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Abstract

Concrete is the most widely used construction material globally, but its inherent brittleness and susceptibility to
cracking significantly reduce structural durability and service life. Microcracks, if left untreated, allow ingress of
water, chlorides, and sulfates, leading to steel reinforcement corrosion and premature structural deterioration. To
address these challenges, the concept of self-healing concrete (SHC) has emerged as a transformative innovation in
civil engineering. Self-healing mechanisms, inspired by natural biological systems, enable concrete to autonomously
repair cracks and restore its functionality without external intervention.

This paper reviews recent advances in self-healing concrete technologies, including autogenous healing, bacterial
healing, encapsulated healing agents, and the incorporation of advanced materials such as polymers and nanomaterials.
The study explores the mechanisms of healing, evaluates performance outcomes from laboratory and field trials, and
analyzes the potential of SHC in extending the lifespan of infrastructure. While SHC offers clear environmental and
economic benefits by reducing repair costs and maintenance needs, its adoption is limited by challenges such as high
initial cost, variability in healing efficiency, and lack of standardization in testing methods. The paper concludes by
highlighting future directions for research, including hybrid healing systems and integration with smart sensing
technologies, to realize the full potential of SHC in sustainable construction.

Keywords: Seclf-Healing Concrete, Bacterial Concrete, Encapsulation, Autogenous Healing, Smart Materials,
Durability

1. Introduction

Concrete underpins modern infrastructure—from buildings and bridges to ports, dams, and transport corridors—but
its widespread utility is tempered by an inherent vulnerability: cracking. Micro- to macro-cracks arise from shrinkage,
thermal and mechanical loading, and environmental actions. Once formed, these discontinuities act as pathways for
water, chlorides, sulfates, and carbon dioxide, accelerating reinforcement corrosion, elevating permeability, and
precipitating premature durability loss. Conventional maintenance is largely reactive (inspection, sealing, patch repair,
overlays), which is costly, disruptive to service, and carbon-intensive over an asset’s life cycle. These realities have
sharpened interest in materials and systems that prevent, arrest, or autonomously repair damage before it propagates.

Self-healing concrete (SHC) addresses this need by embedding healing capacity within the cementitious matrix so
that cracks can seal and performance can be restored with minimal external intervention. Healing can be autogenous—
driven by continued hydration and carbonation in the presence of moisture—or engineered, using strategies such as:
(i) bio-mediated healing where alkali-tolerant bacteria precipitate calcium carbonate within cracks; (ii) encapsulated
healing agents (microcapsules, hollow fibers, or vascular networks) that release polymers or mineral precursors upon
rupture; (iii) crystalline admixtures that promote moisture-activated crystal growth; and (iv) nano-enabled approaches
(e.g., nano-silica, nano-clays, carbon nanomaterials) that densify microstructure and extend the effective healing
range. Properly designed SHC can improve watertightness, slow chloride ingress, and stabilize stiffness and strength
after cracking, thereby enhancing service life and reliability.

Despite these advantages, translation from laboratory success to field deployment is constrained by several factors:
variability of healing efficiency under diverse exposure conditions; long-term viability and uniform dispersion of
biological or chemical agents; possible trade-offs in fresh and hardened properties due to inclusions; compatibility
with steel reinforcement and admixture chemistries; and the absence of universally accepted test methods, acceptance
criteria, and design provisions. Economic considerations (initial material cost versus whole-life savings) and
implementation issues (quality control during batching, curing, and placement) further shape adoption decisions for
owners and contractors.
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Against this backdrop, this paper reviews the state of the art in SHC with three objectives: (1) to synthesize
mechanisms, materials, and delivery strategies for self-healing in cementitious systems; (2) to critically examine
performance metrics—crack width closure, recovery of transport and mechanical properties, and durability indices—
across lab and pilot-scale studies; and (3) to identify deployment challenges and future research directions, including
hybrid healing systems and integration with structural health monitoring for real-time performance verification. The
analysis aims to provide researchers, practitioners, and policymakers with a coherent foundation for specifying,
testing, and scaling SHC in durable, low-maintenance infrastructure.

