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Abstract  

This study assessed advancements in self-healing cementitious systems, which comprised natural autogenous mechanisms and 

engineered interventions. Autogenous healing relies on ongoing hydration, calcium carbonate precipitation and the swelling of 

hydration products to restore microcracks. Engineered systems employ biological agents, polymers, fibres, shape memory 

materials and expansive additives to enhance repair capacity. Bacteria-based strategies, particularly those using Bacillus 

pasteurii, achieve recovery of mechanical properties through mineral precipitation, with encapsulation methods such as 

alginate beads and clay microcapsules extending microbial viability. Fungal agents, such as Fusarium oxysporum and 

Trichoderma reesei, form mycelial networks that promote calcium carbonate deposition across broader crack regions under 

varying pH and oxygen conditions. Polymeric agents, such as epoxy, polyurethane and PMMA, rely on controlled chemical 

reactions activated by crack formation, while fibres and expansive additives restrict crack propagation and facilitate mineral-

based sealing. Ultra-high-performance fiber-reinforced concrete demonstrates enhanced self-healing through controlled 

environmental exposure, frost-melt saturation and microcrack management. The study assessed the efficiency of these 

mechanisms in restoring structural integrity, reducing permeability and limiting reinforcement corrosion. Current limitations 

comprise of environmental sensitivity, temperature dependence, nutrient delivery challenges and reduced performance in 

marine or chemically aggressive conditions. The study recommended the development of multi-agent systems capable of 

sustained activity under diverse conditions, integration of encapsulation technologies and improved compatibility with field-

scale applications. These strategies aim to extend service life, reduce maintenance requirements and support the long-term 

durability of reinforced concrete structures. 
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Introduction 

Concrete possesses the inherent ability to recover from 

microcracking through natural processes, often referred to 

as autogenous healing and this capability arises from 

hydration of unreacted cement particles, precipitation of 

calcium carbonate, swelling of hydrated products and 

entrapment of debris within cracks (De Rooij, Van 

Tittelboom, De Belie & Schlangen, 2013) [7]. Water 

presence is essential for these processes, as crack width 

directly influences healing effectiveness, with microcracks 

from 50 to 300 µm exhibiting closure depending on material 

properties and concrete age (Jacobsen & Sellevold, 1995; 

Aldea et al., 2000) [1, 13]. In early-age concrete, unhydrated 

cement contributes predominantly to closure, while calcium 

carbonate precipitation dominates in older concrete 

(Nijland, Larbi, van Hees, Lubelli & de Rooij, 2007) [29] and 

swelling of the cement matrix together with debris 

deposition provide additional mechanical closure. 

Geopolymer systems demonstrate extended autogenous 

healing, with slag-based geopolymers maintaining 

compressive strengths above 80 MPa over nearly three 

decades of service, indicating continued microcrack repair 

(Glukhovskij, Zaitsev & Pakhomov, 2007) [9], while 

laboratory experiments on geopolymer mortar beams 

showed strength recovery from 42% to 166% under 

controlled thermal curing, attributed to ongoing 

geopolymerization (Ali et al., 2015) [2]. Denser 

microstructures in these systems promote superior crack 

closure compared to Portland cement composites (Wu, 

Johannesson & Geiker, 2012) [56] and fiber incorporation, 

polymers and supplementary cementitious materials (SCMs) 

regulate crack width, enhancing precipitation and gap 

closure (Nguyen et al., 2018; Musil & Kriven, 2014) [26, 28]. 

In Portland cement systems, SCMs such as fly ash or blast-

furnace slag leave unhydrated particles, allowing 

progressive hydration and crack sealing, with cracks below 

200 µm achieving full closure (De Rooij et al., 2013) [7], 

while engineered cementitious composites (ECCs) combine 

hydrophilic fibers to limit crack width, reduce brittleness 

and mitigate reinforcement corrosion (Sabapathy et al., 

2020) [39]. Curing conditions and early-age loading influence 

healing, as water immersion fosters precipitation and 

compressive stress brings crack faces into contact (Li & 

Yang, 2007; Schlangen, ter Heide & van Breugel, 2006) [42]. 

Artificial self-healing or autonomous mechanisms, 

introduces external chemical or biological agents into 

concrete to initiate repair upon cracking (Zhu, Yang & Yao, 

2012) [58], with delivery systems such as microcapsules, 

tubular networks or vascular channels that release healing 

substances when exposed to stimuli such as moisture, heat, 

air or direct contact with the cement matrix (Nishiwaki, 

Oohira & Pareek, 2011; Van Tittelboom, De Belie, Van Loo 

& Jacobs, 2011; Wang, Van Tittelboom, De Belie & 

Verstraete, 2012) [30]. Standards organizations describe 

autonomous healing as involuntary crack repair induced by 

materials absent from the original mix (Wang et al., 2012; 



 

28 

Wu, Johannesson & Geiker, 2012) [54, 56]. Capsule-based 

strategies store chemical or biological agents within 

spherical or cylindrical carriers, where passive chemical 

systems use microcapsules or pipettes to retain reactive 

substances, while active approaches employ vascular 

networks to supply adhesives directly into cracks (Wu et al., 

2012) [56]. Biological capsules contain bacteria or fungi 

capable of precipitating calcium carbonate or polymorphic 

iron-aluminum-silicates, restoring material continuity upon 

activation (Al-Thawadi, 2011) [3] and super absorbent 

polymers, mineral admixtures, microbial induced carbonate 

precipitation (MICP) and textile-reinforced concrete provide 

additional autonomous healing pathways (De Rooij et al., 

2013) [7]. 

Bacteria-based self-healing exploits spores embedded in the 

matrix or protective carriers, with alkaliphilic, endospore-

forming bacteria germinating upon water ingress, 

metabolizing supplied substrates and precipitating calcium 

carbonate within cracks (Jonkers, 2007; Wiktor & Jonkers, 

2011) [17, 19, 55]. Initial systems combined spores with organic 

mineral precursors, enabling closure of microcracks while 

reducing water permeability and chloride penetration 

(Jonkers, 2011) [19]. Encapsulation extends viability using 

clay, diatomaceous earth, melamine or calcium alginate 

carriers, incorporating nutrients and mineral precursors to 

sustain bacterial activity under variable environmental 

conditions, such as low-temperature marine climates 

(Tziviloglou et al., 2016) [48] and the combination of 

physical obstruction from bead swelling and mineral 

deposition enhances crack repair longevity. Self-healing 

agents comprise of fungi, polymers, fibers, shape memory 

materials and expansive minerals, with filamentous fungi 

forming mycelial networks that serve as nucleation sites for 

calcium carbonate deposition, tolerating pH 2–13 and 

temperatures from 4 °C to 62 °C, depending on species (Van 

et al., 2021). Epoxy, polyurethane and PMMA polymers 

utilize chemical reactions to form crosslinked networks that 

fill cracks, with activation controlled by water or thermal 

stimuli and encapsulation systems ensuring delayed curing 

(Wang et al., 2019). Fibers, such as steel, glass and carbon, 

mechanically bridge cracks and chemically enhance 

nucleation of calcium silicate hydrates (Rajput et al., 2023) 

[36], while shape memory alloys and polymers respond to 

thermal or mechanical triggers to restore geometry and close 

cracks. Expansive materials such as MgO, CaO, bentonite 

and calcium sulfoaluminate swell upon hydration, producing 

brucite, ettringite or hydrotalcite to seal fissures (Rodriguez, 

Luo & Mather, 2011) [37]. 

