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Abstract:

Self-healing concrete (SHC) has emerged as a sustainable and innovative material. It aims to improve the durability and
lifespan of reinforced concrete structures. Conventional concrete can develop microcracks, which allow harmful agents
like chlorides, sulfates, and carbon dioxide to enter. This results in reinforcement corrosion and structural decay. These
problems increase maintenance costs and shorten the life of concrete structures. Therefore, creating materials that can
heal themselves is essential for sustainable infrastructure. Recent developments in SHC focus on adding self-repair
mechanisms within the cement matrix. Bacteria-based methods use microbial activity to produce calcium carbonate. This
effectively seals cracks and restores structural strength. Encapsulated chemical agents, which are found in microcapsules
or networks, activate when cracks occur. These agents fill voids and restore mechanical continuity. Fiber reinforcement
strategies help control crack growth and improve healing efficiency. Combining these methods helps SHC maintain its
durability and mechanical performance while reducing maintenance needs. Experimental studies and field tests have
shown SHC's effectiveness in various environments, including transportation infrastructure, marine structures, and high-
performance buildings. Both lab tests and real-world applications indicate that SHC can significantly repair cracks under
different conditions. This offers better structural resilience and extends service life. These studies also show that SHC

can lower lifecycle costs, material use, and environmental impact.

Keywords: Self-healing concrete; Autogenous healing; Microencapsulation, Bacterial concrete; Durability,

Sustainable construction; Crack sealing.

Introduction

Concrete is the most commonly used construction material in the world. However, its brittleness and tendency to crack
are serious issues for long-term durability. Micro cracks, even if they are not visible, can allow water, carbon dioxide,
chlorides, and sulfates to seep into the cement mixture. This process speeds up the corrosion of embedded reinforcement.
As a result, the infrastructure deteriorates faster, leading to shorter service life, more maintenance, and high costs for
infrastructure owners. To tackle these issues, the idea of self-healing concrete (SHC) has emerged. SHC is concrete that

can repair its own micro cracks, restore its functionality and extend its lifespan without any outside help. This concept
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draws inspiration from nature, like how the human body automatically heals wounds. It has gained popularity in recent
years as a sustainable option compared to traditional maintenance methods. Self-healing mechanisms in concrete are
generally divided into autogenous healing and autonomic healing. Autogenous healing depends on the natural hydration
of unreacted cement particles and the formation of calcium carbonate when cracks meet moisture. Autonomic healing,
however, involves intentionally adding healing agents like encapsulated chemicals, bacterial spores, or fibers that activate
repair when cracks occur. Both methods show great promise, although their success depends on environmental factors
and the materials used.

Figure 1. Overview of the self-healing mechanism in concrete.
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One major area of research focuses on bacterial-based self-healing concrete. In this method, specific strains of bacteria
mix with nutrients and are embedded in the concrete. When cracks form and water seeps in, the bacteria activate and
produce calcium carbonate to seal the crack. Another approach uses microencapsulation of healing agents. In this case,
capsules filled with polymers, adhesives, or sodium silicate break open when cracks occur, releasing their contents to
bond the damaged surfaces. Fiber reinforcement also helps control cracks and aids in healing by reducing crack widths
to a point where self-repair can happen. Recent studies show that these methods can significantly improve crack-sealing
effectiveness, watertightness, and overall structural performance. Laboratory tests and field applications have
demonstrated the potential of self-healing concrete in important areas like bridges, tunnels, offshore platforms, and high-
rise buildings. Besides durability, self-healing concrete supports sustainability by lowering cement use, reducing carbon
emissions, and decreasing repair frequency. Despite these advancements, challenges still exist for large-scale use. The
costs of healing agents, performance variability in different conditions, and compatibility with standard construction
methods need solutions before self-healing concrete can become common.

Research efforts continue to refine mix designs, improve the lifespan of healing agents, and ensure that the technology

is affordable. In summary, self-healing concrete represents a significant change in material science and civil engineering.
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By merging biological, chemical, and mechanical innovations, self-healing concrete offers a way to create strong and
sustainable infrastructure. The following sections will review recent research papers, highlight real-world applications,
discuss implementation strategies, and examine the benefits and drawbacks of this emerging material. Self-healing
concrete has become an innovative solution for increasing the durability and lifespan of concrete structures. Unlike
traditional concrete, which develops cracks over time due to environmental stress, loads, or shrinkage, self-healing
concrete contains healing agents such as bacteria, polymers, or mineral-filled microcapsules. When cracks appear, these
agents activate and trigger chemical reactions that seal the cracks on their own. This process reduces structural damage

and maintenance costs, providing a cost-effective and sustainable option for modern construction.