2. Literature Review

The concept of self-healing concrete (SHC) has evolved significantly over the past two decades, with research
focusing on both naturally occurring phenomena and engineered solutions. The earliest observations of crack closure
in concrete were attributed to autogenous healing, a process driven by continued hydration of unhydrated cement
particles and carbonation of calcium hydroxide in the presence of moisture. While autogenous healing occurs
naturally, it is limited to very fine cracks, typically less than 0.2 mm in width, and is strongly dependent on
environmental conditions such as humidity and temperature. Studies have shown that autogenous healing can improve
the durability of concrete in mild environments but is inadequate in aggressive exposure conditions where wider cracks
and sustained chemical attack compromise structural integrity. As a result, autogenous healing is now often considered
a supplementary mechanism, enhanced through the addition of mineral admixtures or nanomaterials that accelerate
secondary hydration reactions.

To overcome the limitations of natural healing, researchers have explored biological approaches to self-healing,
particularly the use of bacteria that induce calcium carbonate precipitation. This technique, commonly referred to as
bacterial concrete, relies on spore-forming bacteria such as Bacillus subtilis or Sporosarcina pasteurii, which can
survive in the harsh alkaline environment of concrete. When cracks occur and moisture enters, these bacteria become
active and metabolize a supplied nutrient, producing calcium carbonate (CaCOs) that seals the cracks. Experimental
studies have reported significant improvements in water tightness and durability of bacterial concrete, with cracks up
to 0.8 mm being effectively sealed. However, challenges such as the cost of bacterial cultures, maintaining viability
over long service periods, and controlling the uniform distribution of bacteria within the concrete matrix have limited
large-scale implementation.

Another major area of research involves the use of encapsulated healing agents, which are designed to release active
materials upon crack formation. These systems typically involve microcapsules, hollow fibers, or vascular networks
embedded in the concrete matrix. When a crack propagates, the capsules rupture, releasing healing agents such as
epoxy resins, polyurethane, or mineral admixtures that fill the crack and restore mechanical and durability properties.
This approach has shown promising results in laboratory conditions, with multiple cycles of crack healing being
reported in advanced capsule systems. Nonetheless, encapsulation techniques often increase the cost of concrete
production, and the long-term compatibility of synthetic healing agents with the cementitious matrix remains an area
requiring further research.

The incorporation of nanomaterials represents another innovative strategy to enhance self-healing capacity.
Nanoparticles such as nano-silica, nano-clay, and carbon nanotubes have been used to accelerate hydration reactions
and refine microstructural properties of concrete. These nanomaterials promote the formation of additional calcium
silicate hydrate (C-S-H) gel, which can seal microcracks more effectively. Moreover, their ability to improve
mechanical properties and reduce porosity makes them attractive for multifunctional applications. While
nanomaterials offer significant potential, their widespread use in SHC is constrained by high costs, concerns about
health and environmental impacts during handling, and the lack of standardized guidelines for safe integration into
construction materials.

Recent studies have also examined hybrid healing systems, which combine two or more mechanisms to achieve
enhanced performance. For instance, combining bacterial agents with encapsulated polymers has shown synergistic
effects, where bacteria repair microcracks and polymers seal larger cracks. Similarly, integrating nanomaterials with
autogenous healing has been found to extend the crack-healing capacity beyond traditional limits. These hybrid
approaches reflect the growing consensus that no single method is sufficient to address the diverse challenges of crack
formation in concrete, and that a combination of biological, chemical, and physical strategies is required for reliable
long-term performance.
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Overall, the literature indicates that self-healing concrete holds great promise for sustainable infrastructure by reducing
maintenance costs, extending service life, and lowering environmental impacts associated with repair and
replacement. However, most applications remain at the experimental or pilot stage, with limited field-scale
validations. The transition from laboratory success to practical adoption will depend on addressing economic
feasibility, ensuring healing efficiency under diverse exposure conditions, and establishing international standards for
testing and certification of SHC systems.

3. Methodology

The methodology for this study is based on a systematic literature review and conceptual framework development,
designed to capture the breadth of research conducted on self-healing concrete (SHC) and to synthesize findings into
a structured understanding of its mechanisms, applications, and challenges. The approach follows four interrelated
steps: data collection, screening and classification, analytical synthesis, and framework design.

