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ABSTRACT
Concrete represents the most ubiquitous construction material globally, yet its
inherent vulnerability to micro-cracking under mechanical loading and
environmental degradation compromises structural integrity and service life.
Micro-cracks act as rapid conduits for aggressive agents—such as water,
chloride ions, and sulfates—initiating steel reinforcement corrosion and
matrix deterioration. Autonomous self-healing concrete has emerged as a
transformative solution, with microencapsulation technology offering precise
delivery of healing agents upon crack formation. While polymeric shells (e.g.,
urea-formaldehyde, polyurethane) have been widely investigated, their low
thermal resistance, mechanical fragility during concrete mixing, and
susceptibility to chemical degradation in the highly alkaline pore solution (pH
12-13) present critical barriers to long-term performance. Recently, ceramic
microcapsules (utilizing silica, alumina, or aluminosilicate shells) have
demonstrated exceptional promise due to their superior compressive strength,
thermal stability, chemical inertness, and seamless chemical compatibility
with the cementitious matrix. This paper presents a detailed review on the
development, mechanical optimization, chemical encapsulation mechanisms,
and durability performance of ceramic microcapsule-based self-healing
concrete. Key evaluation parameters including crack width closure, water
permeability reduction, compressive and flexural strength recovery, and
microstructural bonding at the shell-matrix interface are critically examined.
Furthermore, the review outlines current manufacturing limitations, cost
efficiency challenges, and field implementation barriers, establishing a
strategic roadmap for future research toward resilient, long-life sustainable

concrete infrastructure.
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INTRODUCTION

Modern civil infrastructure, ranging from high-rise buildings and highway bridges to
underground tunnels and marine structures, relies heavily on reinforced concrete as its
primary structural binder [1]. However, concrete is inherently a brittle quasi-brittle material
characterized by low tensile strength. Under operational stresses, cyclic thermal expansion,
drying shrinkage, and environmental loads, micro-cracks inevitably form within the concrete
matrix [2]. If left unmanaged, these localized micro-fissures coalesce into interconnected
macro-cracks, creating permeable pathways for water, carbon dioxide, chlorides, and sulfate
ions. The ingress of these corrosive media triggers severe deterioration mechanisms, such as
reinforcement corrosion, alkali-silica reaction (ASR), and freeze-thaw spalling, ultimately

threatening structural serviceability and safety [3].

Traditional concrete repair techniques—such as surface grouting, epoxy injection, and
hydrophobic coatings—are inherently reactive, labor-intensive, costly, and frequently
impracticable for inaccessible structural elements like deep foundations, subsea pylons, or
radioactive containment vessels [4]. Estimates indicate that maintenance and repair account
for over 50% of the total infrastructure budget in developed nations [5]. Consequently,
research attention has shifted decisively toward proactive self-healing cementitious materials
capable of autonomously repairing internal micro-damage without human intervention.

Self-healing mechanisms in concrete are broadly classified into autogenous healing and
autonomic healing [6]. Autogenous healing relies on the intrinsic hydration of unhydrated
cement particles and the precipitation of calcium carbonate (CaCOs) from dissolved calcium
hydroxide (Ca(OH)2) reacting with ambient dissolved CO.. However, autogenous healing is
strictly limited to extremely narrow crack widths (typically < 0.1 mm) and requires
continuous water saturation [7]. To overcome these limitations, autonomic self-healing
systems have been engineered, integrating engineered healing agents inside hollow fibers,
vascular networks, or discrete microcapsules [8].

Microcapsule-based self-healing technology has garnered paramount academic and industrial

focus because discrete microcapsules can be uniformly dispersed during batch mixing,
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ensuring isotropic healing capability throughout the bulk volume [9]. Despite significant
advancements in organic/polymeric microcapsule shells—such as melamine-formaldehyde
(MF), urea-formaldehyde (UF), and polyurethane (PU)—their practical adoption remains
severely constrained [10]. Polymeric shells suffer from poor mechanical shear resistance
during mechanical mixing, premature rupture during aggregate compaction, rapid thermal
degradation during cement hydration exothermicity, and long-term chemical degradation due
to the highly alkaline environment (pH ~12.5-13.5) of fresh concrete [11].

