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Abstract

This study aims to review the potential for microbial calcium carbonate precipitation (MCP) as an effective method for
environmental remediation and its application in construction restoration. This review aims to provide in-depth knowledge
of microbial calcium carbonate precipitation through the concrete denitrification process. One of the critical parameters
reviewed in this study is the choice of denitrifying bacteria that can be used for inclusions in concrete. There are limited
reports on denitrifying bacteria used in concrete for enhancing its mechanical and durability characteristics. Hence, this
study reviews the different types of denitrifying bacteria that can be used in concrete. Diaphorobacter nitroreducens and
Pseudomonas aeruginosa with cell concentration in the range of 10°-10° CFU/ml along with calcium formate and calcium
nitrate as nutrients are found to be effective. For these bacterial inclusions, the crack healing efficiency is found to range
from 350 to 590 um for 28 days depending on the protective carrier used. Another critical parameter reviewed in this study
is the suitable technique for microbial inclusions into concrete. To determine the effectiveness of self-healing, the concentra-
tion of bacterial cells required and nutrients required are also reviewed. Additionally, the capacity of denitrifying bacteria
as an instrument of self-healing against crack formation is evaluated. Finally, the broad applications of microbial calcium
carbonate precipitation through denitrification are discussed in various fields, and the drawbacks of application in concrete
are discussed. Overall, it is discovered that the denitrification pathway is more environmentally friendly while still being as
successful as current techniques in enhancing the mechanical characteristics of concrete.

Keywords Bioconcrete - Denitrifying bacteria - Microbially induced calcium carbonate precipitation

Introduction

Economists have opined that the expenditure on infra-
structure maintenance is “overwhelming” [1]. Statisti-
cally, it is reported that 0.52% of the US Annual GDP is
invested in infrastructure maintenance and repair, whereas
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the corresponding figures for India and China are 1.08%
and 5.57% as per the 2018 global survey data [2]. It is also
reported recently as of 2020 that India produces nearly 300
million tonnes per annum (MTPA) of cement for use in
infrastructure development and repair [3]. Thus, it is a press-
ing need of the hour to develop techniques for mitigating the
deterioration of existing infrastructure to reduce the associ-
ated maintenance and repair costs and also the CO2 emission
associated with PC manufacture. To achieve this, concrete
containing microbial inclusions (or bacterial concrete) is a
concept undergoing extensive research [4—10]. Microbial
calcium carbonate precipitation (MCP) in concrete is report-
edly an effective method for environmental remediation and
construction restoration [11, 12]. Bacterial concrete, a sort
of self-healing concrete, can be used to treat cracks by add-
ing a unique type of bacteria as well as a calcium-based
nutrient to the concrete [13]. This method emerges from a
broader type of science known as biomineralization, and it
is crucial because calcium carbonate precipitation generated
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by microbial activity is pollution-free and natural [14]. MCP
is usually attained through denitrification process [15, 16].

Carbonates in the form of limestone are important carbon
sources [17]. The majority of insoluble carbonates come
from bacteria, fungi, algae, and metazoans [18]. Calcium
carbonate (CaCO3) is generated through the metabolism of
microbial organisms in a Calcium-rich (Ca**) environment
[19]. The generated CaCO3 is available in natural form as
calcite, aragonite, or vaterite [20].

CaCO3 precipitating bacteria are reportedly discovered
in 1913 in the form of a denitrifying bacterial strain, “Bacte-
rium calcis”, capable of producing calcite crystals in a liquid
media [21-24]. Later research has provided evidence of at
least 200 different bacterial strains capable of precipitating
CaCO3 [24, 25]. These microorganisms include cyanobac-
teria, microalgae, sulfate-reducing bacteria, and organisms
involving the nitrogen cycle [26]. The metabolic pathways
followed by these microorganisms for the CaCO3 precipita-
tion include photosynthesis, urea hydrolysis, and denitrifica-
tion. Calcium ion concentration, nucleation site availability,
and pH are some of the governing factors for MCP [27].

The pH and interior temperature conditions in concrete
are very high [28]. Keeping these concerns in mind, the most
widely used bacterial genus in concrete is Bacillus species,
followed by Sporosarcina and Pseudomonas. Sporosarcina
has been exclusively employed for bio-cementation [29].
Different bacterial genuses follow different metabolic path-
ways to produce CaCO3 precipitation in concrete. Many
of the Bacillus and Sporosarcina species use the ureolysis
pathway to generate calcium carbonate precipitation. But in
harsh environmental circumstances including nutrient and
oxygen deficiency, high pressures, and high salt concentra-
tions, ureolytic bacteria are not always present. This may
lead to a decrease in the existence of the bacteria over time.
Additionally, ammonia, recognized for its toxicity in aquatic
environments, is produced as a by-product. Therefore, there
is a necessity to explore other microbiological processes
capable of causing calcium carbonate precipitation to estab-
lish the most environmentally friendly alternative for usage
in various practical applications.

The alternate pathways used in different applications for
microbial calcite precipitation include denitrification, pho-
tosynthesis, methane oxidation, and sulfate reduction. How-
ever, the use of methane oxidation and sulfate reduction for
real-life applications has to be investigated intensively as it
produces harmful hydrogen sulfide as a by-product. Photo-
synthesis also produces toxic formaldehyde as a by- product.
In the case of denitrification, the by-products produced at the
end of the process include nitrogen gas and a small amount
of carbon dioxide which are non-toxic. Presently, the ability
of the denitrification pathway for microbial calcium carbon-
ate precipitation is under-utilized. Limited applications are
reported in the existing literature [15, 16]. Critical studies
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on this pathway are required for extensive evaluations of
the benefits and drawbacks along with diverse applications,
paving the way for personalized solutions. Hence, this study
is aimed at reviewing key aspects of this technology and pro-
viding a comprehensive summary to enable further detailed
research and widespread application.

The review provides an in-depth knowledge of microbial
calcium carbonate precipitation (MCP) in concrete through
the denitrification process. Section “Denitrification” of this
manuscript explains the denitrification mechanism for the
self-healing process. The study focuses on highlighting the
distinctions between the denitrification process and other
metabolic pathways. Section “Selection of denitrifying
bacteria for self-healing concrete” investigates the potential
denitrifying bacteria that can be used in concrete to facilitate
self-healing. Section “Techniques of microbial inclusions
in concrete” describes the available techniques for micro-
bial inclusions into concrete. The various materials used for
different techniques and their major findings are studied.
Section “The concentration of cells and associated nutrients
needed focuses on the concentration of bacterial cells and
the nutrients required to test the effectiveness of self-healing.
The various nutrients used for different bacterial strains are
summarized. Section “Investigation of crack healing effi-
ciency” investigates the crack healing efficiency of denitrify-
ing bacteria and Subsequently, Sect. “Other Applications”
explains the broad applications of MCP through denitrifica-
tion. The drawbacks identified for the use of the denitrifica-
tion mechanism in concrete are discussed in “Drawback”
section.

