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Abstract: Self-healing concrete is an innovative material capable of autonomously repairing cracks, thereby
enhancing durability, reducing maintenance, and supporting sustainable construction. This paper reviews three
primary self-healing mechanisms: autogenous hydration, biogenic healing, and chemical encapsulation, and examines
their applications in transportation, marine, seismic, and underground infrastructure. The study highlights the
material’s potential to lower carbon emissions, conserve resources, and align with circular economy principles by
incorporating industrial by-products. However, challenges such as high initial costs, technical limitations in healing
efficiency, and the absence of standardized regulations hinder widespread adoption. Addressing these barriers through
further research and development is crucial for realizing the transformative potential of self-healing concrete in
building resilient and sustainable infrastructure.

1. Introduction

Self-healing concrete represents a significant advancement in construction materials, with the ability to autonomously
repair cracks through mechanisms such as bacterial activity, chemical agents, or autogenous processes. This capability
addresses critical durability and sustainability challenges in modern infrastructure, including bridges, marine
structures, and seismic-resistant designs. While the material promises reduced lifecycle costs and enhanced resilience,
its adoption is hindered by cost, scalability, and technical limitations. This review examines the mechanisms,
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applications, sustainability impacts, and barriers to self-healing concrete, providing a comprehensive overview of its
potential and challenges in contemporary construction [1,2].

Fig.1. Self-Healing Concrete Process

Figure 1 illustrates the self-healing process in concrete. When cracks form, embedded healing agents, bacteria or
chemicals, activate and produce calcium carbonate, which fills and seals the cracks, restoring strength and enhancing
durability. Rapid urbanization and the escalating effects of climate change are pressuring cities to build more resilient
infrastructure. Modern concrete materials, supported by Al-driven monitoring and predictive maintenance, offer
improved strength, durability, and sustainability. Traditional concrete often struggles with durability and adaptability,
but advancements in nanotechnology now enable the development of high-performance composites with superior
mechanical properties, enhanced longevity, and smart functionalities [3,4].

Self-healing concrete is the most recent concept to surface in this regard as an innovative solution to the challenges of
such self-healing concretes. Self-healing concretes are designed in a way to repair themselves by healing cracks
without requiring external intervention. This self-healing property helps to prolong the service life of the structure
besides cutting down on maintenance works. Self-healing may be achieved through various mechanisms which
include chemical, physical, and biological processes. One of them is through biological approach especially the
healing property of bacteria and fungi as they heal cracks with plenty of attention given on such an advantage. Bacteria
and fungi hold great promise to improve the self-healing properties of concrete [5]. Self-healing concrete is one of the
novel developments aiming to solve the cracking issue in concrete structures. By adding micro capsules or other self-
healing agents to the concrete mix, which upon cracking release healing agents that react with the surrounding
environment to fill cracks and restore integrity in the concrete. The self-healing concrete provides an improved
durability and service life of structures, reducing the repair and maintenance needs [6].

2. Mechanisms Of Self-Healing in Concrete

The mechanism for self-healing in concrete is its ability to regain cracks without human interference while restoring
the structure of material. The process is, however often activated through certain healing agents or natural properties
of materials upon cracking. When the healing agents, activated through environmental factors like water or air, begin
healing, this will initiate the seal for cracks and prevent future deterioration.
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Fig. 2. Self-Healing in Concrete

Figure 2 depicts the three major healing mechanisms of concrete. Autogenous healing is the first mechanism, which
uses natural cement hydration and crystallization to fill small cracks. Biological healing uses bacteria that metabolize
nutrients and precipitate calcium carbonate to repair the cracks. The third mechanism of chemical healing uses micro
capsules or vascular networks placed in the concrete to release sealing agents when cracks are generated. These new
approaches make concrete structures stronger and longer-lasting.

