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ABSTRACT
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Concrete is an unavoidable material of modern construction, but it remains susceptible to cracking, which reduces
the strength and durability of the material over time. The need for sustainable alternatives is underlined by traditional repair
methods that are often temporary and costly. The integration of bacteria in cementitious systems represents a bio-based
approach, in which microbial-induced calcite precipitation (MICP) not only increases strength but also includes self-healing
ability. In this study, three strains of bacteria, Bacillus subtilis (BS), Sporosarcina pasteurii (SP), and Bacillus sphaericus
(BSp), were directly added to concrete to investigate the effect of these strains on the mechanical and durability properties
of the concrete. The findings demonstrated that all bacterial concretes outperformed the control group. At 28 days, the
compressive strength was maximum for BSp-1 at 39.62 MPa, followed by BS-2 at 38.36 MPa and SP-2 at 38.20 MPa.
Microstructural study confirmed that the presence of calcite filling of pores and cracks leads to denser and more durable
concrete. Among all three variants, the blended mix BSp-1 exhibited superior strength, microstructure, and durability. This
study concluded that the addition of bacteria enhanced the strength, permeability, durability, and microstructural properties

of the concrete.

Keywords: Bacterial concrete; Microbially Induced Calcite Precipitation (MICP); Bacillus subtilis; Sporosarcina pasteurii;

Bacillus sphaericus; Self-healing properties.

1. INTRODUCTION

Concrete is the backbone of modern
infrastructure and is widely used to construct buildings,
bridges, highways, and dams. Its annual consumption
worldwide has exceeded 10 billion tonnes and is the
second most consumed substance following water
(Hache et al. 2020; Danish et al. 2019; Soomro et al.
2023). The reasons for its dominance are obvious:
flexible, somewhat cheap, and processed from raw
materials, which are available in countless amounts in
nature. However, for all these advantages, concrete has
one very identified weakness - it is brittle and highly
prone to cracking (Yoo et al. 2019; Zhang et al. 2021;
Golewski, 2023). Cracks develop from drying shrinkage,
thermal strains, overloading, and environmental strains.
Such cracks, when initially small, affect the
impermeability of the material where they exist because
they form a conduit for aggressive agents, like water,
chlorides, sulphates, and carbon dioxide (Gardner et al.
2018; Safiuddin et al. 2018; Yoo et al. 2019). Once they
enter the matrix, they will act to corrode the
reinforcement and decrease the durability of the structure
significantly.

In order to reduce the issue of cracking,
engineers have come up with a variety of traditional
methods of repair over the years. They are epoxy
injections, polymer coating, and surface sealant, which
offer only temporary solutions by filling or sealing cracks
(Issa, 2009; Min et al. 2025). These techniques, however,
seldom become successful in the long run. Their bonding
with the existing matrix is often ineffective; they are
incompatible under changing environmental conditions
and demand recurring maintenance interventions during
the service life of a structure. These practices are more
expensive, waste more energy and materials, and do not
support sustainability in construction.

Researchers have responded by exploring the
idea of self-healing concrete, which is a material that can
automatically heal cracks without any outside help. It
gets inspired by biological systems, whereby healing is
natural. One of the most promising strategies that has
been investigated is bacterial concrete (Wang et al. 2014;
Belie et al. 2018; A. and Das, 2025; Sukumaran et al.
2025). The technique originated in the early 2000s and is
based on microbially induced calcium carbonate
precipitation (MICP) (Jonkers, 2007; Chaurasia et al.
2019; Nguyen et al. 2019; Ryparova et al. 2021; Nasser
etal. 2022; B et al. 2025).
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Bacterial strain selection is a key factor in
achieving the success of bacterial concrete. Not every
microorganism is capable of living in the extremely
alkaline (pH > 12) concrete environment (Nodehi ef al.
2022). Spores-forming, ureolytic, alkali-resistant strains
are the most frequently studied strains capable of
surviving the severe climate of cement hydration. Three
of these are especially successful: Sporosarcina pasteurii
(SP), Bacillus subtilis (BS), and Bacillus sphaericus
(BSp) (Nguyen et al. 2019; Solarte et al. 2024; Reddy
and Revathi, 2019; Yamasamit et al. 2023; Seo et al.
2022).

