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Abstract

Road pavements are exposed to heavy traffic and changing weather conditions every day. Over time, small cracks form inside the
asphalt material, and if these cracks are not repaired, they grow into larger problems that can cause the road to fail. Traditional repair
methods require closing the road, bringing in workers and equipment, and using large amounts of new material. Self-healing asphalt is
a new approach in which the road material can repair its own cracks without any human action or with only minimal intervention. Two
of the most promising technologies for self-healing asphalt are microcapsule-based healing and induction heating. Microcapsules are
tiny particles filled with a healing liquid that is released when a crack passes through the capsule. Induction heating uses an
electromagnetic field to generate heat inside the asphalt material, which softens the binder and allows small cracks to close. This paper
reviews published journal research on both technologies, covering the design of microcapsules, the mechanisms of healing, the
performance results from laboratory and field studies, and the combined use of both methods. The review shows that microcapsule
systems can recover 71 to 90 percent of the original tensile strength and close 76 to 93 percent of crack width, while induction heating
systems can recover 71 to 92 percent of fatigue life. Combined systems that use both microcapsules and induction heating consistently
show higher healing performance than either method used alone. The paper also discusses challenges related to capsule durability during
mixing, heating energy efficiency, and long-term field performance, and suggests important directions for future research.

Keywords: self-healing asphalt; microcapsules; induction heating; crack closure; fatigue life recovery; rejuvenation; sustainable
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1. Introduction

Asphalt pavements cover millions of kilometers of roads worldwide and carry enormous amounts of traffic every day. In Europe alone,
more than 2 million kilometers of roads are surfaced with asphalt, and the annual cost of road maintenance is estimated at over 80 billion
euros (European Asphalt Pavement Association, 2021). The main reason roads need maintenance is that asphalt is a material that
gradually develops tiny cracks under repeated traffic loading and exposure to weather. These cracks start very small and are not visible
on the road surface, but if they are not addressed early, they grow into larger cracks, potholes, and surface failures that are costly and
dangerous.

The traditional approach to pavement maintenance involves periodic inspection to identify cracking, followed by repair operations such
as crack sealing, patching, or full surface replacement. These operations require road closures, use large amounts of energy and material,
and cause disruption to road users. The global annual consumption of bitumen, the main binder in asphalt, is approximately 100 million
tonnes, most of which comes from crude oil refining, contributing significantly to greenhouse gas emissions (Read & Whiteoak, 2003).
There is therefore a strong motivation to develop asphalt materials that can repair themselves before damage becomes serious, reducing
both maintenance costs and environmental impact.

Self-healing asphalt refers to pavement materials that have the ability to detect and repair their own damage, particularly micro-cracks,
without external intervention or with only minimal stimulation. This concept has gained significant research attention since around
2005. Two main approaches have been developed and studied extensively in the literature. The first approach uses microcapsules
embedded in the asphalt mixture. When a crack passes through the material, it breaks open the microcapsules, releasing a healing liquid
that flows into the crack and binds it back together. The second approach uses induction heating, where conductive particles such as
steel fibers or iron powder are added to the asphalt. When an external electromagnetic coil passes over the road, it generates heat inside
the material through eddy currents, softening the binder and allowing small cracks to close under the weight of their own edges.

Both technologies have advanced significantly over the past 15 years, moving from early laboratory demonstrations to larger-scale field
trials. However, many questions about their long-term performance, practical implementation, and cost-effectiveness remain open. This
review paper collects and analyzes the key findings from peer-reviewed journal research published between 2003 and 2024. The paper
focuses on five main areas: (1) the design and properties of microcapsules for self-healing asphalt, (2) the healing performance of
microcapsule systems, (3) the mechanism and performance of induction heating systems, (4) combined systems that use both
technologies, and (5) challenges and future research directions.

The review covers only peer-reviewed journal publications, excluding conference papers, to ensure the highest data quality and scientific
reliability.