The efficiency of self-healing depends on water availability, 

curing, environmental exposure and pre-damage strain, as 

ultra-high-performance fiber-reinforced concrete 

(UHPFRC) exhibits limited cracking due to micro steel 

fibers and water re-curing promotes calcium carbonate 

deposition, restoring stiffness and sealing microcracks 

(Kim, Qudoos & Ryou, 2018) [21]. Freeze–thaw cycles 

influence healing, with extended water exposure increasing 

frost resistance (Jamshidi et al., 2016) [15]. Pre-cracked 

strain-hardening composites recover partially depending on 

pre-load levels and moisture exposure (Zhu et al., 2012) [58] 

and laboratory and field evaluations indicate that 

autogenous, autonomous chemical and microbial strategies 

collectively maintain structural integrity, reduce 

permeability and enhance long-term performance of 

cementitious materials under diverse conditions. This study 

presents a comprehensive discussion on the advancements 

in self-healing cementitious systems, comprising natural 

autogenous mechanisms and engineered interventions. 

 

Overview of Self-Healing Concrete 

Concrete is the most widely used man-made material after 

water, valued for its compressive strength, which resists 

compression unlike steel, whose strength resists tension and 

when combined with steel reinforcement, concrete resists 

both compressive and tensile forces. Despite this 

combination, concrete remains susceptible to shrinkage, 

cracking and durability challenges over time and several 

factors influence reinforced concrete performance, such as 

water and chloride penetration, sulfate attack, carbonation, 

alkali-aggregate reaction, freeze-thaw cycles and frost 

action (Basheer, Kropp & Cleland, 2001) [4]. High water 

content increases porosity, promoting shrinkage and micro-

cracking and these micro-cracks provide pathways for gases 

and liquids, initiating corrosion of steel reinforcement, while 

micro-cracks can self-repair to some extent, macro-cracks 

present structural hazards requiring intervention (Hager et 

al., 2010) [11]. Concrete structures experience cracking due 

to internal stresses from hydration and external stresses, 

such as dead or live loads, temperature fluctuations and 

humidity variations. Early micro-cracks may be addressed 

by autogenous processes, where unhydrated cement reacts 

with infiltrating water to seal cracks or by autogenic 

carbonation when calcium hydroxide reacts with carbon 

dioxide (Van Tittelboom et al., 2012). In marine 

environments, chloride and sulfate ions accelerate concrete 

deterioration, making repair essential for extending service 

life (Kim, Qudoos & Ryou, 2018) [21]. Blended slag cements 

have been used to enhance early-age crack healing by 

improving autogenous hydration and healing occurs when 

water or atmospheric CO₂ penetrates cracks, promoting 

further hydration or forming calcium carbonate from 

Ca(OH)₂ (Van Tittelboom et al., 2012). 

Self-healing concrete (SHC) emerged from autogenous 

healing concepts, extending natural crack-repair capacity 

with engineered strategies and the first autonomous SHC 

was developed in the 1990s, with Henk Jonkers’ work at 

Delft University of Technology in 2006 introducing 

Bacillus-based healing agents (Qureshi & Al-Tabbaa, 2020) 

[33]. SHC imitates biological wound healing, dispersing 

capsules or fibers containing repair agents within the 

concrete matrix and when cracks form, these capsules 

rupture, releasing the healing solution to seal the fissures 

(Sangadji, 2017) [40]. Crack widths exceeding the limits of 

autogenous healing require such autonomous interventions, 

as cracks permit ingress of corrosive agents, emphasizing 

the need for immediate treatment to protect embedded steel 

(Han, Yu & Ou, 2014) [12]. Several SHC strategies have been 

explored, such as capsule-based and vascular systems that 

release chemical healing agents upon crack formation, 

electrodeposition that repairs fractured concrete by 

depositing repair compounds into fissures (Jiang, Xing, Sun 

& Wang, 2008) [16], microbiological self-healing that 

employs spores of alkali-resistant bacteria embedded in the 

concrete to precipitate calcium carbonate when activated by 

moisture (Wang et al., 2014) [52] and shape-memory alloys 

(SMAs) embedded in the concrete that can restore structural 

geometry when exposed to temperature, mechanically 

closing cracks (Li, Liu & Ou, 2006). 
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Autogenous healing relies on unhydrated cement particles 

reacting with water, limiting repair to cracks 50–150 μm 

wide (Li & Yang, 2007) and early-age concrete exhibits 

higher self-healing efficiency due to the abundance of 

unhydrated cement, while wet-dry cycles and compressive 

stress improve hydration and closure of micro-cracks (Yang, 

Lepech, Yang & Li, 2009). Fibers can restrict crack 

propagation and lower water-to-cement ratios reduce the 

likelihood of crack formation, enhancing healing potential 

(Sabapathy et al., 2020) [39] and shrinkable polyethylene 

terephthalate (PET) tendons activated by heat compress 

cracks, accelerating autogenous healing in structural 

elements (Qureshi & Al-Tabbaa, 2016) [35]. Supplemental 

cementitious materials (SCMs) and smart expanding 

minerals contribute to improved micro-crack sealing (Jiang, 

Li & Yuan, 2015; Qureshi, 2018; Qureshi & Al-Tabbaa, 

2015) [34]. 

Autonomous SHC systems involve encapsulation or 

vascular networks to deliver healing agents, with common 

encapsulation materials such as glass and polymer matrices, 

while healing agents range from bacteria to alkali-silica 

solutions, methyl methacrylate, expansive minerals and 

hydrogels (Khitab et al., 2019; Qureshi & Al-Tabbaa, 2020; 

Šavija & Schlangen, 2016) [20, 33, 41]. Bacteria-based healing 

often utilizes spores and nutrients such as calcium lactate, 

which, upon crack formation and exposure to moisture and 

oxygen, precipitate calcium carbonate, sealing cracks up to 

0.5–0.8 mm wide (Spinks, 2015) [44]. Encapsulation ensures 

bacterial survival during mixing, protects against hydration-

induced pore size reduction and provides controlled release 

during cracking (Jonkers, 2016). Microcapsule strategies 

comprise of urea formaldehyde microcapsules filled with 

epoxy and gelatin microcapsules containing acrylic resin, 

which release healing agents when cracked (Khitab et al., 

2019) [20] and electrodeposition and SMA integration 

provide alternative mechanical and chemical closure 

methods. Early concrete stages exhibit the highest 

autogenous healing potential due to unhydrated cement 

availability and favorable environmental conditions (Šavija 

& Schlangen, 2016) [41]. 

Evaluation of SHC performance employs visual crack 

monitoring, microstructural analyses, strength recovery tests 

and durability measurements. Visual inspection identifies 

crack closure, while scanning electron microscopy (SEM), 

energy-dispersive X-ray spectroscopy (EDX) and X-ray 

diffraction (XRD) confirm the precipitation of healing 

compounds. Compressive strength recovery is limited but 

can indicate the functional restoration of material properties 

(Van Tittelboom & De Belie, 2013; Qureshi & Al-Tabbaa, 

2020; Šavija & Schlangen, 2016; Lesovik et al., 2021) [33, 41]. 

