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ABSTRACT
Concrete is the most widely used construction material across the world, but it
suffers from an inherent problem of cracking which reduces durability and
service life of structures. Traditional repair techniques are costly, labor
intensive and sometimes impractical for hidden or micro cracks. Recently, the
concept of self-healing concrete and smart concrete systems has emerged as a
promising solution to enhance durability, sustainability, and structural health
monitoring capabilities. Self-healing concrete has the ability to autonomously
repair cracks using biological, chemical, or mineral based healing agents,
while smart concrete integrates sensing capabilities for monitoring stress,
strain, temperature and damage. This paper presents a comprehensive review
of different self-healing mechanisms including autogenous healing, bacteria
based healing, encapsulated polymers, and mineral admixtures. Further, the
paper discusses smart concrete technologies such as piezoresistive materials,
fiber optics sensors, and nanomaterials for real-time monitoring. Advantages,
limitations, practical applications, and future research directions are also
highlighted. The integration of self-healing and smart functionalities in
concrete can significantly transform the maintenance strategies of civil

infrastructure.
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INTRODUCTION

Concrete structures develop cracks due to shrinkage, temperature variations, overloading and
environmental effects. Even very small cracks allow ingress of water, chlorides, and harmful
chemicals which leads to corrosion of reinforcement and deterioration. Conventional repair
methods like epoxy injection, grouting and patch repair requires manual inspection and

continuous maintenance.

The idea of concrete which can heal its own cracks without external intervention is inspired
from biological systems. At the same time, concrete which can sense its own condition and
report damage is known as smart concrete. These two technologies together aim to make

structures more durable, economical and sustainable.

Self-healing and smart concrete systems are gaining interest among researchers due to
increasing demand for long lasting infrastructure with reduced maintenance cost. This review

focuses on various techniques, materials and working principles of these innovative systems.

CONCEPT OF SELF-HEALING CONCRETE

Self-healing concrete is an innovative material designed to automatically repair cracks that
develop during the service life of structures. Cracking in concrete is unavoidable due to
shrinkage, thermal stresses, overloading, and environmental exposure. These cracks allow
water and aggressive ions to penetrate, which accelerates corrosion and deterioration. The self-
healing concept aims to reduce maintenance, increase durability, and extend structural life
by enabling concrete to close and seal these cracks without human intervention.

The healing process may occur either through natural internal reactions of cementitious
materials or through the addition of specially engineered agents such as bacteria, polymers,
minerals, or encapsulated chemicals. Depending on the mechanism used, self-healing concrete

can be classified into autogenous and autonomous healing systems.

1. Autogenous Healing
Autogenous healing is the natural ability of concrete to repair very small cracks when
exposed to moisture. This property has been observed for many years but gained attention

recently for its potential use in durable construction.
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This healing occurs mainly due to two phenomena:

1. Continued hydration of unreacted cement particles present inside the hardened
concrete.

2. Precipitation of calcium carbonate (CaCOQs) when calcium hydroxide reacts with carbon

dioxide in the presence of water.

Mechanism of Autogenous Healing

o When microcracks form, water penetrates inside the crack.

e The water reacts with unhydrated cement particles that were left during initial curing.

« This reaction produces additional calcium silicate hydrate (C-S-H) gel, which is the primary
binding material in concrete.

e Simultaneously, calcium hydroxide present in concrete reacts with carbon dioxide from air
and forms calcium carbonate crystals.

e These products gradually fill the crack and reduce its permeability.

Characteristics

e Most effective for crack widths less than 0.2 mm.
e Requires presence of moisture for healing.

e Works slowly and may take weeks or months.

o No additional material cost, as it is a natural property.

Limitations

« Ineffective for larger cracks.

o Healing depends strongly on environmental conditions.

o Limited repeatability after several cracking cycles.

Despite limitations, autogenous healing is considered the base mechanism upon which

advanced self-healing techniques are developed.

