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Abstract

Despite its widespread use and status as a groundbreaking construction material, concrete presents challenges due to its
susceptibility to degradation. Due to this reason, concrete structures require regular maintenance, and traditional concrete
crack repair methods are resource-intensive and expensive, while also having limitations in their applicability to different
crack types. Microbially induced calcite precipitation (MICP) is a promising technique for the maintenance of concrete
structures due to its novel approach in concrete technology for healing. The concept of MICP holds promise for sustainable
infrastructure development by reducing the need for maintenance and repairs. This paper aims to provide a thorough review
of published knowledge on MICP for concrete maintenance to assess and identify effective techniques and methods for MICP
in concrete crack healing; this helps practitioners and designers in their decision-making processes. The study focuses on
(1) MICP healing efficacy, (2) bacterial species, (3) nutrient supply methods, (4) crack remediation strategies and material
compatibility, and (5) environmental conditions. This paper discusses and summarizes effective techniques and methods for
MICP healing of concrete. Finally, potential future research directions for further optimizing and implementing MICP in
practical applications are discussed. The significance of this work is to provide a concise review summary of the effective
strategies and methods of applying MICP to the healing of concrete cracks for researchers and professionals.

Keywords Bacteria - Bio-cementation - Crack - Environmentally friendly - Microbially-induced calcite precipitation - Self-
healing concrete

1 Introduction

Concrete, the ubiquitous building material of modern civi-
lization, forms the backbone of countless structures, from
towering skyscrapers and sprawling bridges to intricate dams
and humble homes. Despite its immense strength and ver-
satility, concrete is inherently susceptible to cracking due to
various factors such as shrinkage, thermal expansion, and
contraction, imposed loads, and environmental deteriora-
tion (Jamil et al. 2019). These cracks, if left unaddressed,
can compromise the structural integrity and durability of
concrete structures, potentially leading to safety concerns
and substantial repair costs (Lu et al. 2023).
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Traditional methods for repairing concrete cracks, pri-
marily using cementitious materials like mortar or grout, are
readily available and widely used solution (Lu et al. 2023).
However, these methods have certain limitations. Their
effectiveness diminishes in the face of specific crack types,
such as those caused by ongoing structural movement or
excessive water infiltration (Jamil et al. 2019). In addition,
the rigid nature of cementitious repairs can lead to compat-
ibility issues with the original concrete, potentially causing
future cracking or spalling (Jamil et al. 2019). Additionally,
the esthetic mismatch between the repaired area and the sur-
rounding concrete can detract from the visual appeal of the
structure.

In recent years, researchers have explored innovative
approaches for addressing the challenges associated with
traditional concrete crack repair methods. One promising
avenue lies in the field of bioremediation, where naturally
occurring biological processes can be harnessed to improve
the environment and infrastructure improvement (Gowtha-
man et al. 2021; Islam et al. 2020; Eryiiriik et al. 2015).
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Among these bio-inspired solutions, microbially induced
calcite precipitation (MICP) has emerged as a compelling
technology with significant potential for self-healing con-
crete (Chuo et al. 2020).

During the last 3 decades bacterial concrete has attracted
the attention of many researchers, and several scientific doc-
uments have been published. As shown in Fig. 1, the number
of publications increased starting in the 1990s. From 2010
onwards, the number of published scientific publications has
increased rapidly based on the ScienceDirect and Scopus
databases (Fig. 1).

In the literature review conducted using the keywords
“Microbially induced calcite precipitation, bio-cementation,

self-healing concrete,” a total of 3255 academic studies,
including conference papers and indexed journal articles,
were found (WOS, 2024). The distribution of the obtained
studies over the years and the relationships between the
selected keywords were visualized using Vos Viewer
(VOSviewer, 2022) software to facilitate the investigation
(Fig 2). Figure 2 indicates that self-healing concrete and
bio-cementation have gained importance in civil engineering
in recent years for improvement.

MICEP utilizes the metabolic activity of specific bacteria,
particularly those belonging to the genus Bacillus, to pro-
mote the precipitation of calcium carbonate (CaCOs), com-
monly known as calcite) within the concrete matrix (DeJong
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et al. 2010). This idea was also mentioned by (Karimi and
Mostofinejad 2020). These bacteria produce the enzyme
urease, which catalyzes the hydrolysis of urea, a readily
available nutrient source, into ammonia and carbonic acid
(H,COs) (Dhami et al. 2017). Carbonic acid reacts with
readily available calcium ions (Ca*) present in the concrete
pore solution, leading to the precipitation of calcite precipi-
tates (CaCOs) (Chaparro et al. 2021). This biomineralization
process effectively fills cracks and voids within concrete,
promoting self-healing and enhancing the overall struc-
tural integrity of the material (Kivang et al 2018). Several
aspects have contributed to the growing interest in MICP
for concrete crack repair. First, it offers a potentially more
sustainable and eco-friendlier alternative to traditional repair
methods (Lee and Park 2018). Unlike cementitious mate-
rials, which often require significant energy consumption
and resource extraction for production, MICP uses readily
available natural resources and bioprocesses, minimizing the
environmental footprint (Raveh-Amit and Tsesarsky 2020).

Additionally, MICP demonstrates promising self-heal-
ing properties, potentially reducing maintenance costs and
improving the long-term durability of concrete structures
(Sharma et al. 2021; Rahman et al. 2020).

Similarly, MICP exhibits remarkable versatility in terms
of potential applications. Beyond its core function in con-
crete crack repair, MICP has potential for various geotech-
nical applications, including soil stabilization and ground
improvement (Gowthaman et al. 2021; Islam et al. 2020;
Lin et al. 2018; Z. Wang et al. (2018). Studies have investi-
gated the effectiveness of MICP in enhancing the mechani-
cal properties of soils, preventing soil erosion, and providing
resistance against environmental challenges (Gowthaman
et al. 2021; Z. Wang et al. (2018). Moreover, MICP’s appli-
cability extends to heritage site preservation, with research
demonstrating its potential in strengthening and restoring
historical structures (Mu et al. 2021).