Durability improvement is assessed by permeability 

reduction and resistance to environmental degradation. 

Concrete production exceeds 12 billion tons per year, with 

repair costs averaging $147 per cubic meter and 

conventional repair is labor-intensive with typical 

maintenance intervals covering only a fraction of the 

intended 50-year service life, generating substantial 

economic burdens. Autogenous healing reduces these costs 

by exploiting unhydrated cement hydration, physical 

clogging and calcium carbonate precipitation, while 

bacteria-based self-healing enhances repair potential and 

maintains uniformity within the alkaline matrix. Costs of 

bio-additives remain high and encapsulation methods are 

explored for efficiency and reduced environmental impact, 

particularly avoiding nitrogen oxide generation during urea 

hydrolysis (Silva et al., 2015) [43]. 

The progression of SHC integrates autogenous mechanisms 

with engineered autonomous strategies to control early-age 

micro-cracks and extend the service life of concrete 

structures and microbial precipitation, encapsulated 

chemical agents and mechanical interventions collectively 

mitigate the ingress of harmful substances, maintain 

reinforcement integrity and reduce maintenance 

interventions. Early micro-cracks, if untreated, provide 

pathways for deleterious ions, emphasizing the role of 

engineered healing agents, while autogenous processes, 

supplemented by fibers, SCMs and PET tendons, enable 

closure of micro-cracks and autonomous strategies handle 

wider cracks, deploying encapsulated healing agents or 

vascular networks to restore structural continuity. 

 

Classification of Self-Healing Concrete 

The classification of self-healing concrete covers 

autogenous healing, autonomous self-healing, autonomous 

capsule-based repair and biologically driven strategies, each 

providing distinct approaches to restoring structural 

integrity, reducing permeability and enhancing durability 

through intrinsic, engineered or bio-activated processes. 

 

1. Autogenous Self-Healing Concrete 

Autogenous self-healing in concrete refers to the material 

capacity to repair cracks without external intervention and 

the phenomenon relies on the intrinsic properties of 

cementitious materials, primarily the hydration of 

unhydrated cement particles, precipitation of calcium 

carbonate, swelling of hydrated cement and blockage by 

debris present in the mix water or from cracked concrete 

surfaces (De Rooij, Van Tittelboom, De Belie & Schlangen, 

2013) [7]. Water availability is a prerequisite for these 

mechanisms to proceed and the effectiveness of autogenous 

healing is limited by crack width, which ranges from 50 to 

300 µm depending on the material and age of concrete at the 

time of cracking (Aldea et al., 2000) [1]. Hydration of 

unhydrated cement particles contributes most significantly 

to healing in early-age concrete, providing additional 

crystalline products to seal micro-cracks, while in older 

concrete, the primary mechanism shifts toward calcium 

carbonate precipitation, which fills the cracks over time 

(Nijland, Larbi, van Hees, Lubelli & de Rooij, 2007) [29]. 

Physical effects arise from the expansion of the cement 

matrix surrounding cracks upon water absorption, narrowing 

openings and aiding closure and mechanical effects 

comprise of the migration of small debris particles into 

cracks, further promoting sealing (De Rooij et al., 2013) [7]. 

Investigations into autogenous healing in geopolymer 

systems have demonstrated that slag-based geopolymers 

achieve long-term strength recovery after initial cracking 

and an irrigation pipeline constructed with slag-based 

geopolymer concrete maintained a long-term strength 

exceeding 80 MPa after nearly 30 years of service, 

suggesting self-healing capacity (Glukhovskij, Zaitsev & 

Pakhomov, 2007) [9]. Laboratory studies on geopolymer 

mortar beams subjected to controlled cracking and 

subsequent thermal curing observed strength recovery 

ranging from 42 to 166 percent, depending on curing age, 

attributed to continuous geopolymerization kinetics (Ali et 

al., 2015) [2]. Microstructural analysis revealed denser 

matrices in geopolymeric composites than Portland cement-



 

30 

based systems, correlating with superior crack closure and 

durability (Wu, Johannesson & Geiker, 2012) [56]. 

Incorporating polyethylene fibers or other additives into 

slag-based geopolymers can regulate crack width, allowing 

healing products to precipitate effectively (Nguyen et al., 

2018) [28], while polymers such as polyethylene vinyl acetate 

(PVA) and chamotte particles enhance healing by promoting 

gap closure upon thermal activation, improving compressive 

strength and reducing void content (Musil & Kriven, 2014) 

[26]. Bacterial self-healing has also been applied to 

geopolymers, where spores remain viable within the 

microstructure and precipitate calcium carbonate when 

cracks form, contrasting with Portland cement, where 

bacterial viability declines with age due to pore structure 

densification (Jadhav et al., 2018; Jonkers et al., 2010) [14, 

18]. 

Enhancements in Portland cement-based systems comprise 

of the use of supplementary cementitious materials (SCMs) 

such as fly ash and blast-furnace slag, which leave residual 

unhydrated particles, enabling additional hydration and 

crack filling over time. Cracks smaller than 200 µm exhibit 

complete closure more readily, while larger cracks may 

partially heal (De Rooij et al., 2013) [7]. Engineering 

cementitious composites (ECCs) incorporate hydrophilic 

fibers to limit crack width and provide sites for 

precipitation, mitigating brittleness and reducing 

reinforcement corrosion risk. Superplasticizers lower the 

water-cement ratio, reducing the formation of micro-cracks 

(Sabapathy et al., 2020) [39]. Curing conditions and early-age 

mechanical loading influence autogenous healing, with 

water curing encouraging precipitation of healing products, 

while compressive stress can bring crack faces into contact, 

facilitating closure and partial strength recovery (Schlangen, 

ter Heide & van Breugel, 2006) [42]. Early-age cracking in 

high-heat concrete is managed using low-heat SCMs, which 

reduce thermal stress and allow controlled crack formation, 

indirectly supporting healing (Thenbs.com, 2015) [47]. 

Crystalline admixtures act as internal healing agents, 

remaining dormant until exposed to moisture and promoting 

self-healing through controlled crack precipitation (Oliveira, 

Gomes, Ferrara, Fairbairn & Filho, 2021) [31]. Optimal 

performance depends on crack width limitation, achievable 

through fiber-reinforced ECCs, ensuring that the crack is 

narrow enough for hydration and precipitation processes to 

occur effectively. Marine and aggressive environmental 

conditions impact autogenous healing, as ordinary Portland 

cement (OPC) mortars sealed cracks more efficiently than 

blast-furnace slag (BFS) mortars under saltwater immersion, 

whereas BFS mortars performed better in freshwater (Palin, 

Jonkers & Wiktor, 2016) [32]. In chloride and sulfate 

solutions, the formation of brucite (Mg(OH)₂) and aragonite 

enhanced crack sealing and the efficiency of healing is 

influenced by chemical composition, with supplementary 

pozzolanic materials improving precipitation of hydration 

products and supporting long-term crack closure (Zhu et al., 

2012) [58]. 