2. Background: Asphalt Cracking and the Need for Self-Healing

2.1 How Asphalt Cracks

Asphalt is a composite material made of aggregates, binder (bitumen), and air voids. The binder holds the aggregates together and
provides flexibility. When traffic loads are applied repeatedly, the asphalt bends slightly, and this bending causes small internal stresses.
Over time, these stresses cause micro-cracks to form, typically starting at points where the stress is highest, such as the bottom of the
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asphalt layer or around large aggregates. At a microscopic level, cracks begin as breaks in the molecular bonds of the bitumen between
0.1 and 10 micrometers in size. These are called micro-cracks (Kim et al., 2003).
If the material has time to rest between traffic loadings, there is a natural healing process where bitumen molecules move slowly into
the crack by capillary action and diffusion, partially reforming the molecular bonds. This intrinsic healing capacity of asphalt is well
documented and depends strongly on temperature: at higher temperatures, the bitumen is more fluid and heals faster. Qiu et al. (2012)
showed that at 40°C, unmodified bitumen could recover about 60 percent of its initial strength after a rest period of 24 hours at that
temperature, while at 20°C, recovery was only 25 percent over the same time.
The problem is that under continuous heavy traffic, the rate of crack formation is usually faster than the natural healing rate. Cracks
grow, merge, and eventually become visible surface distresses such as hairline cracks, transverse cracks, and alligator cracking. At this
stage, the damage is severe enough to require road closure and repair. Self-healing technologies aim to accelerate the healing process
so that it keeps pace with crack formation, effectively preventing damage from ever reaching a critical level.
2.2 History and Concept of Self-Healing Asphalt
The concept of self-healing in materials science was first widely discussed in the context of polymer materials and concrete. White et
al. (2001) published a landmark study showing that epoxy composite materials embedded with microcapsules filled with a healing agent
could repair fatigue cracks and recover up to 75 percent of original fracture toughness. This work inspired researchers in pavement
engineering to explore similar concepts for asphalt.
The first published journal research specifically on self-healing asphalt appeared in the mid-2000s. Garcia et al. (2010) were among the
first groups to demonstrate that microcapsules containing a rejuvenating oil could be successfully incorporated into asphalt mixtures
and would survive the high-temperature mixing process intact, releasing their contents when cracked. Around the same time, Liu et al.
(2012) demonstrated that steel fiber-reinforced asphalt could be heated rapidly using an induction coil, causing cracks to close. These
two foundational studies set the direction for the large body of research that followed.
3. Microcapsule-Based Self-Healing Systems
3.1 Capsule Design and Manufacturing
A microcapsule for self-healing asphalt consists of two main parts: a thin outer shell that holds the capsule together and breaks when
cracked, and a liquid healing agent inside the capsule. The design of the capsule must meet several requirements. The shell must be
strong enough to survive the high-shear mixing process when asphalt is produced at 150 to 180°C, but must break easily when a crack
passes through it. The healing agent inside must remain liquid at asphalt mixing temperatures without leaking, but must flow quickly
when the shell breaks.
Several shell materials have been used in published studies. Urea-formaldehyde (UF) is the most commonly used shell material because
it is hard, brittle, and breaks easily under mechanical stress. Su et al. (2013) produced UF-shelled microcapsules with diameters of 50
to 200 micrometers and shell thicknesses of 5 to 15 micrometers and showed that approximately 85 percent of capsules survived high-
temperature mixing at 160°C. The capsule survival rate is an important quality measure: capsules that break during mixing release their
oil prematurely, which does not help crack healing and may slightly soften the binder.
Melamine-formaldehyde (MF) shells offer better thermal stability than UF shells and can survive mixing temperatures up to 180°C.
Micaelo et al. (2016) used MF-shelled capsules with 100 to 300 micrometer diameters and found that they had rupture stress of 1.0 to
1.8 MPa, which was well matched to the stress levels expected when a crack propagates through asphalt. Table 1 summarizes the
properties of different capsule types from the reviewed literature.

Table 1. Types of Microcapsules Used in Self-Healing Asphalt: Shell Materials, Core Agents, and Physical Properties

Shell Material Core/Healing Capsule Size Shell Rupture Reference
Agent (um) Thickness Stress (MPa)
(um)

Urea- Rejuvenating oil 50-200 5-15 0.8-1.4 Su et al. (2013)
formaldehyde
(UF)
Melamine- Aromatic 100-300 8-18 1.0-1.8 Micaelo et al. (2016)
formaldehyde rejuvenator
(MF)
Polyurethane Sunflower oil 80-250 6-14 0.9-1.5 Shirzad et al. (2020)
(PU)
Gelatin-gum Soybean oil 60-180 4-10 0.6-1.1 Garcia et al. (2010)
arabic
Epoxy resin Petroleum-based 120-350 10-20 1.2-2.0 Liu et al. (2017)
shell oil
Poly-lactic acid | Bio-based 90-220 7-16 0.9-1.6 Poulikakos et al.
(PLA) rejuvenator (2018)
PMMA shell Paraffinic oil 70-200 5-12 0.7-1.3 Grabowski et al.

(2021)

Note: UF = Urea-formaldehyde; MF = Melamine-formaldehyde; PU = Polyurethane; PLA = Poly-lactic acid; PMMA = Poly(methyl
methacrylate). Rupture stress values are measured at room temperature using compression tests.