Denitrification

As mentioned above, different metabolic pathways lead to
microbial calcium carbonate precipitation.

The below table (Table 1) shows the pathways followed
by different bacteria and the reactions which they undergo to
precipitate calcium carbonate. Different pathways produce
different by-products.

Denitrification is a biological mechanism in the nitrogen
cycle in which microorganisms produce nitrite, nitric oxide,
and nitrous oxide to convert nitrate to nitrogen. [34]. Bac-
teria can utilize this process of nitrate reduction to oxidize
organic compounds which subsequently helps them in the
generation of energy and also their cell growth [35]. Nitrate
can be reduced by a variety of bacteria. Alcaligenes, Bacil-
lus, Denitrobacillus, Thiobacillus, Pseudomonas, Spirillum,
Micrococcus, and Achromobacter are among the denitrifying
bacteria [36]. Denitrification occurs where O2 is limited, but
nitrate and organic carbon are sufficiently available [37].
During this process, the pH in the surroundings rises as
H+is consumed and CO?2 is produced, enhancing carbonate
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Table 1 Reactions in various metabolic pathways that lead to MCP
Bacteria Metabolism References Reactions By-product
Cyanobacteria Photosynthesis [30] 2HCO;™ +Ca?* — CH,0+CaCO;+0, 02, CH20
Ureolytic Ureolysis [31] CO(NH)2 +2H2 O +Ca”* + Cell — 2NH4* + Cell-CaCO3 NH4*
Myxobacteria Ammonification [32] - NH3
Nitrate reducing bacteria Denitrification [16] CH,COO™ +2.6H* +1.6NO;~ —2CO0,+0.8N, +2.8H,0 Complete
Ca™ + CO,(aq)+20H™ — CaCO4(s)+H,0 reaction:
CO,+N,
Incomplete
reaction:
NO+N,0O
Sulfate reducing bacteria Sulfate reduction [30] SO,-+2[CH,0]+OH™ +Ca** — CO2, H2S
CaCO;+CO,+2H,0+HS™
Methanogens Methane [33] Anaerobic oxidation H2S
Oxidation CH,+S0, " +Ca** — CaCO; +H,S + H,0

precipitation around the cells (Fig. 1) [16]. This precipitation
is useful in concrete crack healing, as mentioned earlier.
Nitrogen and its oxides in different forms, viz. N2,
N20, and NO, are generated as by-products during denitri-
fication [38]. Since the denitrifying bacteria are facultative
microbes, either dissolved oxygen or nitrate can be used
by them as an oxygen source for metabolism. If both are
present, bacterial strains prefer dissolved oxygen to begin
the process of denitrification. This is one of the major
advantages of this pathway when compared to other oxy-
gen-dependent pathways such as ureolysis and aerobic res-
piration. Furthermore, denitrification exhibits a negative
change in Gibbs free energy (785 klJ/mol acetate) under
typical conditions, surpassing the free energy of ureoly-
sis (27 kJ/mol acetate) and the other anaerobic metabolic

pathways. As a result, denitrification is thermodynamically
more suited than all other metabolic routes except aerobic
respiration, and it can be expected to dominate in many
MICP applications at higher depths where the presence of
oxygen is unlikely [39]. Moreover, denitrification produces
more calcium carbonate precipitation per mole of elec-
tron source than other pathways (Table 1). This increased
carbonate synthesis supports more calcium carbonate pre-
cipitation per mole of external material. Overall, micro-
bial-induced calcium carbonate precipitation (MICP) via
denitrification appears to be more sustainable for in situ
applications [39].

The denitrification process is affected by the presence
of sufficient organic matter, present as raw wastewater or
supplementary carbon. The effectiveness of this process

- Cco,
N 2 - T pH
H.O0 jOH~
NO,™ NO 2NO N,0
/ (& CO.> + Ca?*
o _ , CaCO;
NOs 6NO;  + SCH;0H— 3N, +5CO,+ 7H,0 + 60H" l
Saturation
NO; +2 H™ +2 e | Nitrate reductase > NO, +H,0 X
4 Calcite crystals
NO, +2H* +e === NO+H;0 ag
S Flagellum
2NO + 2 H™ + 2 e~ [Nifric oxide reductase > N,O+ H,O
N,O+2 H" + 2 e Nifrous oxide rednctase:‘ » N,+H.0 — Cell wall
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Jropian s = . » Lipopolysaccharid
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Fig.1 A diagram depicting the progressive reduction in nitrate to N2 [47]
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depends on the nitrate concentration, associated pH, tem-
perature, and existence of organic matter [40, 41].

A suitable electron donor at an appropriate concentration
is necessary for denitrification to occur. When glucose is
introduced, a carbon-to-nitrate proportion of 3—4:1 is opti-
mal [42]. It is reported that a pH in the range of 7 to 8 is
optimum for the denitrification process based on observa-
tions from several bacterial cultures. However, denitrifica-
tion has been observed at a varying range of pH values from
11 to 4 [43]. The ideal varies between species and enzymes
[44]. The variation of denitrification with varying pH is still
a topic of research for different combinations of bacterial
strains and requisite enzymes.

One of the limitations of denitrification is selecting the
suitable substrate composition for the growth of denitrifying
bacteria. Excessive nitrate use in the substrate composition
might result in the formation of compounds that are harmful
to bacteria and hinder their activity [45].

It is reported that in alkaline conditions having a pH value
of 9, which resembles the condition inside concrete, par-
tial or incomplete denitrification can occur. This is primar-
ily due to the increased NO3™ a reduction that leads to the
accumulation of NO2 and inhibits further NO3™ reduction.
This denitrification process has the potential to restrict the
corrosion of embedded rebars in concrete. In the presence
of chlorides, the presence of nitrites can oxidize ferrous ions
to form ferric oxide which forms a relatively passive layer
on the rebars and reduces the chance of further chloride
attacks. It is reported that an [NO27]: [C]17] ratio of 0.34 — 1
is optimum for corrosion inhibition [46].

Based on the discussions in this section, it is evident that
the selection of denitrifying bacteria is of utmost impor-
tance, as highlighted below.