The combination of autogenous mechanisms, engineered 

interventions and environmental conditioning allows 

concrete to regain mechanical integrity and reduce 

permeability and for water-retaining structures, the ability to 

self-heal mitigates leakage and reduces maintenance needs 

(Rose et al., 2018) [38]. Research demonstrates that healing is 

more effective in narrower cracks, under early-age loading 

and with controlled moisture exposure. Methods to enhance 

healing comprise of mineral admixtures, fibers, 

superplasticizers, engineered cementitious composites and 

controlled curing conditions (De Rooij et al., 2013; Qureshi 

& Al-Tabbaa, 2020) [7, 33]. Autogenous self-healing remains 

a critical property for extending the service life of 

cementitious systems and OPC, slag-based and geopolymer 

matrices exhibit variable healing behaviors based on 

chemical composition, curing, mechanical stress and 

environmental exposure, while incorporating residual 

unhydrated particles, SCMs, crystalline admixtures and 

fibers can improve crack closure efficiency. Geopolymer 

systems offer potential advantages due to denser 

microstructures, while bacteria-based approaches 

demonstrate viability for long-term healing and marine 

environments, solution chemistry and temperature play roles 

in healing efficiency, indicating the need for material 

selection and design strategies aligned with service 

conditions. 

 

2. Autonomous Self-Healing Concrete 

Artificially triggering self-healing processes in concrete 

cementitious matrix, autonomous crack healing refers to 

self-healing mechanisms introduced into the cementitious 

matrix through the introduction of chemicals or biological 

agents and single- or multi-channel tubular networks as well 

as spherical or cylindrical capsules can be used to deliver 

these external agents (Zhu, Yang & Yao, 2012) [58]. 

Autonomous healing is based on the premise that healing 

substances are released from containers when damage 

occurs, such as cracks and react to particular stimuli, 

thereby activating the self-healing process. The healing 

agent may react when exposed to air, moisture or heat 

(Nishiwaki, Oohira & Pareek, 2011) [30] or when it comes 

into contact with the cementitious matrix (Van Tittelboom 

et al., 2011; Wang et al., 2012) [50, 54]. JCI defines 

autonomous healing as “involuntary healing of cracks that 

are provided by admixtures,” whereas RILEM states that the 

recovery process uses material components that would 

otherwise not be found in the material and concrete is said 

to be autonomously healed when this mechanism is 

artificially induced by external agents such as biological, 

chemical or mineral substances in various forms (Wang et 

al., 2012; Wu, Johannesson & Geiker, 2012) [54, 56]. 

Autonomous healing of concrete is named for concrete in 

which the healing mechanism is artificially stimulated in the 

matrix using chemical or biological materials externally and 

these agents can be incorporated in spherical forms. 

Autonomous crack-healing is associated with artificial 

healing processes, occurring either biologically or 

chemically. Biologically, it occurs through precipitation of 

CaCO₃ and polymorphic iron-aluminum-silicates, with 

reactions catalyzed by fungi and bacteria (Al-Thawadi, 

2011) [3]. Chemically, self-healing is achieved via passive 

and active modes, where passive methods employ capsules 

or shallow pipettes and active methods utilize vascular 

networks supplying adhesives directly into cracks (Wu et 

al., 2012) [56]. Super absorbent polymers (SAPs), mineral 

admixtures, microbial induced carbonate precipitation 

(MICP) and textile-reinforced concrete provide additional 

autonomous healing mechanisms (De Rooij et al., 2013) [7]. 

  

3. Autonomous Capsule-Based Self-Healing Concrete 

Autonomous capsule-based self-healing concrete employs 

engineered systems to release healing agents when cracks 
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form within the cementitious matrix, introducing chemical 

or biological substances into concrete through encapsulation 

or tubular networks, which remain dormant until triggered 

by crack formation (Zhu, Yang & Yao, 2012) [58]. Healing 

agents are designed to react to specific environmental 

stimuli, such as moisture, air exposure, heat or direct contact 

with cementitious components, enabling controlled 

initiation of the repair process (Wiktor & Jonkers, 2011; 

Van Tittelboom et al., 2011; Wang et al., 2012) [19, 50, 54, 55]. 

Encapsulation techniques use spherical or cylindrical 

carriers to contain healing substances, isolating them from 

the cementitious matrix until crack occurrence and in 

chemical systems, passive methods store reactive materials 

in microcapsules or pipettes, while active methods employ 

vascular networks to distribute adhesives or binders directly 

into damaged zones (Wu, Johannesson & Geiker, 2012) [56]. 

The selection of capsule material influences both the 

mechanical stability and release kinetics, thereby 

determining the efficiency of crack sealing and restoration 

of structural properties. 

Biological mechanisms utilize microbial activity to induce 

precipitation reactions that fill voids, with bacteria or fungi 

embedded in capsules precipitating calcium carbonate or 

polymorphic iron-aluminum-silicates upon activation, 

contributing to the recovery of material integrity (Al-

Thawadi, 2011) [3]. Chemical processes can incorporate 

super absorbent polymers, mineral admixtures or microbial 

induced carbonate precipitation (MICP) to enhance 

autogenous healing within the concrete matrix (De Rooij, 

Van Tittelboom, De Belie & Schlangen, 2013) [7]. Standards 

organizations describe autonomous healing as involuntary 

crack repair induced by admixtures or as recovery facilitated 

by materials absent from the original concrete composition, 

with the mechanism becoming operational once cracks 

expose the encapsulated agents, initiating reactions that 

restore continuity within the cementitious matrix (Wang et 

al., 2012; Wu, Johannesson & Geiker, 2012; Al-Thawadi, 

2011; Chahal et al., 2011) [3, 54, 56]. Capsule-based systems 

thus provide a controlled, repeatable and externally 

triggered method for integrating self-repairing functionality 

into high-performance concrete. 

 

4. Autonomous Bacteria-Based Self-Healing Concrete 

Autonomic self-healing in cementitious materials relies on 

the incorporation of specialized additives, such as 

microcapsules containing bacterial spores, which deposit 

healing materials into cracks (Da Silva, De Belie, Boon & 

Verstraete, 2015) [5, 43]. Bacteria-based self-healing presents 

an alternative approach, employing spherical, thick-walled 

cells such as alkaliphilic endospore-forming bacteria to 

achieve crack repair (Wiktor & Jonkers, 2011) [19, 55]. The 

first bacteria-based self-healing concrete (SHC) agent 

combined bacterial spores with an organic mineral precursor 

to facilitate crack closure (Jonkers, 2007) [17]. Within these 

systems, calcium carbonate formation occurs through 

bacterial metabolic conversion of organic acids or 

enzymatic ureolysis and activation requires the presence of 

an organic substrate that provides both nutrients and water, 

enabling bacterial activity and subsequent mineral 

precipitation (Palin, Wiktor & Jonkers, 2016) [32]. Crack 

formation in concrete permits water ingress, triggering 

bacterial spores to germinate into active cells capable of 

converting mineral precursors into calcium carbonate, which 

fills microcracks, limits water penetration, reduces chloride 

ion intrusion and mitigates corrosion of steel reinforcement 

(Jonkers, 2011) [19]. Early implementations demonstrated 

effective healing in freshwater and controlled room-

temperature conditions, while performance decreased under 

low-temperature marine environments (Wiktor & Jonkers, 

2011; Wang et al., 2014; Tziviloglou, Wiktor, Jonkers & 

Schlangen, 2016) [19, 48, 52, 55], highlighting that bacterial 

agents must remain active under specific environmental 

conditions for successful integration into marine structures. 