2. Bacteria-Based Self-Healing Concrete
Bacteria-based self-healing concrete is one of the most researched and promising autonomous
healing techniques. In this method, specific types of bacteria capable of producing limestone

are incorporated into the concrete mix along with nutrients.
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Commonly used bacteria include:
o Bacillus subtilis

o Bacillus pasteurii

e Sporosarcina pasteurii

These bacteria can survive in dormant form inside concrete for many years.

Working Principle

When a crack forms and water enters:

o Water activates dormant bacterial spores.

« Bacteria start consuming the provided nutrients (usually calcium lactate).

e During this metabolic process, bacteria produce calcium carbonate (CaCOs).

e The limestone precipitates and gradually seals the crack.

Chemical Process:

Bacteria + Calcium lactate + Oxygen — Calcium carbonate (Limestone) + CO:
Features

e Can heal cracks up to 0.5-0.8 mm, which is much larger than autogenous healing.
« Healing is long-lasting and repeatable.

« Improves durability by blocking water and chloride penetration.

o Environmentally friendly as it uses natural biological process.

Challenges

« High cost of bacterial culture and nutrients.

« Difficulty in ensuring survival of bacteria in high alkaline concrete environment (pH ~12).
o Proper distribution of bacteria in concrete is required.

e Long-term field performance still under study.

To protect bacteria, they are often stored in lightweight aggregates, silica gel, or

microcapsules before mixing into concrete.

3. Capsule-Based Self-Healing Concrete
Capsule-based healing is a chemical approach where microcapsules containing healing agents

are embedded within the concrete. These capsules remain intact during mixing and hardening.
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When cracking occurs:

e The crack path ruptures the capsules.

o Healing agent is released into the crack.

e The agent reacts with air, moisture, or cement compounds and hardens.

e The crack is sealed by polymerization or chemical reaction.

Table: 1

Healing Agent

Working Principle

Crack Width Healed

Epoxy Resin Polymerizes and bonds crack 0.5-1 mm
Sodium Silicate Reacts with Ca(OH): 0.4 mm
Silica Gel Swells and blocks crack 0.3 mm

4. Mineral Admixture-Based Healing

Mineral admixture-based self-healing is an extension of the autogenous healing concept, where

supplementary cementitious materials (SCMs) and crystalline chemicals are incorporated into

concrete to enhance its natural crack sealing ability. These materials do not “heal” cracks in

an active way like bacteria or capsules, but they promote continuous internal reactions that

gradually densify the microstructure and block cracks and pores over time.

Commonly used mineral admixtures include:

e Flyash

e Ground granulated blast furnace slag (GGBS)

e Silica fume

e Metakaolin

o Crystalline waterproofing admixtures

These materials are rich in reactive silica and alumina which participate in secondary hydration

reactions long after the initial setting of concrete.

Working Principle

When cracks form and moisture enters the concrete:

1. Water penetrates through microcracks and pores.

2. Unreacted fly ash, slag, or silica particles react with calcium hydroxide (Ca(OH):) produced
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during cement hydration.

3. This reaction forms additional calcium silicate hydrate (C—S—H) gel, which is the primary
binding phase in concrete.

4. The newly formed C—S—H gel expands slightly and fills microcracks and pores.

5. In case of crystalline admixtures, insoluble crystals grow inside capillary pores and cracks,

blocking water pathways.

This process continues for a long period, sometimes for several years, making the concrete

denser with age.

SMART CONCRETE SYSTEMS

Smart concrete is a special type of concrete that possesses the ability to sense, respond, and
sometimes adapt to external stimuli such as load, stress, temperature, vibration, and cracking.
Unlike conventional concrete which is passive in nature, smart concrete behaves like a self-
monitoring material capable of providing real-time information about its structural condition.
This property is extremely useful for structural health monitoring (SHM) of bridges,

buildings, tunnels, pavements, and dams where manual inspection is difficult and costly.

