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Abstract. Conventional asphalt mixtures have limited microwave absorption, reducing the
effectiveness of microwave-assisted self-healing. This study evaluates the effect of iron powder
(0-10% by mass of fine aggregate) as additional fine aggregate in AC-WC mixtures on
mechanical performance and microwave-activated healing behavior. Cylindrical specimens (63
mm x 100 mm; three per mixture) were tested using Marshall Stability and Indirect Tensile
Strength (ITS) at 25 °C. Healing efficiency was determined by the ratio of post-heating ITS to
initial ITS. Results showed that 10% iron powder increased Marshall stability by 36% compared
to the control and achieved the highest healing rate of 76% after the first microwave cycle.
However, repeated heating reduced healing performance due to overheating and accelerated
binder aging. Iron powder improves early-stage self-healing but requires controlled dosage and
heating conditions for long-term durability.
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1. Introduction

Road infrastructure is vital for economic development, facilitating the movement of people and goods.
However, in developing countries like Indonesia, around 35% of the 542,000 km of roads are damaged
[1]. The deterioration of asphalt pavements is caused by environmental factors such as water,
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temperature fluctuations, and UV exposure, exacerbated by traffic-induced fatigue [2]. The repetition
of this load causes a decrease in the ability of the structure to accept loads that cause fatigue cracking
[3]. Fatigue-induced damage in asphalt mixtures can, under certain conditions, be mitigated through the
material's inherent self-healing properties. Asphalt pavements have self-healing capabilities, where
cracks can close during rest periods, restoring stiffness and strength [4]. This self-healing capability has
garnered attention for its potential to significantly extend pavement service life while reducing the
frequency of repair activities. The application of self-healing asphalt offers numerous benefits, including
improved traffic flow, enhanced road safety, reduced aggregate consumption, lower CO2 emissions, and
overall maintenance cost savings [5]. The incorporation of industrial and waste-derived materials into
construction materials has also been widely investigated as a strategy to improve resource efficiency
and reduce environmental impacts [6—8]. Similarly, waste iron powder can be considered a conductive
waste-derived material with additional functional benefits in asphalt mixtures. Previous studies have
demonstrated that waste-derived fine aggregates can be successfully incorporated into AC-WC mixtures
while maintaining or improving Marshall stability and volumetric performance [9].

The self-healing ability of asphalt pavements has been demonstrated in laboratory and field tests
since the 1960s [10]. The increase in pavement healing occurred during heating at high temperatures
and fast times [11]. Research shows that increasing pavement temperature accelerates the asphalt healing
process by softening bitumen (30-70 °C), which helps seal cracks [12]. The study of [13] demonstrated
that microwave heating can achieve rapid volumetric heating through radiant heat transfer. The
microwave heating model itself has many advantages and is considered the most efficient because the
time it takes is relatively short [ 14]. In addition, the use of microwave heating does not cause overheating
and can be applied in the process of making and recycling conventional pavements [15].

However, conventional asphalt has low heat absorption, limiting the effectiveness of microwave
heating [16]. Insufficient heating leads to suboptimal bitumen liquefaction, preventing cracks from
being fully closed [17,18]. To overcome this limitation, recent advancements have focused on
incorporating heat-conductive materials into asphalt mixtures. These materials enhance the pavement's
thermal response, facilitating better crack closure through accelerated bitumen melting [19,20]. The
method involves adding heat-conductive materials to accelerate the melting of asphalt which is useful
in closing cracks. The performance of self-healing asphalt pavement is highly dependent on temperature
[21] and is directly related to the resting time. Increasing rest and heating time has an impact on
increasing the healing capacity of the asphalt mixture [22]. Several studies have explored the addition
of conductive materials to asphalt mixtures, including recycled metal waste. The study of [21]
investigated the use of steel fibers (~5 mm) in asphalt pavements, demonstrating improved heat
absorption. However, the use of steel fiber as an aggregate material has the potential to cause overheating
due to the uneven temperature distribution and can damage the asphalt quality. In another study
conducted by [2] using a magnetic induction method with small iron particles (<1 mm). This small
particle size has been shown to prevent the formation of a high-temperature gradient in the sample.
However, the recovery time by magnetic induction is relatively long when compared to using microwave
heating.

