 + 0.009 0.129 + 0.009 —13.54+0.6 144 £+ 0.7 81+£04
R-PAV 0.021 £ 0.001 0.021 4+ 0.002 —424+73 39.34+0.7 36.1 + 3.8
Unaged 0.251 £+ 0.011 0.354 4+ 0.001 414+ 6.7 36.1+1.9 7.6 £0.7
EIH 0.250 4 0.008 0.466 + 0.003 86.1+7.3 354+20 8.7+ 0.8
50/70-MF Oven 0.260 4+ 0.004  0.460 4 0.001 772 £ 3.1 335+0.2 8.5+0.1
RTFOT 0.138 4= 0.001 0.200 4 0.005 448 +£2.6 32.8 £0.3 14.1 0.1
R-PAV 0.015 + 0.000 0.019 + 0.001 263+ 54 56.2 £ 1.2 48.0 £ 0.2
Unaged 0.022 + 0.003 0.027 = 0.006  24.8 +£10.1 762+ 1.1 749 +£4.1
EIH 0.025 4+ 0.001 0.031 +0.002 23.7 +£4.0 794 + 0.1 763+ 1.4
PMB-IF Oven 0.020 +0.004  0.026 +0.004 284 +6.7 80.6 +1.4 791 +1.1
RTFOT 0.014 £ 0.001 0.016 4 0.002 17.4 + 15.8 76.3 + 0.3 73.9 £ 0.6
R-PAV 0.002 + 0.000 0.003 + 0.001 55.4 4+ 33.7 799 +£1.3 77.3 £3.8
Unaged 0.021 + 0.001 0.022 + 0.001 75+15 86.7 £ 0.1 859 +0.1
EIH 0.014 +0.002  0.019 £0.000 443 +21.2 90.6 +2.1 88.0 £ 0.6
PMB-MF Oven 0.006 +0.004  0.012 £ 0.002 165.3 £2124 949 +4.3 909 +£1.0
RTFOT 0.011 £ 0.001 0.012 £ 0.001 11.1£1.8 89.0 £ 0.1 88.6 = 0.4
R-PAV 0.004 + 0.001 0.004 + 0.000 12.3 £ 31.9 82.7 £3.1 819+ 1.0

Note: Results are presented as mean + standard deviation. Unaged results: n = 3, as reported in the
companion study [16]. EIH-, Oven-, RTFOT-, and R-PAV-conditioned results: n = 2. Values reported
as 0.000 or 0.0 indicate standard deviations below the displayed precision.

Within the inductive group, binder type was the principal factor governing the MSCR
response. As expected, the Unaged 50/70- and PMB-based mastics exhibited markedly
different baseline creep-recovery responses, with the 50/70-based mastics showing higher
Jur and substantially lower percent recovery than the PMB-based mastics (Table 8). Because
this binder-related contrast is well established and serves primarily as baseline context,
the following discussion focuses on how each formulation changed relative to its Unaged
condition after the EIH- and Oven-based healing histories.

For the 50/70-IF mastic, EIH and Oven conditioning resulted in almost identical J;; 32
values of 0.302 and 0.299 kPa~!, respectively, compared with 0.223 kPa~! in the Unaged
condition. Jyr01 also increased from 0.175 kPa~! in the Unaged condition to 0.295 and

https:/ /doi.org/10.3390/infrastructures11100360


https://doi.org/10.3390/infrastructures11100360

Infrastructures 2026, 11, 360

32 0f 41

0.319 kPa~! after EIH and Oven conditioning, respectively, whereas R3, remained close to
the Unaged value. Thus, both heating—healing protocols increased the nonrecoverable creep
compliance at the two stress levels without materially changing the recovered fraction.
The close agreement between the EIH and Oven results provides no evidence of a distinct
heating-method effect for this formulation.

For 50/70-MF, ;01 remained essentially unchanged, with values of 0.251, 0.250,
and 0.260 kPa~! in the Unaged, EIH, and Oven conditions, respectively. In contrast,
Jur 32 increased from 0.354 kPa~! in the Unaged condition to 0.466 and 0.460 kPa~! after
EIH and Oven conditioning, respectively, while both Ry ; and R3, remained close to the
Unaged values. The principal change was therefore a stronger stress-dependent increase
in nonrecoverable compliance at 3.2 kPa, rather than a general increase across both stress
levels. As observed for 50/70-IF, the similarity between the EIH and Oven results provides
no evidence of a distinct heating-method effect for this formulation.