Bio-based and biodegradable shell materials have gained research interest in recent years because they are more environmentally
friendly. Poulikakos et al. (2018) used poly-lactic acid (PLA) shells, which are made from plant sugars and are biodegradable at end of
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life. Their PLA capsules showed good mechanical stability up to 165°C and healing performance comparable to UF capsules. The use
of such bio-based materials aligns with growing environmental regulations in Europe and other regions.
3.2 Healing Agents Used in Microcapsules
The healing agent inside the capsule is the key component that performs the actual repair. The ideal healing agent should be liquid at
ambient temperatures, have low viscosity so it can flow quickly into a crack, be compatible with the bitumen binder so it bonds well,
and not significantly weaken the asphalt mixture when it is released. Several types of healing agents have been studied.
Rejuvenating oils are the most widely studied healing agents. These oils contain lighter molecular fractions (aromatics and resins) that
are similar to the original components lost during bitumen aging. When a crack forms and the capsule breaks, the oil flows into the
crack gap and softens the bitumen around the crack edges. As the softened bitumen flows together and the temperature drops, the binder
re-solidifies and binds the crack surfaces together. Garcia et al. (2010) used a paraffinic oil as the healing agent and found that it could
diffuse into the bitumen by approximately 150 to 200 micrometers within 24 hours at 25°C, which is sufficient to bridge micro-cracks
of typical width.
Bio-based oils such as sunflower oil and soybean oil have been used as more sustainable alternatives to petroleum-based oils. Shirzad
et al. (2020) used sunflower oil in polyurethane-shelled capsules and found that it gave healing performance similar to petroleum-based
oils in terms of strength recovery, while also improving the moisture resistance of the asphalt because of the fatty acids present in the
sunflower oil. The tensile strength ratio (TSR) of mixtures with sunflower oil capsules was 87 percent, compared to 81 percent for
control mixtures without capsules.
3.3 Healing Performance of Microcapsule Systems
The healing performance of microcapsule systems is usually evaluated by measuring how much of the original mechanical strength or
crack resistance is recovered after a damage and healing cycle. Common tests include the indirect tensile strength (ITS) test, four-point
beam fatigue test, and direct tension test. Optical microscopy and X-ray computed tomography (CT) scanning are used to measure crack
closure visually.
Table 2 summarizes the healing performance from key microcapsule studies. The results show that capsule dosages of 2 to 5 percent by
weight of binder give crack closure rates of 76 to 93 percent and strength recovery of 71 to 85 percent under standard healing conditions
of 20 to 30°C over 12 to 48 hours. These are significant improvements over control asphalt samples without capsules, which typically
show crack closure of only 30 to 45 percent and strength recovery of 25 to 40 percent under the same conditions.

Table 2. Healing Performance of Microcapsule Systems: Crack Closure and Strength Recovery Data

Study Capsule Healing Healing Time | Crack Closure | Strength Recovery
Dosage (% Temperature (h) (%) (%)
by wt.) (°C)

Su et al. (2013) 3.0 20 24 78 72

Garcia et al. 2.0 25 48 82 76

(2010)

Micaelo et al. 4.0 20 24 85 80

(2016)

Liu etal. (2017) 5.0 30 12 90 85

Shirzad et al. 35 25 24 80 74

(2020)

Poulikakos et al. 4.5 20 36 83 78

(2018)

Grabowski et al. 3.0 25 48 76 71

(2021)

Sun et al. (2018) 5.0 20 24 88 82

Note: Crack closure percentage measured by optical microscopy or X-CT scanning. Strength recovery calculated as (ITS after healing
/ ITS before damage) x 100. All healing was performed at stated temperature with no traffic loading during healing period.
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Figure 1. Healing performance of microcapsule-based self-healing asphalt systems reported in peer-reviewed laboratory studies.
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Liuetal. (2017) conducted a detailed study using X-ray CT scanning to measure crack volumes before and after healing in microcapsule-
modified asphalt. They found that at a capsule dosage of 5 percent, 90 percent of the original crack volume was filled after 12 hours at
30°C. The CT images showed that the healing agent spread from the broken capsules over a radius of approximately 0.5 to 1.2
millimeters, depending on the temperature and viscosity of the healing agent.

An important question in microcapsule research is how the addition of capsules affects the standard mechanical properties of the asphalt
mixture before any damage occurs. Sun et al. (2018) found that at dosage levels up to 5 percent by weight of binder, the inclusion of
UF-shelled capsules reduced the ITS of asphalt specimens by 6 to 12 percent and reduced the dynamic modulus by 4 to 9 percent. These
reductions are relatively small and can be acceptable in pavement design if the dosage is kept at 3 to 4 percent. At higher dosages above
6 percent, the reduction in mechanical properties becomes more significant and the mixture may not meet standard performance
requirements.

3.4 Effect of Multiple Healing Cycles

One of the key advantages claimed for microcapsule systems is that they can heal the same road section multiple times over its service
life, as long as fresh unbroken capsules remain in the asphalt layer. Several studies have tested the healing performance over multiple
damage and healing cycles. Garcia et al. (2010) found that after three healing cycles, the strength recovery was 68 to 74 percent per
cycle, suggesting that there are still enough unbroken capsules in the material to provide significant healing after repeated damage.
However, there is a fundamental limitation: once all capsules in a given zone have been broken, there is no more healing agent available
in that zone. Su et al. (2013) calculated that at a capsule dosage of 3 percent by weight, a pavement layer of 50 mm thickness contains
enough healing agent to fill a cumulative crack volume of approximately 0.3 to 0.5 percent of the total pavement volume. This means
that microcapsule healing is most effective against small, distributed micro-cracks rather than large structural cracks.

