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Autogenous healing material remains a type of exclusive material with the structural capacity to repair mechanical wear and 
tear over time. Environmentally sustainable autogenous healing materials with lower carbon content are in peak demand 
across the globe. The investigation was carried out on the immobilization of Bacillus bacteria (megaterium, subtilis) which 
made a novel bacterium for self-healing concrete. The pH values and temperature are maintained at 4, 7, 10, and 25 °C 
to 34 °C upon bacterial cultivation, respectively. Clay pellets were used to immobilize the most prominent and positive-
sustaining bacteria at 32 °C. The clay pellets are well-shaped and dried to develop e�ciency better than wet clay pellets. 
Those immobilized bacteria in clay pellets are diversi῿�ed into the concrete and the results are compared to concrete with 
immobilized bacteria in silica gel. The strength parameters are assessed through compression, tension, and ⿿�exure tests as 
well as water absorption test. Sorptivity analysis ensures the durability of concrete. The crack healing e�ciency of potential 
bacteria is ῿�nally found and satisfying. The characterization of clay pellets and bacterial concrete ensures the precipitation 
produced by the novel bacterium under a favorable methodology. The bacterial concrete integrated with clay pellets with 105 
cells/mg-1 produces promising results in all the scales, pre-and post-cracking. Decisively, the catalyst quickly reacted e�ciently 
and prevented the crack from spreading further.
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Introduction

Traditional concrete experiences one disadvantage: 
it cracks when subjected to tensile pressures. Cracking 
in concrete structures is caused by a variety of 
circumstances, including design and detailing errors, 
changes in temperature and relative humidity, as well 
as drying shrinkage when the concrete is confined, 
and stress caused by dynamic loading [1-4]. Concrete 
cracking remains a significant problem that affects the 
performance and toughness of a concrete building by 
admitting water and various types of weathering agents 
into the concrete. Crack risks severely restrict the 
efficiency of concrete composites and the operation of 
concrete buildings [5-7]. The unavoidable presence of 
fractures may diminish its benefits like the service life 
of the concrete. The expense of crack identification and 
repair is exorbitant. Conventional concrete restoration 
methods, including cement replacement or chemical 
additives, are limited to accessible cracks and are 
also tedious and expensive [8-10]. Surface restoration, 
pressure grout, infill, and cement replacement are 

currently popular mending procedures in engineering 
construction. Globally, there is an increasing need for 
sustainable environmentally friendly building materials 
that use little energy and emit less carbon [11-16]. 

The microbial-induced mineralization technique and 
its use to heal concrete fractures have lately gained 
much interest due to advancements in concrete and 
microbiological technology [17-23]. Autogenous healing 
in concrete has been long recognized, and several 
studies have been conducted to understand the fracture 
healing process. Handling several types of bacteria, the 
self-healing process generates and precipitates calcium 
carbonate and calcium lactate as bio-depositions are 
studied [24-29]. There are two forms of self-healing in 
concrete: autogenous healing and autonomous healing. 
Although concrete is vulnerable to cracking, it offers 
the potential to close its fissures on its own to some 
level owing to autogenous self-healing. In addition to 
substituting concrete with recycled resources, concrete 
may benefit from affordable native ingredients to optimize 
and promote green roofs. Crack healing studies, on the 
other hand, discovered that the greatest healing occurred 
in surface fractures with the highest colony count and ca 
lac concentration. Immobilization represents an excellent 
way of preserving the high-efficiency mineral-forming 
potential of implanted bacteria in bacterium-based 
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autogenous healing concrete throughout time [30-34].
The bacteria were discovered by their capacity to 

thrive in alkaline environs of cement/concrete [57-59]. 
By experimenting and testing various healing agents like 
powder and capsule, microbial self-healing concrete in 
various ratios and techniques [35-40]. In this study, 
several modified concretes were made by replacing the 
conventional Portland cement (OPC) with an optimal 
proportion of effective microorganisms (EM) and fly ash 
(FA) [41-43]. The advantages discovered as the presence 
of effective microorganisms aided to minimize the heat 
of hydration and water loss of the Fly Ash OPC concrete, 
consequently increasing the premature compressive 
strength by up to 30%. Among the specimens created 
using merely OPC and FA as an OPC replacement, 
the specimens prepared with EM and FA combined 
possessed the maximum compressive strength [44]. The 
findings suggested that the bacterial self-healing capacity 
was not only formed at a recent age but on top grew 
significantly with time, to the point where the maximum 
width of fractures could be entirely repaired [45-48].