Autogenous healing is the method by which
concrete heals itself. Autogenous healing is a process in
which unhydrated cement particles interact with external
water to seal cracks (Amoorezaei and Ghanbari, 2025).
Bacteria remain alive in the cementitious setting and, on
activation, generate carbonate ions that interact with
calcium ions to form CaCOs. The precipitated CaCO;
seals the cracks and pores, restores water-tightness, and
increases the strength and durability (Chaurasia et al.
2019; Nguyen et al. 2019; Nasser et al. 2022; Sunantha
et al. 2025). The self-healing caused by bacteria reduces
maintenance needs and extends the service life of
concrete structures considerably (Khushnood et al.
2020).

Bacterial crack healing is an effective process
and quite simple in its mechanism. As an example, urease
enzymes are synthesized by Sporosarcina pasteurii in the
presence of urea and hydrolyze urea into carbonate ions
and ammonium ions (Henze and Randall, 2018; Brito and
Kurda, 2021). The carbonate ions will then combine with
calcium ions in the pore solution to create CaCOs;
crystals, which will gradually build up in the cracks and
pores. In the same way, Bacillus subtilis uses calcium
lactate to form the carbonate ions, which result in the
same calcite precipitation (Sonali ef al. 2020). A similar
ureolytic activity occurs in Bacillus sphaericus. Not only
does this biogenic precipitation seal cracks, it also
enhances the microstructure by decreasing porosity and
permeability, thus increasing long-term durability
(Sandbhor et al. 2025). Several studies have established
that bacteria-induced concrete has better strength,
durability, and enhanced microstructural features as
compared to conventional concrete (Khaliq and Ehsan,
2016; Gupta et al. 2017; Reddy and Kavyateja, 2019;
Amoorezaei and Ghanbari, 2025; Jonkers, 2011).

The current study aims to fill the gap by
experimentally testing the performance of the bacterial
concrete with three strains: Bacillus subtilis (BS),
Sporosarcina pasteurii (SP), and Bacillus sphaericus
(BSp). The study is focused on the evaluation of
mechanical properties, durability characteristics, and
microstructural behavior. The findings provide clear and
reproducible ideas for selection of strains and mix design,
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allowing for more durable and practical implementation
of MICP concrete.

Table 1. Mix details of various bacterial strains with
calcium lactate

Concentration (Ea i
Mix ID Bacterial Strain Lactate (%
(cells/mL)
of cement)
BS-1 Bacillus subtilis 10° 0.5
BS-2 Bacillus subtilis 106 1.0
SP-1 Sporosarc{na 105 05
pasteurii
SP-2 Sporosarcina 100 1.0
pasteurii
BSp-1 Bacillus sphaericus 10° 0.5
BSp-2 Bacillus sphaericus 10°¢ 1.0

2. MATERIALS AND METHOD

2.1 Materials Utilised
2.1.1 Cement

The study utilised the Ordinary Portland
Cement (OPC) of 53 grade, which adheres to IS
12269:2013. The cement had a specific gravity of 3.15, a
standard consistency of 31%, and setting times of 64
(initial) and 285 (final) minutes.

2.1.2 Aggregates

Locally produced river sand conforming to
Zone II according to IS 383:2016 was employed as fine
aggregate, along with crushed stone aggregate of 20 mm
size. The sand demonstrated a specific gravity of 2.63, a
bulk density of 1525 kg/m?, and a fineness modulus of
2.8, whereas crushed granite coarse aggregate had a
specific gravity of 2.8, and a bulk density of 1650 kg/m?.

2.1.3 Water

The mixing and curing were carried out using
potable tap water purified from organic impurities
meeting IS 456:2000.

2.1.4 Bacterial Strains

Three bacterial strains, Bacillus subtilis (BS),
Sporosarcina pasteurii (SP), and Bacillus sphaericus
(BSp), were obtained from Bioedge Solutions,
Bengaluru, India. They were cultured in nutrient broth for
2448 hours at 30-35°C, subsequently harvested through
centrifugation, and diluted with sterile distilled water to
create suspensions of 103 and 10° cells/mL.

