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Abstract

Concrete is a foundation of world infrastructure, but microcracking and weak tensile strength impair service life.
This systematic review of literature on bacteria-based self-healing concrete (BSC) in terms of efficiency of crack
sealing, durability, and mechanical performance. BSC uses microbial-induced calcium carbonate precipitation
(MICP), in which bacteria, including Bacillus subtilis, Bacillus cereus, and Sporosarcina pasteurii, precipitate
CaCOs autonomously to seal the cracks. Using the PRISMA approach, 247 publications that addressed the topic
during the period of 2000-2025 were identified using the Web of Science database and 30 papers were selected
for review, with research directions outlined through bibliometric visualization. The compressive strengths vary
between 10-35% and flexural strength between 8-30%, depending on the bacterial strain, dosage, bacteria
carriers and environmental conditions. The review identified that the BSC improves mechanical and durability
performance, and it also reduces the dependence on traditional repair methods. Important factors are bacterial
viability and encapsulation methods. Despite the prospective results shown, there remain challenges about long-
term sustainability, nature-friendliness and deployment on a scale. This study provides important information to
inform the development and integration of BSC to achieve sustainable construction and setting the scope of its
practical implementation within reliable infrastructure systems.
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1 Introduction

Concrete materials are renowned for their high compressive strength, superior fireproofing capabilities,
durability, and the ease of obtaining raw materials (Flaga, 2000), making them a cornerstone of civil engineering
projects such as water conservancy, hydropower, traffic infrastructure, and industrial and civil construction.
Project management plays a crucial role in the construction industry, with sustainability addressing the
environmental impacts and concerns surrounding climate change (Chowdhury et al., 2018), ensuring that the
widespread use of concrete is balanced with environmental responsibility. Despite their widespread use, concrete
is susceptible to surface loosening, spalling, and cracking due to external loads and other factors during
preparation and service (R. Wang et al., 2008), which significantly diminishes its anti-permeability, anti-
chloride-corrosion, and anti-carbonization properties. These cracks facilitate the corrosion of internal
reinforcements, reducing the structure's load-bearing capacity and durability, and if left unrepaired, can lead to
complete structural failure or collapse. Crack formation, triggered by over-stressing, improper construction
practices, aggressive environmental exposure, and shrinkage (Xu & Wang, 2018), further shortens the service
life of concrete by allowing water and aggressive solutions to penetrate the matrix, degrading long-term
performance. Traditional repair methods employing epoxy, non-shrink, or expansive cement-based grouts offer
good mechanical properties (Shamsuddoha et al., 2018) and bonding strength, yet their production raises
environmental concerns due to associated negative impacts (Phoo-ngernkham et al., 2015), including the toxicity
of polymers like polyurethane, which releases harmful substances such as phenol and chlorofluorocarbons. The
global demand for concrete continues to rise, driven by the construction of highways, buildings, and bridges, but
cement production, a key binder imparting strength to concrete, is energy-intensive, depletes natural resources,
and contributes approximately 7% of worldwide CO: emissions (Siddique et al., 2016), often leveraging
advanced techniques like Generative Design to optimize material use and reduce embodied carbon (Wasiew et
al., 2025), Genetic Algorithm-based optimization models (Rahman et al., 2025). To mitigate these environmental
issues, supplementary cementitious materials (SCMs) such as fly ash, silica fume, metakaolin, and ground
granulated blast furnace slag are incorporated to reduce cement content (Berndt, 2009), while recycled aggregate
concrete (RAC) leverages construction waste for sustainable construction. Despite advancements in RAC's
structural performance, cracks remain a persistent challenge, exacerbated by reduced tensile strength, external
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stresses, shrinkage, and temperature variations, which allow deleterious substances like sulfates, chlorides, and
water to corrode reinforcements, leading to spalling and potential structural failure (Singh & Singh, 2019). The
high costs of manual repairs using materials like silicon-based polymers and epoxy systems underscore the need
for innovative, environmentally friendly solutions, setting the stage for exploring the application of bacteria in
concrete as a promising alternative.

In the past decade, research on cementitious composites enriched with bacterial enhancements has experienced a
significant upsurge, and this manuscript is dedicated to delivering a comprehensive overview of the most recent
advancements in this domain. It aims to trace the research trends in self-healing concrete (SHC) through a
meticulous scient metric analysis of pertinent literature sourced from the Web of Science (WoS) database,
spanning from 2000 to 2025. The paper further provides an in-depth review of the critical mechanical and
durability properties associated with bacteria-enabled self-healing concrete.