Further research by [23] demonstrated that the addition of iron powder and steel fibers to asphalt
mortar significantly enhanced its heat absorption and mechanical properties. Iron powder, in particular,
improves both the thermal and mechanical performance of asphalt pavements [24,25]. However, despite
growing interest in conductive fillers for microwave-activated self-healing asphalt, most studies focus
on steel fibers or magnetic induction particles, while quantitative evaluation of iron powder as a partial
fine aggregate replacement in AC-WC mixtures remains scarce. Moreover, the trade-off between
enhanced heating efficiency and potential thermal degradation has not been sufficiently addressed.
Therefore, this study aims to investigate the influence of iron powder content on Marshall properties,
moisture resistance, and microwave-induced self-healing performance of AC-WC mixtures. It is
hypothesized that increasing iron powder improves microwave absorption and healing rate up to an
optimum level, beyond which excessive thermal conductivity may induce overheating and performance
loss.
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2. Materials and Methods

2.1.  Materials

The materials used in this study included coarse aggregates, fine aggregates, filler, waste iron powder,
and 60/70 penetration-grade asphalt binder. The coarse aggregates consisted of two size fractions,
namely 10/10 mm and 5/10 mm, while the fine aggregate was a locally sourced material with a particle
size range of 0/5 mm. The filler material used in the mixture was defined as aggregate passing through
a No. 200 sieve. The waste iron powder was obtained from a metal lathe workshop and was utilized as
an additive in the asphalt mixture and had a maximum particle size retained on the No. 30 sieve. All
materials were tested in the laboratory prior to specimen preparation to ensure compliance with asphalt
mixture requirements. The physical properties of the asphalt binder are shown in Table 1.

Table 1. The physical properties of the asphalt

Parameters Value
Density (kg/m®) 1057
Mass Loss (%) 0.014
Penetration (0.1 mm) 78.40
Flash point (°C) 210
Fire point (°C) 225
Softening point (°C) 53.50
Ductility (cm) 156

2.2. Mixture Formulation and Research Method

The mixture composition in this study was formulated based on a combined aggregate gradation derived
from multiple aggregate fractions in accordance with the highway code [26]. The combined aggregate
proportions were designed using the Rothfuchs graphical method combined with a trial-and-error
approach to obtain the optimum aggregate distribution for the AC-WC mixture. After all materials
satisfied the required specifications, the planned asphalt content (Pb) was determined based on the
highway code [26] to identify the Optimum Asphalt Content (OAC), which was subsequently used as
the fixed asphalt content for preparing the modified AC-WC specimens. The OAC was established from
several asphalt content variations through Marshall testing parameters, including Voids in Mixture
(VIM), Voids in Mineral Aggregate (VMA), Voids Filled with Asphalt (VFA), Marshall stability, flow,
and Marshall Quotient (MQ), while all testing procedures and acceptance criteria followed the
Specifications of the highway code [26]. The obtained OAC was then applied as the constant asphalt
content for the modified mixtures, in which fine aggregate was supplemented with waste iron powder
at proportions of 0%, 2.5%, 5%, 7.5%, and 10% by weight of the fine aggregate retained on and above
the No. 30 sieve, with the 0% mixture serving as the control specimen. The Marshall characteristics of
these modified mixtures were subsequently evaluated using the same specification criteria applied
during the OAC determination. Each asphalt content variation consisted of five specimens to ensure the
consistency and reliability of the test results.