Selection of denitrifying bacteria
for self-healing concrete

The ability of different bacteria to produce calcium carbon-
ate precipitation for the self-healing of concrete has been
studied by many researchers. Table 2 presents an overview
of calcite precipitation (in mg/cell mass) by different types
of bacteria.

Denitrifying bacteria account for 10-15% of the microbial
community in soil, water, and sediments. They obtain carbon
and energy from a diverse range of inorganic and organic
compounds. [52]. The commonly used denitrifiers in con-
crete are Pseudomonas species, which are first identified as
gram-negative, rod-shaped bacteria by Migula at the end of
the nineteenth century. Pseudomonas species adapt well to
a hostile environment like minimal growth media and tem-
perature shifts [53]. Environmental conditions that impact
their growth are nutrient supply, salinity, the presence of
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Table 2 Calcite precipitation by different bacteria

Bacteria Pathway Calcite precipita-  References
tion

Bacillus sp. CR2  Ureolysis 2.32 mg/cell mass  [48]

L. Sphaericus Ureolysis 980 mg/100 ml [49]

B. thuringiensis Ureolysis 167 mg/100 ml [50]

B. megaterium SS3 Ureolysis 187 mg/100 ml [50, 51]

Denitrification 4.8-6.7 g CaCO3/g [16]
NO3

Denitrification 4.8-6.7 g CaCO3/g [16]
NO3

D. Nitroreducens

P. aeruginosa

toxic compounds, etc. In these bacteria, an essential role is
played by the outer membrane, which senses environmental
conditions like temperature [53].

At the microscopic level, different behaviors regarding
denitrification have been reported. Pseudomonas stutzeri
[54] have been stated to use nitrate and nitrite sequentially,
with nitrate being the first to be consumed and converted
into nitrogen. On the other hand, Pseudomonas alcaligenes,
Pseudomonas fluorescens and Flavobacterium sp. have been
reported to use nitrate and nitrite simultaneously, with some
temporary accumulation of nitrite in the first two species.
For further experimentation, Pseudomonas putida is selected
as it has a low risk to human health, in addition to its ability
to precipitate calcite at a wide range of temperatures.

Under the denitrification process, there are several known
reports on the denitrification and bio- cementation of sand
using calcium salt [37, 55]. Experiments are done with deni-
trifying bacteria Paracoccus denitrificans to check the bio-
clogging of sand. There is no bioclogging and biocementa-
tion after the treatment.

Bacterial isolates of Pseudomonas (D2 and F2) and Aci-
netobacter (B14) are taken from a stream in Somerset in the
United Kingdom and are tested for their ability to deposit
calcite in a modified liquid and solid B4 medium as a meas-
ure of bio-deposition [56]. Another investigation is carried
out on pressure-resistant bacteria to mend fractures in cap-
ping rocks employing a pressure close to the real-life sce-
nario for calcification on concrete surfaces. It reported that
Halomonas halo denitrificans are appropriate for such appli-
cations as they can withstand a pressure of 20 MPa [35].

To identify denitrifiers suitable for microbial self-healing
in concrete, Pseudomonas aeruginosa, and Diaphorobacter
nitroreducens are chosen and studied at different pH val-
ues of 7, 9.5, and 13 with and without protective carriers
[15]. These bacteria can withstand mild heat, dehydration,
starvation, and an alkaline environment, which makes them
compatible with conditions inside concrete. Furthermore,
these strains can be cost-effective, environmentally sustain-
able, and applicable in concrete applications as they do not
need costly or toxic nutrients to induce calcite precipitation.
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These bacteria with cell concentrations in the range of
10°-10° CFU/ml along with nutrients are found to be effec-
tive [16]. These bacteria can withstand the environment
inside mortar or concrete if protective carriers like expanded
clay or diatomaceous earth are used.

The potential of many Pseudomonas species to induce
calcium precipitation surrounding bacterial cells is inves-
tigated [57]. The ability to precipitate is tested in 14 Pseu-
domonas strains spanning five distinct species. The find-
ings offer light on the capacity of the Pseudomonas species
for calcium precipitation as well as the underlying genetic
control involved in biomineralization. Some of the species
investigated are Pseudomonas putida, Pseudomonas fluores-
cens, Pseudomonas syringae, Pseudomonas savastanoi, and
Pseudomonas viridiflava.

Biosurfactant from Pseudomonas fluorescens has been
used in PC-based mortar to modify mechanical strength and
capillary porosity [58]. The addition of 1.5 percent biosur-
factant to fresh mortar increased its plasticity and enhanced
its workability, but the highest compressive strength of
mortar is obtained with 1% along with a curing phase of
180 days. It also lowers the capillary absorption coefficient
compared to mortar without any biosurfactant.

It is clear from this section that pseudomonas bacterium
strains can have widespread applications for self-healing in
concrete. The next section discusses the possible techniques
for the inclusion of bacteria in concrete.

Techniques of microbial inclusions
in concrete

This section presents a summary of the various microbial
inclusions into concrete, as reported in the existing litera-
ture. The bacteria are generally added to the concrete during
the mixing stage. It is reported that the microbial inclusion
technique in concrete construction governs the final cost of
the project [59]. Thus, the selection of the inclusion tech-
nique is subject to the judgment of the user and the avail-
ability of resources and funds.

Direct method

In the direct method of inclusion, a solution is prepared
by mixing the bacteria and necessary nutrients with the
required quantity of water. An external source of calcium
can also be added to the nutrient if required [6]. However,
this direct addition might cause a delay in the setting times
of mortar or concrete prepared with these ingredients as they
are primarily composed of organic matter [60]. Hence, some
other inclusion techniques have also been implemented.

Vascular network method

In this technique, bacteria are included in the concrete matrix
using vessels containing bacteria along with the necessary
nutrients. This system resembles the network present in the
bone structure of a human body. There are two layers in this
bone-like structure, i.e., a porous inner layer and a compact
outer layer [61]. The bacteria are injected into the inner layer
along with sufficient quantities of nutrients. In the event of
a crack in a concrete structural element, the vessels of the
embedded vascular network experience a break, resulting
in the creation of a pressure gradient. Then, the bacteria
and the nutrients migrate toward the location of the crack
to restore the equilibrium of the system. The corresponding
calcite deposition enables the healing of this crack. How-
ever, this method is both expensive and impractical as it is
challenging to ensure that the bacteria are evenly distributed
within the concrete.

Hollow tubes or pipes of different lengths have been used
by various researchers to design different self- healing mate-
rials (Fig. 2) [62—-66]. By using borosilicate glass tubes, a
vascular method is examined where the tubes are embedded
in beam specimens made of concrete with an exposed curved
outlet on one side [67].