To overcome the vulnerabilities of organic shells, ceramic microcapsules have emerged as an
advanced alternative [12]. Ceramics—comprising inorganic oxides such as silica (SiOz),
alumina (Al0s), and aluminosilicates—exhibit exceptional mechanical strength, superior
thermal endurance, chemical inertness in alkaline media, and an inherent chemical affinity to
hydrated cement paste [13]. Furthermore, ceramic shell surfaces contain active silanol groups
that foster pozzolanic reactions, producing additional calcium silicate hydrate (C-S-H) gel
that significantly strengthens the shell-matrix interfacial transition zone (1TZ) [14]. This
review critically synthesizes the state-of-the-art developments in ceramic microcapsule
technology for self-healing concrete, focusing on shell synthesis, core agent release

dynamics, mechanical recovery, durability enhancements, and current technical challenges.

LITERATURE REVIEW

The conceptual foundation of capsule-based self-healing concrete was pioneered by Dry in
the 1990s using glass fibers containing polymeric adhesives [15]. White et al. [16]
subsequently  demonstrated autonomous healing in  structural polymers using
dicyclopentadiene (DCPD) encapsulated within poly(urea-formaldehyde) microcapsules
paired with Grubbs' catalyst. Inspired by these milestones, civil engineering researchers

applied microencapsulation directly to cementitious matrices [17].

Initial investigations overwhelmingly utilized polymeric shell materials due to well-
established microencapsulation protocols from the pharmaceutical and textile industries [18].
Dong et al. [19] evaluated UF-coated epoxy microcapsules in mortar, observing a 20%
recovery in compressive strength. Similarly, Mostavi et al. [20] synthesized double-walled
polyurethane microcapsules encapsulating sodium silicate, reporting crack healing up to 0.3

mm width. However, comprehensive toxicity and durability studies revealed that polymeric
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microcapsules suffer from significant shell degradation when exposed to high alkaline
conditions over extended periods [21]. Furthermore, during concrete mixing, high shear
forces generated by coarse aggregates caused up to 40% premature shell rupture, rendering
the healing agents useless prior to crack formation [22].

To address mechanical rupture during mixing, inorganic and ceramic-based encapsulation
shells were introduced [23]. Al-Tabbaa et al. [24] explored inorganic silica gel
microcapsules, demonstrating improved chemical compatibility with cement paste.
Subsequent studies by Snoeck et al. [25] and Formia et al. [26] highlighted that inorganic
ceramic materials possess elastic modulus values much closer to that of cement hydrate
phases, preventing localized stress concentrations around embedded capsules.

Recent literature has highlighted ceramic microcapsules composed of synthesized
mesoporous silica, calcined kaolin, alumina, and expanded perlite composites [27].
Kanellopoulos et al. [28] conducted comparative acoustic emission testing on polymer vs.
ceramic microcapsules, confirming that ceramic shells break cleanly upon propagating crack
tip contact, releasing up to 85% of their core fluid directly into the crack volume. Table 1
summarizes key literature findings comparing traditional polymeric microcapsules with

advanced ceramic microcapsules.

Table 1. Comparative Analysis of Polymeric vs. Ceramic Microcapsules in Concrete

Applications
Property / Polymeric Shells Ceramic Shells Engineering
Performance Metric (UF/MF/PU) (Silica/Alumina) Significance
o _ ) Prevents early agent
Mixing Shear Low to Moderate High (>95% intact )
) _ o loss during aggregate
Resistance (20-40% pre-rupture) during mixing) _
batching [22]
) - Excellent Ensures long-term
Alkaline Stability Poor (polymer ) ) o
) ) (chemically inert shelf life inside
(pH 12.5-13.5) hydrolysis over time) _ o _
inorganic oxide) concrete matrix [21]
Resists thermal
Thermal Resistance | Degrades at >120°C | Stable up to >1000°C | spikes during heat of
hydration [13]
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Eliminates macro-

Interface Bonding Weak mechanical Strong pozzolanic C- porosity around

(IT2) interlocking S-H bonding embedded
microcapsules [14]
Substantially

Max Healed Crack increases structural

) 0.15mm-0.30 mm | 0.30 mm - 0.55 mm ] )
Width self-repair capacity

[28]

RESEARCH GAP
Despite significant interest in self-healing materials, several critical knowledge gaps persist in

the development and implementation of ceramic microcapsules for structural concrete:

Shell Wall Synthesis Optimization: Standard chemical encapsulation methods (e.g., sol-
gel synthesis, spray drying) often yield ceramic shells with non-uniform wall thickness or
excessive porosity, causing uncontrolled leaching of core healing chemistry prior to
matrix cracking [29].