The purpose of this study is to develop bacteria-
based autogenous concrete with encapsulated Bacillus 
subtilis and Bacillus megaterium for crack self-healing. 
Encapsulation will protect the bacteria and allow their 
controlled release when cracks appear, promoting bio-
precipitation of minerals to seal the cracks. This research 
will involve creating a new liquid-tight bacterial strain, 
comparing its effectiveness with encapsulated forms in 
concrete against traditional healing materials like silica 
gel and clay pellets, and finally, evaluating the bacteria’s 
ability to absorb water (sorption) within the concrete 
matrix. The following endures the expected consequence 
of this work:

•  To create a new bacterium using Bacillus subtilis 
and Bacillus megaterium that is liquid-tight for bio-
precipitation.

•  To compare the competent bacteria encapsulated in 
self-healing concrete with silica gel and clay pellets.

•  To determine the bacterial specimen’s sorptivity 
and describe the concrete with a prospective crack 
healing bacterium.

Materials and Methods

A novel form of the core-shell carrier was designed and 
prepared to extend the life duration of microorganisms 
in concrete. Bacillus megaterium and Bacillus subtilis, 
as well as a mixture of both, are employed in this 
investigation [1, 7, 29, 30]. Bacterial growth was seen 
under various circumstances. In the concrete mix water, 
the bacterial concentration obtains 105 cells.ml-1. Concrete 
containing microbial self-healing agents of the ureolytic 
type encapsulated in permeable granules has a higher 
fracture healing capacity [10, 11, 31, 32]. Using a 
ureolytic microbial nutrition solution with water-reducing 
compounds. 

The introduction of calcite precipitation bacteria 
Bacillus subtilis SBI [ICAR] & TNAU, Bacillus 
Megaterium NBALL [ICAR] & TNAU, and their 
combination is compared as organic ingredients in 
concrete, together with calcium lactate pent hydrate and 
urea [44, 45]. The presence of EM was recognized as 
a benefit in water loss of the FA-OPC concrete and 
reducing the heat of hydration. As a result, the early 
compressive strength is increased [26, 47, 48]. Microbial 
concrete research has mostly focused on spore-forming 
microbes, like the Bacillus type, since they may survive 
in adverse circumstances such as excessive alkalinity and 
limited water supply by producing spores [4, 7].

The CO2 carbonation process produces calcium 
carbonate and silica gel by interacting with the 
aggregate’s existing hydration products [7, 39, 44]. The 
microcapsule approach employs a healing substance 
deployed when a fracture occurs and then self-heals 
with the same [2, 11, 20]. Bacteria that produce urease 
can improve the strength and durability of concrete [49, 
51, 60]. This is because the urease catalyzes a reaction 
that produces calcium carbonate crystals. These crystals 
fill in the pores and cracks of the concrete, making it 
denser and stronger.

Bacterial Immobilization Research

Auto clave
An autoclave remains a piece of equipment that utilizes 

high-pressure vapour to dispose of microorganisms, 
viruses, and even spores found in the medium inside 
the container. The autoclave sterilizes goods by thawing 
them to a particular temperature for a distinct period of 
time [40, 41, 43].

Laminar air flow cabinet
A laminar airflow chamber is a securely enclosed 

workstation designed to protect silicon wafers, biological 
material, and particulate products. The air flows 
smoothly and is luminary concerning the operator. Due 
to the general orientation of a flow of air, the specimen 
is protected from the person, but the viewer is uncovered 
by the sample. The cabinet is normally made out of 
stainless steel, with no cracks or cracks where spores 
might accumulate.