In another study, a novel porous network is constructed
inside concrete for uniform circulation of the healing agent.
The porous network is achieved through pumps and atmos-
pheric pressure [68]. The next technique discussed is known
as the encapsulation method, which addresses the issue of
protecting the bacterial cells during mixing as well as during
their presence inside hardened concrete.

Encapsulation method

Both during mixing and the extended period of inactivity
inside concrete, the bacterial cells should be protected from
the adverse effects of hydration products. Consequently,
this method is suggested as the other option for the direct

Fig.2 Hollow glass fibers [66]
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inclusion of bacteria in concrete. The encapsulating or coat-
ing material should comply with the following conditions. It
should be biocompatible, and the mechanical properties of
concrete should not be affected. The capsule should with-
stand the mixing of concrete, and the chemical composition
of the exterior layer should be compatible with that of the
concrete matrix [69].

Many forms of encapsulation techniques such as the use
of glass and ceramic tubes, microcapsules, and hydrogels
have been used in concrete [70]. A trial study is reported on
exploring the optimum self- healing efficiencies of various
encapsulation methods [71]. Another study on enhancing the
efficiency of these mechanisms shows that the implementa-
tion of polymeric microcapsules as admixtures for bacterial
inclusion in concrete incurs significant costs [69].

Bacteria encapsulation is done into the hydrogel and then,
incorporated into a concrete mix to study concrete's heal-
ing efficiency [72] (Fig. 3). It provides a favorable microen-
vironment to the bacteria with the availability of moisture
and nutrients. From the findings, we understand that with
hydrogel encapsulation in the concrete specimen, it healed
a crack width of about 0.5 mm. Further, they worked on the
application of modified alginate-based hydrogel encapsula-
tion of bacteria for crack self-healing. It showed excellent
biocompatibility with the bacteria. Modified alginate hydro-
gel has proper absorption and moisture uptake capacity. It
has a protective effect on bacteria.

Glass promotes an alkali-silica reaction, and it may not
adjust in a hostile concrete environment [73]. However, glass
carriers are being produced on an industrial scale. [74]. This
has become an area of interest for many researchers [75-78].
Studies have concluded that glass can be used for encap-
sulation as it is brittle and water-resistant [79]. Because of
differences in shell materials and environmental conditions,
the performance of encapsulation for long-term applications
varies. [69, 80].

Studies have been carried out on polyurethane encapsula-
tion of bacteria in concrete self-healing [81]. The accelerated

Fig.3 A cracked microcapsule [82]
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chloride penetration test revealed the formation of a partial
barrier due to the release and hardening of polyurethane
within the cracks. This prevented chloride ingress through
the cracks, thereby decreasing the chloride concentration in
the crack zone and improving the durability of reinforced
concrete.

The inclusion of encapsulated bacterial cells in concrete
is adopted to enhance the survival of these bacteria under
the conditions present inside concrete. In case of a crack
formation, the encapsulation layer breaks. This allows the
embedded bacterial cells to come in contact with aerobic
conditions necessary for their activity and subsequent calcite
precipitation (Fig. 4). Another technique to protect the bacte-
rial cells during their inclusions in concrete is the protective
carrier method, as described below.

Protective carrier method

Carriers can be one of the highly effective methods in con-
crete self-healing. Bacterial cells are potentially unable to
survive the harsh environment within a concrete mix without
protection. So, the inclusion of bacterial cells in concrete or
mortar aided by the addition of a protective carrier is sug-
gested. Granular bacterial cultures are a possible option for
use in concrete (Fig. 5). One of the key advantages of using
these granules is the uniformly ordered distribution of these
cultures within the compacted concrete or mortar [83]. The
objective is the introduction of bacterial cells at the location
of the pores and preventing the connectivity of two or more
adjacent pores. The protective carriers used include granular
activated carbon, diatomaceous earth, expanded clay, zeo-
lite, air entertainment, cyclic enriched ureolytic powder, and
activated compact denitrifying core [15].

It is found that diatomaceous earth can be used for trans-
porting bacteria in a concrete environment. This is because
of the high bacterial cell absorption capacity on the surface
as they have a high specific surface area [84].

|, Capsule
N

' Q4 Capsule broken by crack

- == { s Concrete
& ¥ .
“' ...................... \

% Healing crack

Fig.4 The image illustrates a capsule is a concrete tube containing
immobilized bio-agent and nutrients [47]
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Fig.5 ACDC granules: A, B wet condition and C, D post dry condition [60]

Table 3 The feed composition

for the cultivation of ACBC Compounds tCi(())Irll c(zr/lf)a—
[60]
NaNO3 1.7
NaHCOO 5.36
Ca(HCOO0)2 0.65

Na2HPO4-2H20  0.06
MgS04-7TH20 0.18

Pseudomonas aeruginosa and Diaphorobacter nitrore-
ducens exhibited significant nitrate reduction activity. It is
found that both strains could survive at a pH of 13 if they are
protected with diatomaceous earth or expanded clay. They
reduced the nitrate even further at pH 10, making them suit-
able for concrete applications [15]. These strains can also be
used for ground improvement and wastewater treatment, and
the protected bacteria can be revived in 3 to 7 days.

Research has shown that granulated bacteria can be reac-
tivated when required. Particular granules termed "Acti-
vated Compact Denitrifying Core"(ACDC) are utilized
[60]. Several advantages can be attributed to ACDC over
other axenic cultures. Minimal media containing concrete
admixtures as nutrients are required that could be directly
mixed in concrete. Their results suggested that ACDC in
concrete is a brilliant approach to enhancing the self-healing
of cracks. The composition for the cultivation of ACBC is
given (Table 3).

Lightweight aggregate (LWA) is generally used as a car-
rier for healing over the long term, and by its addition, it
improved the compressive strength of concrete [71]. Iron
nanoparticles have a positive result on concrete mechanical

properties. Based on this, the use of 3-aminopropyltrieth-
oxysilane (APTES)-coated iron oxide nanoparticles is pro-
posed [61] to immobilize bacterial cells. The experiment
established that cell viability gets affected by different con-
centrations of nanoparticles used.

Expanded clay as a medium for bacterial transport (Lysin-
ibacillus boronitoleransYS11) from a highly alkaline envi-
ronment is studied [85]. By using an electron microscope,
the existence of bacteria inside the E.C. is observed. The
findings indicated that bacteria with E.C. are very active in
the generation of CaCO3.