Mechanical Triggering Sensitivity: Achieving the optimal balance between shell strength
to survive concrete batch mixing and shell fragility to crack cleanly under micro-fissure
propagation remains insufficiently quantified [30].

Long-Term Healing Durability: While short-term healing (28 days) is well documented,
limited long-term research exists evaluating the performance of ceramic microcapsules
subjected to repeated micro-cracking cycles, freeze-thaw fatigue, and dynamic
environmental stress over multi-year durations [31].

Economic and Scalability Metrics: Most ceramic synthesis procedures rely on costly
chemical precursors (e.g., tetraethyl orthosilicate - TEOS). A comprehensive framework
evaluating low-cost inorganic precursors and industrial by-products (e.g., fly ash,

metakaolin) for scalable ceramic shell fabrication is currently lacking [32].

OBJECTIVES

The overarching objective of this review is to evaluate ceramic microcapsule technology as a

high-durability self-healing mechanism for structural concrete. Specific objectives include:

To analyze chemical synthesis routes (sol-gel, emulsion-templating, spray drying) for

manufacturing ceramic shells with targeted wall thickness and mechanical strength.
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e To evaluate core healing agent chemistry (e.g., sodium silicate, polyurethane precursors,
epoxy resins, mineral additives) and their chemical interaction with concrete matrix
phases.

e To assess physical, mechanical, and transport property recovery in self-healing concrete
incorporating ceramic microcapsules, including compressive strength regain, crack
closure efficiency, and water permeability reduction.

e To examine microstructural characteristics at the Interfacial Transition Zone (ITZ)
between ceramic microcapsule shells and hydrated cement paste using advanced scanning

electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS).

METHODOLOGY

This paper conducts a systematic critical review of experimental, analytical, and numerical
studies published on self-healing cementitious composites containing ceramic microcapsules.
The review methodology follows a rigorous four-phase approach:

Literature Identification & Screening

A systematic search was conducted across Scopus, Web of Science, Google Scholar, and
ScienceDirect databases using primary search strings: (‘ceramic microcapsule’ OR ‘silica
shell' OR 'inorganic capsule’) AND ('self-healing concrete’ OR ‘cementitious composite’ OR
‘crack repair’) AND (‘durability’ OR ‘compressive strength’ OR ‘permeability’). Over 180
articles published between 2010 and 2026 were screened, from which 45 core peer-reviewed

journal papers meeting strict technical rigor criteria were selected for detailed synthesis.

Microcapsule Synthesis Protocols

Ceramic microcapsules evaluated in literature are primarily synthesized via three methods:
(a) Sol-Gel Method, utilizing silicon alkoxides (TEOS/TMOS) under emulsion templating;
(b) Spray Drying, atomizing inorganic suspensions; and (c) Co-extrusion/Interfacial
Precipitation, producing core-shell structures with tailored wall thickness (Figure 1 concept).
Sodium silicate (Na.SiOs) remains the dominant inorganic core healing agent due to its
reactivity with Ca(OH). present in concrete pore solution to form secondary C-S-H gel
according to Equation 1:

Na2SiOs + Ca(OH): + nH-0 — C-S-H (gel) + 2NaOH
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Concrete Mix Design & Capsule Incorporation

Standard experimental designs evaluate Portland Cement (Ordinary Portland Cement - OPC
43/53 grade) mortar or concrete mixtures with ceramic microcapsule dosage ranging from 1.0
wt% to 10.0 wt% of cement mass. Coarse and fine aggregates are batched following standard
ASTM / IS guidelines. Microcapsules are typically dry-mixed with aggregates before water

addition to maximize dispersion uniformity.