Specimen preparation started with sieving, grouping, and weighing the aggregates to achieve a total
mass of 1200 g, followed by heating at 105-110 °C. Meanwhile, 60/70 penetration-grade asphalt was
heated separately to 120 + 1 °C. The heated aggregates and asphalt binder were then mixed according
to the target asphalt content to produce a 1200 g asphalt mixture. The mixture was reheated to 155 +
1 °C to maintain uniformity and ensure proper blending. After homogeneous condition was achieved,
the hot mixture was placed into a standard Marshall mold until the temperature dropped to 93.3-
148.9 °C. Compaction was then carried out using a Marshall hammer with 75 blows applied on each
side of the specimen, resulting in a total of 150 blows for each sample. For ITS test specimens, provide
impact variations of 25, 50, and 75 times to obtain mixed voids of up to 7+0.5%.

Before conducting the Marshall stability test, the specimens were allowed to remain in the mold at
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room temperature for 2—-3 hours, followed by immersion in a water bath maintained at 60 °C for
approximately 30 minutes. Subsequently, the specimens were subjected to loading according to the
specified immersion duration in accordance with the standard Marshall testing procedure. In the ITS
test, the Voids in Mixture (VIM) value was required to meet the standard of 7% =+ 0.5. Therefore, if the
VIM value at the optimum iron powder content did not satisfy this requirement, variations in the number
of compaction blows were applied to achieve the specified VIM value. The Indirect Tensile Strength
(ITS) test was conducted to evaluate the resistance of asphalt pavement to damage after the addition of
iron powder through the healing rate parameter. The healing rate test was performed following the
method proposed by [27]. To activate the self-healing capability of the modified asphalt mixture, the
specimens were heated using a microwave oven operating at a frequency of 2.45 GHz with a power
output of 800 W for 120 seconds at medium temperature, and then allowed to rest at room temperature
for 6 hours, as described by [28]. Subsequently, the healing rate percentage (%) was calculated using
Equation (1).

) tensile strength for each testing
Healing rate = - - - — x 100%
maximum tensile strength for the first testing (1)

3. Results and Discussion

3.1 Determination of Optimum Asphalt Content

The key parameter established in this research was the Optimum Asphalt Content (OAC), which was
determined using the Marshall mix design method. The OAC serves as a critical indicator in ensuring
that the asphalt mixture achieves the required balance between strength, durability, flexibility, and
volumetric performance. In this study, the determination of OAC was based on the average asphalt
content corresponding to the specification limits of the main Marshall parameters, namely Voids in the
Mix (VIM), Voids Filled with Asphalt (VFA), Voids in Mineral Aggregate (VMA), flow, Marshall
stability, and Marshall Quotient (MQ) [26]. This approach ensures that the selected binder content
satisfies both structural and functional performance requirements of AC-WC mixtures.

The calculation procedure for evaluating each Marshall parameter and selecting the OAC followed
the methodology proposed by [9,29], which is widely applied in asphalt mixture design studies. The
analysis was conducted by plotting the relationship between asphalt content and each Marshall
parameter, followed by identifying the range of asphalt contents that met the standard specification
criteria. Based on the results study, the asphalt content that satisfied the specification requirements for
all Marshall parameters was 7.1%. This value was selected as the final Optimum Asphalt Content (OAC)
because it provided the best balance among stability, workability, air void characteristics, and resistance
to permanent deformation. Therefore, the OAC of 7.1% was considered the most appropriate asphalt
binder content for the AC-WC mixture in this study and was subsequently used in the preparation of
specimens containing waste iron powder as a fine aggregate substitute.