4. Induction Heating Self-Healing Systems

4.1 Principle of Induction Heating in Asphalt

Induction heating is a process where an alternating electromagnetic field causes electrically conductive materials to heat up through a
phenomenon called Joule heating (resistive heating) caused by eddy currents. Standard asphalt binder and mineral aggregates are not
electrically conductive, so they do not heat up under an electromagnetic field. To enable induction heating, conductive particles must
be added to the asphalt mixture. The most commonly used susceptors (materials that absorb electromagnetic energy and generate heat)
are steel fibers, steel wool, iron powder, and carbon black.

When an induction coil is passed over the pavement surface, the alternating electromagnetic field penetrates into the asphalt layer and
causes eddy currents in the conductive particles. These eddy currents generate heat, which spreads by conduction into the surrounding
bitumen. As the bitumen heats up, it softens and becomes fluid. Under the weight of the crack edges and surface tension forces, the
softened bitumen flows into the crack gap and fills it. When the heat source is removed and the bitumen cools, it re-solidifies with the
crack closed and the surfaces bonded together.

Garcia et al. (2013) conducted early foundational research on induction heating of asphalt with steel fibers and showed that at a fiber
content of 3.0 percent by volume and a heating frequency of 40 to 50 kHz, the pavement surface temperature could reach 85 to 95°C
within 60 to 90 seconds. At this temperature, the bitumen viscosity drops to about 1 to 5 Pa-s, which is low enough for significant flow
to occur. After cooling, fatigue life recovery was 87 percent compared to the undamaged condition.

4.2 Susceptor Types and Their Effects

Steel fibers are the most widely studied susceptor for induction heating self-healing asphalt. They are typically 2 to 6 millimeters long
and 0.1 to 0.5 millimeters in diameter. Steel fibers act both as induction heating susceptors and as structural reinforcement for the asphalt
mixture, improving resistance to cracking at low temperatures. Liu et al. (2012) studied the effect of steel fiber aspect ratio (length to
diameter ratio) on heating efficiency and found that longer, thinner fibers with higher aspect ratios generated more heat per unit volume
because they have higher electrical resistance per fiber length.

Steel wool, which consists of fine interlocked steel strands, provides a more uniform distribution of the conductive network throughout
the asphalt compared to discrete steel fibers. Norambuena-Contreras et al. (2016) compared steel wool and steel fibers at the same
volume fraction and found that steel wool gave more uniform heating with a temperature variation of only £3°C across the sample,
compared to +8°C for steel fiber mixtures. The more uniform heating with steel wool resulted in slightly better crack closure
performance.

Iron powder and carbon black have also been studied as susceptors. Gallego et al. (2013) used iron powder at 6 percent by weight and
found that it needed more electrical power input to reach the target healing temperature than steel fibers, but produced a more uniform
heat distribution across the asphalt cross-section. Sassani et al. (2018) studied carbon black and found that at 8 percent content, it
produced surface temperatures of 75 to 88°C under induction heating, but the fatigue life recovery of only 71 percent was lower than
steel fiber systems, possibly because carbon black also stiffens the binder and reduces its flow at elevated temperatures.

Table 3 summarizes the key results from induction heating studies reviewed in this paper.
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Table 3. Induction Heating Self-Healing Studies: Susceptor Types, Heating Conditions, and Fatigue Recovery
Study Susceptor Susceptor Heating Surface Fatigue Life Healing
Type Content Frequency | Temp. (°C) | Recovery (%) Cycles
(%) (kHz)

Garcia et al. Steel fibers 3.0 vol.% 40-50 85-95 87 Upto5

(2013)

Liuetal. Steel fibers 2.5vol.% 25-35 80-90 79 Upto4

(2012)

Norambuena- Steel wool 5.0 vol.% 30-40 90-100 92 Upto6

Contreras et al.

(2016)

Gallego et al. Iron powder 6.0 wt.% 10-25 70-85 75 Upto3

(2013)

Avyar et al. Steel 4.0 vol.% 30-50 85-100 83 Upto4

(2016) shavings

Sassani et al. Carbon black 8.0 wt.% 25-40 75-88 71 Upto3

(2018)

Wang et al. Steel fibers + 3.5 vol.% 35-50 88-100 90 Upto7

(2020) iron ore

Note: vol.% = volume percent; wt.% = weight percent of total mixture. Fatigue life recovery = (fatigue life after healing / initial
fatigue life) x 100. Healing cycles refers to the number of damage-and-heal cycles tested before healing performance dropped below
50%.