Direct injection of microorganisms into freshly mixed 

concrete has shown limited effectiveness over extended 

periods due to rapid depletion of nitrates, which are 

essential for microbial activity (Jonkers et al., 2010; Van 

Tittelboom et al., 2011) [18, 50]. Encapsulation techniques 

were developed to protect bacterial spores and extend their 

functional lifetime, such as clay microcapsules (Tziviloglou 

et al., 2016; Wiktor & Jonkers, 2011) [19, 48, 55], diatomaceous 

earth matrices (Wang, De Belie & Verstraete, 2012) and 

melamine-based microcapsules (Wang et al., 2014; 

Volodchenko et al., 2018) [51, 52]. Although these approaches 

prolonged microbial viability, the improvement in crack-

healing efficiency remained modest. Calcium alginate has 

been introduced as a protective carrier for bacterial spores 

and for fabricating bacteria-based beads (Wang et al., 2015; 

Palin, Wiktor & Jonkers, 2016) [32, 53], which incorporate 

bacterial spores, yeast extract as a nutrient source and 

magnesium acetate as a mineral precursor. When exposed to 

water in a simulated marine concrete crack at low 

temperatures (8°C), the beads swell, activating the bacterial 

spores, which metabolize the acetate, triggering 

precipitation of calcium-based minerals that bind with the 

alginate matrix to form a calcite-alginate composite capable 

of filling cracks (Zhang et al., 2020) [57]. 

During crack propagation, bead swelling physically 

obstructs the crack while releasing bacterial spores, yeast 

extract and magnesium acetate (Zhang et al., 2020) [57]. 

Magnesium acetate precipitates as magnesium-based 

minerals and active bacteria induce calcium carbonate 

deposition on and around the beads, contributing to crack 

closure. This dual mechanism, combining physical 

obstruction and mineral deposition, enhances the longevity 

and efficiency of bacterial self-healing in cementitious 

matrices. Research on bacteria-based self-healing highlights 

environmental sensitivity, particularly regarding 

temperature and moisture availability, as most marine 

infrastructures are located in regions with mild annual 

temperatures averaging 10°C and summer temperatures 

around 20°C (Fookes, Simm & Barr, 1986) [8]. Conventional 

bacterial self-healing agents perform optimally in these 

conditions but require adaptation for colder marine climates 

(Jonkers, 2011; Wang et al., 2012) [19, 54]. Encapsulation in 

protective matrices, such as alginate and clay, allows 

bacterial spores to remain viable until crack-induced water 

ingress initiates metabolic activity, ensuring mineral 

precipitation occurs where needed. 

The incorporation of bacteria-based beads into cementitious 

composites represents a progression from earlier self-

healing strategies by integrating nutrient delivery, protective 

encapsulation and mineral precursor availability within a 

single system, thereby extending bacterial activity and 

enhancing crack repair in low-temperature environments. 

By coupling bacterial activation with controlled mineral 

precipitation, this approach addresses limitations of previous 

microbial self-healing methods, offering improved 
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durability for reinforced concrete structures exposed to 

water and chloride ingress. Schematic representations depict 

bead swelling and subsequent bacterial activation within 

cracks, illustrating the sequential stages of water absorption, 

bacterial germination, nutrient utilization and calcite 

deposition (Zhang et al., 2020) [57]. This strategy ensures 

localized repair, prevents further crack propagation, reduces 

permeability and enhances structural longevity. 

 

Efficiency of Self-Healing for Cementitious Structures 

Self-healing in cementitious materials occurs through the 

intrinsic capacity of concrete to repair microcracks without 

external intervention, primarily driven by ongoing hydration 

or calcium carbonate precipitation. Neville (2002) [27] 

emphasized that water is a necessary factor for the self-

healing process, as it facilitates both chemical and physical 

mechanisms responsible for crack closure. Bacillus pasteurii 

has demonstrated the ability to restore cracked concrete to 

approximately 90% of its initial strength, highlighting the 

effectiveness of biological self-healing agents. Zwaag 

(2014) [59] noted that when concrete is reloaded after 

healing, it exhibits mechanical properties closely matching 

the original, with comparable stiffness and strength, 

suggesting that properly activated self-healing can restore 

both durability and functional performance. Natural self-

healing can proceed through four distinct mechanisms: 

precipitation of calcium carbonate or calcium hydroxide, 

obstruction of cracks by waterborne impurities, continued 

hydration of unreacted cementitious components and 

expansion of hydration products along crack edges, 

commonly referred to as C-S-H swelling (Talaiekhozani & 

Abd Majid, 2014) [46]. 

Calcium carbonate and calcium hydroxide formation are 

particularly effective for autogenous crack repair, as they fill 

microcracks and restore local density within the matrix 

(Talaiekhozani & Abd Majid, 2014) [46]. de Azevedo et al. 

(2020) [6] observed that healing during freeze-thaw exposure 

affects concrete durability, while Jamshidi et al. (2016) [15] 

investigated self-healing under these conditions and 

identified improvements in performance linked to 

microcrack closure. Jacobsen and Sellevold (1995) [13] 

performed freeze-thaw cycles in water on frost-damaged 

beams and recorded full recovery of resonant frequency, 

attributing the effect to water-assisted healing. The interval 

between freeze-thaw cycles influences recovery, with a 30-

day rest period enhancing autogenous healing efficiency. 

Sukhotskaya et al. (1983) [45] reported that water exposure 

during freeze-thaw cycles increased frost resistance, while 

Jamshidi et al. (2016) [15] recorded slight performance 

improvements in soil-cement specimens, linking the 

outcome to hydration and microcrack closure. Zhu et al. 

(2012) [58] examined pre-cracked strain-hardening 

cementitious composites using tensile, ultrasonic pulse and 

sorptivity tests, observing that self-healing response 

declined with higher pre-loaded strain levels, demonstrating 

the sensitivity of autogenous healing to pre-damage 

conditions. 

Ultra-high-performance fiber-reinforced concrete 

(UHPFRC) exhibits restricted cracking due to micro steel 

fibers, which enhance the material self-healing potential 

(Kim, Qudoos & Ryou, 2018; Granger et al., 2007) [10, 21]. 

Cryogenic cooling offers a method for activating self-

healing in existing UHPFRC structures through frost-melted 

water saturation, enabling mineral precipitation and 

microcrack sealing. Granger et al. (2007) [10] analyzed pre-

cracked ultra-high-performance concrete (UHPC) without 

steel fibers, using flexural and acoustic emission 

experiments and observed that water re-curing prompted 

crystal formation and recovery of initial stiffness, whereas 

air curing produced no healing effect. Kwon et al. (2013) [22] 

explored micro-crack repair and air permeability recovery in 

UHPFRC, identifying calcium carbonate deposition during 

water re-curing as the principal mechanism facilitating crack 

closure. Research on UHPFRC self-healing remains limited, 

with Kim, Qudoos and Ryou (2018) [21] investigating the 

material behavior under cryogenic conditions for liquefied 

natural gas storage applications. Across these studies, the 

efficiency of self-healing is closely linked to water 

availability, pre-damage strain and curing environment, 

which collectively influence both mechanical performance 

and durability under cyclic or extreme conditions. 