The major findings from different techniques of bacterial
inclusions in concrete are summarized below (Table 4).

After the selection of the bacterial inclusion techniques,
it is also necessary to investigate the effects of the quanti-
ties of bacterial cells and nutrients on CaCO3 precipitation
in concrete.

The concentration of cells and associated
nutrients needed

Different metabolic pathways require different nutrients for
the reaction medium. It is observed that intake of organic
acids like acetate, citrate, and succinate by the denitrifying
bacteria like Pseudomonas fluorescens, Halomonas euri-
halina, Xanthobacter autotrophicus dissolves the inorganic
carbon and increases the pH value which affects MCP [86,
87]. Nutrients make available the required source of energy
for bacterial growth and therefore, have a strong influence on
CaCO3 formation. Carbon and nitrogen are essential sources
of nutrients for bacteria [88].
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Table 4 Different techniques of bacterial inclusion in concrete

Mechanism Material used

Major findings References

Direct method -

Vascular method Hollow borosilicate glass tubes

Encapsulation Immobilized in silica gel inside glass

Sodium alginate-based hydrogel

Diatomaceous earth
Clay

Lightweight aggregates
ACBC granules

Protective carrier

The viability of bacteria is relatively less [60]

The viability of bacteria is relatively greater but the tech-  [67]
nique is complex

Lowest permeability [72]
The performance of bacteria is higher in silica gel
High strength recovery

The dosage of the protective carrier must be evaluated to  [84]
maintain the workability [85]
[71]

[60]

The reduction in nutrients and culture is a drawback in
finding out the initial injection amount. Even if nutrients
are provided in sufficient amounts, a restriction can occur
due to heavy precipitation and clogging at the injection wall
[89]. The nutrients and media used by different bacteria in
bioconcrete are in Table 5.

Existing research has shown that CaCO3 precipitation
yield is affected by the initial biomass concentration. The
urea hydrolysis pathway is preferable to have at least 108
cells/ml [84]. It has been shown in another place that for
the denitrification pathway, there is a significant increase
in CaCO3 precipitation with an increase in cells and that
a similar amount of CaCO3 can be precipitated in half the
time [16, 95].

An optimal nutrient range for denitrification-based bio-
concrete is studied [16]. Calcium formate and calcium nitrate
are used as nutrient admixtures, and their weight ratio is
maintained at 2.50:1.00 while testing various nutrient doses.
Variation in mortar properties and nutrient bioavailability is

Table 5 Nutrients and media used by bacteria in bioconcrete

observed, and the optimum nutrient content range is defined
as 3.5% to7% depending on the expectations. To have a
workable mix, the nutrient level in nitrate reduction-based
self-healing bioconcrete should not exceed 7% wt by wt of
cement. The addition of calcium formate and calcium nitrate
improves strength development by 20% in the first 28 days
but does not affect long-term compressive strength [16].

Nutrients are required for bacterial germination and pro-
liferation within the concrete [96] (Fig. 6). It is detected that
more competent precipitation of CaCO3 happens in the com-
pany of other nutrients rather than in a growth media [95],
which has significant consequences for further research.
Growth media has to be selected in such a way that it suits
both bacteria and the concrete environment.

The next topic of discussion and potential application in
construction practices is the identification of the efficiency
of bacterial inclusions in healing cracks in concrete through
CaCO3 precipitation.

Bacterial strain Protective carrier

Quantity of cells

Media used References

D. nitroreducens 107 CFU/ml

P. aeruginosa

Expanded clay

D. nitroreducens Granular activated carbon 107 CFU/ml

P. aeruginosa

ACDC granules witha — -
bacterial dose of 0.5%
w/w cement

ACDC granules witha - -
bacterial dose of 1%
w/w cement

10° CFU/ml
10° CFU/ml

Bacillus cohnii - _

Bacillus subtilis -

Bacillus megaterium -

Minimal media enriched with NO3 and Ca?* ions [90]
Minimal media enriched with NO3 and Ca>* ions [90]

Minimal nutrient medium (NaHCOO, [60]
NaNO03,Ca(NO3)2, MgS04.7H20, KH2PO4) and
Ca(HCOO)2, Ca(NO3)2 as nutrients

Minimal nutrient medium (NaHCOO, [60]
NaNO03,Ca(NO3)2, MgS04.7H20, KH2PO4) and
Ca(HCOO)2, Ca(NO3)2 as nutrients

Calcium lactate [91, 94]
_ [92]
Yeast extract, urea, calcium nitrate [93]
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Fig.6 CaCO3 precipitation
in concrete in the presence of
nutrients and bacteria
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Investigation of crack healing efficiency

Laboratory experimentations on conventional concrete prop-
erties such as mechanical strength and water permeability
are not sufficient for bioconcrete specimens. The laboratory
conditions are not identical to the conditions experienced
by concrete in practical situations. To properly assess the
effectiveness of bacterial inclusions in concrete in terms of
fracture healing, it is essential to perform experiments on
cracked concrete specimens under both laboratory and field
conditions. Laboratory scale experimentation is usually per-
formed by inducing cracks of known dimensions in concrete
beam specimens containing bacterial inclusions. The extent
of filling of these cracks with CaCO3 precipitate is then used
to determine the healing capacity of bacterial inclusions.
The precipitate is manifested as a superficial white layer
which can be characterized using microscopic techniques.
However, the situation is more complicated in case of inter-
nal cracks present in concrete specimens used for practical
or field implementations. As a result, different techniques or
combinations of them are employed for the characterization
of internal cracks and subsequent analysis of crack-healing
properties of bacterial inclusions in concrete.

X-ray computed tomography (XCT) scan is one such
non-destructive technique for examining both exterior and
internal aspects of specimens. This method is commonly
used to measure the fracture healing effectiveness of self-
healing concrete and to track the rupture behavior of healing
materials [97-102].

Results obtained from experimental methodologies are
synthesized into indicators of performance recovery asso-
ciated with healing to articulate design approaches [103].
Index of Crack Sealing (ICS) is calculated using quantitative

determination of changes in crack dimensions observed
using microscopic techniques accompanied by digital image
processing.

ICS = (Wpre - cracking_wposl - cracking)/ Wpre - cracking (1)

where W = width of the crack, recorded at different stages,
namely pre-cracking and post-cracking. The values of ICS
range between 0 at no healing (Wpost-healing = Wpre-crack-
ing) to 1 at complete healing (Wpost- healing =0).