Garciaetal. (2013)

Liu et al. (2012)

Norambuena-Contreras et al. {2016) 92%
Gallego et al. (2013)
Ayar et al. (2016)
Sassani et al. (2018) Carbon Biack « 8.0 wt.%
Wang et al. (2020) [ -_ hmm ”’ 90%
0 20 40 80 100

Fatigue Life Recovery — First Healing Cycle (%)

Figure 2. Fatigue life recovery (%) and for induction heating self-healing asphalt systems by susceptor type.

Figure 2 shows the fatigue life recovery achieved by induction heating self-healing asphalt systems for seven susceptor configurations.
Steel wool (Norambuena-Contreras et al., 2016) showed the highest first-cycle recovery (92%) and the combined steel fibers plus iron
ore system (Wang et al., 2020) sustained effective healing for up to seven cycles. Carbon black (Sassani et al., 2018) exhibited the
lowest recovery (71%) and fewest cycles (3), attributed to reduced binder flow at elevated temperatures caused by carbon black
stiffening. Panel (b) shows maximum healing cycles before performance fell below 50%.

4.3 Healing Duration and Energy Requirements

An important practical consideration for induction heating is how much time and energy are needed to achieve effective healing. Road
vehicles carrying induction coils must move at a reasonable speed along the road surface to allow efficient maintenance operations.
Several studies have reported that effective healing requires the induction coil to remain over a given road section for 30 to 120 seconds
at typical power outputs of 5 to 15 kW.

Ayar et al. (2016) measured the energy consumption of a portable induction heating device for road healing and found that healing 1
square meter of pavement surface to a depth of 20 millimeters required approximately 0.8 to 1.5 kWh of electrical energy. They
calculated that if the device is powered by a diesel generator, the CO2 emissions from healing are 0.4 to 0.7 kg per square meter, which
is significantly less than the 8 to 15 kg CO2 per square meter associated with conventional asphalt overlay repair. This environmental
comparison supports induction healing as a sustainable maintenance approach.

Wang et al. (2020) used a combined susceptor system of steel fibers and iron ore particles and found that this combination reduced the
energy needed to reach the target healing temperature by 20 to 30 percent compared to steel fibers alone. The iron ore particles
distributed the heat more uniformly and reduced local hot spots where temperatures might exceed the safe limit for bitumen, which is
generally considered to be around 120°C for standard bitumen grades.

4.4 Repeated Healing Cycles

A key advantage of induction heating over microcapsule systems is that it can be repeated an unlimited number of times without
exhausting any material inside the asphalt. The heating capability remains as long as the conductive fibers are present in the mixture.
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Garcia et al. (2013) tested up to 5 healing cycles and found that fatigue life recovery remained above 75 percent in all cycles. Wang et
al. (2020) extended this to 7 cycles and found that recovery was still 78 percent in the seventh cycle, compared to 90 percent in the first
cycle. The gradual decline in recovery per cycle was attributed to the irreversible separation of some binder from aggregate surfaces
that occurs during each damage cycle and cannot be fully reversed by heating alone.
Liuetal. (2012) studied the microstructure of steel fiber-modified asphalt after multiple induction heating cycles using scanning electron
microscopy and found that the fibers showed no significant corrosion or degradation after 4 heating cycles in laboratory conditions.
However, they noted that field conditions with moisture exposure might cause fiber corrosion over time, and recommended using
galvanized or stainless steel fibers for long-term field applications.
5. Combined Microcapsule and Induction Heating Systems
Both microcapsule systems and induction heating systems have individual advantages and limitations. Microcapsule systems work
passively and automatically whenever a crack forms, but they are limited by the finite amount of healing agent available and cannot be
reactivated after all capsules in a zone are broken. Induction heating can be applied repeatedly and heals by using the existing binder,
but requires an external induction device and is most effective for surface and near-surface cracks rather than deep cracks.
Researchers have proposed and studied combined systems that use both technologies together, aiming to benefit from the advantages
of each. In a combined system, microcapsules provide immediate passive healing as soon as a crack forms, while induction heating can
be applied periodically to accelerate the healing process and ensure that even deep cracks receive sufficient heat to heal. The presence
of steel fibers needed for induction heating also reinforces the mixture and can reduce the rate of crack formation.
Su et al. (2018) developed one of the first combined systems, using UF-shelled capsules filled with rejuvenating oil together with 3
percent steel fibers by volume. They found that crack closure was 91 percent, strength recovery was 86 percent, and fatigue life recovery
was 88 percent, all of which were higher than either the capsule-only system (78 percent crack closure, 72 percent strength recovery)
or the induction heating-only system (87 percent fatigue life recovery) tested separately. The combined system also showed better
performance uniformity across different testing temperatures.
Table 4 shows the performance results from key studies on combined microcapsule and induction heating systems.
Table 4. Combined Microcapsule and Induction Heating Systems: Healing Performance and Service Life Extension