Bacterial cultivation
Agar-agar is added to the distilled water, the above-

mentioned components are made by the component of 
the contained weight (g) of 200 milliliters solution in 
distilled water and 5.68 gram of agar. The add-on & 
mixture heated for dissolving, emphasis pH is 7.0-7.2 
and 15 pounds of pressure were sterilized 20-30 minute 
down. This rapidly develop and grow bacterial liquid 
after autoclave process preparation medium pouring the 
bacteria on Petri plate. After 1 hour bacteria sprite on 
petri plate [5, 9, 36, 46]. Predominantly check pH range 
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and temperature.

Selection of clay
Choosing the correct clay remains a critical decision. 

There are many other varieties of clay, but most potters 
stick to three primary types, each with its own set of 
advantages and firing temperatures [24, 29]. Earthenware 
may represent the ideal alternative for individuals 
looking for a lump of lower firing clay. These clays are 
less durable, more porous, and more plastic (easier to 
mold). Stoneware has a high heat tolerance and may be 
used in a variety of ways since it is denser and more 
robust than other clays. Because it is also flexible, this 
clay represents an excellent choice for novices (easier to 
mould). Smooth Porcelain has a high heat tolerance, but 
it is more elastic (does not mould as easily), making it 
more difficult to work with for novices. The beginnings 
of river Kaveri, Tamilnadu, India are recognized as the 
supply of clay.

Wedging of clay
Wedging your clay is a vital process that should be 

overlooked for various reasons. Most essential, it removes 
any air bubbles that may be present in the clay. Wedging 
also enhances workability by providing a homogeneous 
consistency and moisture level throughout the clay.

Pinch pot
One of the securest methods for producing clay pellets 

is the pinch pot method. Simply mould a lump of clay 
into the desired shape. The maximum diameter of clay 
pellets is bare than 10 mm. After preparing the clay 

pellets for 28 days of exposure to the sunshine. After 
28 days, heat the clay pellets [44] for 1 hour at 30°C 
to 40°C. Physical properties of clay pellets are shown 
on Table 1.

Silica gel preparation
Silica gel obtained from SIPCOT Unit, Perundurai is 

purely a porous, formless mixture of silicon oxide and 
silicon atoms. When heated over 550 degrees Celsius, all 
of these translucent beans liberate the trapped chemicals. 
The silica gel absorbs and releases bacterial compounds 
under severe circumstances. The constitutional qualities 
of silica solution include high density (570-700 g/l) and 
glassy form. The pH of wet extract be 5-6.5% and the 
rustiness is 99.9% [20, 44].

Experimental Investigation

In this work, self-healing concrete was made operating 
a microbial carrier and its fracture healing potential was 
studied. Compressive strength and flexural tests are two 
of the tests used to evaluate the material [10, 12, 23, 
48]. The final concrete mixer’s structural efficiency and 
microstructure attributes were obtained as a function of 
the EM and FA replacement for OPC. Furthermore, SEM, 
EDS, and XRD were used to analyse the microstructure 
of concrete [13, 17, 28, 32, 36, 37].

A specific combination of Bacillus subtilis and Bacillus 
megaterium was used at a constant concentration of 105 
cells/ml as shown in Table 2. Clay pellets and silica 
gel were compared as carrier materials, and concrete 
specimens were cured under controlled temperature and 
humidity conditions [50]. The vital goal of this research 
is to assess the mechanical characteristics of induced 
fractured concrete specimens by inserting cement 
capsules with bacteria for crack healing [1, 25, 33].

The concrete specimen is cast and heat hardened 
evaluated for average compressive strength for a cube, 
average tensile strength for a cylinder, and average prism 
flexural strength for an optimal proportion of cultured 
bacteria with a fixed capsulation of 105 cell/ml based on 
cement weight. Strength tests are performed on cynical 
conventional cement concrete and bacterial concrete at 
28 and 90 days of age.