2.1. Autogenous Healing

Autogenous healing is the capability of concrete without any external healing mechanism to automatically repair small
cracks. This mechanism usually depends on hydration of some unreacted cement particles and crystallization of
calcium hydroxide or other compounds within the crack. Whenever water enters into a crack, it acts on these dormant
particles, hence producing more calcium silicate hydrate (C-S-H) gel. This gel fills in the crack and restores its
structural integrity to the material [7]. In addition to that, dissolution and then precipitation of calcium carbonate may
play a role in crack healing. Eventually, it forms solid calcium carbonate crystals filling the crack by ions from the
concrete matrix getting together with the carbonate present in water. Natural procedure is more efficient in regions of
constant moisture and usually only occurs in small cracks not exceeding 0.2 mm in width. Various SCMs such as fly
ash, slag, and silica fume have augmented autogenous healing by including extra reactive particles for the hydration
process and enhancing capability for sealing cracks [8].

2.2. Biogenic Healing

Biogenic healing utilizes microorganisms, which are usually bacteria, to mend cracks in concrete. These bacteria are
then embedded in the concrete matrix upon mixing and only become activated once water penetrates the cracks. The
bacteria then metabolize certain nutrients, such as calcium lactate, introduced into the concrete mix. This metabolic
process causes the precipitation of calcium carbonate, a strong mineral that fills up the cracks and strengthens the
concrete [9]. Bacteria that can be utilized in biogenic healing such as Bacillus subtilis or Bacillus megaterium, are
preferred because they thrive well within the hostile alkaline concrete environment. To protect the bacteria from
possible damage during mixing and make them survive longer, encapsulation into lightweight aggregates, silica gel,
or polymeric shells is commonly adopted. This form of healing is particularly advantageous in areas exposed to more
moisture or aggressive chemicals such as marine structures or wastewater treatment plants where it repairs cracks but
at the same time protects against corrosion and chemical entry [10].

2.3. Chemical Encapsulation Techniques

Chemical encapsulation is the incorporation of micro capsules or vascular networks containing healing agents within
the concrete matrix. This system is designed to have the healing agents released at a crack, which triggers the chemical
reaction that seals the crack and restores the concrete's mechanical properties. Micro capsules are small spherical
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containers filled with agents like epoxy resin, polyurethane, or silica gel. The propagation of the crack across the
concrete will break down micro capsules that could, in turn release agent that will be involved into filling the crack.
This liquid combines with moisture or chemicals that are in the environmental so that a solid type bonding is created
hence resulting to sealing the crack from both sides. The presented crack healing method is versatile, accommodating
vast crack sizes and variable environments. Vascular networks represent an extension of the encapsulation concept,
as they imitate biological systems. Interconnected tubes or channels, filled with healing agents, make up these
networks. When a crack intersects a vascular channel, the agent flows into the damaged area, sealing the crack and
potentially providing ongoing repair capabilities. Vascular networks are very beneficial for large structures in which
cracks may develop over long periods and may need to be repaired repeatedly or continuously [11, 12]. Table 1
compares three self-healing mechanisms in concrete: Autogenous Healing relies on natural hydration; Biogenic
Healing uses bacteria to produce calcium carbonate; and Chemical Encapsulation releases healing agents through
micro capsules or vascular networks to heal cracks of all sizes.

Table 1 Comparative Analysis of Self-Healing Mechanisms in Concrete [7-12]

Aspect Autogenous Healing Biogenic Healing Chemical Encapsulation
Mechanism Natural hydration of unreacted Utilizes bacteria to Release of healing agents
cement particles and metabolize nutrients and via micro capsules or
crystallization of calcium produce calcium carbonate. vascular networks.
hydroxide.
Activation Presence of moisture (water Water activation of Crack propagation
Trigger entering cracks). dormant bacteria. ruptures micro capsules or
channels.
Healing Material | Calcium silicate hydrate (C-S- Calcium carbonate Chemical agents such as
H) gel and calcium carbonate. precipitated by bacterial epoxy resin, polyurethane,
metabolism. or silica gel.
Crack Size Effective for small cracks (< Suitable for small to Versatile; addresses small
Limitation 0.2 mm). medium cracks. to large cracks.
Environmental Requires consistent moisture Effective in moist and Adaptable to various
Suitability for activation. chemically aggressive environmental conditions.
environments.
Durability and Limited to natural processes | Long-lasting with enhanced | Effective for repeated or
Longevity and slower healing. durability due to calcium large-scale repairs;
carbonate formation. customizable for long-
term use.
Enhancements Supplementary cementitious | Encapsulation of bacteria in Integration of vascular
materials (SCMs) like fly ash silica gel, polymers, or networks for continuous
or silica fume. lightweight aggregates. healing.
Application General concrete structures Marine structures, Large-scale structures
Areas with small cracks. wastewater treatment requiring continuous or
plants, or chemically repeated
aggressive areas.