ICS is applicable only for the visible closure of surface
cracks. However, the internal cracks can be reconstructed
using X-ray or neutron radiography, tomography, or micro-
computer-tomography scanning techniques [103]. It is
also reported that the closure of cracks in concrete can be
observed through a stereo-microscope. The fracture closure
is checked every week by removing the specimens from their
treatment environments. The efficiency of crack closure can
be estimated by [71, 90].

Crack closure% = [1-(W,/W,,isa0] X 100 )

where, Wt=crack width measured at a given time, ¢t and
Winitial = width of the crack recorded at the onset of crack-
ing [90].

Crack initiation and propagation can be detected and
monitored using acoustic emission techniques correlated
with digital imaging. [99, 104-107]. An experimental
approach is used to observe and analyze the crack forma-
tion and capsule breaking of concrete specimens exposed
to three-point flexural loading. The results of a thorough
examination of the capsule's functioning revealed a clear
picture of the healing activation process. For the repair of
concrete cracks, self-protected nitrate-reducing bacteria
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(ACDC granules) are used [60]. The denitrifying bacteria
are grown using concrete admixtures (calcium formate and
calcium acetate) as nutrients. More than 90% of the cracks
with a width of 500 pm achieved closure in comparison
with the reference specimen upon 28 days of water curing
(Fig. 7).

Other non-destructive techniques that can be imple-
mented include Ultrasonic Pulse Velocity method (UPV),
Surface Wave Transmission, Diffuse Ultra Sound method,
and Coda wave interferometry. These techniques are often
used to discover internal faults, assess fracture depth, and
determine concrete compressive strength. The technique
employed by various non-destructive approaches to deter-
mine the healing ratio and crack depth is depicted in the
diagram below (Fig. 8).

A study is done on Pseudomonas aeruginosa and Dia-
phorobacter nitroreducens with carriers as expanded clay
and granular activated carbon [90]. Crack widths of up to
350 pm achieved 100% crack closure. For width between
350 pm and 400 pm achieved more than 90% crack clo-
sure by Diaphorobacter Nitroreducens after four weeks of
treatment with expanded clay as a protective carrier. Also,
in the case of Pseudomonas aeruginosa, the crack width is
limited to 350—400 pm. At 28 days, on using granular acti-
vated carbon, the crack closure limit is noted as 400 pm
for both the bacteria, which is not too great a difference
from expanded clay. Consequently, the crack closure is
tested for eight weeks. The average crack width of 465 pm
is realized after increasing the treatment period [90]. An
overview of the crack healing efficiency of bioconcrete
using denitrification is given in Table 6.

As it is evident that the healing of cracks developed in
concrete takes place due to the precipitation of CaCO3
within the cracks, it is thus essential to determine the

morphological and chemical composition of this precipi-
tate. The following section discusses this important aspect.

Characterization of CaCO3 precipitate deposited
on cracks

Scanning electron microscopy (SEM) along with energy-
dispersive X-ray spectroscopy (EDS) is a useful and popu-
lar technique to identify the chemical composition of the
precipitate accumulated within the cracks in concrete due
to bacterial inclusions. The concrete samples are split into
pieces with a 0.5 cm gap between them and the fracture
edges. Manual force is used to separate the portion with the
crack into two halves again. One surface is studied using
SEM-EDS after it is carbon-coated. The energy peaks
obtained from the EDS are used to quantify the elemen-
tal composition of the precipitate. SEM-EDS analysis of
6-month-old specimens with CaCO3 precipitate due to deni-
trification on the sample's inner crack surface after 28 days
of healing is given in Fig. 9 [60].

Denitrifying bacteria rely solely on the presence of NO3
and organic carbon. Therefore, when these are found in mor-
tar, calcium carbonate precipitation is likely to occur inside
the fracture. Studies revealed that calcium carbonate is the
most common component detected inside the crack in micro-
biological samples regardless of curing age. The discovered
minerals are mostly found with bacterial impressions and
bacterial residues, indicating that calcium carbonate pre-
cipitation has occurred. EDS analysis is used for elemental
characterization in conjunction with morphological analyses
using SEM. Existing studies show that ettringite and C—S—H
are as prevalent as CaCO3 inside the fractures of premature
control specimens. In contrast, forms of CaCO3 are the most

Fig.7 Evaluation of cracks of 28 days specimen A reference motor, B abiotic control C motor containing 0.5% activated compact denitrifying

core (ACDC) and 5% Nutrients. D 1% ACDC and 5% Nutrients.) [60]

@ Springer



Innovative Infrastructure Solutions (2023) 8:113 Page 11 of 20

113

Transmitter Receiver
Wl [e—First
. - arrival
e—TFirst ) signal
~ arrival Healing ©g. M us)
signal products *
(e, W0 us)
3 days:
cracking  Crack tip partially-healed crack
(a)
Impact A Impact D
l Receiver B Receiver C l

Wave
k-ngth‘1
Incident wave

Concrete ~ SUrfacewa :;

Coarse aggregate
Fine _...."., ..-": ®.. !
aggregate * s ¥ . » ,.'_ *
e 0 '.‘.".: 7.'. @ Attenuation
% o oo
— ,4‘ n.. o .‘ .
5y ‘Q .~. ® ...

’/Iifu, 10

Ultrasonic waves e &

©

Acoustic
emission
instrument Loads
Acoustic
emission .- " :
S e
Concrete pwpasaﬁm Sels “ st
beam of crack

A X ]

(d

Fig.8 Mechanisms of different non-destructive methods to evaluate the healing ratio and crack depth in concrete—a transmission of ultrasonic

waves; b Spread of surface waves; ¢ ultrasound diffusion; d acoustic emission [108]

@ Springer



113 Page 12 of 20

Innovative Infrastructure Solutions (2023) 8:113

Table 6 Crack healing efficiency of bioconcrete using denitrification pathway

Bacterial strain Protective Healed crack width Curing period References
carrier

D. nitroreducens Expanded 350 pm 4 weeks [90]
P. aeruginosa clay
D. nitroreducens Granular 400470 pm 7 weeks [90]
P. aeruginosa acti-

vated

carbon
ACDC granules with a bacterial dose of 0.5% w/w cement  — 528461 pm 4 weeks [60]
ACDC granules with a bacterial dose of 1% w/w cement - 533+41 pm 4 weeks [60]
ACDC granules with a bacterial dose of 0.5% w/w cement  — 465432 pm 6 months [60]
ACDC granules with a bacterial dose of 1% w/w cement - 518 +44 ym 6 months [60]

abundant components in the powder obtained from micro-
biological specimens [60].