The inductive PMB-based mastics exhibited lower, more closely grouped J,,; values
across all conditioning states. PMB-IF remained close to its Unaged response after both
EIH and Oven conditioning. PMB-MF showed a distinct response after Oven conditioning,
with lower J,;r 32 and numerically higher percent recovery than in the Unaged condition.
However, no consistent hierarchy between EIH and Oven conditioning was observed across
the two PMB formulations.

Across the inductive mastics, the EIH- and Oven-based histories did not produce a
common shift in MSCR response. For 50/70-IF, both protocols produced similar numerical
increases in Jy 3 » relative to the Unaged state, while 50/70-MF exhibited increased stress de-
pendence at 3.2 kPa after both histories. PMB-IF remained comparatively close to its Unaged
response, whereas PMB-MF showed a larger numerical reduction in J,;; after the Oven pro-
tocol than after EIH. Thus, the conditioning-related changes were formulation-dependent
and did not support a consistent EIH-Oven hierarchy in creep-recovery behavior.

The corresponding results for the mastics with limited or negligible EIH response are
presented in Table 9.

Table 9. MSCR parameters of the asphalt mastics with limited or negligible EIH response under
different conditioning states at 60 °C.

Asphalt Mastic Condition Inr,(].l (kPa_l) Im‘,3.2 (kPa_l) ]nr,dijf (%) Ry.1 (%) R3.5 (%)
Unaged 0.349 + 0.041 0.410 £ 0.055 174 4+4.0 794+1.0 31+04
50/70-LF Oven 0.536 = 0.056  0.443 4+ 0.036 —-172+20 7.6 +27 35+02
; RTFOT 0.224 + 0.009 0.169 + 0.011 —246+ 1.8 11.3+ 0.9 72+0.2
R-PAV 0.049 +0.010  0.050 + 0.004 4.2 +14.1 28.0 £ 3.0 26.1 +1.7
Unaged 0.151 +0.016  0.208 +0.015 381 4+7.1 315426 74+ 1.1
50/70-SSAF Oven 0.382 +0.000  0.271 + 0.005 —-291+14 144 + 0.0 48 +0.2
) RTFOT 0.194 +0.009  0.125 + 0.004 —35.6+13 10.6 + 3.2 8.6 +04
R-PAV 0.036 & 0.005  0.035 % 0.005 —49+1.8 32.1£3.5 273+ 1.7
Unaged 0.016 £0.003 0.018 £0.002 13.8+5.8 81.7+1.4 792 +1.2
PMB-LE Oven 0.009 £0.006 0.0124+0.003 659 £73.7 88.5+5.8 84.4 +2.1
B RTFOT 0.008 +0.004 0.015+0.002 1139+ 1253 86.0+ 6.7 770+ 1.5
R-PAV 0.005 + 0.000  0.005+0.000 06+1.2 79.6 £ 0.6 79.7 £ 0.0
Unaged 0.015 + 0.001 0.016 £ 0.001 121 £ 22 81.6 £ 0.1 789 + 0.1
PMB-SSAF Oven 0.011 +£0.000  0.014 +£0.001 322 +5.4 87.1+0.0 84.6 £ 0.0
B RTFOT 0.010 + 0.000  0.012 £ 0.000 259 4+ 6.1 84.7 £ 0.4 819 +0.8
R-PAV 0.005 £ 0.000  0.006 £ 0.001 111+ 114 80.2 0.0 780+ 1.4

Note: Results are presented as mean =+ standard deviation. Unaged results: n = 3, as reported in the
companion study [16]. Oven-, RTFOT-, and R-PAV-conditioned results: n = 2. Values reported as
0.000 or 0.0 indicate standard deviations below the displayed precision.
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The same binder-controlled contrast was observed in the mastics with limited or
negligible EIH response. These mastics also showed formulation-dependent changes after
Oven conditioning. For 50/70-LF, ],y 32 and percent recovery remained close to the Un-
aged values, although J,;; 91 increased. For 50/70-SSAF, Oven conditioning increased |,
at both stress levels and reduced percent recovery, with the largest change occurring at
0.1 kPa. The PMB-LF and PMB-SSAF mastics maintained low ], and high percent re-
covery, although the magnitude and direction of the changes depended on the specific
binderfiller formulation.