The first step involved systematic data collection from scholarly databases including Scopus, Web of Science,
ScienceDirect, and Google Scholar. The search strategy incorporated keywords such as self-healing concrete,
autogenous healing, bacterial concrete, encapsulated healing agents, nanomaterials in concrete, and smart materials.
To ensure academic rigor, only peer-reviewed journal articles, conference proceedings, and technical reports
published between 2000 and 2025 were included. Government and industry documents relevant to sustainable
construction practices were also considered to broaden the scope of evidence.
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Figure 1: Self-Healing Mechanisms in Concrete

The second step consisted of screening and classification of the collected literature. Duplicate and low-relevance
records were removed, after which the studies were grouped into thematic categories based on the type of healing
mechanism employed. These categories included autogenous healing, bacterial-induced healing, encapsulated healing
systems, nanomaterial-assisted healing, and hybrid approaches. Within each category, studies were further classified
according to performance indicators such as crack width closure, permeability reduction, mechanical property
recovery, and durability under aggressive environments.

The third step was an analytical synthesis of the classified studies. This involved comparing laboratory-scale findings
with field or pilot applications to identify consistencies, discrepancies, and trends. For example, while bacterial
concrete has shown high healing efficiency under controlled conditions, field trials reveal challenges in bacterial
survival over long service periods. Similarly, encapsulated healing systems demonstrate effective crack closure in
small-scale tests but face concerns regarding cost and scalability. This comparative analysis allowed the identification
of both the strengths and limitations of each healing mechanism.

The final step focused on developing a conceptual framework that integrates insights from the literature into a
comprehensive model for understanding SHC. The framework illustrates the relationships between self-healing
mechanisms, influencing factors (such as crack width, environmental conditions, and material composition), and
performance outcomes in terms of mechanical restoration and durability improvement. It also incorporates external
considerations such as cost implications, environmental benefits, and standardization challenges.
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This structured methodological approach ensures that the review does not merely summarize existing research but
also provides a critical synthesis that highlights gaps, opportunities, and future directions for advancing SHC.

4. Results and Discussion

The synthesis of reviewed studies indicates that self-healing concrete (SHC) technologies have demonstrated
substantial potential in improving durability and extending the service life of infrastructure. However, the degree of
healing efficiency varies significantly depending on the mechanism employed, environmental conditions, and crack
size. The findings can be discussed under four dominant categories: autogenous healing, bacterial concrete,
encapsulated healing systems, and nanomaterial-based approaches.
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Figure 2: Self-Healing Concrete Mechanisms

Autogenous healing, though limited in scope, remains the simplest and most cost-effective form of self-healing.
Studies confirm that fine cracks under 0.2 mm can be reliably sealed due to continued hydration and carbonation. The
process enhances impermeability and resistance to chloride ingress, but it is highly dependent on the availability of
moisture and unhydrated cement particles. In arid or chemically aggressive environments, autogenous healing alone
is insufficient. Researchers have therefore investigated admixtures such as expansive agents, crystalline materials, and
nano-silica to extend its effectiveness, with encouraging results in controlled laboratory conditions.

Bacterial concrete has attracted significant attention due to its bio-inspired approach, which allows cracks up to 0.8
mm to be sealed by calcium carbonate precipitation. Experimental studies consistently show improvements in water
tightness, reduced permeability, and enhanced resistance to freeze—thaw cycles. Nevertheless, large-scale applications
face challenges including the cost of bacterial cultures, difficulty in maintaining bacterial viability for decades, and
uncertainty regarding long-term performance in varying climates. While pilot projects in Europe and Asia have
demonstrated feasibility, the technology requires significant optimization before it can be widely adopted in structural
applications.

Encapsulated healing systems have shown high effectiveness in restoring both watertightness and mechanical
strength. Encapsulation methods using microcapsules, hollow fibers, and vascular networks release healing agents
such as epoxy resins or mineral precursors when cracks form. Laboratory results indicate repeatable crack closure for
cracks up to 1 mm, with some advanced systems achieving multiple healing cycles. However, concerns regarding high
production costs, reduction in mechanical strength due to capsule inclusions, and uncertainty about the compatibility
of synthetic healing agents with cementitious matrices remain barriers to commercialization.