MICP offers several advantages in concrete restoration,
including enhancing the compressive strength of concrete,
as shown in studies in which bacterial remediation led to
improvements in this mechanical property (Balam et al.
2021) and reducing water absorption in concrete (Hosseini
Balam et al. 2017b), which is crucial for increasing the dura-
bility and longevity of structures (Balam et al. 2021). The
use of bacteria in concrete can decrease chloride permeabil-
ity, thereby enhancing the resistance of concrete to chloride
ion penetration (Karimi and Mostofinejad 2020; Tayebani
and Mostofinejad 2019a), a common cause of concrete dete-
rioration (Balam et al. 2021), and improve electrical resistiv-
ity (Parastegari et al. 2019), which is essential for mitigating
the corrosion of reinforcement within concrete structures
(Parastegari et al. 2022). The ability of MICP to autono-
mously heal cracks in concrete through bacterial activity,
as demonstrated by the self-healing bacterial mortar, is a

significant advantage that can prolong the service life of
concrete structures (Tayebani and Mostofinejad 2019b).

Despite its benefits, MICP in concrete restoration also
presents some challenges like the need for careful consid-
eration of the curing environment and surface treatment to
optimize the concrete permeability, as highlighted in stud-
ies investigating the effects of various factors on concrete
permeability (Tayebani and Mostofinejad 2019b). Another
drawback is the potential variability in the effectiveness of
bacterial remediation on different types of concrete, such as
lightweight aggregate concrete, which may require tailored
approaches to achieve optimal results (Salmasi and Most-
ofinejad, 2020). The use of bacteria in concrete may intro-
duce complexities in terms of maintenance and monitoring
to ensure the continued effectiveness of the MICP process
over time (Nosouhian and Mostofinejad 2016).

Although the potential of MICP for concrete crack repair
and other applications is undeniable, it is crucial to acknowl-
edge that this technology is still under development. Exten-
sive research is ongoing to optimize and refine MICP tech-
niques, focusing on aspects such as bacterial strain selection,
nutrient composition, and environmental control (Bakkour
et al. 2023; Ghasemi and Montoya 2022; Kivang et al. 2018).
In addition, the long-term performance and durability of
MICP-treated concrete in real-world scenarios require fur-
ther investigation and monitoring (Kivang et al. 2018).

MICP is a new technology in the construction industry,
and it has not well addressed its practical application in
real-world construction; therefore, it is very important to
assess the knowledge and research results to shape them in
a way that enables professionals and designers to draw a
solid conclusion regarding MICP techniques and methods to
heal concrete cracks. There have been several published and
unpublished research papers on the applications of MICP
for concrete healing, but there is a gap in the analysis of the
techniques and methods that are comparatively effective for
healing concrete cracks or deteriorations. This paper intends
to present an analytical summary regarding concrete heal-
ing Fig 3, and suitability of different MICP techniques and
methods for concrete crack healing, and to draw up reason-
able recommendations regarding the topic.

2 Methods

The research design of this review paper involves a system-
atic and rigorous approach to identify, select, and analyze
relevant literature. The review begins with a comprehensive
search of scholarly databases such as Scopus, Web of Sci-
ence, Springer Link, and ScienceDirect to identify articles,
reviews, and research studies related to MICP and its appli-
cation in concrete healing. The search strategy included key-
words such as “MICP concrete,” “MICP concrete healing,”
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Fig.3 Framework diagram of novel MICP strategies for concrete restoration

“bacterial concrete,” and related terms to ensure a thorough
retrieval of relevant literature.

Following the literature search, a meticulous screening
process was performed to assess the titles, abstracts, and
full texts of the identified studies. The inclusion and exclu-
sion criteria were predefined to ensure the selection of stud-
ies. Five main study areas were identified that align with
the objectives of the review. (1) MICP healing efficacy,
(2) bacterial species, (3) nutrient supply method (4) crack
remediation strategies and material compatibility, and (5)
environmental conditions.

The review adopted a structured approach to data extrac-
tion and synthesis, and the findings from the selected lit-
erature were organized into coherent themes and subtopics.
The synthesis process involved identifying and grouping the
above subtopics as well as identifying gaps in the existing
literature that could inform future research directions. The
review also aims to provide a critical analysis of the synthe-
sized information, providing insights into the current state
of knowledge and potential areas for further investigation.

3 Results

The results of the thorough review of the collection of arti-
cles are structured into the following sections. (3.1) MICP
healing efficacy, (3.2) effective bacterial species for treating
concrete, (3.3) effective nutrient supply methods (3.4) crack
remediation strategies and material compatibility, and (3.5)
the effect of environmental conditions.

@ Springer

3.1 MICP Healing Efficacy
3.1.1 Crack Closure

Concrete cracks, a common structural defect, originate from
various factors such as drying, shrinkage, thermal expan-
sion, and external loads. These fractures compromise the
concrete’s integrity, facilitating water ingress, reinforcement
corrosion (Otieno et al., 2010), and ultimately structural fail-
ure. Consequently, concrete cracking is a primary cause of
deterioration (Wang et al. 2016) and necessitates effective
repair solutions. MICP has shown promising results for clos-
ing cracks of different sizes, depths, and types. Studies have
shown that MICP products often exhibit enhanced strength,
durability, and self-healing properties (Chuo et al. 2020).
Research has indicated that MICP is effective in closing sub-
terranean cracks in the vicinity of wellbores, suggesting its
potential for crack closure (Phillips et al. 2016). MICP has
been found to effectively repair both natural and simulated
cracks on various surfaces, including brick walls (Mu et al.
2021). Field-scale bio-cementation tests have shown that
with further optimization, MICP could be viable for larger-
scale applications, indicating its potential for addressing
cracks of different scales (Gomez et al. 2015).