 

Challenges in High-Performance Self-Healing 

Cementitious Systems 

1. Autogenous healing is effective primarily for 

microcracks ranging from 50 to 300 µm (Aldea et al., 

2000) [1]. Larger cracks exceed the precipitation 

capacity of calcium carbonate and unhydrated cement 

particles, leading to incomplete closure and 

compromised durability (Neville, 2002) [27]. 

2. Water presence is essential for hydration, calcium 

carbonate precipitation and microbial activation 

(Talaiekhozani & Abd Majid, 2014) [46]. Variability in 

curing conditions and environmental exposure can 

restrict water ingress, limiting healing in field 

applications (Jamshidi et al., 2016) [15]. 

3. Bacteria-based self-healing relies on alkaliphilic 

endospore-forming strains and encapsulated nutrients 

(Wiktor & Jonkers, 2011) [55]. Temperature, moisture 

and salinity influence metabolic activity and mineral 

precipitation. Performance declines in low-temperature 

marine environments (Wiktor & Jonkers, 2011; Wang 

et al., 2014; Tziviloglou et al., 2016) [48, 52, 55]. Microbial 

viability depends on protective encapsulation in clay, 

diatomaceous earth, melamine or alginate matrices 

(Wang et al., 2015) [53]. 

4. Direct injection of spores into fresh concrete shows 

limited long-term effectiveness due to rapid depletion 

of nitrates and other substrates necessary for microbial 

activity (Van Tittelboom et al., 2011) [50]. Nutrient 

insufficiency reduces the rate and completeness of 

crack closure, especially in deeper or inaccessible 

cracks (Wiktor & Jonkers, 2011) [55]. 

5. Freeze-thaw cycles can damage concrete and influence 

healing potential (Jamshidi et al., 2016) [15]. Water-

saturated conditions facilitate healing, while air curing 

or insufficient moisture prevents mineral precipitation 

and crack closure (Kim, Qudoos & Ryou, 2018) [21]. 

UHPFRC exhibits microcracking control, but extreme 

thermal or cryogenic conditions require additional 

water activation for self-repair (Kim, Qudoos & Ryou, 

2018; Kwon et al., 2013) [21, 22]. 

6. Microcapsules, vascular networks and beads protect 

chemical or biological agents but can reduce 

mechanical strength if incorporated in high volume 

(Tziviloglou et al., 2016) [48]. Capsule rupture or 

delayed release can prevent uniform healing and some 

carriers may degrade under alkaline or marine 
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conditions (Wang et al., 2012; Volodchenko et al., 

2018) [51, 54]. 

7. Fungal and bacterial agents operate optimally within 

defined pH ranges: Trichoderma reesei (pH 7-9), 

Fusarium oxysporum (pH 6-7, tolerates up to 10), 

Paecilomyces inflatus (pH 3-11), calthemites-derived 

ureolytic bacteria (pH 12-13) (Jonkers et al., 2010). 

Extreme alkalinity or acidity reduces biomineralization 

rates, limiting effectiveness in certain cementitious 

matrices (Jonkers et al., 2010). 

8. Fungal metabolism operates between 4 °C and 62 °C 

with optimal activity near 25-30 °C (Jonkers et al., 

2012). Shape memory polymers recover at 12-50 °C, 

SMP optimal at 25-70 °C, SMA activation depends on 

alloy composition (Chen et al., 2020). Extreme 

temperatures affect polymer curing, microbial activity 

and expansive material reactions, reducing healing 

efficiency (Wang et al., 2019). 

9. Seawater ions influence healing differently. NaCl can 

reduce long-term durability of fiber-induced mineral 

nucleation, while calcium and magnesium ions support 

brucite, ettringite or calcite precipitation (Rajput et al., 

2015). Bacterial and fungal systems require 

encapsulation or adapted nutrient delivery to remain 

active in submerged conditions (Jonkers et al., 2011; 

Wang et al., 2012) [54]. 

10. Most microbial and polymeric self-healing systems 

have been validated in laboratory conditions (TRL 3-4), 

with few large-scale field applications achieving 

consistent long-term performance (Wang et al., 2019). 

Vascular networks, capsule integration and fiber-

assisted healing require optimization for structural 

scale, placement and durability without compromising 

mechanical properties. 

 

Conclusion 

Self-healing in cementitious systems describes the capacity 

of concrete to recover mechanical and durability properties 

through natural and engineered repair processes. 

Autogenous healing occurs through ongoing hydration and 

calcium carbonate precipitation, sealing microcracks when 

water is available and helping the cement matrix regain 

strength. Bacteria-based systems, including Bacillus 

pasteurii, achieve recovery through bacterial activity that 

converts mineral compounds into calcium carbonate 

deposits. Controlled nutrient delivery and encapsulation 

methods using alginate beads and clay capsules protect 

bacterial spores until water enters cracks and activates 

mineral production at damaged points. The deposits fill 

openings and reduce water flow and chloride penetration 

that may lead to reinforcement corrosion. Fungal agents 

form mycelial networks that support calcium carbonate 

growth over larger crack areas. Fusarium oxysporum and 

Trichoderma reesei can survive under varied pH values and 

oxygen conditions, making them suitable for different 

moisture environments. Polymeric materials such as epoxy, 

polyurethane and PMMA produce chemical reactions after 

crack formation, while fibers and expansive additives limit 

crack growth and encourage fissure filling through swelling 

and hydration product formation. Ultra-high-performance 

fiber-reinforced concrete restricts crack width, improving 

healing through water curing, frost-melt saturation and 

controlled exposure. These approaches lower permeability 

and protect steel reinforcement from harmful agents. Future 

development of improved encapsulation methods, nutrient 

supply systems and compatible healing agents may support 

concrete repair in marine, cold and chemically aggressive 

environments, extending service life and reducing 

maintenance needs. 

 

Recommendations 

1. Material scientists, microbiologists and concrete 

engineers should combine autogenous healing with 

capsules, fibres, vascular networks, resilient 

microorganisms and slow-release nutrient carriers to 

improve crack repair beyond the natural healing limit 

and maintain microbial activity over time.  

2. Concrete designers, contractors and material 

manufacturers should incorporate internal curing 

agents, superabsorbent polymers, moisture-retaining 

materials and frost-resistant mixtures to maintain water 

availability and improve healing under freeze-thaw and 

harsh environmental conditions.  

3. Researchers and material developers should produce 

durable encapsulation systems, select microorganisms 

with high alkali tolerance and develop healing agents 

that remain active under different pH levels, 

temperatures and environmental conditions.  

4. Marine engineers, microbiologists and material 

developers should design salt-resistant healing systems 

with protective encapsulation and nutrient delivery 

methods that maintain healing performance during 

prolonged seawater exposure.  

5. Researchers, industry partners, construction companies 

and regulatory agencies should conduct long-term field 

trials, full-scale structural testing and material 

refinement before large-scale adoption in engineering 

practice. 

 

References 

1. Aldea CM, Song WJ, Popovics JS, Shah SP. Extent of 

healing of cracked normal strength concrete. J Mater 

Civ Eng,2000:12:92-96. 

https://doi.org/10.1061/(ASCE)0899-

1561(2000)12:2(92) 

2. Ali M, Abu-Tair A, Kinuthia J, Babecki R. Self-healing 

and strength development of geopolymer concrete made 

with waste by products. In: Proceedings of the 

International Conference on Biological, Civil and 

Environmental Engineering (BCEE-2015), Bali, 

Indonesia, 2015, 32-42. 