3.2 The effect of adding iron powder on marshall properties

The addition of waste iron powder significantly influenced the Marshall characteristics of AC-WC
mixtures by modifying the volumetric structure, compaction behavior, and mechanical resistance of the
asphalt mixture. Density initially decreased at 2.5% iron powder, indicating that the fine metallic
particles had not yet effectively filled the interparticle voids; however, with increasing iron powder
content, density gradually increased and reached the highest value of 2.395 g/cm? at 10% (see Figure
1), demonstrating improved compaction and aggregate interlocking due to the higher specific gravity,
angularity, and rough surface texture of the iron powder. This result is consistent with [30], who reported
that steel slag powder improved mixture density and Marshall stability through filler effects and
enhanced internal friction, as well as [31] who found that waste iron powder strengthened the asphalt—
aggregate interface and improved fatigue resistance. Similar behavior has been reported for AC-WC
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mixtures incorporating gold-mining residual sand waste, where changes in density were associated with
aggregate gradation, particle shape, packing efficiency, and interparticle friction [9]. The increase in
density was closely associated with the behavior of VIM, which increased from 4.45% in the control
mixture to 5.20% at 7.5% iron powder before slightly decreasing to approximately 5.00% at 10% (see
Figure 2). This trend indicates that at moderate dosages, iron powder disturbed the optimized aggregate
gradation and increased air voids, while at higher contents it began to function more effectively as a
filler by occupying micro-voids. Similar behavior was observed [32,33] who reported that metallic waste
fillers increased VIM at excessive dosages but improved mixture structure and stability at optimum
proportions. A comparable filler-dependent behavior has been reported in HRS-WC asphalt mixtures
incorporating teak wood powder waste, where filler dispersion and agglomeration significantly affected
void structure, compaction quality, and mechanical performance [34].

The increase in VIM was accompanied by a rise in VMA from 18.95% to 19.98% (see Figure 3)and
a reduction in VFA from 77.96% to 73.80% at 7.5% iron powder (see Figure 4), indicating that larger
intergranular void spaces increased asphalt binder demand while reducing the proportion of voids
effectively filled by asphalt. This reflects the influence of the fine particle size, irregular geometry, and
rough texture of iron powder, which reduced aggregate packing efficiency and required thicker asphalt
film to maintain durability. Previous research has also demonstrated that variations in particle
characteristics can affect packing behavior and density of particulate construction materials [35]. Study
of [36] similarly explained that alternative fillers with non-uniform particle geometry increased VMA
and reduced VFA due to changes in aggregate packing and asphalt film thickness, while [37] found that
industrial waste fillers with high specific surface area increased asphalt absorption and altered
volumetric balance. H. Xu et al., 2020 [30] also confirmed that steel slag powder increased VMA
because of its porous structure and rough surface, although it still improved rutting resistance when used
at optimum contents. These results confirm that VIM, VMA, and VFA are strongly interrelated and
directly govern moisture resistance, durability, and long-term pavement performance.

The mechanical response of the mixtures also improved significantly with the addition of iron
powder. Marshall Flow decreased sharply from 3.67 mm to 2.10 mm at 2.5% (see Figure 5), indicating
increased stiffness and resistance to plastic deformation due to stronger aggregate interlocking and
improved binder—aggregate adhesion; however, flow gradually increased again at higher dosages
because excessive filler disturbed binder distribution and reduced workability. This trend agrees with
[31], who reported that industrial metallic fillers reduced flow values and increased stiffness, while
excessive filler content increased asphalt demand and reduced compaction efficiency. [38] also
emphasized that filler morphology strongly controls deformation resistance, where angular and rough
particles improve internal friction but excessive fines reduce mixture homogeneity. Correspondingly,
Marshall Stability increased consistently from 810 kg in the control mixture to 1101.70 kg at 10% iron
powder (see Figure 6), confirming that iron powder improved load-bearing capacity, rutting resistance,
and shear strength through enhanced density, stronger internal cohesion, and better load distribution.
Similar improvements were reported by [33,39,40] who concluded that waste-based fillers significantly
improved Marshall Stability by increasing mixture stiffness and structural integrity when used within
optimum dosage ranges.