2.1.5 Nutrient Source

A nutrient source was included in the bacterial
mixes to encourage precipitation of calcium carbonate by
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microbes. Calcium lactate was chosen as the primary
nutrition in this research due to its dual function of
supplying calcium ions and serving as a carbon source.
The bacteria employ lactate as an energy substrate,
generating carbonate ions that subsequently react with
calcium ions to produce solid CaCOs. Calcium lactate
was added in the concentrations of 0.5-1.0 percent of
cement weight dissolved directly in the bacterial
suspension to achieve uniform distribution of the additive
throughout the fresh mix. It was chosen as an alternative
to other salts, such as calcium chloride, calcium acetate,
because it is biocompatible, less prone to corrosion, and
it effectively promotes mineralization of bacteria.

2.2 Mix Proportions

Concrete mix was developed to M30 grade
according to IS 10262:2019. The control mix (CM) was
initially prepared without the inclusion of bacteria. The
water-to-binder ratio was chosen at 0.45, and the mixture
was formulated in the ratio of 1:1.6:3.0 (cement: sand:
coarse aggregate). The bacterial suspensions were used
to replace a part of the mixing water in the bacterial
mixtures. The mix details adopted in the study are
provided in Table 1. Two concentrations of each bacterial
strain (10°and10® cells/mL) were added to make six
bacterial mixes besides the control. This variation was
selected to analyze the impact of strain type and cell
concentration on the performance of concrete.

2.3 Methodology
2.3.1 Formulation of Bacterial Suspension

The isolates of bacteria were cultured in nutrient
broth until they attained the exponential growth phase,
which is optimal for metabolic activity. After that, the
cells were separated from the medium by centrifuging the
cultures at 5000 rpm for 10 minutes. The cell density was
adjusted to 10° and 10° cellssmL wusing a
spectrophotometer to ensure accuracy after the harvested
cells were re-suspended in sterile distilled water. These
suspensions were used immediately in concrete mixing
to ensure bacterial viability. Fig.1 depicts the process of
carbonate formation facilitated by bacterial activity.

Fig. 1: Carbonate precipitation by bacterial suspensions
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2.3.2 Mixing Process

The mixing of concrete was done in a laboratory
pan mixer. Cement and aggregates were initially dry
blended to form a homogeneous mixture. Water or
bacterial suspension (according to the mix) was then
added slowly, and the mixture was mixed. In the case of
bacterial mixes, the suspension substituted the respective
water amount entirely. The calcium lactate was dissolved
in the bacterial solution, and the mixture was then mixed.
The mixture was stirred until the mixture became
homogeneous.

Fig. 2: Laboratory testing methods for concrete specimens:
(@) CS, (b) STS, (c) UPV and (d) RCPT

2.3.3 Casting and Compaction

Standard cube moulds sized 15 c¢m, cylindrical
moulds sized 15 x 30 cm, and prism moulds sized 10 X
10 x 50 cm were employed for casting. The air was
eliminated by pouring the concrete in layers and
consolidating it with a table vibrator. The surface was
completed promptly after the casting procedure.

2.3.4 Curing

The test specimens were separated from their casts
and placed in water curing at ambient temperature (27 +
2 °C) after 24 hours. This mode of curing was chosen in
order to simulate the conditions of a field, which is
critical for the hydration of cement as well as for the
activity of bacteria.

2.3.5 Testing Program

The test was carried out on the specimens post-
curing to assess the impact of bacterial addition on the
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strength and durability of the concrete. The compressive
strength (CS) was evaluated using cubes in compliance
with IS 516 (Part 1: 2021). The split tensile strength
(STS) was measured in cylinders, while the modulus of
rupture (MOR) was evaluated in prisms using two-point
loading to determine the concrete's resistance to bending.

A non-destructive Ultrasonic Pulse Velocity
(UPV) test was conducted to identify defects within the
samples and to determine the overall quality of the
samples without destruction, in accordance with IS
13311 (Part 1). To ensure the required durability,
Saturated water absorption (SWA) along with rapid
chloride permeability tests (RCPT) were conducted. The
SWA test provided data on the pore structure and
permeability. The RCPT conducted in accordance with
ASTM C1202 indicated the resistance of the concrete
against the diffusion of chloride ions. Furthermore, the
microstructure was examined using Scanning Electron
Microscopy (SEM) to analyze the surface alterations
induced by bacteria. Fig.2 depicts the laboratory tests
carried out on concrete specimen.
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Fig.3: Results of workability assessment