Adapted RTFOT and, particularly, R-PAV conditioning generally reduced J;,, indi-
cating increased stiffness and reduced viscous flow at 60 °C. The 50/70-based mastics
also exhibited increased percent recovery after R-PAV conditioning. These changes should
not be interpreted as an overall improvement in performance or self-healing capacity,
because oxidative conditioning may simultaneously increase brittleness and reduce fatigue
resistance and post-damage recovery.

Percent recovery complemented the J,;; results. The 50/70-based mastics maintained
relatively low Rs, values after EIH and Oven conditioning, generally remaining close
to their Unaged responses. In contrast, the PMB-based mastics retained high recovery
under all conditioning states, with Rj, values ranging from approximately 74% to 91%.
Thus, binder type remained the principal factor governing the recoverable response, while
the combined effects of filler characteristics, filler dosage, and conditioning history were
secondary and formulation-specific.

The i 4if results further highlighted the formulation-dependent stress sensitivity.
Consistent with the preceding analysis, 50/70-MF exhibited the strongest positive stress
dependence among the 50/70-based mastics after EIH and Oven conditioning, with values
of 86.1% and 77.2%, respectively. Negative values observed for some IF-, LF-, and SSAF-
containing mastics resulted from J,;; 32 being lower than [+ o.1. These values were retained
without truncation and indicate that J,;; did not increase with stress under the adopted
comparative protocol; they should not be interpreted as evidence of improved performance
at the higher stress level.

Some PMB conditions exhibited high ], 4y values and large standard deviations.
Because their absolute J,;; values were very low, small differences between the two stress
levels or between replicate specimens produced comparatively large percentage variations.
These stress-sensitivity values should therefore be interpreted cautiously and primarily as
descriptive indicators rather than as robust rankings among formulations.

Overall, the EIH- and Oven-conditioned 50/70-based mastics generally retained
creep—recovery responses closer to those of the Unaged mastics than to those subjected
to adapted R-PAV conditioning. The PMB-based mastics exhibited smaller absolute and
more formulation-dependent differences among the conditioning states, and no consistent
hierarchy was observed between EIH and Oven conditioning. Therefore, the complete EIH-
and Oven-based fracture-healing—fracture protocols did not produce a systematic shift
in the MSCR response comparable to the pronounced changes generally observed after
adapted R-PAV conditioning.

3.4.3. LAS Fatigue-Damage Response and VECD Analysis

Finally, the fatigue-damage behavior of the asphalt mastics was evaluated using
the LAS test and the corresponding VECD analysis, enabling comparison of damage
evolution and predicted fatigue resistance under the different conditioning states. Figure 24
presents a representative example for the 50/70-MF mastic, including the effective shear
stress—strain response and the relationship between the material-integrity parameter, C(t),
and the accumulated-damage parameter, D(t), for the five conditioning states.
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Figure 24. Representative LAS responses of the 50/70-MF mastic under different conditioning states:
(a) effective shear stress versus effective shear strain; (b) material-integrity parameter, C(t), versus
accumulated-damage parameter, D(f).

As shown in Figure 24a, conditioning substantially modified the mechanical response
of the 50/70-MF mastic. The Unaged mastic exhibited the lowest peak stress but the
broadest strain range, indicating greater deformation tolerance before complete loss of
load-carrying capacity. EIH and Oven conditioning produced intermediate responses, with
higher peak stresses and lower strain tolerance than the Unaged material, while remaining
considerably less affected than the laboratory-aged conditions. RTFOT conditioning further
increased the peak stress and accelerated the post-peak reduction, whereas the R-PAV
condition produced the highest and sharpest stress peak and an abrupt loss of stress-
carrying capacity at a much lower strain. These changes indicate progressive stiffening
accompanied by reduced strain tolerance as the severity of conditioning increased.

The VECD response in Figure 24b provides a complementary description of this
behavior. The Unaged mastic retained material integrity over the widest accumulated-
damage range, whereas the EIH- and Oven-conditioned curves occupied intermediate and
relatively close positions. RTFOT conditioning reduced the accumulated-damage range
substantially, and the R-PAV mastic exhibited a particularly rapid decrease in C(t), reaching
very low material integrity at a comparatively small D(t). Thus, for the representative
50/70-MF formulation, the complete EIH- and Oven-based F-H-F histories were associated
with changes in the fatigue-damage response that were substantially less pronounced than
those observed after long-term laboratory aging. The markedly different stress—strain
and damage responses also illustrate that increased peak stress after conditioning should
not be interpreted as improved fatigue resistance, since the accompanying reduction in
deformation and damage tolerance must also be considered.