Most of the existing information on calcite precipitation
in bacterial concrete corresponds to the ureolytic mecha-
nism. A study using Bacillus megaterium reports the great-
est calcium weight of 38.76% with a cell concentration of
30x 10° cells/ml when compared to other mix proportions
with and without bacteria in concrete. This is done by
focused point chemical analysis using an EDS setup. SEM
images show a variation in porosity in concrete with bacte-
ria of different cell concentrations (Fig. 10). It is observed
that bacterial concrete with a serial dilution factor of 10°
(CFU/ml) exhibits lesser porosity than concrete with other
cell concentrations after the deposition of calcite in the
cracks. XRD analyses showed CaCO3 peaks at a 2—6 value
of 27.52° to corroborate these findings. The corresponding
intensity is the highest intensity in comparison with other
bacteria concentrations tested [92].

XRD analysis from another study with Bacillus cohnii
reveals a mix of mineral precipitations produced by bacterial
concrete, including calcite, aragonite and vaterite under wet-
dry and fully wet curing conditions. Aragonite is identified
through distinct peaks for wet-dry and fully wet specimens

Fig.9 SEM Micrographs and
EDS analysis of 6-month-old
specimen—CaCO3 on the inner
crack surface of the sample after
28 days of healing: C2—motor
containing 0.5% (ACDC) and
5% Nutrients [60]

@ Springer

at 2—6 values of 28.511° and 38.447°, respectively. The
peaks at 2—6 values of 20.298°, 25.163°, 26.208°, 27.358°,
47.612°, 49.256° indicate the presence of calcite (Fig. 11)
[93].

The results obtained from the chemical and mineralogical
analyses confirm the compatibility of the CaCO3 precipi-
tation with concrete applications. Thus, this technique can
have widespread applications in practical scenarios. Exten-
sive experimentation is required to optimize the parameters
for desirable bacterial growth in concrete and consequent
CaCO3 precipitation. Additionally, this denitrification pro-
cess can be used in other applications too.

Other applications

Denitrifying bacteria requires minimal growth conditions
and basic components in culture media. The biological cata-
lysts (carbonic anhydrase) available in organisms are used
in many physiological methods for the reverse hydration of
carbon dioxide [109, 110]. It further diminishes the effect
of global warming. There is an attempt made to study the
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Fig. 10 Comparison of concrete
porosity under different cell
concentrations of bacteria [92]
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Fig. 11 XRD analysis of bacterial concrete a wet dry curing b fully wet curing [93]

decrease in CO2 to CaCO3 using carbonic anhydrase puri-
fied from Pseudomonas fragi [111].

The possible application of denitrifying bacteria is biore-
mediation (Fig. 12). It can remove various toxic impurities
from the natural environment. The existing remediation tech-
niques are usually expensive and generate inaccurate results
despite consuming a large amount of energy [112—115].
These include oxidation/reduction, chemical precipitation,
ion exchange, filtration, membrane technology, electrochem-
ical treatment, evaporation recovery, and reverse 0smosis
[116, 117].

Bio-mediated techniques help improve the soil proper-
ties by covering the pore gaps and holding the soil particles

together (Fig. 13) [118]. CaCO3 precipitation by bacteria
due to the denitrification pathway can also be used as a
bio-cement. It is also being studied for soil consolidation
and the cementation of sand. Denitrifying bacteria in the
subsurface removes the need to add non-native microor-
ganisms. A research group at Arizona State University has
developed MCP via denitrification for soil improvement,
with an emphasis on reducing the number of reactants in
the reaction medium.

Various pre-treated wastewater is used as substrates for
denitrifying bacteria growth in situ. [38]. After continuously
feeding the sand column with nutrients for approximately

@ Springer
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Fig. 12 Applications of Denitri-
fying bacteria [136, 137]
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70 days, maximum carbonate precipitation of 1.8 mM
CaCO3/h is reported for C. denitrificans. Studies are made
on sand column experiments in which denitrifying micro-
organisms successfully precipitated CaCO3 [119]. Other
than the formation of CaCO3 and the bacterial growth in
biofilms, the nitrogen gas produced during denitrification
partly filled the pore spaces and hence reduced the perme-
ability of the treated sand.

Studies have also revealed that microbial denitrification
can also be used in the disposal of radioactive waste. They
underlined the great need for reactions that are biologi-
cally catalyzed and the need to take them into account for

@ Springer

radioactive waste repositories [120]. A pilot device has been
configured for this study, and based on the results obtained;
the impact of microbial activity on the reactivity of radio-
nuclides in the cell has been modeled.

The capability of producing and degrading several com-
pounds during the denitrification process is useful in many
biotechnological applications. Pseudomonas species produce
biosurfactants and Polyhydroxyalkanoates (PHAs), which have
low toxicity and biodegradability for supplementary use in
various technical fields [121].

A study reported the application of denitrifying bacteria
for calcium ion removal from the wastewater of paper mills.
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It is observed that Diaphorobacter nitroreducens and Pseu-
domonas aeruginosa can be used in calcium ion removal [60].

Drawbacks

With a significant number of MCP applications being
researched and developed worldwide, several technical
challenges remain. The long-term survivability of bacte-
ria in concrete is unknown, and it is dependent on the
bacteria used and the bacterial inclusion methods used [80,
122]. More supplementary approaches have to be devel-
oped through further research to improve the use of MCP
through denitrification.

A good and thorough mathematical model should be
able to make a priori predictions about behavior and
the outcomes of future laboratory trials. When there are
impediments to experimenting, such as expense, complex-
ity, or ethical concerns, mathematical modeling can be
especially useful. Concrete qualities have been predicted
realistically using regression methodologies and advanced
machine-learning techniques [123]. The regression models
are developed using model trees like Random Forest (RF),
MS5P, Reduced Error Pruning Tree (REP Tree), Random
Tree (RT), and support vector regression are established
and compared to Multiple Linear Regression (MLR) to
predict the compressive strength of bioconcrete. It is con-
cluded that the RT-based model outperforms the MS5P,
REP Tree, and MLR-based models. [123].

In another study, a Gene Expression Programming
(GEP) model is used to predict the compressive strength of
bacterial concrete at various calcium, urea, yeast extract,
and bacterial cell concentrations. The gene expression tree
is mathematically formulated, and based on the findings,
the suggested GEP model demonstrated its capacity to
forecast bacterial concrete strength with values that are
comparable to the experimental results [124].

The Taguchi technique L9 (3°) orthogonal array arrange-
ment is used to discover optimal parameter conditions in
bacterial concrete using steel slag as coarse aggregate and
various types of wastewater for mixing. According to the
variance analysis, steel slag aggregate had a major effect on
the compressive strength and durability of bioconcrete, fol-
lowed by mixing water and bacterial solution [125].