MICP has demonstrated potential for repairing concrete
cracks by improving their material strength, durability,
and self-healing properties (Seifan et al. 2016). Research
has shown that certain bacterial strains can effectively
close concrete cracks of varying widths, with some strains
achieving the closure of cracks up to 400 um within 28 days
(Ersan et al. 2015). MICP has been proven to decrease the
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permeability of concrete and enhance its strength, indicating
its promise for crack repair (Shi et al. 2022).

In contrast, traditional concrete repair techniques, such
as chemical and polymer applications, are associated with
health and environmental hazards and are generally effective
only in the short term (Seifan et al. 2016). The long-term
effectiveness of traditional repair methods in achieving crack
closure and enhancing concrete durability may be limited
compared to MICP. MICP has been found to obstruct the
ingress of aggressive substances, suggesting its potential for
enduring crack closure (Bandyopadhyay et al. 2023).

MICP has been observed to seal concrete cracks more
efficiently near surface than in deeper pores, demonstrat-
ing its ability to address cracks at various depths (Mu et al.
2021). This underscores the versatility of MICP in the repair
of concrete cracks throughout the material. The use of car-
bonate-producing microorganisms encased in modified algi-
nate in concrete has been identified as a promising approach
for crack self-healing, further highlighting the potential of
MICEP for concrete repair (J. Wang et al. (2015).

Figure 4 shows a concrete cube before and after MICP
treatment. The experimental finding by (Mu et al. 2021)
showed that the original cube, MICP-treated cube, and
MICP-untreated cube had compressive strengths of (20.67 +
1.98, 17.33+4.69, 9.84+ 1.02) MPa respectively. From
Fig. 4, we can understand that MICP treatment can restore
up to 80% of the concrete strength.

3.1.2 Strength Recovery

Concrete strength is a critical property influencing its struc-
tural performance and durability (Sun et al. 2024a, 2024b).
However, the development of cracks compromises this
strength, reducing the load-bearing capacity and resistance
of concrete to environmental factors (Chen et al. (2023).
Restoring concrete strength through effective repair tech-
niques like using fibers (Chen et al. (2024) reported that it
is essential to maintain structural integrity and extend the
service life of concrete structures. MICP can significantly
contribute to the restoration of mechanical properties in
concrete. By incorporating high numbers of bacteria and

Fig.4 Compressive strength of
concrete cubes treated by MICP
(Mu et al. 2021)

Original cubes

specific amino acids into the concrete matrix, MICP has
been found to effectively maintain compressive, tensile, and
flexural strength, minimizing strength loss during crack heal-
ing processes (Bandyopadhyay et al. 2023; Hosseini Balam
et al. 2017a). This highlights the critical role of MICP in
preserving the mechanical integrity of concrete structures,
even after they have developed cracks (Wang et al., (2015).

MICP treatment can result in a notable increase in the
compressive strength of cementitious materials, with
improvements ranging from 13 to 27% compared with
unassisted recovery processes (Van der Bergh et al. 2020).
This enhancement in compressive strength underscores the
efficacy of MICP in strengthening the mechanical proper-
ties of concrete. MICP has been observed to enhance the
mechanical properties of simulated cracked bricks, leading
to variations in the failure load and compressive strength
after post-treatment (Mu et al. 2021). These results suggest
that MICP positively influences the recovery of mechanical
strength in concrete, making it a valuable technique for the
repair and reinforcement of cracked structures.

The use of MICP in self-healing concrete has been linked
to a significant recovery of compressive strength in cracked
samples after a healing period, serving as a mechanical
indicator of the healing process (Mahmood et al. 2022).
This demonstrates the capacity of MICP to rejuvenate the
mechanical properties of concrete, thereby contributing to
its long-term durability and performance.

Studies have shown that the precipitation of calcite is
directly linked to concrete strength improvement. The pre-
cipitation of calcite is influenced by factors such as cell con-
centration, ionic strength, and pH of the medium, and plays
a crucial role in determining the extent of strength enhance-
ment (Achal et al. 2009; Liu et al. 2022a, b). The more sig-
nificant the amount of calcite produced through MICP, the
greater is the potential for strength improvement in concrete
structures (Achal et al. 2009).

The isolation and identification of bacteria, such as
Sporosarcina pasteurii, have been instrumental in enhanc-
ing urease and calcite production and improving concrete
strength (Achal et al. 2009). The application of microor-
ganisms in concrete, such as MICP, has been recognized

Without MICP treatment

MICP treatment
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as a sustainable strategy for enhancing concrete durability,
with calcite precipitation playing a key role in this process
(Wang et al. 2015). The mineralogical sequence of self-heal-
ing products in cracked marine concrete has highlighted the
dominance of calcite precipitation as a self-healing mecha-
nism, emphasizing its significance in improving concrete
properties (Danner et al. 2019; Liu et al. 2022a, b).

3.1.3 Durability Improvement

Concrete durability is of paramount importance for ensur-
ing the long-term performance and safety of structures. A
durable concrete structure can withstand the aggressive
effects of environmental factors. Li et al. 2024; Nosouhian
et al. 2016; Sun et al. 2023), reducing the need for repair
and replacement. Investing in concrete durability translates
into significant cost savings and minimal maintenance over
the structure's lifespan. MICP contributes to reducing water
permeability and porosity in concrete, thereby enhancing its
resistance to degradation mechanisms. The application of
MICP and fibers has been associated with decreased capil-
lary water absorption and improved durability by prevent-
ing the penetration of corrosion promoters, suggesting their
effectiveness in enhancing concrete’s resistance to water
ingress and chloride penetration (Castro-Alonso et al. 2019;
Doostkami et al. 2022; Lu et al. 2023).