Table 2. Standard Experimental Mix Proportions and Ceramic Microcapsule Parameters

L Microcapsule Microcapsule
Parameter / Specification / ) . ) )
) Variant A (Silica | Variant B (Alumina
Material Range
Shell) Shell)
Water-to-Cement
. 0.40-0.45 0.42 0.42
Ratio (w/c)
Capsule Diameter
20 — 150 pm 45+ 10 um 80 + 15 um
(nm)
Shell Thickness (um) 1.5-5.0 um 2.2 pm 3.8 um
) 72 vol% (Sodium 68 vol% (Epoxy
Core Active Content 60 — 80 vol% . )
Silicate) Resin)

RESULTS AND FINDINGS
Comprehensive quantitative synthesis of experimental data across literature reveals
significant performance enhancements in concrete incorporating ceramic microcapsules

compared to unencapsulated control specimens and organic microcapsule variants.

Compressive Strength Recovery

Compressive strength recovery is evaluated by pre-loading specimens to 60-80% of ultimate
compressive capacity, subjecting them to water curing for 7 to 56 days, and re-testing to
failure. As depicted in Figure 1, concrete containing 5.0 wt% ceramic microcapsules
achieved a compressive strength regain of 145% relative to initial pre-cracked strength at 28
days, compared to only 128% for polymeric microcapsules and 105% for control concrete
[33]. The enhanced recovery in ceramic systems stems from the dual action of core healing

fluid release and pozzolanic reaction of the silica shell itself.
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Figure 1. Compressive strength recovery over curing/healing period for control, polymeric

microcapsules, and ceramic microcapsules

Permeability and Durability Property Regain

Water permeability serves as a critical durability indicator for reinforced concrete. Figure 2
illustrates the relationship between ceramic microcapsule dosage and water permeability
coefficient. Uncracked/healed control concrete exhibited a coefficient of 1.42 x 107! m/s.
Inclusion of 2.5 wt% to 5.0 wt% ceramic microcapsules dramatically reduced water
permeability down to 8.2 x 107'2 m/s—a nearly two-order-of-magnitude improvement [34].
At dosages exceeding 7.5 wt%, slight agglomeration of microcapsules induces localized
porosity, causing a slight rise in permeability. Thus, 3.0-5.0 wt% is identified as the optimal
dosage zone.
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Figure 2. Water permeability coefficient of concrete as a function of ceramic microcapsule

dosage (wt% of cement)
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Crack Closure Efficiency vs. Initial Crack Width

Microscopic evaluation reveals that ceramic microcapsules exhibit superior crack-healing
capacity across varying crack widths (Figure 3). For micro-cracks < 0.2 mm, ceramic
microcapsules achieve complete (100%) crack closure within 14 days of water exposure. For
crack widths between 0.3 mm and 0.4 mm, ceramic microcapsules maintain high healing
efficiency (78-92%), significantly outperforming polymeric microcapsules (42-68%) [35].
This superior performance is attributed to the rigid ceramic shell wall, which maintains

internal core fluid pressure and prevents premature evaporation prior to chemical reaction.

100 4

B Ceramic Shell Microcapsules
Polymeric Shell Microcapsules
80 4
60 4
40 4
20 4
0-
0.2 0 6

In|t|a| Crack W\dth

Crack Healing Efficiency (%)

Figure 3. Crack closure healing efficiency comparison between ceramic and polymeric

microcapsules across initial pre-crack widths

DISCUSSION
The findings synthesized in this study conclusively demonstrate that ceramic microcapsules
offer significant mechanical, chemical, and durability advantages over organic/polymeric

encapsulation systems in cementitious matrices.

Mechanics of Triggering and Core Release

The fundamental efficacy of microcapsule-based self-healing relies on synchronized rupture
mechanics. When micro-cracks propagate through the concrete matrix, the stress
concentration at the crack tip interacts with the embedded microcapsules. Polymeric
microcapsules often exhibit elastic deformation or plastic shear yielding, causing cracks to
deflect around the capsule without rupturing the shell [36]. In contrast, ceramic shells possess
a high elastic modulus (~30-50 GPa) closely matching that of the surrounding hardened C-S-

H matrix (~20-40 GPa). Consequently, propagating crack fronts rupture the ceramic shell
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cleanly upon contact, ensuring immediate capillary release of the active healing core into the
crack void [37].

Pozzolanic Microstructure Enhancement at ITZ

A major weakness of polymeric microcapsules is the hydrophobic, smooth nature of organic
polymers, which yields a weak Interfacial Transition Zone (ITZ) prone to micro-void
formation and stress concentrations. Ceramic microcapsules—particularly those composed of
mesoporous silica (SiO2)—possess abundant surface hydroxyl (-OH) groups. These reactive
sites engage in pozzolanic reactions with free Ca(OH): present in the cement hydration
products, generating secondary calcium-silicate-hydrate (C-S-H) gels directly at the shell-
matrix boundary. SEM/EDS analyses reported in literature confirm a highly dense, integrated

ITZ without micro-cracking or localized weakness [38].