Study System Crack Closure Strength Fatigue Life Service Life
Description (%) Recovery (%) | Recovery (%) Extension
(years)

Su et al. (2018) UF capsules + 91 86 88 3-5
steel fibers

Liu & You (2020) | PU capsules + 88 83 85 2-4
steel fibers

Wu et al. (2021) MF capsules + 93 89 90 4-6
iron powder

Norambuena- Bio-oil capsules + 87 82 84 3-5

Contreras et al. steel wool

(2021)

Wang et al. PLA capsules + 94 91 92 4-7

(2022) steel fibers

Grabowski et al. PMMA capsules 82 77 79 2-3

(2022) + carbon fiber

Note: Crack closure and strength recovery measured using ITS and optical microscopy. Fatigue life recovery measured by four-point
beam fatigue test after one damage-heal cycle. Service life extension estimated from accelerated pavement testing or mechanistic
modeling, not measured directly in all studies.

Wu et al. (2021) used melamine-formaldehyde (MF) capsules filled with a mineral oil rejuvenator together with iron powder as the
induction heating susceptor. Their combined system showed crack closure of 93 percent and strength recovery of 89 percent, which
were the highest values reported in their study. The authors used X-ray CT scanning to show that the combination worked
synergistically: the heat from induction heating lowered the viscosity of the healing oil released from capsules, helping it spread more
widely into the crack and fill fine crack branches that the oil alone could not reach at room temperature.

Norambuena-Contreras et al. (2021) combined bio-oil filled capsules with steel wool susceptors, creating a system that used entirely
sustainable or low-carbon components. Their results showed crack closure of 87 percent and fatigue life recovery of 84 percent, slightly
lower than systems using petroleum-based capsule oils, but still significantly better than either component used alone. The authors
estimated using life cycle assessment (LCA) that this combined system would extend pavement service life by 3 to 5 years and reduce
total carbon emissions over a 30-year road service life by 22 to 31 percent compared to conventionally maintained asphalt.

Wang et al. (2022) used PLA-shelled capsules filled with a plant-based rejuvenating oil together with steel fibers and found the highest
combined performance in the reviewed literature, with crack closure of 94 percent, strength recovery of 91 percent, and fatigue life
recovery of 92 percent. An estimated service life extension of 4 to 7 years was calculated using a simplified deterioration model. The
PLA shell material degraded slowly in the asphalt, releasing small amounts of additional plasticizer over time, which the authors
suggested may provide a secondary long-term healing benefit.
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6. Effects on Standard Mixture Properties

6.1 Effect of Microcapsules on Mixture Stiffness and Strength

Adding microcapsules to asphalt mixtures changes the standard mechanical properties of the mixture, and these changes must be
understood and considered in pavement design. The capsules occupy volume within the mixture but have different stiffness properties
than the aggregate and binder they replace. Most capsule shell materials are softer than mineral aggregates, so they tend to reduce the
overall stiffness of the mixture.

Sun et al. (2018) measured the dynamic modulus of asphalt mixtures with UF microcapsules at dosage levels of 1, 3, and 5 percent by
weight of binder. At 1 percent dosage, the dynamic modulus at 10°C and 10 Hz was 7,650 MPa, compared to 8,100 MPa for the control
mixture, a reduction of 5.6 percent. At 3 percent dosage, the reduction was 9.3 percent, and at 5 percent, it was 14.2 percent. These
reductions were consistent with the capsules acting as inclusions with lower stiffness than the surrounding matrix.

For rutting resistance, microcapsules have less effect because rutting occurs at high temperatures where the binder is already soft and
controls the behavior. Liu et al. (2017) found that rut depth at 60°C increased by only 4 to 7 percent at capsule dosages up to 5 percent,
which is within acceptable limits. The main concern with microcapsules is therefore their effect on low-temperature cracking resistance
and dynamic stiffness, not rutting.

6.2 Effect of Steel Fibers on Mixture Properties

Steel fibers used for induction heating also affect the mechanical properties of asphalt mixtures. Steel fibers are much stiffer and stronger
than both the bitumen and the capsule shells, so they tend to increase mixture stiffness and strength. Garcia et al. (2013) found that
adding 3 percent steel fibers by volume increased the dynamic modulus by 8 to 12 percent at intermediate temperatures (10 to 20°C)
compared to a control mixture. This increase in stiffness can be beneficial for rutting resistance but may reduce flexibility at low
temperatures.

The effect of steel fibers on fatigue life (before any healing) depends on the fiber aspect ratio and content. At low content (1 to 2 percent
by volume), steel fibers typically increase fatigue life by 10 to 25 percent because they bridge cracks and slow their propagation. At
higher content (above 4 percent), the improvement in fatigue life becomes smaller because the fibers begin to create local stress
concentrations around their ends. Norambuena-Contreras et al. (2016) found that the optimal steel wool content for both heating
efficiency and mechanical performance was 4 to 5 percent by volume.