Discussing the potential long-term benefits of MICP for
extending the service life of concrete structures requires
considering how MICP can improve the durability and
mechanical properties of concrete over time. MICP has been
reported to aid in the development of bio-concrete, leading
to improvements in the mechanical and durability properties
of concrete structures (Kulkarni et al. 2020). By reducing
water permeability, porosity, and chloride-ion permeation,
MICP and fibers can enhance the long-term performance of
concrete, potentially extending the service life of structures
(Doostkami et al. 2022; Lv et al. 2023; Sun et al. 2024c¢).
The self-healing properties of MICP, such as crack sealing
and reduced water absorption, contribute to maintaining the
structural integrity of concrete over time, highlighting its
long-term benefits of this innovative technology (Doostkami
et al. 2022; Kulkarni et al. 2020).

The water permeability of concrete specimens decreases
with an increase in Mill-Rejected Granular Cement (MRGC)
content, both for uncracked specimens and after the crack-
healing period (Asrat and Ghebrab 2020; Mostofinejad et al.
2020). MICP research on creating self-healing mortar or
concrete and crack sealing indicates the potential to reduce
permeability and porosity through bacterial action (Chuo
et al. 2020; Doostkami et al. 2022). These findings indicate
that MICP has the potential to reduce the permeability and
porosity of concrete after crack healing, enhancing its mate-
rial properties and long-term performance.

%, 4\ Springer

3.2 Effective Treatment of Concrete with Bacterial
Species

3.2.1 Selection Criteria for Effective Bacteria

Because there are different species of bacteria with a variety
of biological characteristics, it is important to select the right
species of bacteria for specific concrete healing task. SoOme
of the main effective bacterial species selection criteria are
listed below.

3.2.2 Ureolytic Activity

Several bacterial species have been identified for their ureo-
lytic activities, which play key roles in biomineralization
processes like MICP. These studies highlighted the impor-
tance of ureolytic bacteria, which are well known for their
effective calcifying properties and include Bacillus subtilis
and Sporosarcina pasteurii (Erytiriikk 2022; Omoregie et al.
2019; Gat et al. 2016). Bacterial isolates with high ureolytic
activity, including JA1, JB2, JB3, and Sporosarcina pas-
teurii strains, emphasizing their potential as calcium carbon-
ate precipitation inducers were also identified by researchers
(Idris et al. 2022; Zulaika et al. 2019).

The significance of urease activity in bacterial infections
and the modulation of ureolysis, as well as insights into
the association between bacterial nickel import and ure-
ase activity were illuminated by researchers (Svane et al.
2020; Konieczna et al. 2012). Understanding the ureolytic
capabilities of bacterial species is crucial for selecting suit-
able candidates for MICP applications aimed at enhancing
the mechanical properties of concrete via efficient calcite
precipitation.

3.2.3 Alkaline Tolerance

To identify bacterial species with the best alkaline toler-
ance for thriving in high pH environments like concrete, it is
crucial to consider their adaptability to extreme conditions.
Studies have highlighted the resilience of sulfur-oxidizing
bacteria and their communities in concrete, reflecting their
ability to withstand alkaline environments (Kiledal et al.
2021; Okabe et al. 2007). On the other hand, researchers
have investigated the survival of bacteria like Halomonas
desiderata and indigenous cement isolates in highly alkaline
habitats, indicating their alkaline tolerance (Alquier et al.
2014; Achal et al. 2009).

3.2.4 Spore Formation
Spore-forming bacteria enhance the viability and resilience

of microbial activities during the concrete mixing and place-
ment process. Some researchers have argued the significance
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of spore-forming ureolytic strains like Bacillus sphaericus
for self-healing concrete applications (Wang et al. 2017;
Sharma et al. 2017). These bacteria form spores that shield
them in alkaline environments, enabling efficient calcite pre-
cipitation and crack repair in concrete structures. The role of
spore-forming bacteria, such as Sporosarcina pasteurii and
Bacillus megaterium, in enhancing the strength and permea-
tion properties of concrete through their spore production
and germination capabilities was also highlighted (Nasser
et al. 2022; Van der Bergh et al. 2020).

Moreover, some studies demonstrated high levels of urea
decomposition and robust spore germination by bacterial
strains, indicating their potential for use in spore-based
applications in self-healing concrete (Pungrasmi et al. 2019;
Reeksting et al. 2020). These bacteria, through their spore-
forming abilities, contribute to calcium carbonate formation
and improve the durability of concrete structures. Overall,
spore-forming bacteria, particularly ureolytic strains like
Bacillus sphaericus and Sporosarcina pasteurii, exhibit
excellent alkaline tolerance and spore formation capabili-
ties, making them effective for concrete applications.

3.3 Compatibility with Concrete Components

The compatibility of the bacterial species with the host con-
crete is crucial for enhancing the concrete healing process.
Bacillus megaterium is an effective bacterial species for
concrete healing (Krishnapriya et al. 2015). This species,
along with Bacillus sphaericus and Bacillus licheniformis,
has been shown to substantially increase the strength of con-
crete and facilitate complete crack healing. Additionally, B.
sphaericus was encapsulated in a modified alginate hydro-
gel, demonstrating good compatibility with both bacteria
and concrete (Wang et al 2015).

The compatibility of Bacillus strains, including B. pseu-
dofirmus and B. cohnii, with concrete has been investigated
(Wiktor and Jonkers 2016), highlighting their potential for
self-healing concrete applications. Bacillus subtilis has been
studied for its impact on the strength and self-healing of
bacterial concrete (Ahiwale and Khartode 2021). These bac-
terial species have substantial effects on concrete strength
and self-healing mechanisms. Additionally, B. licheniformis
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and B. sphaericus have been investigated for their influence
on concrete strength and durability (Bandlamudi et al. 2023;
Li et al. 2022).