Literature Review

Bacteria-Based Self-Healing Concrete

One of the earliest and most studied methods for self-healing concrete uses bacteria as a healing agent. This idea, known
as “bio-concrete,” depends on the metabolic activity of bacteria that produce calcium carbonate within cracks. When
added to concrete, these microorganisms stay dormant until cracks appear. Then, water and oxygen activate them to begin
the healing process. Jonkers et al. (2010) [3] showed that some Bacillus species work particularly well because they can
survive in the highly alkaline conditions of concrete. Once activated, these bacteria help create calcium carbonate, which
seals cracks and restores impermeability. Their research showed that bio-concrete could extend the service life of
structures without frequent repairs Jonkers, 2010 [1]. Later studies have aimed at improving how bacteria survive within
concrete. Techniques like encasing bacterial spores in lightweight aggregates, silica gel, or hydrogels have been suggested
to keep them viable for longer periods. Researchers also focus on optimizing nutrient carriers to supply enough resources
for bacterial activity once cracks develop Wang et al., 2012 [2]. These advancements show that bacterial self-healing is

both practical and effective for repairing microcracks, although challenges still exist in fixing larger structural cracks.

Chemical-Based Healing Methods

Alongside biological strategies, chemical approaches have been developed to improve the self-healing ability of concrete.
These methods mainly involve embedding chemical agents in microcapsules, hollow fibers, or super absorbent polymers
that release their contents when cracks form. Yang et al. (2015) studied encapsulated polymers and calcium-silicate
microcapsules. They showed significant improvements in crack sealing efficiency and mechanical recovery. Their results
indicated that chemical-based healing offers a more controlled release compared to bacterial methods. This allows for
tailored responses under different environmental conditions Yang et al., 2015 [3]. Superabsorbent polymers (SAPs) are
another promising chemical-based solution. When added to concrete, SAPs can absorb water from the environment and
swell to physically block cracks. At the same time, they create localized reservoirs of moisture that encourage continued
hydration of unreacted cement particles, improving autogenous healing Mechtcherine et al., 2017 [4]. These chemical
methods are reliable and flexible, especially in environments where biological activity may be low. However, the cost of
advanced encapsulation technologies and potential decreases in concrete strength are challenges for large-scale use.
Nanotechnology and Advanced Materials
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Sustainable and Eco-Friendly Approaches

In recent years, sustainability has become a key focus in self-healing concrete research. The construction industry
contributes significantly to global carbon emissions. Mahadeva et al. (2020)[11], Previous studies have extensively
investigated the use of Textile Reinforced Mortar (TRM) systems as an effective alternative to Fibre Reinforced Polymer
(FRP) composites for structural strengthening, demonstrating improved compatibility and durability. However, limited
research has focused on the incorporation of natural fibre textiles in TRM systems, particularly evaluating their
mechanical performance and potential as sustainable, low-cost alternatives to synthetic fibers. Integrating self-healing
mechanisms with eco-friendly practices is essential for long-term environmental benefits. Several studies have looked
into using industrial by-products like fly ash, ground granulated blast furnace slag (GGBFS), and recycled aggregates in
self-healing concrete systems. These materials reduce the dependence on Portland cement, which lowers the carbon
footprint. They also improve durability when paired with healing agents. Rajiv et al. (2020) [12], Several studies have
explored the use of industrial by-products such as Ground Granulated Blast Furnace Slag (GGBFS) and copper slag as
sustainable alternatives to cement and natural river sand in concrete, aiming to reduce environmental impact and resource
depletion. Previous research has shown that incorporating these materials can enhance the mechanical and durability
properties of Self-Compacting Concrete (SCC) while promoting waste utilization and cost efficiency. Zhang et al. (2021)
[5] found that using bio-based healing agents with fly ash increased crack-selling efficiency while supporting eco-friendly
construction practices. Their study showed that combining waste materials and biological healing systems could create a
more sustainable and cost-effective self-healing concrete Zhang et al., 2021 [5]. These sustainable methods support the
broader aim of green construction. They illustrate how self-healing concrete can not only extend service life but also

tackle important environmental issues.