The VECD-predicted fatigue lives of all mastics at maximum shear-strain amplitudes of
2.5% and 5% are presented in Figures 25 and 26, respectively. The two strain levels provide
complementary comparisons under intermediate and higher imposed strain demands. The
results are separated into inductive mastics, for which all five conditioning states were
evaluated, and mastics with limited or negligible EIH response, for which EIH conditioning
was not applied.
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Figure 25. VECD-predicted fatigue life, Ny, at a maximum shear-strain amplitude of 2.5% for asphalt
mastics under different conditioning states: (a) inductive mastics and (b) mastics with limited or
negligible EIH response. Bars show mean values (1 = 3). The vertical axis is logarithmic.
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Figure 26. VECD-predicted fatigue life, Nf, at a maximum shear-strain amplitude of 5% for asphalt
mastics under different conditioning states: (a) inductive mastics and (b) mastics with limited or
negligible EIH response. Bars show mean values (1 = 3). The vertical axis is logarithmic.

A common effect of conditioning is evident at both strain levels. The Unaged condi-
tion yielded the highest predicted fatigue life for all mastics, whereas R-PAV consistently
produced the lowest values. Increasing the strain amplitude from 2.5% to 5% markedly
reduced the predicted Ny, generally by approximately one order of magnitude, but the prin-
cipal rankings among formulations and conditioning states remained largely unchanged.
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This consistency indicates that the observed effects were not restricted to a single selected
strain level.

For the inductive mastics, EIH conditioning resulted in a higher predicted fatigue life
than Oven conditioning for every formulation at both strain amplitudes. At 2.5% strain, the
EIH/Oven N, /¢ ratio ranged from approximately 2.1 for PMB-MF to 4.4 for PMB-IF, while
similarly pronounced differences were maintained at 5% strain. For example, 50/70-MF
decreased from 59,827 cycles in the Unaged condition to 42,066 cycles after EIH and to
17,786 cycles after Oven conditioning at 2.5% strain; the corresponding values at 5% strain
were 6127, 3522, and 1413 cycles. Therefore, under the specific, non-equivalent protocols
adopted in this study, the EIH-conditioned groups retained a greater proportion of the
LAS-predicted fatigue response than the Oven-conditioned groups. However, because
the two procedures differed in heating mechanism, temperature—time history, and mold
material, this numerical difference reflects the differences in the complete protocols and
should not be attributed specifically to electromagnetic induction.

The effect of conditioning was nevertheless strongly formulation-dependent. A general
sequence of Unaged > EIH > Oven > RTFOT > R-PAV was observed for 50/70-1F, PMB-IF,
and PMB-MF at both strain levels. In contrast, 50/70-MF deviated from this sequence
because its RTFOT-conditioned fatigue life remained numerically higher than that obtained
after Oven conditioning. At 2.5% strain, for example, Nf was 36,956 cycles after RTFOT
compared with 17,786 after Oven conditioning, and the same ordering was maintained at
5% strain. This result indicates that the LAS-derived fatigue response cannot be represented
by a universal conditioning hierarchy and reinforces the importance of considering the
complete binderfiller system.

The formulation dependence was particularly evident when the two binder systems
were considered separately. Among the Unaged 50/70 mastics, 50/70-MF exhibited the
highest predicted fatigue life, whereas 50/70-IF showed the lowest value at both strain
levels. Moreover, 50/70-MF maintained the highest fatigue life within the 50/70 group
throughout the different conditioning states, indicating comparatively high retention for
this formulation. In contrast, the effect of IF changed markedly when combined with
PMB. PMB-IF exhibited the highest Unaged fatigue life of all formulations, reaching
405,556 cycles at 2.5% strain and 30,152 cycles at 5% strain, but its response decreased
sharply after thermal and laboratory conditioning. Consequently, PMB-MF exceeded
PMB-IF after EIH, Oven, RTFOT, and R-PAV conditioning at both strain levels. This rever-
sal shows that fatigue performance depends on the combined binderfiller formulation,
including the adopted filler dosage, and on the conditioning history.