3.3.1 Common Bacterial Strains

Bacillus megaterium is a beneficial bacterial species for con-
crete healing (Krishnapriya et al. 2015). It has been demon-
strated that these species, together with B. sphaericus and B.
licheniformis, significantly strengthens concrete and accel-
erates fracture healing. Furthermore, it has been reported
that B. sphaericus can be encapsulated inside a modified
alginate hydrogel, exhibiting good compatibility with both
the bacteria and concrete (Wang et al. 2015).

Moreover, it has been discovered that Sporosarcina pas-
teurii, another spore-forming bacterial species, enhances the
strength and durability of concrete. This species and some
Bacillus strains have been successfully used for concrete
crack healing (Shahid et al. 2020). The compatibility of vari-
ous Bacillus strains with concrete, including B. pseudofir-
mus and B. cohnii, was investigated, and it was found that
they could be useful in self-healing concrete applications
(Wiktor and Jonkers 2016).

Furthermore, the use of Bacillus subtilis has been stud-
ied for its impact on the strength and self-healing of bacte-
rial concrete (Ahiwale and Khartode 2021). This bacterial
species exerted substantial effects on concrete strength and
self-healing mechanisms. Additionally, B. licheniformis and
B. sphaericus have been investigated for their influence on
concrete strength and durability (Bandlamudi et al. 2023; Li
et al. 2022). In conclusion, the Bacillus strain is one of the
most commonly used bacterial species and has been proven
for its efficient healing characteristics.

3.3.2 Comparative Analysis of Bacterial Efficiency

Sporosarcina pasteurii has been extensively studied for
MICP and has shown effectiveness in inducing calcite pre-
cipitation, the mechanism of which is explained in Fig. 5
(Chuo et al. 2020; Eryiiriik et al. 2015a, 2015b).

Some researchers have highlighted Sporosarcina pas-
teurii as the most studied bacterium for MICP, emphasizing
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CaCO;
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its ability to promote calcium carbonate precipitation in
concrete, which contributes to self-healing mechanisms and
enhances concrete durability (Chuo et al. 2020; Reeksting
et al. 2020).

Ersan et al. (2015) demonstrated effective crack closure
of up to 0.5 mm through calcite precipitation using a self-
protected nitrate-reducing culture, highlighting the role of
bacteria in enhancing concrete durability. Autogenous heal-
ing of cracks by various bacterial strains, including Bacil-
lus cohnii, Bacillus pseudofirmus, and Bacillus subtilis,
highlighting their potential for concrete healing were also
reported (Castro-Alonso et al. 2019) (Table 1).

Krishnapriya et al. (2015) observed a significant increase
in concrete strength and crack healing by using B. megate-
rium, B. licheniformis, and B. megaterium strains. Harn-
picharnchai et al. (2022) demonstrated that a mixed culture
of ureolytic and non-ureolytic bacterial strains precipitates
large amounts of calcium carbonate, underscoring the use-
fulness of MICP for concrete.

3.4 Effective Nutrient Supply Methods

When it comes to bacterial activity and calcite precipitation,
efficient nutrition delivery is essential for MICP in concrete.
The presence of nutrients, such as urea (Amiri and Bundur
2018), calcium ions, and organic precursors, is necessary
to stimulate bacterial metabolism and precipitate calcite,
both of which aid in the strengthening and healing of con-
crete (Metwally et al. 2020; Nain et al. 2019). Research has
demonstrated that the availability of nutrients affects the
effectiveness of MICP, with high levels of urea and calcium
chloride facilitating bacterial metabolism.

Various methods can be used to deliver essential nutri-
ents to bacteria within concrete for MICP. Some of the

most effective nutrient delivery methods are pre-encap-
sulated bacteria, preconditioning, and continued to feed.

3.4.1 Pre-Encapsulated Bacteria

One technique for providing nutrients to bacteria in con-
crete for MICP is the use of pre-encapsulated bacteria
(Wang et al. 2015). Using this method, bacteria and nutri-
ents can be enclosed in micro—or macro-capsules, which
can have a spherical or cylindrical form. The method of
encapsulation ensures the survival and functionality of
bacteria and nutrients by providing a protective envi-
ronment within the concrete (Espitia-Nery et al., 2019).
Pre-encapsulating bacteria increases their chances of sur-
vival and keeps them isolated from germination stimuli
until they are mixed into the concrete (Mostofinejad et al.
2022; Seifan et al. 2016). This helps the MICP process
by increasing the self-healing characteristics of concrete
constructions.

Pre-encapsulated bacteria offer a protective and con-
trolled delivery method for ensuring the viability and sus-
tained activity of bacteria in concrete, thus enhancing the
efficiency of MICP processes. On the other hand, this tech-
nique has its own drawbacks, which can be seen in Table 2.

However, there are different methods of encapsulation,
based on fissure repair efficiency, melanin-based micro-
encapsulation and expanded clay coated in a geopolymer
layer comprising sodium silicate solution and metakaolin
yielded maximum repair widths of 0.96 mm and 0.79 mm
(Wang et al. 2014), respectively, which are the most effec-
tive bacterial encapsulation techniques (Seifan et al. 2016)

Table 1 Summary of the different bacterial species in the MICP used for maintaining concrete

Method of treat-
ment

Bacterial species ~ Solution reagents

pH Nutrient Supply

Effect on treated  Reference

concrete

Calcite content

Encapsulation of  Bacillus pasteurii ~ Alginate hydrogel 7-9 Nutrient-rich
medium

Bacteria capsules

Optimization of  Sporosarcina

Sporulation and ~ 7-8 Nutrient-rich

Increased precipi- Improved crack  (Chuo et al. 2020)
tation of calcite  healing and

durability

Enhanced calcite  Efficient crack (Igbal et al. 2021)