Nanotechnology and Advanced Materials

The rise of nanotechnology has transformed research on self-healing concrete. Researchers have added nanoparticles like
nano-silica, nano-alumina, and nano-calcium carbonate to cement mixtures to improve the healing process and the
strength of concrete. For instance, nano-silica reacts with calcium hydroxide produced during cement hydration to create
more calcium silicate hydrate (C-S-H), which speeds up healing. These nanoparticles also refine pore structures, making
concrete denser and less permeable (Snoeck et al., 2015) [6]. Additionally, nano-enhanced self-healing systems can close
microcracks more effectively than traditional methods. The increased reactivity and surface area of nanoparticles lead to
quicker formation of healing products. This is especially important for critical structures like highways, bridges, and
tunnels where durability matters (Alghamri et al., 2016) [7].By combining nanotechnology with either bacterial or

chemical healing methods, researchers are working to create hybrid systems that offer better efficiency and durability.

Practical Implementation and Long-Term Performance
While laboratory studies have shown the potential of self-healing concrete, turning these results into real-world uses poses

several challenges. Researchers have carried out field trials and accelerated aging tests to assess long-term performance
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under environmental stresses like temperature changes, wet-dry cycles, and chemical exposure. The results show that
self-healing concrete is especially good at sealing microcracks, which helps prevent water from getting in and slows down
the corrosion of steel reinforcement Van and De Belie (2013) [8]. However, healing larger cracks is still a major limitation.
The amount of healing agents used, its distribution in the concrete, and the width of the cracks are all key factors that
affect how well it works. Economic viability is also crucial for real-world use. Even though the initial costs of self-healing
concrete might be higher because of special additives, lifecycle analyses indicate that lower maintenance costs and a

longer service life could balance out these expenses over time Silva et al., (2015) [9].

Integration of Multiple Approaches

A notable trend in recent literature is the combination of different self-healing strategies into hybrid systems. By merging
biological, chemical, and nano technological methods, researchers aim to improve crack-healing efficiency, structural
durability, and sustainability.

For instance, encapsulating bacterial spores with nano materials in a cement matrix could provide both biological and
physicochemical healing. Likewise, pairing superabsorbent polymers with supplementary cement materials can deliver
both mechanical recovery and environmental benefits Snoeck and De Belie, (2015) [10]. This interdisciplinary approach
shows the growing agreement that no single healing method can solve all issues. Instead, hybrid solutions may offer the
most promise for practical use, providing transformative potential for modern construction practices.

(Source: Google)
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Figure 2. Representation of several self-healing strategies.

Applications Of Self-Healing Concrete

Self-healing concrete is commonly used in bridges and highways, where cracks from traffic loads and environmental
stress often occur. This type of concrete lowers maintenance needs lengthens the life of structures and ensures safety. For
example, microcracks in bridge decks can heal on their own, stopping water from getting in and preventing corrosion of

steel reinforcements. Tunnels and Underground Structures In tunnels, subways, and underground pipelines, water leakage
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is a significant issue. Self- healing concrete stops seepage by sealing cracks automatically as they form. Bacterial and
chemical healing agents work well in underground settings where repairs are hard to reach, lowering long-term
maintenance costs. Marine structures, like piers, jetties, and sea walls, face tough conditions, including saltwater, waves,
and changing tides. Self-healing concrete guards against corrosion caused by chlorides and prevents structural damage.
It fills in cracks on its own, which improves durability and cuts down repair needs in these costly and risky settings.
Industrial floors experience heavy machinery loads and chemical exposure, leading to frequent cracking. Self-healing
concrete is applied in industrial buildings and warehouses to prevent deterioration, reduce downtime for repairs, and lower
long-term maintenance expenses. In residential and commercial buildings, self-healing concrete improves structural
reliability and reduces maintenance needs. Using bio-based or chemical healing agents ensures that minor cracks from

shrinkage or temperature changes are repaired automatically, keeping up aesthetics and durability.

Research Gap and Future Direction

Limited Field Applications
Most studies on self-healing concrete take place in labs, and very few large-scale field tests have happened. Without real-

world use, we cannot know how well these materials perform over the long term.

Crack Size Limitation
Current healing methods work well for microcracks but are not as effective for larger cracks. This limits their use in

heavy-load structures where bigger cracks often appear.