3. Al-Thawadi SM. Ureolytic bacteria and calcium 

carbonate formation as a mechanism of strength 

enhancement of sand. J Adv Sci Eng Res, 2011:1:98-

114. 

4. Basheer L, Kropp J, Cleland DJ. Assessment of the 

durability of concrete from its permeation properties: A 

review. Constr Build Mater, 2001:15:93-103. 

5. Da Silva FB, De Belie N, Boon N, Verstraete W. 

Production of non-axenic ureolytic spores for self-

healing concrete applications. Constr Build 

Mater,2015:93:1034-1041. 

https://doi.org/10.1016/j.conbuildmat.2015.05.027 

6. de Azevedo AR, Klyuev S, Marvila MT, Vatin N, 

Alfimova N, de Lima TE, et al. Investigation of the 

potential use of Curauá fiber for reinforcing mortars. 

Fibers,2020:8(11):69. 

https://doi.org/10.3390/fib8110069 



 

34 

7. de Rooij MR, Van Tittelboom K, De Belie N, 

Schlangen E. Self-healing phenomena in cement-based 

materials: State-of-the-art report of RILEM Technical 

Committee 221-SHC: Self-healing phenomena in 

cement-based materials. Cham: Springer, 2013. 

https://doi.org/10.1007/978-94-007-6624-2 

8. Fookes PG, Simm JD, Barr JM. Marine concrete 

performance in different climatic environments. ReCAP 

Project Management Unit, Cardno Emerging Market, 

1986. 

9. Glukhovskij V, Zaitsev Y, Pakhomov V. Slag-alkaline 

cements and concretes structure, properties, 

technological and economical aspects of the use. J Am 

Ceram Soc,2007:20:60-61. 

10. Granger S, Loukili A, Pijaudier-Cabot G, Chanvillard 

G. Experimental characterization of the self-healing of 

cracks in an ultra high performance cementitious 

material: Mechanical tests and acoustic emission 

analysis. Cem Concr Res,2007:37:519-527. 

https://doi.org/10.1016/j.cemconres.2006.11.015 

11. Hager MD, Greil P, Leyens C, van der Zwaag S, 

Schubert US. Self-healing materials. Adv Mater, 

2010:22(47):5424-5430. 

https://doi.org/10.1002/adma.201003036 

12. Han B, Yu X, Ou J. Challenges of self-sensing 

concrete. In: Self-sensing concrete in smart structures. 

Butterworth-Heinemann, 2014, 361-376. 

https://www.researchgate.net/publication/288205097_C

hallenges_of_Self-Sensing_Concrete 

13. Jacobsen S, Sellevold EJ. Self-healing of high strength 

concrete after deterioration by freeze/thaw. Cem Concr 

Res,1995:26:55-62. https://doi.org/10.1016/0008-

8846(95)00073-N 

14. Jadhav UU, Lahoti M, Chen Z, Qiu J, Cao B, Yang EH. 

Viability of bacterial spores and crack healing in 

bacteria-containing geopolymer. Constr Build Mater, 

2018:169:716-723. 

https://doi.org/10.1016/j.conbuildmat.2018.02.099 

15. Jamshidi RJ, Lake CB, Gunning P, Hills CD. Effect of 

freeze/thaw cycles on the performance and 

microstructure of cement-treated soils. J Mater Civ 

Eng,2016:28:4016162. 

https://doi.org/10.1061/(ASCE)MT.1943-5533.0001602 

16. Jiang Z, Xing F, Sun Z, Wang P. Healing effectiveness 

of cracks rehabilitation in reinforced concrete using 

electrodeposition method. J Wuhan Univ Technol 

Mater Sci Ed,2008:23:917-922. 

17. Jonkers HM, Schlangen E. Self-healing of cracked 

concrete: A bacterial approach. In: Proceedings of 

FRACOS6: Fracture Mechanics of Concrete and 

Concrete Structures; Catania, Italy, 2007, 1821-1826. 

18. Jonkers HM, Thijssen A, Muyzer G, Copuroglu O, 

Schlangen E. Application of bacteria as self-healing 

agent for the development of sustainable concrete. Ecol 

Eng,2010:36:230-235. 

https://doi.org/10.1016/j.ecoleng.2009.09.029 

19. Jonkers HM. Bacteria-based self-healing concrete. 

Heron,2011:56:5-16. 

20. Khitab A, Anwar W, Abdin ZU, Tayyab S, Ibrahim 

OA. Applications of self-healing nano concretes. In: 

Liew MS, Nguyen-Tri T, Kakooei S, Nguyen-Tri P, 

editors. Smart nanoconcretes and cement-based 

materials: Properties, modelling and applications. 

Elsevier, 2019, 501-524. https://doi.org/10.1016/B978-

0-12-817854-6.00022-2 

21. Kim HG, Qudoos A, Ryou JS. Self-healing 

performance of GGBFS based cementitious mortar with 

granulated activators exposed to a seawater 

environment. Constr Build Mater,2018:188:569-582. 

22. Kwon S, Nishiwaki T, Kikuta T, Mihashi H. 

Experimental study on self-healing capability of 

cracked ultra-high-performance hybrid-fiber-reinforced 

cementitious composites. Cem Sci Concr Technol, 

2013:66:552-559. 

23. Lepech M, Li VC. Design and field demonstration of 

ECC link slabs for jointless bridge decks. In: 

Proceedings of the Third International Conference on 

Construction Materials: Performance, Innovations and 

Structural Implications; Vancouver. Citeseer, 2005. 

24. Li H, Liu ZQ, Ou JP. Behavior of a simple concrete 

beam driven by shape memory alloy wires. Smart 

Mater Struct,2006:15:1039-1046. 

https://doi.org/10.1088/0964-1726/15/4/022 

25. Li VC, Yang EH. Self-healing in concrete materials. In: 

Springer Series in Materials Science. Vol. 100. 

Springer, 2007, 161-193. https://doi.org/10.1007/978-1-

4020-5926-5_6 

26. Musil SS, Kriven WM. In situ mechanical properties of 

chamotte particulate reinforced, potassium geopolymer. 

J Am Ceram Soc,2014:97:907-915. 

https://doi.org/10.1111/jace.12799 

27. Neville A. Autogenous healing: A concrete miracle? 

Concr Int.2002:24:76-82. 

28. Nguyen HH, Choi JI, Song KI, Song JK, Huh J, Lee 

BY, et al. Self-healing properties of cement-based and 

alkali-activated slag-based fiber-reinforced composites. 

Constr Build Mater,2018:165:801-811. 

https://doi.org/10.1016/j.conbuildmat.2018.01.053 

29. Nijland TG, Larbi JA, van Hees RP, Lubelli B, de Rooij 

M. Self-healing phenomena in concretes and masonry 

mortars: A microscopic study. In: Proceedings of the 

First International Conference on Self-Healing 

Materials; 2007 Apr 18-20; Noordwijk Aan Zee, The 

Netherlands, 2007 , 1-9. 

30. Nishiwaki T, Oohira A, Pareek S. An experimental 

study on the application of self-repairing system to RC 

structures using selective heating. In: Third 

International Conference Self-Healing Materials; 2011; 

Bath, United Kingdom, 2011, 320-321. 