Nanomaterial-based healing represents a rapidly emerging area of research. Nano-silica, nano-clays, and carbon
nanotubes have been found to improve both autogenous healing and the overall microstructural density of concrete.
Their multifunctional role—enhancing hydration, refining pores, and bridging microcracks—offers a pathway for
durable, high-performance concretes. At the same time, challenges such as high material cost, potential environmental
risks during handling, and absence of standardized integration protocols raise concerns for field adoption. Despite
these limitations, nanomaterials hold promise for hybrid healing systems that combine mechanical, chemical, and
biological strategies.
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When comparing across mechanisms, it is evident that no single technique is universally applicable. Autogenous
healing is limited to microcracks but inexpensive; bacterial concrete offers bio-sustainability but faces cost and
durability challenges; encapsulation is highly effective but costly; and nanomaterials enhance performance but require
careful risk management. The most promising direction lies in hybrid healing approaches, where multiple
mechanisms complement each other—for example, combining bacteria with encapsulated polymers, or integrating
nanomaterials with autogenous processes. Such systems not only widen the range of crack sizes that can be healed but
also balance technical and economic considerations.

Table 1: Comparative Analysis of Self-Healing Concrete Approaches

Approach Healing Efficiency Crack Advantages Limitations
Width
Range
Autogenous Moderate, <0.2mm | Cost-effective, no | Limited crack width,
Healing environment- external agents needed moisture-dependent
dependent
Bacterial High, Dbio-mediated | <0.8 mm | Sustainable, effective | High cost, bacterial viability
Concrete CaCO:s precipitation water tightness | issues, field variability
restoration
Encapsulated High, repeatable crack | < 1.0 mm | Multiple healing cycles | Expensive, capsule
Systems closure possible, restores strength | inclusions reduce strength
Nanomaterials Moderate to high, | <0.5mm | Enhances hydration, | High cost,
microstructure bridges microcracks, | environmental/health
densification multifunctional concerns

Overall, the results suggest that while SHC technologies are technically viable and promising for sustainable
construction, their real-world implementation is still in the transitional phase from laboratory to field scale. Large-
scale adoption will require standardization of testing methods, lifecycle cost—benefit analyses, and integration with
existing construction practices. The increasing push for resilient and low-maintenance infrastructure under global
sustainability agendas provides a strong driver for further development and commercialization of SHC.

5. Conclusion

Self-healing concrete (SHC) represents a paradigm shift in the construction industry by embedding autonomous repair
mechanisms within cementitious materials. The review indicates that SHC technologies—ranging from autogenous
healing to bacterial systems, encapsulated healing agents, and nanomaterial-assisted approaches—have demonstrated
significant potential in improving durability, reducing permeability, and extending the service life of concrete
structures. Among these, autogenous healing remains the most economical but limited in scope, bacterial concrete
offers a bio-inspired solution with promising environmental benefits, encapsulated systems provide effective and
repeatable healing cycles, and nanomaterials enhance both microstructural refinement and multifunctional
performance.

Despite these advancements, large-scale adoption of SHC remains constrained by challenges related to cost, variability
in healing efficiency, material compatibility, and lack of standardized testing and design protocols. Laboratory
experiments consistently show positive outcomes, yet real-world applications are limited and context-dependent. The
performance of SHC is strongly influenced by crack width, environmental conditions, and the type of healing agent
employed, making it necessary to tailor solutions to specific project requirements.

The results highlight that hybrid healing approaches—where multiple mechanisms are integrated—represent the
most promising pathway for future development. By combining biological, chemical, and nanomaterial-based
strategies, hybrid SHC systems can address a wider range of crack sizes and exposure conditions while balancing
performance with economic feasibility. Furthermore, integrating SHC with smart sensing technologies for real-time
monitoring could revolutionize structural maintenance by enabling predictive and adaptive repair strategies.

In conclusion, SHC is more than a material innovation; it is a step toward resilient and sustainable infrastructure
capable of self-maintenance and extended longevity. Continued interdisciplinary research, field-scale validation, and
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supportive policy frameworks will be crucial to transitioning SHC from experimental success to a mainstream
construction practice. By doing so, SHC has the potential to significantly reduce maintenance costs, minimize
environmental impacts, and redefine the future of concrete technology.
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