Durability and Long-Term Behavior
There is little evidence on how self-healing concrete lasts over decades, especially in harsh conditions like marine

exposure, freeze-thaw cycles, and chemically aggressive environments.

Lack of Standardization
The lack of widely accepted testing methods makes it hard to compare healing efficiency in different research studies.

Standardization is important for industry use.

Economic Constraints
The high upfront cost of healing agents and complex production methods limit their commercial use. Clear life-cycle cost

analyses are necessary to show long-term economic benefits.

Development of Hybrid Systems

Future research should concentrate on combining bacterial, chemical, and nano-material technologies into hybrid systems.
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These combinations could improve efficiency and broaden the types of cracks that can be healed.

Use of Sustainable Materials
Using bio-based healing agents and industrial by-products can reduce costs, decrease environmental impact, and support

green construction practices.

Implementation

The practical use of self-healing concrete involves a well-rounded approach that combines biological, chemical, and
nanotechnology healing methods within a sustainable framework. Drawing from previous studies, a mixed solution can
be created to tackle the limitations of single method approaches while also improving durability and environmental
performance.

Building on the research of Bacillus spores are enclosed in lightweight aggregates or hydrogels before being mixed with
cement. The spores stay dormant until cracks form and water seeps in, which activates the bacteria's metabolism. Once
activated, the bacteria produce calcium carbonate (CaCOs), sealing microcracks and restoring the concrete's
impermeability. This method works particularly well for cracks narrower than 0.5 mm, ensuring durability in essential
infrastructure projects. At the same time, chemical healing agents are important for boosting the reliability of the self-
healing system. Research showed that encapsulated polymers and calcium-silicate-based microcapsules seal cracks
effectively when triggered by mechanical stress. As cracks occur, the capsules break open and release healing substances
directly into the cracks, forming a protective barrier that strengthens the structure. Superabsorbent polymers (SAPs) also
aid healing by swelling when they contact water, blocking cracks and promoting internal curing. this process not only
restores the material's mechanical strength but also reduces the entry of harmful agents, such as chlorides and sulfates,
that can corrode reinforcement. The addition of nanoparticles speeds up the healing process and boosts the overall
structural performance. show that nanoparticles, like nano-silica and nano-calcium carbonate, enhance hydration
reactions, resulting in denser microstructures and quicker crack closure. Their high reactivity and surface area make
secondary hydration and CaCO; precipitation happen more efficiently than in regular concrete. Consequently,
nanoparticle-enhanced self-healing concrete shows better resistance to microcrack growth and improved long-term
durability, making it ideal for bridges, highways, and tunnels that face constant environmental stress. To promote
sustainability, the system includes supplementary cementitious materials (SCMs) and recycled aggregates, as
recommended By partially substituting Portland cement with fly ash or ground granulated blast furnace slag (GGBFS),
the overall carbon footprint of the material is significantly lowered while maintaining or even enhancing durability.
Furthermore, using recycled aggregates reduces construction waste and supports eco-friendly building practices. Merging
healing agents with sustainable materials ensures that this approach not only boosts performance but also supports global
goals for green building technologies. The implementation process can be seen as a series of steps. First, the materials are
prepared by mixing cement with SCMs and nanoparticles, then adding the encapsulated bacterial spores and chemical
microcapsules. During casting, these agents are evenly distributed throughout the mix to maximize their effectiveness.

When cracks occur from mechanical loading or environmental stress, various healing mechanisms activate at the same
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time: water entry triggers bacterial activity, microcapsules burst and release healing compounds, SAPs swell to close
gaps, and nanoparticles speed up the formation of healing products. Over time, these mechanisms work together to close
cracks, restore structural integrity, and extend the concrete's lifespan.