Sporulation and  pasteurii germination medium production repair
Germination enhancers
Controlled Bacillus subtilis  Lightweight 7 Nutrient-rich Adequate forma-  Strengthened (Castro-Alonso
Impregnation aggregates solution tion of calcite concrete struc- et al. 2019)
ture
pH Regulation Bacillus spha- pH adjustment 7-9 Balanced nutrient Optimal calcite Improved con- (Ersan et al. 2015)
ericus solutions supply precipitation crete integrity
Temperature Methylocystis Temperature Nutrient-rich Temperature- Accelerated crack (Seifan et al. 2016)
Control parvus regulation medium dependent healing
formation of
calcite
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Table 2 Pros and cons of pre-encapsulating bacteria in MICP

Pros of pre-encapsulated bacteria

Cons of pre-encapsulated bacteria

1. Ensures the viability and protection of bacteria within the concrete

2. Provides controlled release of nutrients for sustained bacterial activity

1. It may add complexity and cost of the
application, (Rollakanti & Srinivasu 2022)

2. Limited nutrient diffusion from capsules
may affect bacterial activity

3. Enhances the survival rate of bacteria in harsh concrete environments, (Seifan et al. 2016) 3. Careful selection of encapsulation materials

3.4.2 Preconditioning Bacteria

Pre-treatment of concrete with nutrients before introducing
bacteria into MICP is a method that involves conditioning the
concrete substrate to optimize its environment for bacterial
activity and calcite precipitation. (Wang et al. 2017) explored
the use of pre-soaking concrete samples with a calcium lac-
tate solution before introducing Myxobacteria for MICP. By
introducing nutrients into the concrete prior to the addition of
bacteria, the substrate can effectively support microbial growth
and biomineralization processes effectively (Chen et al. 2022).

The pre-treatment method aims to create favorable condi-
tions for bacteria to thrive and efficiently utilize nutrients for
calcium carbonate precipitation, ultimately enhancing the
self-healing properties and durability of concrete structures
(Mi et al. 2023). Pre-treatment of concrete with nutrients
can improve the success and efficiency of MICP applications
by ensuring that the environment is conducive to bacterial
activity and calcite formation. This method is simpler and
more cost-effective than other methods like encapsulation,
(Huang and Kaewunruen 2020).

3.4.3 Continuous Feeding

Continuous feeding of bacteria in concrete to precipitate
calcite involves providing a sustained supply of nutrients
to support bacterial metabolism and biomineralization pro-
cesses over an extended period (Garg et al. 2023; Khaudiyal
et al. 2022). This method ensures that bacteria have access
to the nutrients required for calcite precipitation, promoting
ongoing self-healing and strengthening of the concrete struc-
ture. Continuous feeding can involve the regular addition
of nutrients, such as calcium ions and urea, to the concrete
environment to sustain bacterial activity and enhance the
efficiency of MICP (Chen et al. 2022).

3.5 Crack Remediation Strategies and Material
Compatibility

3.5.1 Crack Remediation Strategies

Concrete degradation, such as structural cracks, is mostly
caused by overloads, temperature changes, shrinkage, or

seismic activity, and can significantly weaken concrete and
compromise the safety of structures. These cracks can lead
to the ingress of water, chemicals, and aggressive agents,
initiating degradation processes and corrosion of reinforcing
bars. In return, these scenarios lead to the propagation of
cracks, reducing the overall strength and service life of con-
crete (Safiuddin et al. 2018; Martinez-Ibernén et al. 2020;
Zhang et al. 2022; Poor et al. 2016). On the other hand,
non-structural cracks, although they do not affect the load-
bearing capacity, can still be detrimental to concrete perfor-
mance. Cracks can decrease the durability and esthetics of
the concrete, allowing water and chemicals to penetrate the
material, further reducing its lifespan (Jyothi and Charya,
2021; Yao et al. 2014).

Various methods have been proposed to detect and char-
acterize cracks in concrete structures, such as image analysis
(Berrocal et al. 2016), fiber optic sensors, and non-destruc-
tive testing techniques. These methods help identify the
type, size, and extent of cracks, allowing for timely repairs
and maintenance to prevent further deterioration (Bao et al.
2010; Grzesiak et al. 2023). Efforts have also been made
to develop self-healing concrete materials that can autono-
mously repair cracks and enhance the durability and longev-
ity of concrete structures. These self-healing mechanisms
involve the use of bacteria, composite materials, and inno-
vative technologies to promote the healing and sealing of
cracks in concrete (Chen et al. 2016; Jonkers and Schlangen
2008; Abudoleh et al. 2019).

Traditional crack repair methods, such as patching and
injection, have high costs, complexity, and temporary effec-
tiveness (Han et al. 2019). However, these methods often fail
to provide long-lasting and sustainable solutions for concrete
crack repair, indicating the need for alternative technologies
(Seifan et al. 2016). In contrast, MICP has emerged as a
bio-based and self-healing approach with several potential
advantages over traditional methods (Bandyopadhyay et al.
2023; Castro-Alonso et al. 2019).

One of the key advantages of MICP is its ability to auton-
omously repair cracks without the need for human interven-
tion, thereby reducing the maintenance costs associated with
manual repair methods (Han et al. 2019). Furthermore, the
biomineralization process of MICP not only seals cracks
but also blocks the penetration of aggressive substances,
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enhancing the durability and longevity of concrete struc-
tures (Bandyopadhyay et al. 2023). MICP has also shown
promise in reducing the environmental impact of concrete
repair processes, making it an attractive option for sustain-
able construction practices (Mahmood et al. 2022).