2 Methodology

To meet the aims of this research, a systematic review (SR) approach is adopted, encompassing the creation of a
research framework, a tailored search strategy for relevant data, data extraction, analysis, and result presentation.
The study complies with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (Page et al., 2021). The systematic review process begins with the selection of appropriate databases
and relevant research articles. The study utilized the Web of Science (WoS) databases, esteemed for their
extensive collections of high-quality publications, particularly in the domain of bacteria-based self-healing
concrete. Employing tailored search queries with the keywords "Tl= (bacteria-based self-healing concrete OR
microbial-induced calcium carbonate precipitation OR MICP OR bacterial concrete)" for each database (Table
1), an initial set of 751 articles related to this field was retrieved, spanning the years 2000 to 2025. To ensure
relevance, articles deemed irrelevant, literature reviews, published before 2000, or non-research in nature were
excluded, narrowing the selection to 247 publications. A final set of 247 articles imported into bibliography
software for further processing. After a thorough review of the abstracts, 30 articles were ultimately selected for
detailed analysis. The 25-year timeframe (2000-2025) was deliberately chosen to capture the development and
recent advancements in bacteria-based self-healing concrete technologies, ensuring the study’s findings reflect
cutting-edge and relevant innovations in the field.

Figure 1 describes the research framework of this study.
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Figure 1. Research Framework
Table 1. Code used for literature search.
Database Applied Code
Web of Science TI= (bacteria-based self-healing concrete OR microbial-induced calcium
(WoS) carbonate precipitation OR MICP OR bacterial concrete)

3 Results
3.1 Research Trend and Keyword Analysis

Figure 2 presents a comprehensive analysis of research publication trends and top published journal: (a) a line
graph illustrating the temporal evolution of research output from 2015 to 2025, and (b) a bar chart highlighting
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the top 10 journals contributing to this body of literature. In subfigure (a), the line graph, sourced from the Web
of Science (Wo0S), reveals a dynamic trajectory of scholarly articles, commencing with approximately 10
publications in 2015. The trend exhibits a modest fluctuation, notably a slight decline around 2017, followed by
a robust and consistent upward trajectory that escalates to over 50 articles by 2025, underscoring a significant
growth in research activity over the decade. Subfigure (b) complements this temporal analysis with a bar chart
that ranks the top 10 journals by article count, where "Construction and Building Materials" emerges as the
preeminent outlet, boasting a publication volume exceeding 50 articles. This is followed by a tier of highly
productive journals, including "Journal of Materials in Civil Engineering,”" and "Materials", each registering
between 20 and 30 articles. Together, these visualizations provide a clear indication of both the increasing
research momentum and the concentration of scholarly output within a select group of influential journals.
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Figure 2. (a) Research publications trend from 2015 to 2025 (as per WoS), (b) Top published journals

Figure 3 combines (a) Conceptual Structure Map, generated using the Multiple Correspondence Analysis (MCA)
method, and (b) a network visualization to illustrate the relationships and significance of terms related to self-
healing concrete research. The bold connections between MICP, carbonate precipitation, bacteria, compressive
strength, permeability, mortar, and performance indicate that microbial activity-driven carbonate formation plays
a vital role in governing both the mechanical and durability characteristics of concrete.
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Figure 3. (a) Multiple Correspondence Analysis, (b) Network Visualization

3.2. Methods of Introducing Bacteria into Cementitious Composites

Bacteria can be introduced into cementitious materials via three principal methods: direct mixing,
immobilization, and encapsulation. The direct method involves mixing bacterial spores and nutrients directly
with water or cement. While this approach is cost-effective, it suffers from low bacterial survivability, as spores
are exposed to high alkalinity during hydration (F. Salmasi et al., 2020). To overcome this, the immobilization
technique uses carrier materials like lightweight aggregates (LWA), zeolite, or silica fume (SF) to embed
bacterial cells and shield them during mixing. Anand et al. (2022) used SF, CKD, and RHA as mineral-based
carriers to ensure bacterial viability and effective healing. The encapsulation method involves enclosing bacteria
in microcapsules or hydrogels. This allows for controlled release and long-term healing. Wang et al. (2014)
demonstrated that microencapsulation helps bacteria survive and activate when cracks form.