3. Applications Of Self-Healing Concrete in Infrastructure

Self-healing concrete is very suitable for infrastructure projects like bridges, tunnels, roads, and buildings where
durability and longevity are important. It has many benefits, including extending the service life of structures, reducing
maintenance and repair costs, and enhancing sustainability by reducing the amount of new construction materials
needed and the generation of waste. It also contributes to environmental sustainability. Self-healing concrete reduces
the demand for new construction materials and minimizes waste generation, while self-sensing concrete optimizes
maintenance and repairs, reducing material wastage [13].
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Self-healing concrete has the potential to heal itself after a crack appears automatically and reduce the maintenance of
the structure. However, many researchers have studied this concept in the laboratory, but not in the same environment
and construction for large scales. In one of the studies, the addition of the bacterial agent (MUC+) took place in both
the admixture and concrete mixer. This was later taken to the site where construction work was being carried out in
order to make use of its self-healing property 42 for the roof slab. Results show that, in this experiment, there is an
increase in the amount of water necessary to trigger the formation of CaC0O; by bacteria. There is a noticeable
improvement in capillary water absorption after self-healing. Notably, after a year of casting, there were no observed
cracks in the bottom of the slab room [14]. The application of self-healing concrete has also been exemplified by the
results of case studies in underground engineering. From the obtained data, the researchers prove that the cracks which
received the healing mechanism after the 28-day curing time show the evident healing effect. However, in this
research, the sidewall is said to have the most prone place for crack generation and can be considered challenging in
cracking prevention. In addition, no negative impact on compressive strength, adiabatic temperature rise, and drying
shrinkage was found in the experiment. Moreover, it should be mentioned that the cracks are filled with calcite [15].
Self-healing concrete is one of the most trans formative materials in modern infrastructure, as it addresses the long-
standing problems of maintenance and durability. Its applications in transportation infrastructure, such as roads,
bridges, and highways, are particularly impactful. These structures endure constant stress from traffic loads,
environmental factors, and material aging, leading to frequent cracking and deterioration. Self-healing concrete
autonomously repairs micro-cracks, minimizing water infiltration and reducing the frequency of repairs. According
to [16], this leads to considerable cost savings and low downtime for users of the infrastructures, thus making self-
healing concrete a perfect selection for high-traffic sections. A notable real-world application is documented in
Belgium, where a large-scale pilot project utilized bacteria-based self-healing concrete (with Bacillus species
encapsulated in expanded clay particles) for the construction of a roof slab. After one year of monitoring, the structure
exhibited no visible cracks and demonstrated a significant reduction in capillary water absorption, validating its
effectiveness in an actual building environment and confirming the long-term feasibility of this technology for
structural elements [17]. Furthermore, trials on highway sections in the Netherlands have incorporated microcapsule-
based self-healing agents, showing a measurable reduction in crack propagation and maintenance interventions over
a three-year period, underscoring its potential for extending the service life of transportation networks [18].

Through preserving the strength of these essential assets, self-healing concrete adds safety and reliability over the long
term. In the construction of sustainable housing and buildings, self-healing concrete enhances the structural durability
because it addresses cracks that compromise function and aesthetics. Its self-healing repair capabilities ensure the
sustainability of wall and foundation parts, especially in changing environmental conditions. It was observed by [19]
that self-healing concrete contributes to sustainable development goals because it minimizes the consumption of repair
materials and saves resources over the lifetime of a building, hence aligning with green construction practices.