3. EXPERIMENTAL OUTCOMES AND
DISCUSSION

3.1 Workability of Fresh Concrete

The test data indicated that the slump values of
the control matrix were 85 mm, whereas the bacterial
mixes indicated 92 mm slump. The compaction factor
was between 0.89 and 0.92, as shown in Fig.3. The
compaction factor was 0.90-0.91, and the slump was 86-
88 mm with the inclusion of Bacillus subtilis (BS),
indicating that the higher the bacteria concentration (10°
cells/ml), the better it performed (Kandaswamy et al.
2024). The values of Sporosarcina pasteurii (SP) were
higher (slump of 89 mm to 90 mm and compaction factor
of 0.91 to 0.92), which could be attributed to its high
urease activity that facilitated greater precipitation of
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calcium carbonate (Khoshtinat, 2023). The optimal
performance was achieved using Bacillus sphaericus
(BSp), with a slump of 91 to 92 mm and compaction
factor settling at 0.92, despite a lower level of
concentration. This implies that B. sphaericus is very
effective in enhancing mix workability, as well as mix
density.

3.2 Mechanical Properties

Mechanical testing is crucial in assessing the
overall performance and strength of concrete. The
findings demonstrate the impact of bacterial inclusion on
the material's load-bearing capability and structural
integrity across several circumstances. The mechanical
performance is listed in Table 2.
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Fig. 4: CS of control and bacterial concrete samples
3.2.1 Compressive strength (CS)

The CS performance clearly shows the positive
impact of bacterial inclusion in concrete. Bacterial mixes
were stronger than the control at all ages, but the strength
increased more significantly at 28 days. The control mix
attained 35.40 MPa at 28 days, while bacterial mixes
varied from 37.05 to 39.62 MPa, indicating strength
enhancements of around 5-12%, as depicted in Fig. 4.
Bacillus sphaericus at a higher concentration (BSp-1)
was the strongest, with 39.62 MPa. However,
Sporosarcina pasteurii (SP-2) and Bacillus subtilis (BS-
2) also improved significantly by around 8 percent. The
enhancement in strength can be attributed to the
microbiological precipitation of CaCOs3, which fills the
gaps and microcracks, reduces porosity, and hence raises
the density of the cement matrix (Danish et al. 2020).
This contributes to a highly developed pore structure and
interfacial transition zones (ITZ) between the paste and
aggregate.

The same increases in the strength of the
concrete by bio-mineralization by ureolytic bacteria have
been reported earlier. The more significant influence of
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bacterial activity on later ages, and especially the
increased strength gains at 28 days. These findings
validate earlier research and confirm the concept that the
incorporation of bacteria, specifically  Bacillus
sphaericus, could be an efficacious approach to
enhancing the CS of concrete (Pachaivannan et al. 2020;
Khaudiyal et al. 2022).

3.2.2 Split Tensile Strength (STS)

The outcomes of STS indicated that at 7 and 28
days, all bacterial combinations increased the tensile
strength more than the control mix. The STS of CM was
2.35 MPa at 7 days, with higher values being 2.47 to 2.73
MPa between bacteria mixes, which is an improvement
of approximately 5-16%. The CM attained 3.61 MPa by

28 days, compared with the bacterial mixes of 3.80 to
4.20 MPa as illustrated in Fig. 5. The Bacillus sphaericus
mix (BSp-1) recorded the highest strength,
approximately 16 % higher than the control.

The biogenic calcite closes fine cracks and
increases the strength of the ITZ between the paste and
aggregates, thus decreasing stress concentrations that
normally cause tensile failure. The tensile behavior of
bacterial concrete has also shown similar enhancement,
with researchers reporting that bacterial activity increases
crack resistance and slows crack propagation. This
supports the fact that bio-concrete can be used to
considerably increase tensile strength to help combat one
of the fundamental drawbacks of conventional concrete
(Mondal et al. 2018; Achal et al. 2011).

Table 2. Mechanical properties on various mixes

CS (MPa) STS (MPa) MOR (MPa) UPV (km/s)
Mix Identification

7d 14d 28d 7d 28d 7d 28d 28d

CM 22.11 33.26 35.40 235 3.61 2.99 4.60 4.32

BS-1 22.56 33.92 37.10 2.49 3.84 3.13 4.82 4.45

BS-2 23.06 34.87 38.36 2.55 3.93 3.22 4.95 4.62

SP-1 22.90 34.00 37.05 2.52 3.87 3.09 4.75 4.55

SP-2 23.45 35.13 38.20 2.54 3.91 3.17 4.88 4.60

BSp-1 24.26 36.41 39.62 2.73 4.20 3.30 5.07 4.85
BSp-2 2297 33.40 37.63 2.47 3.80 3.18 4.89 4.79
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Fig. 5: STS of control and bacterial concrete samples
3.2.3 Modulus of Rupture (MOR)