Further, a practical method for simulating and analyzing
the fracture and trigger behavior of a capsule-based self-
healing cementitious material is created. Based on the true
microstructure of a capsule-embedded cement paste speci-
men, a 3D lattice model is created. The crack behavior of
microcapsule-based self-healing is then simulated using this
model. This study demonstrated a link between the charac-
teristics of specific materials and their structural behavior
by combining experimental data and numerical modeling.

It offers a viable path for guiding the design of capsule-
based self-healing cementitious composites and, as a result,
achieving optimal self-healing performance [126].

All the above studies have focused mainly on ureolytic
bacteria. A similar approach to the development of math-
ematical models to describe MCP through the denitrifica-
tion process in porous media has to be done. The observed
outputs will vary depending upon the strains of bacteria
selected and their respective optimal growth parameters,
nutrient concentration, the internal environment in concrete,
and the bacteria inclusion technique used.

Experimenting at a larger scale will help in the evalua-
tion of MCP for engineered field applications. MCP is eco-
nomically challenging because of the large-scale production
of reactants and microbial cultures. Limited information is
available on the non-destructive evaluations of the self-
sealing performance of concrete using the denitrification
technique. It is critical to undertake a study to determine the
increase in durability acquired throughout the self-healing
process. The phenomenon is extensively investigated, but
no agreement has been reached regarding the maximum
healable crack sizes. Also, a disadvantage of MCP is the
microbial process that is usually slow and more complex
than chemical methods. This is because it depends on envi-
ronmental factors like pH, metabolites, nutrients, and accep-
tors of electrons [127].

When compared to the ureolytic process, denitrification
has a performance disadvantage in terms of calcite precipi-
tation. It is mostly determined by the primary bacteria con-
centration, rate of growth, and metabolic activity of each
bacterium in that specific habitat. However, the ureolytic
process generates ammonia as a toxic by-product. The nutri-
ents and calcium precursors utilized have an impact on the
properties of fresh concrete, such as its hydration kinetics,
setting time, and workability [128-131].

Denitrification may be useful in practical concrete appli-
cations considering the industrial production of essential
nutrients, calcium formate, and calcium nitrate. These
chemicals can be used as admixtures in concrete to serve as
a nutrition supply for NO-reducing bacteria without causing
harm. Self-healing techniques implementing aerobic oxida-
tion or ureolytic bacteria are inefficient in resisting the cor-
rosive chemicals coming into contact with the steel surface
during the healing period [132]. Thus, NO-reducing bacteria
lead to a bi-fold advantage of corrosion inhibition and crack
healing. The lack of oxygen also contributes to the same
phenomena. Steel-reinforced concrete constructions will
have a longer service life if they are near active oxygen-
respiring microorganisms.

Currently, bioconcrete is more expensive to produce than
traditional concrete. Depending on the cost of locally acces-
sible ingredients and bacterial strains procured from cen-
tral agencies, the unit cost of the bacterial mix employed
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is estimated to be around INR 5000 per m * according to
the Indian scenario specific to the state of Telangana. The
expenditure on bacterial concrete is 7 to 28 percent higher
than that of ordinary concrete [133, 134]. Therefore, it
remains that bioconcrete is not being used for large-scale
projects. However, converting to bioconcrete decreases the
amount of maintenance needed to keep the structure in func-
tioning condition. Although expenses for bio- concrete are
much higher, it is claimed to be a good investment. The
reason for the higher cost of bioconcrete is divided into two
parts that are equally important in the production of suc-
cessful self- healing concrete. The first reason is the nutri-
ent source for the bacteria. Secondly, a coating is required
to keep the bacteria and nutrients safe and untouched dur-
ing the mixing process. In actuality, there are no standard
designs for the bacterial concrete design mix to achieve the
best performance as it depends on the application, the appro-
priate amount, and the type of bacteria used [134].

To ascertain the environmental benefits of denitrifying
bacterial inclusions in concrete, extensive life cycle assess-
ments have to be carried out on a global scale. There are
limited reports on the life cycle assessments (LCA) of these
types of concrete [135], indicating the potential for denitri-
fying bacteria in concrete. Hence, specific assessments on
different denitrifying bacteria in concrete are an important
avenue for future research.

Based on these facts, we understand that the denitrifica-
tion pathway for calcite precipitation has not garnered too
much attention in concrete applications. A multidisciplinary
approach with a clear understanding of the mechanism of
denitrification driven by MCP is required to use this technol-
ogy from the laboratory to the field.

Conclusions

The following findings can be drawn from a survey of avail-
able literature.

e Bacterial inclusions in concrete can enhance the self-
healing property of concrete through CaCO3 precipita-
tion.

e A limited number of denitrifying bacteria have been used
in concrete. Diaphorobacter nitroreducens and Pseu-
domonas aeruginosa with cell concentration in the range
of 10°~10° CFU/ml along with calcium formate and cal-
cium nitrate as nutrients are found to be effective. For
these bacterial inclusions, the crack healing efficiency is
found to range from 350 to 590 um for 28 days depending
on the protective carrier used. However, there is no deni-
trifying bacterium currently recommended as the best for
denitrification-based microbial calcite precipitation.

@ Springer

e Activated compact denitrifying core, self-protected non-
axenic cultures, is promising microbial-based self-heal-
ing agents for concrete applications. Their application
as bacterial agents in the development of microbial self-
healing concrete should be researched further.

e According to the existing healing procedures, the suc-
cess of a healing procedure is influenced by the matrix
and healing agent interaction with one another. The size
and form of the fracture also have a role in the effective
outcomes of concrete healing.

e From an environmental perspective, the denitrification
pathway can be advantageous due to the usage of envi-
ronmentally friendly nutrients. Calcium formate and cal-
cium nitrate can be included in concrete as admixtures to
act as a nutrient source for denitrifying bacteria with no
harmful effects.

e An overview of various techniques of microbial inclu-
sions in concrete is provided in this study. However, a
multidisciplinary approach with a clear understanding
of the mechanism of denitrification driven by MCP is
required to translate this technology from the laboratory
to the field.

e The various factors which affect are the type of denitrify-
ing bacteria, substrate volume, and environmental factors
such as temperature and pH value.

Based on the observations from this study, there is poten-
tial for denitrifying bacteria in concrete to enhance crack
healing by adding 10° to 10° CFU/ml cell concentrations in
the presence of suitable growth media.
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