Marine and seismic zones are ideal for self-healing concrete due to its unique characteristics. Marine environments,
in particular, expose structures like piers and offshore platforms to corrosive elements, like saltwater, which affects
the conventional concrete. The self-healing concrete would prevent the entry of deleterious substances into it, thereby
protecting the reinforcement and prolonging service life. Similarly, in a seismic zone where continuous movement of
the ground causes stresses and cracks, self-healing mechanisms would ensure structural resiliency. It focused on the
potential of MICP to mitigate damage and decrease repair costs in such extreme conditions [20]. Practical
implementations in marine settings include the use of biogenic self-healing concrete in tidal zone repairs for a dock
structure in the United Kingdom. The incorporation of alkali-resistant bacteria (Bacillus pseudofirmus) led to the
autonomous sealing of microcracks caused by saltwater crystallization, thereby reducing chloride ingress and
protecting reinforcement steel [21]. In seismic-prone regions, a pilot project in Japan integrated vascular network
systems filled with silicate-based healing agents into the concrete of a small bridge abutment. Following a series of
minor tremors, the system successfully delivered healing agent to nascent cracks, preserving structural integrity and
demonstrating a proactive approach to resilience in areas subject to ground movements [22].

Figure 3 summarizes the applications and benefits of self-healing concrete across the different sectors, including
special environments, transportation infrastructure, sustainable housing, and first laboratory studies. These categories
emphasize its versatility and effectiveness in enhancing durability and sustainability in construction. Table 2
summarizes the key application areas of self-healing concrete, detailing the specific challenges addressed and the
resulting benefits. In transportation infrastructure, such as roads, bridges, and highways, self-healing concrete
autonomously repairs cracks induced by traffic loads and environmental stress, thereby reducing water infiltration,
minimizing repair frequency, and lowering user downtime, which aligns with findings on its long-term cost-
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effectiveness and reliability in high-traffic settings [23]. For sustainable housing and buildings, the material enhances
longevity by addressing cracks that compromise structural integrity and aesthetics, thereby reducing the consumption
of repair materials and supporting green construction objectives [24]. In marine environments, where structures are
exposed to corrosive saltwater, self-healing concrete prevents the ingress of harmful substances, protects
reinforcement from degradation, and significantly extends service life, as highlighted in studies on its performance in
aggressive conditions [25]. In seismic zones, the material ensures resilience through autonomous crack repair
following ground movements, reducing both damage extent and repair costs [25]. Finally, in underground engineering,
self-healing concrete demonstrates visible crack recovery, preserves compressive strength, and mitigates deterioration
in challenging subsurface conditions, as evidenced in case studies on underground structures [15].
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Fig. 3. Applications and Benefits of Self-Healing Concrete

Table 2: Applications of Self-Healing Concrete in Infrastructure

Application Area Challenges Addressed Benefits of Self-Healing Concrete
Transportation Cracking due to traffic loads, Autonomous repair reduces water
Infrastructure environmental stress, and material aging. infiltration, lowers repair frequency, and

minimizes downtime.
Sustainable Housing Cracks compromising aesthetics, Enhances longevity, reduces repair material
& Buildings functionality, and structural integrity usage, and supports sustainable
over time. construction goals.
Marine Exposure to corrosive saltwater leading Prevents harmful substance ingress,
Environments to reinforcement degradation and protects reinforcement, and extends
concrete damage. structure life span.
Seismic Zones Frequent ground movements causing Ensures resilience through autonomous
stress, cracking, and structural crack repair and reduces repair costs.
weakening.
Underground High risk of cracking in sidewalls and Demonstrates visible crack recovery,
Engineering structural components. preserves compressive strength, and
reduces deterioration.
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4. Sustainability Impacts of Self-Healing Concrete

Self-healing concrete makes a significant contribution to carbon emission reduction and raw material conservation in
the construction industry, addressing key sustainability challenges. Traditional concrete production is one of the
largest sources of global CO, emissions, mainly due to the energy-intensive production of cement, a main ingredient
in concrete. The manufacturing process of cement releases significant amounts of carbon dioxide through both
chemical reactions and the burning of fossil fuels. Self-healing concrete mitigates these emissions by extending the
lifespan of concrete structures, reducing the need for frequent repairs and the production of additional materials [19].
Self-healing concrete seals cracks autonomously and stops further deterioration, thus minimizing the need for
replacement materials such as mortar and aggregates, which also contribute to the environmental footprint of
construction projects. This reduces the overall demand for raw materials, thereby conserving natural resources such
as limestone and clay. Regarding embodied energy, life-cycle assessments reveal that self-healing concrete can
achieve embodied energy savings of 15-25% compared to conventional concrete, primarily due to extended service
life, reduced material replacement, and the incorporation of industrial by-products such as fly ash and slag, which
lower the energy intensity of production. In addition, supplementary materials such as fly ash or slag in the production
of self-healing concrete improve environmental efficiency as they use industrial by-products which otherwise
contribute to waste [20].