The MOR results revealed that the integration of
bacteria showed a definite positive impact on the flexural
performance of concrete. At 7 days, the values were 2.99
MPa for CM and 3.30 MPa for the Bacillus sphaericus
mix (BSp-1), which demonstrates an improvement of
around 5 to 10 percent. The control exhibited a maximum
value of 4.60 MPa at 28 days, while the bacterial
mixtures reached peak values ranging from 4.75 to 5.07
MPa. BSp-1 had the maximum flexural strength at 5.07
MPa, representing a 10 percent enhancement relative to

the control. The MOR is especially strongly influenced
by the microstructural soundness of the cement matrix,
and the existence of bacterial calcite will contribute to
slowing down the initiation and development of the crack
(Kurda et al. 2022; Andalib et al. 2016).
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Fig. 6: MOR values for control and bacterial concrete mixes
3.2.4 Ultrasonic Pulse Velocity (UPV)

The UPV measurements at 28 days indicated an
apparent development in the internal properties of
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bacterial concrete over the control. The UPV of 4.32 km/s
obtained for the control mix is considered good quality
by IS 13311:1992. Comparatively, the bacterial concretes
reported bigger values between 4.45 and 4.85 km/s,
which imply that they possessed denser and
homogenized microstructures. Fig. 7 shows that the
maximum value was recorded in the BSp-1 blend of
Bacillus sphaericus at 4.85 km/s, approximately 12 %
higher than the control. There were also other significant
improvements seen in other mixes like BS-2 4.62 km/s
and SP-2 4.60 km/s. These increased velocities have been
explained by the deposition of biogenic calcium
carbonate that fills pores, microcracks, increases the
continuity of the matrix, and minimizes the sound wave
discontinuities (Bashaveni and Pannem, 2024).
Altogether, the findings of the UPV support the
mechanical strength results and prove that the
combination of bacteria boosted the strength of concrete
and its overall quality (Aldea et al. 2000).
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Fig.7: Test outcomes on UPV test
3.3 Durability Performance

The resilience of concrete to endure unfavorable
conditions without compromising its strength is a
significant attribute, illustrating its endurance. Saturated
Water Absorption (SWA) and Rapid Chloride
Permeability (RCPT) assessed the durability of bacterial
concrete in this study. These tests determine the
permeability of water or chloride ions through the
concrete, directly influencing its long-term performance.

3.3.1 Saturated Water Absorption

The obtained water absorption results clearly
indicate that incorporation of bacteria decreases the
permeability of concrete, as depicted in Fig.8. This was
observed to have the highest absorption of the control
mix (CM) at 4.84% with much lower values ranging
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between 3.30% and 3.75%, which corresponded to a
reduction of approximately 22-32%. The minimal was
received in the Bacillus sphaericus mix (BSp-1) with
3.30%. This reduction can be attributed to the bacterial
accumulation of calcium carbonate in pores and spaces,
which enhances the microstructure and diminishes water
infiltration (Phung et al. 2013).

This follows the earlier findings of Wang et al.
(2012) and Achal et al. (2011a), who stated that bacterial
activity decreases porosity and enhances impermeability
of concrete. The reduction of water absorption leads to a
direct proportional rise in the durability, which proves the
positive effect of bacteria in altering the pore structure of
the concrete matrix (Achal et al. 2011b; Wang et al.
2012).
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Fig.8: Test results on Saturated water absorption
3.3.2 Rapid Chloride Permeability (RCPT)

The RCPT results validated that bacterial
activity markedly enhanced the durability of concrete by
lowering chloride ion permeability. The RCPT of CM
was 2980 C at 30 days, which corresponds to the
moderate range (2000 to 4000 C) of chloride
permeability according to ASTM C1202. Bacterial
concretes had lower values between 2370 and 2700 C,
which represents a reduction of around 10-20%
compared to CM, as illustrated in Fig. 9. At 60 days, the
control decreased to 2320 C, remaining within the
moderate range, while bacterial mixtures declined to
between 1920 and 2145 C. The highest value was with
the Bacillus sphaericus mix (BSp-1), at 1920 C, which is
quite near the low permeability range (1000 to 2000 C).
This implies that as curing time is prolonged or optimum
bacterial dosage is obtained, chloride permeability may
be lowered further (Chahal ef al. 2012; Nosouhian ef al.
2016). This enhancement may be explained by the
precipitation of calcium carbonate by microbes when
CaCO:s crystals occupy pores and micro-cracks, which in
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effect prevents the chloride transportation pathways
(Pachaivannan et al. 2020).
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Fig. 9: Comparison of RCPT values between control and
bacterial concretes