These changes were further reflected in the Marshall Quotient (MQ), which increased substantially
from 230.71 kg/mm in the control mixture to its optimum range at 2.5-7.5% iron powder (see Figure
7), indicating a better balance between stiffness and flexibility before slightly decreasing at 10% due to
reduced compaction efficiency and excess filler content. Similar findings were reported by [24,41] who
showed that metal-based fillers improved MQ by increasing stability while maintaining acceptable flow
values. Overall, the results demonstrate that waste iron powder acts not only as a filler but also as a
reinforcing conductive material that enhances volumetric performance, Marshall stability, and resistance
to permanent deformation. The optimum content was found within the range of 7.5-10% for maximum
mechanical strength, while 5-7.5% provided a better balance between stability, flexibility, durability,
and long-term pavement performance, supporting its application as a sustainable alternative material for
high-performance asphalt pavements.
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3.3. Indirect Tensile Strength (ITS)

The Indirect Tensile Strength (ITS) test was conducted to evaluate the tensile strength and moisture
resistance of AC-WC mixtures containing waste iron powder as a fine aggregate additive. All specimens
were prepared with a target Voids in Mix (VIM) value of 7 + 0.5% by adjusting the number of
compaction blows to ensure consistent testing conditions. The ITS test was performed at 25 °C under
dry (ITS Dry) and wet (ITS Wet) conditions. The tensile strength ratio (TSR, %) was then calculated
from the comparison between wet and dry ITS values to assess the mixture’s resistance to moisture
damage and stripping [42,43].

As shown in Figure 8, the ITS Dry values increased significantly with the addition of waste iron
powder. The control mixture (0%) showed the lowest tensile strength of approximately 345 kPa, while
the highest ITS Dry value was observed at 2.5% iron powder, reaching about 500 kPa. At 5%, 7.5%,
and 10%, the tensile strengths were approximately 460 kPa, 430 kPa, and 485 kPa, respectively. A
similar trend was found for ITS Wet, where all modified mixtures showed higher values than the control
specimen. The highest ITS ratio was obtained at 5% iron powder with 97%, followed by 91% at 7.5%,
while the control mixture showed the lowest ratio of only 80%. This indicates that iron powder improves
both tensile strength and moisture resistance by enhancing aggregate interlocking, binder—aggregate
adhesion, and internal cohesion due to its angular shape, rough texture, and high stiffness [44,45].

However, the ITS ratio decreased at iron powder contents above 5%, suggesting that excessive filler
may reduce adhesion efficiency due to particle agglomeration and non-uniform binder distribution. This
condition can weaken the interfacial bonding and reduce moisture resistance under wet conditions [46].
Similar findings were reported by [32,33] who stated that metal-based fillers improve ITS performance
only when used at optimum proportions [32,46]. Therefore, 5% waste iron powder was considered the
optimum content, providing the best balance between tensile strength, durability, and resistance to
water-induced damage in AC-WC mixtures.

3.4. Healing Performance Analysis

The addition of waste iron powder had a highly significant effect on improving the healing rate of AC-
WC mixtures because this material functions not only as a mechanical filler but also as a conductive
medium that accelerates the self-healing process through microwave heating. In the repeated ITS test,
the control mixture without iron powder showed the lowest healing rate of 56%, while the mixture
containing 10% iron powder achieved the highest healing rate of 76% in the first heating cycle, as
presented in Figure 9. This improvement indicates that iron powder effectively accelerated the reflow
of asphalt binder and restored the interfacial bonding between aggregates after microcrack formation.
This behavior is attributed to the high thermal conductivity, magnetic properties, and microwave
absorption capacity of iron particles, which allow heat to be distributed more rapidly and uniformly
throughout the mixture structure. As a result, binder flow toward the crack zone increased, enhancing
the internal healing capability of the asphalt mixture. [47] reported that metal-based fillers such as steel
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slag powder significantly improved microwave heating efficiency and accelerated the self-healing
process by increasing internal heat transfer and temperature retention within the mixture, as also
reflected by the temperature variation during testing shown in Figure 10. Similar findings were reported
by [48], who demonstrated that conductive metallic materials significantly improved asphalt healing
rate compared to conventional mixtures by accelerating microcrack closure after heating.