The smart behavior is achieved by incorporating conductive or sensing materials into the
concrete matrix or by embedding sensors within it. These additions allow concrete to convert

mechanical changes into measurable electrical signals.

1. Piezoresistive Concrete
Piezoresistive concrete is the most widely studied smart concrete system. The term
piezoresistive means change in electrical resistance due to applied mechanical stress or

strain.

Normal concrete is an electrical insulator. However, when conductive materials such as:
e Carbon fibers

o Graphite powder

e Carbon nanotubes (CNTs)

e Graphene

o Steel fibers
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Are added in small percentages, the concrete becomes electrically conductive. These

conductive particles form a network inside the concrete called a conductive pathway.

Working Principle

« Under no load, the conductive network has a certain electrical resistance.

e When load or stress is applied, microcracks develop or particles move slightly.
o This disturbs the conductive network.

e Asaresult, electrical resistance changes.

« By measuring this change, stress, strain, and damage can be detected.
This phenomenon is called the piezoresistive effect.
Mechanism Illustration

Load Applied — Microstructural Change — Change in Conductive Path — Change in

Electrical Resistance — Damage Detection

Table 2.
Material Added Property Achieved Application
Carbon Fibers Conductivity Crack detection
Graphite Strain sensing Structural monitoring
CNTs High sensitivity Micro-crack sensing

2. Fiber Optic Sensors in Smart Concrete

Fiber optic sensing is one of the most reliable and advanced techniques used in smart concrete
systems for real-time structural health monitoring. In this method, very thin optical fibers
made of glass or plastic are embedded inside the concrete during casting. These fibers transmit
light signals, and any change in strain, temperature, or deformation alters the characteristics of

the transmitted light.

Unlike electrical sensors, fiber optic sensors work purely on light transmission, which makes

them highly stable and accurate even in harsh construction environments.
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Working Principle

o Alight pulse is sent through the optical fiber.

e When the concrete experiences strain, crack, or temperature change, the fiber slightly
deforms.

« This deformation changes the wavelength, phase, or intensity of the light signal.

o The altered signal is captured and interpreted using special instruments.

Two common techniques used are:

o Fiber Bragg Grating (FBG): Measures strain and temperature based on wavelength shift.

o Distributed Optical Fiber Sensors (DOFS): Measures changes continuously along the
entire fiber length.

Parameters Measured

o Strain and stress distribution

e Temperature variation

o Crack formation and propagation

o Deflection and vibration

Advantages

o Very high accuracy and sensitivity

o Immune to electromagnetic interference and corrosion
e Long service life (can last as long as structure)

« Ability to monitor large areas with a single fiber

o Suitable for harsh and remote environments

Applications

e Monitoring of long-span bridges

e Tunnel deformation measurement

o Dam and retaining wall health monitoring

o Fire damage assessment through temperature sensing

Limitations

« Installation requires care during casting
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« Initial instrumentation cost is high
o Skilled interpretation of data is required
Fiber optic sensors are especially useful where continuous monitoring is needed without

physical access to the structure.

3. Nanomaterial-Based Smart Concrete

Nanotechnology has opened new possibilities in the development of smart concrete.
Nanomaterials have particle sizes in the range of 1-100 nanometers and exhibit unique
mechanical, electrical, and chemical properties. When these materials are added to concrete,

they significantly enhance both strength and sensing capabilities.

Common nanomaterials used in smart concrete include:
« Nano-silica

e Carbon nanotubes (CNTSs)

o Graphene and graphene oxide

o Nano-titanium dioxide

Role in Mechanical Improvement

« Nano-silica fills nano-pores in concrete and reacts with calcium hydroxide to form
additional C-S—H gel.

o This results in denser microstructure, higher strength, and reduced permeability.

« Improves durability and resistance to chemical attack.

Role in Sensing Properties

e CNTs and graphene form highly conductive nano-networks inside concrete.

e Even very small cracks disturb this network, causing measurable changes in electrical
resistance.

« This allows detection of micro-level damage much before visible cracking.