3.3. Factors Influencing Bacteria-Based Self-Healing
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Multiple parameters govern the effectiveness of bacteria-based self-healing. The type of bacteria is crucial;
Bacillus sphaericus, Bacillus subtilis, and Sporosarcina pasteurii are among the most commonly used strains,
known for their robust CaCO:s precipitation ability (Jongvivatsakul et al., 2019). Moisture availability is another
key factor. Tziviloglou et al. (2016) demonstrated that wet-dry cycles and water immersion significantly
enhanced crack healing performance compared to dry conditions. The crack width also determines healing
capacity. While autogenous healing is generally effective for cracks up to 0.3 mm, bacteria-based systems can
heal cracks up to 0.97 mm or more (Medeiros & Di Sarno, 2022). Furthermore, the carrier type and nutrient
concentration influence healing behavior, as observed in the studies by Anand et al. (2022) and Justo-Reinoso et
al. (2023), who demonstrated improved healing using calcium silicate granules and mineral admixtures.

3.4. Influence of Pre-Cracking on Bacteria-Based Self-Healing

The age of concrete at the time of cracking affects its ability to self-heal. Research by R.A. and B.B. Das (2025)
confirmed that specimens pre-cracked at 3 days displayed superior crack closure compared to those cracked at
28 days, due to the higher availability of unhydrated cement particles in younger specimens which aid hydration
and facilitate healing. A study by Ling and Qian (2017) similarly showed better healing in younger samples
under wet curing, attributing it to the enhanced reactivity and bacterial metabolism at early ages.

3.5. Setting Time Properties

Bacteria and their associated nutrients influence the setting time of cement. Calcium lactate, a common nutrient
used to enhance bacterial viability, tends to delay setting due to its interference with cement hydration, whereas
calcium formate and nitrate accelerate the setting process (De Muynck et al., 2008). R.A. & B.B. Das (2025)
found that the use of a 4% healing agent increased the final setting time by 19.7%, while a 2% dosage reduced
the initial setting time by 16.2%, illustrating the dosage-dependent nature of bacterial additives on setting
kinetics.

3.6. Compressive Strength

The effect of bacterial treatment on compressive strength is generally positive but varies depending on
conditions. Most studies, including those by Sidhu et al. (2023) and Medeiros & Di Sarno (2022), report
increases in compressive strength due to calcium carbonate precipitation that fills micro voids and enhances
matrix density. For instance, Marinospirillum megaterium demonstrated up to 67% healing efficiency and
corresponding strength gain in long-term observations (Jongvivatsakul et al., 2019). The resultant material
strength enhancements, with compressive strengths varying between 10-35% and flexural strengths between 8—
30%, are dependent on the bacterial strain, dosage, the bacteria carrier material, and environmental conditions
(Mohammed et al., 2024; Yehia et al., 2025). However, certain studies such as that by Salmasi & Mostofinejad
(2020) indicate potential strength loss if the proteinaceous outer layers of bacteria deteriorate or if bacterial death
occurs due to the alkaline environment. Therefore, strength enhancement is closely linked to the bacterial strain,
survivability, and nutrient support.

3.7 Porosity

Medeiros & Di Sarno (2022), including Zhang et al.(2025), Sidhu et al.(2023) have advanced the understanding
of bacterial self-healing concrete (BBSHC) through studies demonstrating significant reductions in porosity and
water absorption driven by calcium carbonate (CaCOs) precipitation. Their research, supported by findings from
Justo-Reinoso et al. (2023), indicates that CaCOs crystal growth within healed cracks reinforces sand particle
contact points, reducing porosity by 50-70% and water absorption by up to four times post-healing. While
untreated BBSHC exhibits higher initial porosity and absorption due to bio-precipitation properties, bacterial-
induced calcite formation, but it seals voids and cracks, enhancing matrix integrity as reported by Anand et al.
(2022).