In addition, the utilization of self-healing concrete in massive infrastructure projects reduces the carbon footprint
during the entire life cycle of the structure. For instance, the resistance of bridges, highways, and marine structures
constructed using self-healing concrete against environmental stressors and chemical attacks for a longer period means
less frequent energy-intensive maintenance activities. This supports global climate goals by promoting low-carbon
solutions in construction and minimizing the environmental impact of the built environment. Therefore, self-healing
concrete is a trans formative step toward achieving sustainable development in the construction sector [21].

4.1. Long-Term Cost-Effectiveness Through Reduced Repairs

Self-healing concrete has a significant long-term cost-effectiveness by reducing the number of repairs and the
associated costs over the structure's lifetime. Conventional concrete requires frequent maintenance, especially in the
case of cracks and damage resulting from environmental stressors, mechanical loads, or natural aging. These repairs
are not only costly but also cause a loss of functionality of critical infrastructure such as roads, bridges, and buildings.
These issues are mitigated in self-healing concrete as micro-cracks are repaired by the material itself without further
interventions to prevent damage propagation and the need for frequent maintenance [22]. Financial savings will be
most pronounced in high-volume projects, as costs to maintain can make up a large percentage of life cycle
expenditures. By providing prolonged durability to structures and reduced needs for repair, self-healing concrete helps
lower labor costs, material expenses, and downtime that usually happens in traditional maintenance approaches. For
instance, self-healing concrete roads and highways tend to be serviceable for extended periods without expensive
resurfacing or reconstruction [23]. Studies indicate that self-healing concrete can reduce maintenance cycles by
approximately 30-50% over the service life of infrastructure, as demonstrated in large-scale applications where
autonomous repair significantly diminishes the frequency of interventions. Furthermore, the indirect economic
benefits of reduced repairs are associated with lower environmental costs in terms of reduced energy consumption and
emissions related to repair activities. This further contributes to a more sustainable and cost-effective construction life
cycle that supports the overall goals of resource conservation and financial optimization. Therefore, self-healing
concrete not only addresses structural sustainability but also provides compelling long-term economic benefits for
public and private infrastructure projects [24].

4.2. Contributions To Circular Economy Principles in Construction

Self-healing concrete greatly contributes to the circular economy principles in construction by improving resource
efficiency, reducing waste, and prolonging the lifespan of infrastructure. In a linear economy, the construction process
largely relies on the extraction of raw materials, production, and then disposal, thereby contributing significantly to
resource depletion and waste generation. Self-healing concrete breaks with this pattern since it lets structures self-heal
the damage they may incur, thereby minimizing the need to input new materials and reducing, over time, the amount
of construction debris. It is, among other important contributions, extending the functional lives of buildings and
infrastructure by its very nature. It minimizes the requirement for demolition and reconstruction, both of which are
resource-intensive and environmentally damaging processes. This is in line with the principle of circularity that
ensures materials and structures are used for as long as possible [25, 26]. Figure 4 describes the sustainability benefits
of self-healing concrete, especially in its key contributions towards carbon emission reduction, conserving raw
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materials, saving costs, and being aligned to the principles of circular economies. These elements combine to advance
its role in durable and sustainable construction practices.

Carbon
Emission
Reduction

Circular Self-Healing Raw Material
Economy Conservation
Contributions Concrete

Cost-
Effectiveness

Fig. 4. Sustainability Benefits of Self-Healing Concrete

Moreover, self-healing concrete typically contains supplementary cementitious materials, like fly ash or slag, by-
products of industrial processes. The technology, in this sense, reuses these industrial by-products in the mix, thus
reducing virgin raw material usage, waste generation, and environmental impact of construction. Again, the
autonomous repair mechanisms are said to reduce maintenance cycles, saving resources that might otherwise be used
for the repair materials and energy used [27]. By aligning construction practices with circular economy principles,
self-healing concrete supports sustainable development goals and reduces the environmental impact and fosters a more
resilient and efficient built environment. Its adoption marks an important step toward a regenerative approach in
construction where resources are conserved and utilized more effectively through the entire life cycle of a structure
[28]. Table 3 provides a detailed comparison of the traditional concrete and self-healing concrete along three critical
dimensions of sustainability: carbon emissions and raw material usage, long-term cost-effectiveness, and contributions
to circular economy principles. It shows how self-healing concrete is ahead of the traditional concrete by providing
environmental, economic, and resource efficiency benefits. This innovation aligns with global sustainability goals,
reduces the environmental footprint of construction, and introduces regenerative practices to the industry.