The mastics containing LF and SSAF further support this formulation-dependent
interpretation. With 50/70, the differences between LF and SSAF were relatively limited
compared with the strong response of MF, and their relative ranking changed with con-
ditioning. With PMB, however, PMB-LF exhibited a higher Unaged Nf than PMB-SSAF,
whereas PMB-SSAF retained a substantially higher fatigue life after Oven and RTFOT
conditioning. At 2.5% strain, for example, PMB-SSAF retained 15,428 cycles after Oven
conditioning and 7519 after RTFOT, compared with 3846 and 799 cycles, respectively, for
PMB-LF. A similar relationship was observed at 5% strain. Therefore, the performance of
a filler-containing formulation cannot be inferred solely from its inductive capability or
from its Unaged response; fatigue retention is governed by the combined binder—filler—
conditioning interaction.

Overall, the LAS results reveal a greater sensitivity to thermal and oxidative condi-
tioning than was apparent from the frequency-sweep and MSCR responses. Under the
adopted conditions, EIH consistently resulted in higher predicted fatigue lives than Oven
conditioning for the inductive mastics, although the magnitude of this difference depended
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strongly on the binderfiller formulation. MF-containing mastics, particularly 50/70-MF,
showed comparatively strong retention of fatigue performance, whereas IF produced highly
contrasting responses depending on the binder and conditioning state. These findings
indicate that efficient electromagnetic heating alone does not ensure preservation of fatigue
resistance and that the selection of fillers for induction-assisted self-healing should con-
sider both heating capability and the resulting fatigue-damage response of the complete
mastic system.

3.4.4. Integrated Rheological Assessment

The combined frequency-sweep, MSCR, and LAS results show that the rheological
effects of conditioning cannot be represented by a single progression from Unaged to EIH,
Oven, RTFOT, and R-PAV. Instead, the magnitude and direction of the changes depended
on the rheological parameter and the binder—filler formulation. Nevertheless, a clear overall
distinction emerged between the thermal activation protocols used for healing and the
adapted laboratory-aging procedures: EIH and Oven conditioning generally produced less
pronounced changes than RTFOT and, particularly, R-PAV conditioning. This distinction
was especially clear for the 50/70-based mastics, whereas the PMB-based formulations
showed greater formulation dependence in the frequency-sweep and MSCR responses.

The comparison among rheological indicators also shows why stiffness or
creep-recovery parameters should not be interpreted independently. Adapted RTFOT
and R-PAV conditioning generally increased stiffness and reduced J,;», suggesting improved
resistance to high-temperature deformation. However, these same conditioning states
produced substantial reductions in VECD-predicted fatigue life, with R-PAV consistently
yielding the lowest Ny values. Thus, the apparent improvement in high-temperature
deformation resistance associated with oxidative conditioning was accompanied by a
clear loss of tolerance to fatigue damage. In contrast, the EIH- and Oven-conditioned
mastics generally retained responses closer to the Unaged state in the frequency-sweep
and MSCR tests, while LAS revealed more pronounced differences among the complete
conditioning histories.

This greater sensitivity of LAS was particularly relevant when comparing the two
healing-related thermal protocols. No consistent EIH-Oven hierarchy was identified
from the frequency-sweep or MSCR results, whereas EIH conditioning produced higher
predicted fatigue lives than Oven conditioning for every inductive mastic at both selected
strain amplitudes. Since EIH involved higher temperatures applied for only a few minutes,
while Oven conditioning involved 4 h at 65 °C during each healing stage, the results
suggest that the duration of thermal exposure may be important for preserving fatigue-
related behavior during repeated healing activation. However, the protocols also differed
in heating mechanism, temperature, exposure duration, and mold material; therefore, the
observed differences cannot be attributed specifically to electromagnetic induction.

Overall, the integrated response confirms the importance of considering stiffness,
creep—recovery behavior, and fatigue damage together when assessing the rheological
consequences of thermal self-healing activation. The results indicate that repeated EIH
did not reproduce the systematic rheological changes associated with laboratory aging,
but its effect was not negligible and depended on the complete binderfiller system. This
formulation dependence is particularly relevant because efficient induction heating does
not necessarily correspond to the best retention of rheological performance.