Figure 3: Implementations of Self -Healing Concrete,

Material Design

(Cement+ SCMs+ Bacteria+ Capsules+ Nanoparticles)

Concrete Casting

(Embedding healing agents)

Crack Formation

(Loading, shrinkage, Environment)

Chemical Capsules | Bacteria Activate ] Nanoparticles

(Release Healing Agents) (CaCO3 Precipitation) (Accelerate Healing)

Healing Process:

Calcitet+ Polymers+ Nano-C-S-H

Restored Structural Performance and

Extended Service Life

This flowchart shows how self-healing concrete works. It includes special materials and healing agents to improve
durability. The process starts with designing the material. Here, cement mixes with supplementary cementitious materials
(SCMs), bacteria, capsules, and nanoparticles. During concrete casting, these healing agents get embedded in the concrete
structure. When cracks form due to loading, shrinkage, or environmental effects, the embedded agents activate. Bacteria
produce

calcium carbonate (CaCOs), chemical capsules release healing compounds, and nanoparticles speed up the healing by
promoting reactions at the crack interface. All these mechanisms work together to help the healing process. This involves
forming calcite, polymers, and nano-calcium-silicate-hydrate (nano-C-S-H) that seal and strengthen the cracks.

This self-healing action restores concrete’s integrity, which improves its structural performance and extends its service
life. In essence, the chart highlights a multi-level approach where biological, chemical, and nanomaterial strategies work

together to make concrete more sustainable and long-lasting.

Summary
Self-healing concrete (SHC) is a new material designed to improve the durability and lifespan of “structures by

automatically repairing cracks. Traditional concrete has microcracks that allow harmful substances to enter, causing
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corrosion and structural damage. SHC addresses this issue by integrating healing mechanisms right into the concrete mix.
Autogenous healing uses unreacted cement that hydrates, while autonomic healing involves added agents like bacteria,
microcapsules, or fibers. Bacteria-based SHC relies on microbial activity to produce calcium carbonate, sealing cracks
when water comes in. Chemical methods involve microencapsulating polymers or silicates that release healing agents
when cracks occur. Fiber reinforcement helps to limit crack width, making self-repair more effective. Nanotechnology
improves SHC by adding nanoparticles that refine pore structures, speed up hydration, and enhance durability.
Applications include bridges, tunnels, highways, marine structures, and industrial floors where maintenance is expensive,
or access is tough. SHC lowers lifecycle costs, lessens environmental impact, and reduces carbon footprint by cutting
cement use and repair needs. Sustainability improves when SHC combines supplementary cementitious materials and
recycled aggregates. Challenges remain in healing larger cracks, ensuring long-term durability in harsh environments,
and reducing costs for commercial use. The lack of standardized testing also slows acceptance in the market. Research
indicates that hybrid systems, which combine biological, chemical, and nanomaterial methods, show the most potential.
In conclusion, SHC marks a significant step forward in civil engineering. It brings together biology, chemistry, and
materials science to create strong and sustainable infrastructure. With more research and optimization, SHC could change

construction practices globally.

Conclusion

Self-healing concrete is an important breakthrough in construction technology. It combines materials science,
microbiology, and nanotechnology to improve the strength and longevity of concrete structures. Research shows that
biological methods, especially those using bacteria, effectively repair micro cracks through calcium carbonate
precipitation. Also, chemical methods like microcapsules and superabsorbent polymers release healing agents in a
controlled way. Nano materials help speed up crack sealing and strengthen the structure. Together, these methods provide
a coordinated approach to automatic crack repair. Adding sustainability to self-healing concrete boosts its potential for
modern building. By using industrial by-products, such as fly ash, slag, and recycled aggregates, hybrid self-healing
systems reduce carbon emissions and promote resource efficiency and eco-friendly practices. This supports global efforts
to encourage green construction while maintaining or improving mechanical performance and durability. By combining
biological, chemical, and nano technological methods, these structures become more resistant to environmental stress and
mechanical loads throughout their lifespan. To implement hybrid self-healing concrete, careful design is essential. This
includes evenly distributing healing agents, properly encapsulating bacterial spores and chemical compounds, and
strategically adding nanoparticles. When cracks occur, activating multiple healing methods bacterial precipitation,
chemical sealing, and nanoparticle densification simultaneously ensures quick closure and restoration of functionality.
Field tests and accelerated aging studies show that these hybrid systems work well for micro cracks, although there are
still challenges in repairing larger cracks and optimizing costs for large-scale use. In summary, self-healing concrete has
the potential to transform the construction industry. It can lower maintenance needs, boost structural durability, and
support sustainable growth. The hybrid method, which combines biological, chemical, and nano technological approaches
in an eco- friendly way, offers the best chance for practical use. Future research should aim to improve healing efficiency
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for larger cracks, scale up production, and assess long-term performance in real-world situations, ensuring this innovative

technology can be widely used in modern infrastructure.
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