31. Oliveira ADS, Gomes ODFM, Ferrara L, Fairbairn 

EDMR, Filho RDT. An overview of a twofold effect of 

crystalline admixtures in cement-based materials: From 

permeability-reducers to self-healing stimulators. J 

Build Eng,2021:41:102400. https://doi.org/10.1016/j.jo

be.2021.102400 

32. Palin D, Wiktor V, Jonkers H. A bacteria-based bead 

for possible self-healing marine concrete applications. 

Smart Mater Struct,2016:25(8):084008. 

33. Qureshi T, Al-Tabbaa A. Self-healing concrete and 

cementitious materials. In: Advanced functional 

materials, 2020, 191-213. 

https://doi.org/10.5772/intechopen.89785 

34. Qureshi TS, Al-Tabbaa A. Influence of expansive 

minerals on the self-healing of cement paste and mortar 

systems. Smart Mater Struct, 2015:24(7):075021. 

https://doi.org/10.1088/0964-1726/24/7/075021 



 

35 

35. Qureshi T, Kanellopoulos A, Al-Tabbaa A. 

Encapsulation of expansive powder minerals within a 

concentric glass capsule system for self-healing 

concrete. Constr Build Mater,2016:121:629-643. 

https://doi.org/10.1016/j.conbuildmat.2016.05.103 

36. Rajput V, et al. Development and analysis of polymer-

based self-healing composite embedded with silica 

(SiO2) hollow glass fibers. Silicon,2023:15(17):7279-

7292. 

37. Rodriguez ED, Luo X, Mather PT. Linear/network 

poly(ε-caprolactone) blends exhibiting shape memory 

assisted self-healing (SMASH). ACS Appl Mater 

Interfaces,2011:3(2):152-161. 

38. Rose J, Grasley Z, Tang M, Edwards M, Wang F. 

Accelerated autogenous healing of concrete pipe 

sections with crack and decalcification damage. J Mater 

Civ Eng,2018:30:4018308. 

https://doi.org/10.1061/(ASCE)MT.1943-5533.0002231 

39. Sabapathy L, Mohammed BS, Al-Fakih A, Wahab 

MMA, Liew MS, Amran YHM, et al. Acid and 

sulphate attacks on a rubberized engineered 

cementitious composite containing graphene oxide. 

Materials,2020:13:3125. 

https://doi.org/10.3390/ma13143125 

40. Sangadji S. Can self-healing mechanism help concrete 

structures sustainable? Procedia Eng,2017:171:238-

249. https://doi.org/10.1016/j.proeng.2017.01.331 

41. Šavija B, Schlangen E. Autogenous healing and 

chloride ingress in cracked concrete. 

Heron,2016:61:15-32. 

42. Schlangen E, ter Heide N, van Breugel K. Crack 

healing of early age cracks in concrete. In: Konsta-

Gdoutos MS, editor. Measuring, Monitoring and 

Modeling Concrete Properties. Springer, 2006, 273-

284. https://doi.org/10.1007/978-3-540-39926-2_22 

43. Silva FB, Boon N, Belie ND, Verstraete W. Industrial 

application of biological self-healing concrete: 

Challenges and economical feasibility. J Commer 

Biotechnol, 2015:21:31-38. 

44. Spinks R. The self-healing concrete that can fix its own 

cracks. The Guardian. 2015 Jun 29. 

https://www.theguardian.com/sustainable-

business/2015/jun/29/the-self-healing-concrete-that-

can-fix-its-own-cracks 

45. Sukhotskaya SS, Mazhorova VP, Terekhin YN. Effect 

of autogenous healing of concrete subjected to periodic 

freeze-thaw cycles. Hydrotech Constr,1983:17:294-296. 

46. Talaiekhozani A, Abd Majid MZ. A review of self-

healing concrete research development. J Environ Treat 

Tech,2014:2:1-11. 

47. Thenbs.com. TR 74 Cementitious materials: The effect 

of GGBS, fly ash, silica fume and limestone fines on 

the properties of concrete. Concrete Society Publication 

Index|NBS, 2015. 

www.thenbs.com/PublicationIndex/documents/details?

Pub=CS&DocID=299663 

48. Tziviloglou E, Wiktor V, Jonkers HM, Schlangen E. 

Bacteria-based self-healing concrete to increase liquid 

tightness of cracks. Constr Build Mater,2016:122:118-

125. https://doi.org/10.1016/j.conbuildmat.2016.06.017 

49. Van Breugel K. Proceedings of the first international 

conference on self-healing materials. In: Schmets AJM, 

van der Zwaag S, editors. Dordrecht: Springer Press, 

2007, 1-9. 

50. Van Tittelboom K, De Belie N, Van Loo D, Jacobs P. 

Self-healing efficiency of cementitious materials 

containing tubular capsules filled with healing agent. 

Cem Concr Compos,2011:33(4):497-505. 

51. Volodchenko AA, Lesovik VS, Cherepanova IA, 

Volodchenko AN, Zagorodnjuk LH, Elistratkin MY, et 

al. Peculiarities of non-autoclaved lime wall materials 

production using clays. IOP Conf Ser Mater Sci Eng, 

2018:327:022021. https://doi.org/10.1088/1757-

899X/327/2/022021 

52. Wang JY, Soens H, Verstraete W, De Belie N. Self-

healing concrete by use of microencapsulated bacterial 

spores. Cem Concr Res,2014:56:139-152. 

53. Wang J, Mignon A, Snoeck D, Wiktor V, Van 

Vliergerghe S, Boon N, et al. Application of modified-

alginate encapsulated carbonate producing bacteria in 

concrete: A promising strategy for crack self-healing. 

Front Microbiol,2015:6:1088. 

https://doi.org/10.3389/fmicb.2015.01088 

54. Wang J, Van Tittelboom K, De Belie N, Verstraete W. 

Use of silica gel or polyurethane immobilized bacteria 

for self-healing concrete. Constr Build 

Mater,2012:26:532-540. 

https://doi.org/10.1016/j.conbuildmat.2011.06.037 

55. Wiktor V, Jonkers HM. Quantification of crack-healing 

in novel bacteria-based self-healing concrete. Cem 

Concr Compos,2011:33:763-770. 

https://doi.org/10.1016/j.cemconcomp.2011.04.003 

56. Wu M, Johannesson B, Geiker M. A review: Self-

healing in cementitious materials and engineered 

cementitious composite as a self-healing material. 

Constr Build Mater,2012:28:571-583. 

https://doi.org/10.1016/j.conbuildmat.2011.10.028 

57. Zhang W, Zheng Q, Ashour AF, Han B. Self-healing 

cement concrete composites for resilient infrastructures: 

A review. Compos Part B Eng,2020:189:107892. 

https://doi.org/10.1016/j.compositesb.2020.107892 

58. Zhu Y, Yang Y, Yao Y. Autogenous self-healing of 

engineered cementitious composites under freeze-thaw 

cycles. Constr Build Mater,2012:34:522-530. 

https://doi.org/10.1016/j.conbuildmat.2012.02.038 

59. Zwaag S. Self-healing materials: An alternative 

approach to 20 centuries of materials science. Vol. 30. 

Dordrecht: Springer Science+Business Media BV, 

2014. https://doi.org/10.1007/978-94-007-7243-7 

https://doi.org/10.1007/978-94-007-7243-