4. Conclusions and Future Research

This study evaluated EIH-activated self-healing of asphalt mastics by integrating
preliminary EIH screening, a formulation-specific EIH-induced flow-threshold procedure,
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repeated fracture-healing—fracture mechanical testing, and post-healing rheological char-

acterization. Within this experimental framework, the following main conclusions can

be drawn:

Electromagnetic susceptibility depended strongly on the complete binder—filler formu-
lation. MF- and IF-containing mastics exhibited the strongest EIH responses, whereas
SSAF showed only limited heating, and LF showed a negligible response. Importantly,
preliminary heating rate alone did not predict the time required to reach the defined flow
condition: MF produced the highest heating rates, whereas IF reached the flow threshold
earlier with both binders. These results show that effective EIH activation depends on
both electromagnetic susceptibility and the flow behavior of the complete mastic.
Within the specific mastic formulations and laboratory EIH configuration investigated,
the flow-threshold procedure provided formulation-specific exposure times that were
associated with measurable mechanical recovery during subsequent F-H-F testing.
These results support its use as an experimental activation criterion within the present
framework, but validation across additional formulations, specimen geometries, oper-
ators, and induction systems is required before broader application.

EIH produced substantial but incomplete mechanical recovery, with a clear effect
of binder—filler formulation and repeated damage. After two EIH-assisted healing
stages, the 50/70-MF and 50/70-IF mastics retained approximately 76-77% of their
initial peak nominal tensile stress, whereas the corresponding PMB mastics retained
approximately 43%. The energy-based healing indices were lower after the second
healing stage, indicating that recovery of peak nominal tensile stress did not imply a
complete restoration of the load—displacement response. For every formulation and
activation protocol, the recovery retained after two healing stages was lower than that
measured after the first healing stage.

High EIH susceptibility did not necessarily correspond to greater mechanical recovery.
Under Oven activation, some mastics with limited or negligible EIH response, particu-
larly the 50/70-LF and 50/70-SSAF formulations, exhibited high mechanical recovery.
Thus, an inductive filler primarily enables rapid thermal activation, whereas the result-
ing healing response remains governed by the complete binder—filler system. Under
the distinct practical protocols adopted, the EIH-treated groups generally showed
higher observed recovery for the inductive mastics within substantially shorter active-
heating periods than the 4 h Oven treatment. However, because the protocols differed
in heating mechanism, temperature—time history, and mold material, this comparison
does not establish superiority of electromagnetic induction as a heating mechanism.
Repeated healing activation produced rheological changes that were generally less
pronounced than those associated with adapted laboratory aging, but the response
was strongly test- and formulation-dependent. Frequency-sweep and MSCR results
generally remained closer to the Unaged response after EIH and Oven activation
than after RTFOT and particularly R-PAV conditioning. LAS was more sensitive to
differences among the complete conditioning histories and showed higher predicted
fatigue lives after EIH than after Oven activation for all inductive mastics at both
evaluated strain levels. No universal conditioning hierarchy was observed, indicating
that heating efficiency alone does not ensure favorable retention of rheological or
fatigue-related performance.

From a practical materials selection perspective, the results indicate that candidate

ElH-assisted self-healing systems should not be screened solely on the basis of heating rate

or maximum temperature. A sequential approach in which electromagnetic susceptibility

is first established and then related to the complete mastic’s ability to reach a flow-capable

condition may provide a more informative basis for selecting formulations and defining pre-
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liminary activation durations for subsequent mixture-scale development. Such an approach
could help distinguish materials that respond electromagnetically from those that can also
reach a rheological condition favorable to interfacial flow and healing. Translation of this
concept to asphalt mixtures will nevertheless require validation under more representative
geometries, conductive networks, thermal gradients, and field-scale induction conditions.

The findings should be interpreted within the mastic-scale experimental framework
and the specific formulations and activation protocols adopted. In particular, EIH and
Oven activation involved different heating mechanisms, temperature-time histories, and
mold materials and were therefore not designed to isolate the intrinsic effect of the heating
mechanism. In addition, filler dosage was constrained by mastic workability, particularly
for MF, so the observed responses represent the combined effects of binder type, filler type,
and filler content.

Future work could extend this assessment to asphalt mixtures, in which metallic fibers
could be incorporated to provide a distributed inductive phase, and the resulting self-healing
response could be evaluated under more representative material heterogeneity and volumetric
conditions. Life-cycle assessment could also be applied to the most promising self-healing
solutions to determine whether the additional material and activation requirements are offset
by longer service life and reduced maintenance demand at the pavement scale.
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