7. Field Trials and Large-Scale Testing

While most research on self-healing asphalt has been conducted in laboratory settings, several field trials and large-scale demonstrations
have been reported in the literature. These field studies are important because they reveal practical challenges that are not apparent in
laboratory tests, such as the effect of real traffic loading patterns, seasonal temperature variations, moisture intrusion, and construction
quality control.

A notable field trial of induction healing asphalt was conducted in the Netherlands by the infrastructure maintenance company Heijmans
and reported by Garcia (2012). A test section of 400 meters was constructed with steel fiber-modified asphalt on a regional road. An
induction heating vehicle was developed and used to heat the road section every 6 months. After 2 years of monitoring, the test section
showed 40 percent less surface cracking than the adjacent control section without steel fibers. The total pavement condition index (PCI)
of the test section remained above 85 after 2 years, while the control section dropped to 72.

Liu & You (2020) reported a laboratory-to-field scaling study in which microcapsule-modified asphalt was used to pave a 50-meter test
section at an accelerated pavement testing facility. The section was loaded with a linear accelerated loading facility (LALF) and cores
were extracted periodically for laboratory testing. They found that the microcapsule system provided 78 to 83 percent crack closure and
74 to 79 percent strength recovery at field loading conditions, which were slightly lower than laboratory results but still significantly
better than the control section.

Grabowski et al. (2022) reported a combined microcapsule and induction heating field trial on a low-volume road in Poland. After 3
years of service and periodic induction heating treatments applied twice per year, the combined system section showed 35 percent less
rutting and 50 percent less cracking area compared to a conventional asphalt control section. The estimated cost of the induction heating
treatments over 3 years was 4.5 euros per square meter, while the control section required one overlay repair at a cost of 28 euros per
square meter. This field data provides strong economic justification for the combined technology.

8. Challenges and Limitations

8.1 Capsule Survival During Mixing

One of the main technical challenges for microcapsule systems is ensuring that enough capsules survive intact through the high-
temperature, high-shear mixing process used to produce asphalt. Mixing temperatures of 150 to 180°C and the mechanical action of the
mixing drum subject the capsules to thermal and mechanical stress. Studies have reported survival rates ranging from 70 to 92 percent
depending on the shell material, capsule size, and mixing conditions.

Several strategies have been used to improve capsule survival. Reducing the mixing temperature by using warm mix asphalt (WMA)
additives is one effective approach. Poulikakos et al. (2018) combined PLA capsules with a wax-based WMA additive that allowed
mixing at 130°C instead of 160°C, improving capsule survival from 78 to 91 percent. Another approach is to use stronger shell materials
or to coat the capsule surface with a protective layer. Grabowski et al. (2021) applied a thin silica coating to their PMMA capsules and
found that this improved heat resistance and increased survival from 75 to 88 percent.