Table 3 Comparison based on Sustainability Impacts of Self-Healing Concrete [21-30]

Aspect

Traditional Concrete

Self-Healing Concrete

Sustainability Goals

Reduction of
Carbon
Emissions and
Raw Material
Usage

Traditional concrete

production is characterized by
high CO; emissions because
of the energy-intensive

process of cement

manufacturing. Maintenance

is also frequent, which

increases emissions because
new materials and energy are

required.

Self-healing concrete reduces
emissions by significantly
extending the lifespan of
structures, decreasing the need
for frequent repairs and
replacement materials. The use of
industrial by-products, such as fly
ash and slag, further enhances its
environmental efficiency by
substituting virgin raw materials.

Aligns with global
climate targets by
promoting low-carbon
solutions, reducing raw
material extraction, and
encouraging the use of
recycled components in
construction.

Long-Term
Cost-
Effectiveness
Through

Traditional concrete needs
regular maintenance for
cracking and wear, and it has
a high life cycle cost. This
includes labor, materials, and

Self-healing concrete heals
cracks autonomously thus not
requiring frequent maintenance.
Self-healing concrete also
reduces the long-term indirect

Enhances cost-
efficiency by
optimizing resource
use over the structure’s
life cycle, ensuring
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Reduced operational disruption costs, costs of repair and downtime. financial sustainability
Repairs adding to the overall cost of Apart from that, it even reduces alongside
ownership of infrastructure. indirect costs in connection with | environmental benefits.
energy consumption and
emission during repair activities.

Contributions The traditional concrete Self-healing concrete contributes | Fosters a regenerative
to Circular approach, based on the linear to circular economy through construction model by

Economy economy, results in elongation of the functional conserving resources,

Principles significant waste generation lifetime of structures and reducing waste, and

and reliance on virgin
resources. Frequent repairs
lead to increased material
consumption and construction
debris disposal, which puts a

infrastructure. Its mechanism of
autonomous repairs minimizes
material waste as well as
consumption of virgin resources.
The incorporation of industrial

maximizing the
usability of materials
throughout the life
cycle of infrastructure
projects.

strain on landfill capacities
and natural ecosystems.

by-products in its composition
further contributes to resource
efficiency and waste reduction.

5. Barriers and Challenges in The Adoption of Self-Healing Concrete

Self-healing concrete is one of the many breakthrough materials with unique advantages in durability and
sustainability while saving a ton in long-term costs; yet, its uptake remains low. Its use to transform the way things
are done in this construction industry is severely opposed due to economic, technical, and regulatory barriers of its
application. These issues are critical to unlock the full potential of self-healing concrete and ensure it plays a role in
building resilient and sustainable infrastructure. Below are the primary barriers and challenges associated with its
adoption [33]

5.1. high Initial Costs and Scalability Concerns

Since the cost drives the construction industry and the initial cost of the self-healing concrete has to be a bit on the
higher side than normal concrete, this affects their willingness negatively regarding taking risks. Specifically,
innovations in the construction sector often require huge initial investments, and while the effects take a relatively
longer period to mature and, hence, cost forms a prime barrier for new technologies implementation. The construction
sector being cost-sensitive, it gets tough for manufacturing companies to sell their product. Cost is a big barrier for
the self-healing concrete to be adopted in the market because the clients concentrate on the price of the volume of the
concrete instead of the cost over the life cycle. To compete in this market, a convincing cost benefit analysis is
required, but even then, the initial increased cost may be a hurdle [34].