3.4 SEM Analysis

The optimal mixtures were chosen for SEM
evaluation to examine the surface morphology and
microstructural characteristics of the concrete. The
micrographs provide detailed information regarding the
hydration products, bonding integrity, and pore
architecture of the mixture. The investigation
demonstrates the association between microstructural
properties and the mechanical and durability
performance of concrete, hence validating the
effectiveness of the selected optimal mixtures.

20kV X 2000

Fig. 10: SEM micrograph of Bacillus subtilis (BS-2) concrete
mix

The SEM photograph of the treated Bacillus
subtilis (BS-2) specimen depicts the thick deposition of
crystalline substance in the cement matrix as in Fig.10.
The precipitated CaCO; can be seen as crystallized
structures that are tightly packed around the cement

particles and that seem to fill the micro-voids and bridge
the gaps (Luo and Qian, 2016; Althoey et al. 2023). This
microstructural change indicates that the bacteria were
active in the cementitious setting and stimulated
mineralization, resulting in refinement of pores. This
deposition leads to better densification, lower
permeability, as well as better strength of the concrete.
The observed morphology confirms the ability of
Bacillus subtilis to initiate effective self-healing at a
microscopic level, correlating with its potential to
enhance and prolong the service life of concrete
structures.

Fig. 11: SEM micrograph of Sporosarcina pasteurii (SP-2)
concrete mix

Fig. 12: SEM micrograph of Bacillus sphaericus (BSp-1)
concrete mix

The SEM photograph of the Sporadiscina
pasteurii (SP-2) treated sample indicates that there is a
high level of crystalline deposition throughout the
cement matrix, as shown in the Fig.11. The precipitated
CaCO; is seen as fine particles which coat the surfaces of
the hydration products in large numbers and get attached
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to the larger cementitious fragments in a very strong way
(Jena et al. 2020). The presence of such deposits, in
comparison to untreated concrete, suggests that the
micro-organisms present are highly active, and urease
produced by S. pasteurii decomposes urea to produce
carbonate ions, which react with calcium to form CaCOs.
This even distribution of the mineral precipitates not only
fills the micro-cracks and voids, but also leads to a more
compact microstructure.

The SEM micrograph of the treated specimen
Bacillus sphaericus (BSp-1) demonstrates the presence
of crystalline precipitates embedded into the
cementitious matrix, as demonstrated in Fig. 12. The
deposits of the CaCOs are relatively coarse and irregular
in shape and are scattered across the hydration products
as filling the holes and the surface cracks. In contrast to
Sporosarcina pasteurii, the crystal is more localized in its
mineralization, demonstrating relatively slow kinetics of
precipitation. However, CaCOj; deposition leads to
refinement and densification of the matrix pores, which
is likely to enhance resistance to permeability and
increase durability. The results indicate that although B.
sphaericus is an effective self-healing promoter, its
functionality is not as consistent as S. pasteurii and yet
has great structural advantages, especially in minimizing
the number of micro-pores (Jena ef al. 2020).

4. CONCLUSIONS

Three bacterial strains (Bacillus subtilis,
Sporosarcina pasteurii, Bacillus sphaericus) were
directly incorporated into concrete using the direct
mixing method. The bacterial inclusion improved fresh
workability, as reflected by higher slump and compaction
factor values compared to the control. Bacterial concretes
exhibited significant enhancement in mechanical
strength due to microbially induced calcite precipitation,
which blocked pores and microcracks, thereby increasing
load-bearing capacity. Improved durability was observed
in terms of reduced water absorption, lower chloride
penetration, and diminished microcrack formation, with
evidence of self-healing behavior. The SEM analysis
confirmed CaCOj; deposition in optimal bacterial mixes,
validating  bacterial ~activity in  microstructural
refinement.
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