MICP has been proven effective for repairing various
types and sizes of cracks in concrete. Research has shown
that MICP can successfully repair concrete cracks, rang-
ing from small surface cracks to larger structural cracks,
by inducing the precipitation of calcium carbonate through
bacterial action (Chuo et al. 2020). The self-healing perfor-
mance of MICP has been observed to be comparable to pop-
ular axenic strains used in self-healing concrete studies, indi-
cating its efficacy in addressing cracks up to 400 pm in width
(Ersan et al. 2015). Additionally, MICP has been found to
reduce the permeability characteristics of concrete, enhance
its strength, and improve its durability by sealing cracks and
preventing the ingress of aggressive substances (Shi et al.
2022). The biomineralization process of MICP, which influ-
ences the quality and quantity of precipitated crystals, plays
a crucial role in the effectiveness of surface crack remedia-
tion, highlighting the potential of MICP for repairing differ-
ent types and sizes of cracks in concrete (Bandyopadhyay
et al. 2023). Overall, MICP presents a promising solution
for mitigating cracks in concrete structures, enhancing their
longevity, and improving their performance.

3.5.2 Material Compatibility

Material compatibility in the context of MICP refers to the
ability of microbial-generated calcium carbonate to effec-
tively integrate with the existing concrete matrix. Research
has demonstrated that the MICP mineralization process can
lead to the formation of CaCOs crystals that exhibit good
compatibility with cement-based materials (Li et al. 2022).
This compatibility is crucial because it ensures that the
newly formed CaCO:s effectively seals the cracks, prevent-
ing the ingress of water, air, and aggressive substances (Li
et al. 2022). More importantly, the biomineralization pro-
cess significantly influences the quality and quantity of the
precipitated crystals, underscoring the importance of mate-
rial compatibility in ensuring the effectiveness of MICP for
concrete healing (Li et al. 2022).

Ensuring compatibility between bacteria, their metabolic
processes, and concrete components is crucial for success-
ful crack repair in concrete. The effectiveness of MICP for
concrete healing relies on the ability of bacteria to withstand
alkaline conditions and reactivate their metabolic activity
upon exposure to water and other substances from concrete
cracks (Castro-Alonso et al. 2019; Ersan et al. 2015; Reek-
sting et al. 2020). Strategies such as encapsulating bacteria
in protective carriers, optimizing spore formation and ger-
mination conditions, and using modified alginate hydrogels
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have been explored to enhance the compatibility between
bacteria and concrete (Jakubovskis et al. 2021; Wang et al.
2015; Jiang et al. 2020). Studies have shown that incorporat-
ing high numbers of bacteria and providing the necessary
nutrients into the concrete matrix can lead to satisfactory
crack healing (Bandyopadhyay et al. 2023).

3.5.3 Impact of MICP Bacteria on Concrete

Negative interactions between MICP bacteria and concrete
components can occur due to various factors. For instance,
the production of ammonia during the hydrolysis of urea
by ureolytic bacteria can lead to environmental nitrogen
loading and chemical reactions between the bacteria and
concrete components, potentially causing negative effects
on the material itself (Wiktor and Jonkers 2016). Addition-
ally, the pH changes induced by urease-positive bacteria
compared with non-ureolytic strains can impact the local
environment, affecting the biomineralization process (Reek-
sting et al. 2020). The complexity of the MICP process can
result in excessive calcium chelation by monosaccharides
or acidification from carbohydrate metabolism, which may
interfere with biomineralization and reduce the effective-
ness of crack repair (Hoffmann et al. 2021). These negative
interactions underscore the importance of understanding the
compatibility between bacteria and concrete components.

Many bacteria struggle to survive in the high-pH environ-
ment of concrete. To enhance the alkali tolerance of bacteria
for applications like MICP in concrete healing, selecting
bacteria from extreme environments with high pH levels,
such as saline alkali soil or extremely alkaline sites, can
provide a natural source of alkali-tolerant strains (Zhang
et al. 2023). In addition to bacterial selection, genetic engi-
neering approaches (Qu et al. 2021) and encapsulating bac-
teria (Wang et al. 2015) can enhance the alkali tolerance of
bacteria.

3.5.4 Comparison of the Effectiveness of MICP in Treating
Concrete

MICP has been lauded for its potential in repairing concrete
cracks through microbial carbonate precipitation; however,
contrasting views and challenges have been identified.

One contradiction lies in the effectiveness of MICP in the
repair of concrete cracks of different widths. Some studies
have shown that MICP can effectively repair cracks of vary-
ing sizes, demonstrating its versatility and potential for vari-
ous applications (Fan et al. 2023). However, other studies
have suggested that the MICP process may have limitations
in terms of crack width and depth, raising questions about
its universal applicability across all types of concrete cracks
(Yamasamit et al. 2023).
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Another contradiction arises from the durability and
longevity of the bivalents used in MICP. Although MICP
offers a sustainable and environmentally friendly approach
to concrete healing, concerns have been raised regarding the
survival and effectiveness of the bivalents under harsh con-
ditions during concrete mixing and throughout the service
life of the structure (Rahmaninezhad et al. 2023). This con-
tradiction highlights the need for further research to address
the challenges associated with maintaining the viability of
bivalents for successful MICP in concrete crack repair.

Furthermore, the environmental impact of MICP is con-
tradictory. Although MICP is considered an eco-friendly
method for repairing concrete cracks, some studies have
pointed out potential disadvantages, such as ammonia
release into the air and nitric acid production, which could
have negative environmental implications (Ganendra et al.
2014). This contradiction underscores the importance of
considering the overall environmental footprint of MICPs
in concrete repair applications.

In conclusion, the contradictions surrounding the use of
MICP for concrete crack repair highlight the need for fur-
ther research to address the challenges related to the limited
crack width, bivalent durability, and environmental impacts.
By addressing these contradictions, researchers can optimize
the effectiveness and sustainability of MICP as a viable solu-
tion for enhancing the durability and longevity of concrete
structures.