5.2. Limitations In Current Self-Healing Mechanisms

The efficiency of self-healing concrete is limited due to the lack of good mechanisms. For instance, bacterial induced
healing hinges upon the survival of the bacteria within the concrete matrix, which is adversely susceptible to
environmental conditions or moisture variability exposure over time. On the other hand, the chemical encapsulation-
based approach depends on the integrity of the micro capsules themselves. They may degrade, break, or fail to produce
adequate healing agents once cracks start developing. These technical limitations often reduce the reliability of self-
healing processes, especially in large-scale or harsh environmental applications, requiring further advancements in
material science and technology [35].

5.3. Regulatory And Standardization Hurdles for Widespread Use

The lack of clear standards and regulatory frameworks is a significant challenge with regard to self-healing concrete.
Without established benchmarks to assess performance, the potential benefits offered by the material often invite
skepticism from engineers, architects, and policymakers. Traditional construction codes are formulated with regard to
traditional concrete, thereby complicating the process of certifying and integrating self-healing materials in critical
infrastructure projects. This regulatory oversight gap holds up market adoption and thus reduces the availability of
self-healing concrete for further utilization. It is important to create standard testing methods and standard procedures
for certification to build up the confidence in its capacity [36]. Table 4 below compares the most common barriers to
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the utilization of self-healing concrete in detail. The challenges have been categorized into economic, technical, and
regulatory factors. The implications and probable solutions for the challenges are noted. It would focus more on the
need for special interventions to overcome these problems and realize the full potential of this new material in modern

construction.
Table 4 Barriers and Challenges in the Adoption of Self-Healing Concrete [33-36]
Barrier Description Implications Potential Solutions
High Initial The initial cost of self-healing | Clients and contractors | Conduct detailed lifecycle
Costs and concrete is significantly higher | prioritize upfront costs | cost-benefit analyses to
Scalability due to the incorporation of | rather than long-term life | demonstrate long-term
Concerns advanced materials, such as | cycle savings. This limits | savings. Encourage
micro capsules, bacteria, or | adoption, particularly in | investment in scalable
specialized agents. The | cost-sensitive markets, and | manufacturing techniques

manufacturing process is not yet
optimized  for  large-scale
production, leading to limited
economies of scale.

creates  challenges  for
manufacturers to establish a
foothold.

and partnerships with
stakeholders to reduce
production costs.

materials, thus no set pathways
for certification for self-healing
technologies.

market entry.

Limitations in Existing mechanisms, such as | These limitations reduce the | Increase research and
Current bacteria-based self-healing or | reliability and effectiveness | development efforts to
Mechanisms chemical encapsulation, face | of self-healing concrete in | enhance the resilience and
technical constraints. Bacteria- | diverse applications, such as | efficiency of self-healing
based methods rely on | marine or extreme | mechanisms. Improve
environmental conditions like | environmental conditions. It | materials and systems that
moisture for activation, which | also creates uncertainty | would be able to function
may not be consistently | about the material's ability | at various environmental
available. Encapsulation | to perform consistently over | conditions and greater
methods may degrade during | the long term. lifespans.
mixing or fail to release healing
agents effectively over time.
Regulatory and | Lack of industry-wide testing | This  non-standardization | Collaborate =~ with  the
Standardization | protocols and  regulatory | discourages engineers, | relevant industry
Hurdles frameworks gives uncertainties | architects, and  policy | stakeholders, research
to the performance and | makers from adopting or | institutions, and
durability  of  self-healing | specifying self-healing | policymakers to create
concrete. Existing construction | concrete in  large-scale | standardized
codes and guidelines are | projects. This decreases | methodologies for testing
designed based on traditional | confidence and slows down | and procedures of

certification. Advocate the
addition of self-healing
materials into construction
codes.

6. Conclusions

This review demonstrates that self-healing concrete offers a transformative approach to enhancing infrastructure
durability and sustainability. Through autogenous, biogenic, and chemical encapsulation mechanisms, the material
autonomously repairs cracks, extending service life and reducing resource consumption. Its applications in
transportation, housing, marine, and seismic projects underscore its versatility and potential to support circular
economy goals. However, economic, technical, and regulatory barriers—including high initial costs, mechanism
reliability, and lack of standardization—limit widespread adoption. Future efforts should focus on improving healing
efficiency, scaling production, and establishing performance standards. Overcoming these challenges will enable self-
healing concrete to play a pivotal role in the development of resilient, sustainable infrastructure.
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