The improvement in healing rate was also closely related to the initial ITS results, where mixtures
containing 2.5-5% iron powder exhibited the highest initial tensile strength due to better aggregate
interlocking and stronger binder—aggregate adhesion. However, the highest healing rate was observed
at 10% iron powder, confirming that self-healing performance is more strongly influenced by heat
transfer efficiency than by the initial mechanical strength of the mixture alone. [49] also explained that
metallic fillers at optimum dosages can improve both ITS and healing performance, although through
different mechanisms: ITS is mainly influenced by filler effect and structural stability, whereas healing
rate is more dependent on thermal conductivity and microwave absorption capacity. In this study, the
mixture containing 10% iron powder showed the highest temperature increase of 49%, which directly
correlated with the highest healing rate, proving that internal temperature rise is the dominant factor
controlling crack healing. [50] also emphasized that homogeneous heat distribution strongly determines
self-healing effectiveness, where materials with higher thermal conductivity produce faster and more
stable crack closure.

However, excessive waste iron powder does not always provide the best long-term performance. In
Test 3, the healing rate of the 10% iron powder mixture dropped significantly to 50%, indicating that
excessive heat accumulation may cause overheating, premature binder aging, reduced asphalt cohesion,
and weakened interparticle bonding. [38] reported that excessive metallic filler content increases the
risk of thermal aging and reduces mechanical performance after repeated heating cycles. Similar
findings were also presented by [51], who showed that high conductive material content may improve
initial healing rate but accelerates binder oxidation and reduces long-term durability. This explains why
the mixture containing 7.5% iron powder showed more stable healing performance over multiple heating
cycles, despite having a slightly lower initial healing rate than the 10% mixture. Therefore, this study
confirms that waste iron powder has a strong positive effect on improving the healing rate of asphalt
mixtures; however, the optimum dosage should not be determined solely based on the highest initial
healing rate, but also on the stability of strength recovery after repeated heating. Accordingly, the range
of 7.5-10% iron powder can be considered the optimum content for maximizing self-healing
performance while maintaining thermal durability and long-term pavement service life.
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4. Conclusion

The addition of waste iron powder (0-10% by mass of fine aggregate) significantly improved the
mechanical performance of AC-WC mixtures by enhancing density, aggregate interlocking, internal
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friction, and binder—aggregate adhesion. The highest Marshall Stability (1101.70 kg) and density (2.395
g/cm®) were obtained at 10% iron powder, indicating better resistance to rutting and permanent
deformation. The volumetric parameters (VIM, VMA, and VFA) showed that iron powder functioned not
only as a filler but also as a modifier of aggregate packing and internal void structure. Moderate iron powder
content improved compaction efficiency, while excessive filler increased air voids and asphalt demand,
affecting long-term durability and workability. The ITS results confirmed that all modified mixtures had
better tensile strength and moisture resistance than the control mixture. The highest ITS Dry value was
achieved at 2.5% iron powder, while the optimum ITS ratio (97%) was obtained at 5%, indicating the best
balance between tensile strength, durability, and resistance to moisture damage. Microwave-assisted self-
healing performance was significantly enhanced by the addition of iron powder due to its high thermal
conductivity, magnetic properties, and microwave absorption capability. The highest healing rate (76%) was
achieved at 10% iron powder after the first heating cycle, compared to only 56% in the control mixture.
Although 10% iron powder produced the highest initial healing rate, repeated microwave heating caused a
decline in healing performance due to overheating and accelerated binder aging. In contrast, the 7.5% mixture
showed more stable healing behavior over multiple cycles, indicating better long-term thermal durability.
Overall, waste iron powder demonstrated strong potential as a sustainable conductive filler and reinforcing
material for AC-WC mixtures. The optimum range of 5-7.5% provided the best balance between mechanical
strength, moisture resistance, healing stability, and long-term pavement performance, supporting the
development of durable and self-healing asphalt pavements.
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