Contribution to Self-Healing
Nanomaterials indirectly assist self-healing by:
e Reducing pore size and crack width.

e Promoting additional hydration reactions.
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e Making the concrete matrix denser, which supports autogenous healing.

Advantages

« Significant improvement in compressive and tensile strength.

« High sensitivity for crack detection.

o Better durability and longer service life.

e Works in combination with other smart and self-healing techniques.

Challenges

e High cost of nanomaterials.

« Proper dispersion in concrete mix is difficult.

o Health and safety concerns during handling of nanoparticles.

Nanomaterial-based smart concrete represents the next generation of intelligent construction
materials, where strength, durability, sensing, and healing properties are combined at

microscopic level.

INTEGRATION OF SELF-HEALING AND SMART SYSTEMS

The convergence of self-healing materials and smart sensing technologies represents a
transformative step toward truly autonomous, durable, and intelligent concrete infrastructure.
While self-healing concrete can repair cracks without human intervention, and smart systems
can monitor structural health in real time, their integration creates a closed-loop system

capable of detecting damage, activating repair, and reporting recovery status.

This synergy enables concrete structures to behave like living systems—sensing injury,

initiating repair, and communicating health conditions to engineers.

1. Conceptual Framework of the Integrated System
An integrated self-healing smart concrete system typically consists of four interacting

components:

A. Sensing Layer (Damage Detection)
o Embedded sensors detect early crack formation, strain changes, moisture ingress, or

chemical changes.
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e Sensors may include:

o Fiber Bragg Grating (FBG) sensors

o Piezoelectric transducers

e Carbon nanotube (CNT) or graphene-based conductive networks
« Acoustic emission sensors

e Humidity and pH sensors

B. Healing Layer (Autonomous Repair Mechanism)

o Healing is triggered when cracks form and environmental conditions (e.g., moisture)
activate:

« Microcapsules containing healing agents (epoxy, sodium silicate)

o Bacteria-based bio-mineralization (calcite precipitation)

e Superabsorbent polymers (SAP)

o Vascular networks carrying repair agents

C. Processing & Decision Layer (Smart System)
o Data from sensors is processed using:

e loT-enabled microcontrollers

« Edge computing devices

e AIl/ML algorithms to classify crack severity

e The system decides whether healing is required and monitors healing progress.

D. Communication Layer (Reporting & Monitoring)
e Wireless transmission of data to cloud dashboards

o Engineers can remotely monitor:

e Crack initiation time

e Healing activation

o Healing effectiveness

e Long-term durability trends
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APPLICATIONS IN CIVIL ENGINEERING

Table: 3
Structure Type Application of Self-Healing Smart Monitoring Use
Bridges Crack sealing Load and strain sensing
Tunnels Leakage control Deformation monitoring
Marine Structures Corrosion prevention Salinity detection
Dams Long term durability Stress analysis

ADVANTAGES OF SELF-HEALING AND SMART CONCRETE
« Reduced maintenance cost

e Increased service life

« Sustainable construction

o Early damage detection

« Eco-friendly approach

e Less human inspection required

LIMITATIONS AND CHALLENGES

« High initial cost

o Lack of standard guidelines

o Difficulty in large scale implementation
o Long term performance uncertainty

o Compatibility issues with conventional concrete

FUTURE RESEARCH DIRECTIONS

e Development of low cost bacteria techniques
e Use of Al with smart concrete data

« 3D printed self-healing concrete

o Large scale field applications

o Hybrid healing methods
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CONCLUSION

Self-healing and smart concrete systems represents a revolutionary development in
construction materials. The ability of concrete to repair its own cracks and monitor its condition

can significantly enhance durability and sustainability of infrastructure.

Although cost and practical challenges exist, continuous research is making these technologies
more feasible. In future, these systems can become standard practice in construction industry,

reducing maintenance problems and improving safety of structures.
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Figure 1: Mechanism of bacteria-based self-healing concrete
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