Comparative Matrix Performance
Table 3 summarizes key mechanical and durability property changes observed across

different concrete mixes reported in recent literature.

Table 3. Comprehensive Summary of Mechanical and Durability Property Recovery in

Concrete Mixes

. 28-Day Strength Chloride lon
Concrete Mix . ] . . Max Crack
Type Compressive Regain Post- Diffusion (102 Healed (mm)
Strength (MPa) Crack (%) m2/s)
Control
Ordinary 485121 105% 8.45 0.10
Concrete
Concrete + 3.0
wt% Polymeric 442+1.8 128% 4.12 0.25
Caps
Concrete + 3.0
wt% Ceramic 51.2+15 142% 1.25 0.45
Caps
Concrete + 5.0
wt% Ceramic 498+1.9 149% 0.88 0.55
Caps
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LIMITATIONS

While ceramic microcapsules demonstrate superior performance in self-healing concrete,

several practical and technical limitations currently impede commercial adoption:

e High Raw Material and Synthesis Costs: Sol-gel synthesis utilizing precursor alkoxides
(e.g., TEOS) remains expensive, raising overall concrete production costs by 40-70%
compared to conventional concrete [39].

e Rheological Impact on Fresh Concrete: Addition of microcapsules at higher dosages (> 5
wt%) increases raw material water demand and reduces slump workability, requiring
elevated superplasticizer dosages [40].

e Single-Healing Event Restriction: Microcapsule rupture provides a single release of core
agent. Under repeated cyclic loading occurring at the exact same spatial location, the
depleted microcapsule zone loses further self-healing capability [41].

e Lack of Standardized Testing Standards: Current testing protocols for self-healing
efficiency (crack width measurement, water flow, strength recovery) vary widely across

research groups, hindering direct meta-analysis and industrial codification [42].

FUTURE SCOPE

To transition ceramic microcapsule self-healing concrete from laboratory research to

commercial construction projects, future investigations should target the following avenues:

e Industrial Waste Utilization for Shell Synthesis: Synthesizing ceramic shells using
industrial pozzolanic by-products—such as fly ash, blast furnace slag, and rice husk
ash—to drastically lower material costs and carbon footprint.

e Multi-Core and Hybrid Encapsulation Systems: Developing dual-core ceramic
microcapsules containing binary chemical agents (e.g., epoxy resin paired with amine
hardener) or combining bacterial spores with inorganic nutrients for multi-stage healing.

e Non-Destructive Monitoring Techniques: Integrating ultrasonic pulse velocity (UPV), X-
ray computed tomography (CT), and acoustic emission (AE) to track microcapsule
rupture and real-time healing kinetics in situ.

e Full-Scale Structural Field Demonstrations: Constructing real-world pilot structures (e.qg.,
bridge decks, water retaining structures, underground retaining walls) to evaluate long-

term self-healing performance under operational environmental loads.
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CONCLUSION

This paper comprehensive reviewed the development, mechanical performance, chemical

mechanism, and durability enhancement of ceramic microcapsule-based self-healing

concrete. The key conclusions derived from this review are:

Ceramic shells (silica, alumina, aluminosilicate) provide vastly superior mechanical
survival (>95%) during concrete batch mixing compared to conventional polymeric
shells, maintaining structural integrity until matrix cracking occurs.

Ceramic microcapsules exhibit excellent chemical stability in high alkaline concrete pore
fluid (pH 12.5-13.5) and create a dense, pozzolanic C-S-H bond at the Interfacial
Transition Zone (ITZ).

Concrete incorporating 3.0-5.0 wt% ceramic microcapsules achieves up to 149%
compressive strength regain post-cracking and reduces water permeability by nearly two
orders of magnitude.

Crack widths up to 0.55 mm can be successfully sealed using sodium silicate core
ceramic microcapsules, significantly extending structural durability and service life.
Future research focusing on low-cost waste-derived ceramic shell precursors and

standardized evaluation codes will be instrumental in enabling industrial-scale adoption.
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