3.5.5 Effects of Environmental Conditions

The efficiency of MICP in concrete can be influenced by
temperature, pH, and moisture content. Research has indi-
cated that the process of calcium carbonate precipitation by
MICP bacteria is significantly influenced by temperature;
higher temperatures generally promote faster and more
extensive mineralization (Peng and Liu 2019). However, pH
levels have a big influence on how effective MICP is (Ban-
dyopadhyay et al. 2023). Maintaining an optimal pH range
(Wei et al. 2015), typically between 7 and 9, is essential
for maximizing the efficiency of MICP for concrete healing
(Wang et al. 2017). The optimal pH for MICP has been stud-
ied extensively, with research indicating that an initial pH of
at least 9.0 (Tsesarsky et al. 2018) is optimal for carbonate
precipitation in reactions lasting 18 h (Druckenmiller et al.
2006; Gomez et al. 2019). This alkaline pH environment
is conducive to the formation of calcite crystals (Drucken-
miller et al. 2006). Temperature and pH and moisture con-
tent in concrete also affect the availability of water neces-
sary for bacterial metabolic processes and calcium carbonate
precipitation, with adequate moisture levels being vital for
the success of MICP in crack repair (Erdmann and Strieth
2022; Zhu and Dittrich 2016).

MICP is a promising technology for construction applica-
tions, and its feasibility in different climates and construc-
tion environments depends on various factors. These stud-
ies highlighted the potential of MICP in construction and
geotechnical applications, highlighting its versatility across
different environments (Chuo et al. 2020). Factors such as
temperature, pH, and moisture content are crucial for the
efficiency of MICP, as discussed above and in references
by Cunningham et al. and Kim et al. (Cunningham et al.
2019; Kim et al. 2018). Strategies like encapsulating bacte-
ria, optimizing sporulation and germination, and controlling
pH levels can enhance MICP efficiency (Ma et al. 2020).

Some studies have explored the application of MICP in
seawater environments, demonstrating its adaptability to
diverse conditions (Wang et al. 2024; Hu et al. 2023). Addi-
tionally, some studies have discussed the influence of cell
concentration on the engineering applications of MICP, indi-
cating its potential in various construction scenarios (Zhang
et al. 2023; Murugan et al. 2021).

Although MICP shows promise for sustainable construc-
tion practices, challenges such as high costs and long con-
struction periods (Xuwen et al. 2022; Wahab et al. 2021)
must be addressed for widespread implementation. Ongoing
research efforts aim to optimize conditions and enhance the
technology’s effectiveness, thus supporting the feasibility of
MICEP in different climates and construction environments.

4 Conclusion

Microbially induced precipitation of calcite is an encour-
aging and promising approach for treating concrete cracks.
This review has explored aspects of MICP, such as MICP
healing efficacy, effective bacterial species for treating con-
crete, effective nutrient supply methods, crack remediation
strategies, material compatibility, and the effect of environ-
mental conditions. The following points were drawn from
the study to summarize the main findings.

1. MICP has significant potential for self-healing concrete.
It effectively sealed fractures, increased strength, and
reduced water permeability, suggesting its potential
for crack repair and enhanced long-term concrete per-
formance. It has a direct link with calcite precipitation
and improved strength, highlighting the importance of
optimizing bacterial activity and nutrient delivery for
efficient crack healing across different scales.

2. Selecting the appropriate bacteria is key for success-
ful MICP. Species like Sporosarcina pasteurii, Bacillus
strains, and Bacillus subtilis are favored due to their effi-
cient calcite production (ureolytic activity). For concrete
applications, bacteria with high resilience in alkaline
environments are crucial. Spore-forming ureolytic bac-
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teria, particularly Bacillus sphaericus and Sporosarcina
pasteurii, which can withstand the high pH of concrete
and produce protective spores that increase survival, are
particularly well suited.

3. Nutrient availability is critical for MICP success. High
levels of urea and calcium chloride promote bacterial
activity and calcite precipitation. Encapsulating bacte-
ria before their introduction into concrete protects them
from premature germination and improves their survival
rates. This isolation allows them to be activated when
mixed with the concrete, promoting self-healing and
improving crack repair in concrete structures. Studies
have shown that specific encapsulation techniques, like
melanin-based microcapsules or geopolymer-coated
expanded clay, can achieve significant repair widths.

4. Optimizing MICP for concrete requires addressing sev-
eral factors. Encapsulating bacteria, managing spore
formation and germination, and using compatible
materials like modified-alginate hydrogels can improve
bacteria-concrete interactions. High bacterial counts and
sufficient nutrients in concrete are necessary for success-
ful crack healing, but environmental factors also play a
role. Temperature significantly affects calcite precipita-
tion, with warmer conditions promoting faster and more
extensive mineralization. Additionally, maintaining a
near-neutral pH level (between 7 and 9) is crucial for
optimal MICP efficiency in concrete.

5 Suggestions for New Studies

Future research should focus on enhancing the performance
and practical application of Microbially Induced Calcium
Carbonate Precipitation (MICP) for concrete repair. Studies
should delve deeper into the long-term durability of MICP-
treated concrete under various environmental conditions
and explore methods to optimize the MICP process, such as
improving bacterial strains and nutrient delivery systems.
Large-scale field trials are necessary to assess the technol-
ogy’s feasibility in real-world settings.

To fully realize the potential of MICP, research should
also investigate the fundamental mechanisms of calcite
precipitation and explore novel applications beyond crack
repair, such as incorporating MICP into concrete produc-
tion for preventive self-healing. Exploring novel bacterial
strains with enhanced calcite precipitation rates and specific
desirable traits, as well as utilizing genetic engineering to
optimize bacterial properties for improved performance, are
key areas of interest. By screening diverse microbial popula-
tions and isolating bacteria with superior MICP capabilities,
researchers can identify strains with enhanced efficiency for
concrete applications. Genetic engineering techniques can
modify bacterial traits such as urease activity and survival in

@ Springer

harsh concrete environments, leading to the development of
customized strains with advanced capabilities for promoting
calcite precipitation in concrete healing.

By addressing these research areas, the construction
industry can benefit from more effective and sustainable
concrete repair solutions, ultimately revolutionizing con-
crete repair technologies and enhancing the sustainability
of construction practices.
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