3.8 Chloride permeability

A reduction in chloride permeability in concrete is attributed to bacterial self-healing and calcite precipitation,
which enhance material durability by modifying pore structure and impeding chloride ingress. Studies by Justo-
Reinoso et al. (2023) highlights that selective bacterial-based self-healing concrete (BBSHC) applications
significantly lower permeability. Similarly, Anand et al. (2022) report reduced chloride penetration due to
bacterial self-healing activity and calcite precipitation respectively. Both bacterial and conventional treatments
decrease permeation by refining pore structure (De Muynck et al., 2008). Jongvivatsakul (2019) emphasize that
healing processes enhance resistance to chloride ingress, while Salmasi & Mostofinejad (2020) confirm reduced
chloride penetration with bacterial applications. Additionally, Ling and Qian (2017) demonstrate that self-
healing cracks impede chloride transmission, further improving concrete durability.

3.9 Crack healing performance
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Fiber reinforcement and microbial techniques significantly enhance the self-healing capabilities of concrete, as
demonstrated by various studies. Justo-Reinoso et al. (2023) found that fiber reinforcement improved the
ductility and mechanical stability of sand columns, potentially increasing crack resistance. Anand et al. (2022)
observed significant crack healing with bacterial calcite deposition, which not only reduced crack widths but also
increased compressive strength and reduced porosity, thereby enhancing concrete durability. Jongvivatsakul
(2019) reported long-term crack healing (up to 224 days) with surface crack area reduction and ultrasonic pulse
velocity (UPV) testing, achieving healing ratios of approximately 67% for Marinospirillum megaterium, 61% for
M. sphaericus, and 57% for M. subtilis. Salmasi & Mostofinejad (2020) noted that combining bacteria with steel
fibers occludes fine cracks, reducing water absorption and chloride penetration, though specific healing
performance tests were not detailed. Ling and Qian (2017) demonstrated that microbial self-healing concrete,
through CaCO:s precipitation, can repair cracks up to 470 um (or 1 mm with pottery sand), outperforming
controls (210 um), with visible healing in 5 days and full closure in 20 days.

3.10 Advancements in Concrete Enhancement and Sustainability

Research by Medeiros & Di Sarno (2022), Zhang et al. (2025), Sidhu et al. (2023), Justo-Reinoso et al. (2023),
Anand et al. (2022), Salmasi & Mostofinejad (2020), Ling and Qian (2017) demonstrated that short fibers (1-5
mm) significantly enhance unconfined compressive strength (UCS) in concrete, with fiber distribution being
critical, while unsaturated microbial-induced calcite precipitation (MICP) outperforms saturated MICP for crack
healing, showing promise for field applications. Strategic use of bio-based self-healing concrete (BBSHC)
achieves up to 50% sustainability improvements, reducing CO2 emissions and water usage, and incorporating
sugar cane bagasse ash (SCBA) with bacteria improves concrete’s mechanical and durability properties through
calcite precipitation. Electrochemical testing using a three-electrode system (10 mm reinforcement working
electrode, saturated calomel electrode reference, and stainless-steel sheet auxiliary electrode) at 15 V for
electromigration further supports these advancements.

4, Conclusions and Recommendations

A scientometric analysis of literature from the Web of Science (WoS) spanning 2000 to 2025, this study reveals
a significant upward trend of BSC implementation. Key journals such as "Construction and Building Materials™
have emerged as pivotal platforms, hosting over 50 articles. The integration of bacteria through methods like
direct mixing, immobilization with carriers such as silica fume, and encapsulation in microcapsules has proven
effective, with strains like Bacillus subtilis and Sporosarcina pasteurii demonstrating robust calcium carbonate
precipitation. This process significantly reduces porosity by 50-70%, lowers water absorption, and enhances
crack healing up to 0.97 mm, with healing efficiencies reaching 67% in long-term observations. The use of
supplementary cementitious materials (SCMs) and recycled aggregate concrete (RAC), combined with bacterial
enhancements, addresses environmental concerns by reducing CO: emissions and leveraging construction waste,
achieving up to 50% sustainability improvements. However, challenges remain, including the variable impact on
setting times, potential strength losses due to bacterial deterioration, and the need for optimized nutrient dosages.
Based on these findings, several recommendations are proposed to advance the field. First, future research
should focus on standardizing bacterial strain selection and delivery methods to enhance survivability and
healing consistency across diverse environmental conditions. Second, comprehensive testing under freeze-thaw
cycles and long-term field applications should be prioritized to validate durability benefits. Third, integrating
machine learning models to predict optimal bacterial concentrations and healing outcomes could streamline
design processes.
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