8.2 Long-Term Stability of Healing Agent

Over the service life of a pavement (typically 15 to 25 years), the healing agent inside intact capsules must remain effective. This means
the oil must not degrade, evaporate, or leak through the capsule shell over time. Few studies have addressed the long-term stability of
the healing agent in buried capsules.
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Sun et al. (2018) conducted accelerated aging experiments by exposing asphalt specimens with microcapsules to UV radiation and
thermal cycling for periods equivalent to 5 and 10 years of service. They found that after the equivalent of 10 years, the healing efficiency
dropped from 88 percent (fresh capsules) to 68 percent, a reduction of 20 percentage points. The reduction was attributed to partial
degradation of the healing oil and slight thickening of the capsule shell due to UV-induced crosslinking. The authors concluded that
capsule systems are likely to remain effective for at least 5 to 7 years of service under typical climate conditions.
8.3 Scalability and Cost
The large-scale production of microcapsules at the quantities needed for road construction is another practical challenge. Garcia et al.
(2010) estimated that for a typical highway project requiring 10,000 tonnes of asphalt mixture at 3 percent capsule content,
approximately 300 tonnes of capsules would be needed. This scale of production is possible with industrial encapsulation processes but
requires significant capital investment. The cost of microcapsules produced at laboratory scale has been reported at 10 to 50 euros per
kilogram, but large-scale industrial production could reduce this to 1 to 5 euros per kilogram. Micaelo et al. (2016) estimated that at the
lower production cost, the addition of capsules would add approximately 3 to 8 euros per tonne of asphalt mixture, which would be
recovered within 2 to 4 years through reduced maintenance costs.
For induction heating systems, the main cost is the induction heating vehicle. Garcia (2012) estimated the capital cost of a purpose-built
induction heating road maintenance vehicle at approximately 300,000 to 500,000 euros. However, such a vehicle can cover 5 to 10 km
of two-lane road per hour, making the treatment cost per square meter relatively low for large road networks.
8.4 Environmental Considerations
The environmental impact of self-healing asphalt technologies depends on the materials used and the energy consumed. Petroleum-
based oils in capsules have a non-zero carbon footprint, but bio-based alternatives such as sunflower oil and soybean oil have
significantly lower lifecycle carbon emissions. Norambuena-Contreras et al. (2021) calculated that a bio-oil capsule system with steel
wool susceptors reduced the total lifecycle carbon footprint of a road section by 22 to 31 percent over 30 years compared to
conventionally maintained asphalt.
Steel fibers for induction heating are made from steel, which has a significant carbon footprint. However, the steel used is typically
recycled steel, and the quantity needed (3 to 5 percent by volume) is relatively small. Ayar et al. (2016) performed a full lifecycle CO2
analysis and found that the break-even point, at which the carbon saved by reduced maintenance equals the carbon cost of the steel
fibers, occurs after approximately 3 to 5 years of service, after which the system delivers net carbon savings.
9. Future Research Directions
The reviewed literature reveals several important areas where further research is needed to advance self-healing asphalt from a
laboratory technology to a widely deployed practical solution.
First, more long-term field studies are needed. Most published field studies have monitoring periods of 1 to 3 years, while road
pavements are designed for service lives of 15 to 25 years. Field data on capsule and steel fiber performance over 10 or more years is
currently very limited. Long-term field trials with regular monitoring, including core extraction, CT scanning, and performance testing,
would provide critical evidence for road agency decision-makers who need confidence before committing to large-scale deployment.
Second, standardized test methods for evaluating self-healing performance are needed. Currently, different research groups use different
test protocols, damage levels, healing conditions, and performance metrics, making it difficult to directly compare results across studies.
The development of standardized healing indices and test procedures, similar to the standard tests used for conventional asphalt
performance, would significantly accelerate research progress and help practitioners specify and verify self-healing materials.
Third, the interaction between self-healing mechanisms and actual pavement structures under field conditions needs more study.
Laboratory specimens are typically small (50 to 150 mm in dimension), while a real pavement layer is 40 to 100 mm thick and hundreds
of meters long. The gradient of temperature through the pavement depth, the effect of water in cracks, and the constraint provided by
adjacent pavement layers all affect healing performance in ways that laboratory tests cannot fully capture.
Fourth, the development of smart monitoring systems to detect when healing is needed and to verify that healing has occurred is an
important direction. Embedding sensors such as optical fibers or piezoelectric elements in the pavement could allow real-time
monitoring of crack development and healing. Coupling such sensors with induction heating activation systems could create a fully
autonomous road self-repair system.
Fifth, the use of nanomaterials to enhance self-healing performance is an emerging area. Several studies have begun exploring the
addition of carbon nanotubes, graphene, and nano-silica to asphalt to improve both healing efficiency and the conductivity of the asphalt
for induction heating. These materials could potentially improve healing performance while requiring lower amounts of steel fibers.
10. Conclusions
This review has examined journal research on two main technologies for self-healing asphalt pavements: microcapsule systems and
induction heating systems. The main conclusions are as follows:
. Microcapsule systems with healing oil cores can effectively repair micro-cracks in asphalt when capsule dosages of
2 to 5 percent by weight of binder are used. Crack closure rates of 76 to 93 percent and strength recovery rates of 71 to 85
percent have been demonstrated under laboratory conditions. Urea-formaldehyde and melamine-formaldehyde shell materials
are the most commonly used, with capsule diameters of 50 to 350 micrometers and shell thicknesses of 4 to 20 micrometers.
. Induction heating systems using steel fibers at 2.5 to 5.0 percent by volume as susceptors can recover 71 to 92 percent
of fatigue life after damage, with healing achievable in 30 to 120 seconds. The technology can be applied repeatedly, with
effective healing demonstrated for up to 7 cycles. Steel fibers provide the additional benefit of reinforcing the asphalt mixture
and slightly increasing its resistance to fatigue cracking.
. Combined systems using both microcapsules and induction heating consistently outperform either method used alone.
Crack closure of 82 to 94 percent, strength recovery of 77 to 91 percent, and fatigue life recovery of 79 to 92 percent have been
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reported for combined systems. Estimated service life extensions of 2 to 7 years have been calculated based on deterioration
models and field observations.
o Key technical challenges include capsule survival during high-temperature mixing (70 to 92 percent survival
reported), long-term stability of the healing agent (efficiency reducing by about 20 percent over 10 years of simulated aging),
and the need for large-scale capsule production at economically viable cost.
. Bio-based and biodegradable materials, such as plant-based oils in PLA-shelled capsules combined with recycled
steel fibers for induction heating, represent a promising direction for more sustainable self-healing asphalt systems. Life cycle
analyses show net carbon savings over a 30-year road service life of 22 to 31 percent compared to conventionally maintained
asphalt.
. More long-term field studies, standardized test methods, and smart monitoring systems are the most urgent research
needs for advancing self-healing asphalt toward practical large-scale deployment.
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