Sorptivity test
Sorptivity represent a measurement of the rate of 

water transfer on the pores in real time via capillary 
suction. The specimen utilized is a 50 mm cylinder 

Table 1. Test on developed clay pellets

S. 
No Title With 

temperature
Without 

temperature
1 Plastic limits 19.65% 15.37%
2 Porosity 0.57 0.52
3 Bulk density 1.3 gm/cm3 1.1 gm/cm3

4 Permeability 10-9 cm/s 10-7 cm/s
5 Liquid limits 29.75% 33.33%
6 Specific gravity 2.24 2.24
7 Swell index 2.5% 2.49%
8 Optimum moisture 

content
15.17% 15.05%

9 Maximum dry density 1.745 gm/cc 1.624 gm/cc

Table 2. Trial mix designation for various bacterial concentrations

Sl No Method of  
Application Bacillus Subtilis Bacillus Megaterium Bacillus Subtilis + 

Megaterium
Concentration of 

Bacteria
1 Direct M2T1 M3T1 M4T1 105 Cell/m-1

2 Clay Pellets M2T2 M3T2 M4T2 105 Cell/m-1

3 Silica Gel M2T3 M3T3 M4T3 105 Cell/m-1
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with a 100 mm quantity of both normal and self-healing 
tangibles [7, 11, 19, 40]. Individuals are oven dried at 
110 oC for 24 hours before being allowed to cool in a 
dry state for another 24 hours. The test is conducted by 
exposing one surface of the specimen to mineral water 
at a depth of 5 mm, as specified in the ASTM C 1585 
04e1 matrix of practice. The remarkable section of the 
beautiful example (other than 5 mm) is coated with 
highly qualitative normal water proofer (High Attach 
Polymers) to create a one-way flow pattern through the 
concrete kind of beauty. Water Sorptivity (thru capillary 
suction) tests are performed on solid conservative 
concrete floors and self-healed concrete at the age of 
28 days to determine the quantity of water absorption 
at the given time intervals of 30 min, 75 min, 90 min, 
120 min, 150 min, and 180 min.

The following formula is used to calculate the amount 
of water Sorptivity for the cylinder sample:

W / (A × √t) = k

Were,
W = Weight of water absorbed in gms
A = Cross sectional area of specimen in cm2

√t = Time in mins.
K = Sorptivity coefficient

Results and Discussion

For each type of bacterial culture shown in table 3, 
three types of trial mixtures are examined for strength 
behaviour. Figs. 1-4 show that there was a minor 
variance in the output of each inquiry for all types 
of combinations, and the average difference under 
respective condition was used.

Compressive strength
From Fig. 1, For curing age of 28 days the growth 

of bacterial strains in M4T3 has higher potential than 
other mix designations. For bacteria bacillus subtilis 
mix performs better with capsulation rather than 
direct application of bacterium. The bacterial bacillus 
megaterium mix with silica gel retain higher strength 
associated with other method of concrete preparation. And 
comparing novel bacteria mix with bacillus megaterium 
mix the combined bacterium mix incorporated with clay 
pellets has higher potential [12, 28, 43]. But the reduction 
in strength is obtained mainly due to the cement has 
lower elasticity modulus than aggregate. The peak 
strength for the cube compression test is determined to 
be obtained for the unique bacteria mix, M4T2 greatest 
of all other specimens. Bacteria in concrete trigger a 
process that produces calcium carbonate. This calcium 
carbonate acts as a filler, strengthening the concrete by 
filling in tiny cracks and pores [52, 57]. This makes 
the concrete denser and more resistant to compression, 
which increases its compressive strength. The potential of 

clay pellets has better efficiency in controlled conditions. 
In silica gel method both the bacterium possesses more 
or less similar results due to the metabolic activity of 
bacteria towards glycolysis [20, 29, 45]. By comparing 
both the method clay pellets and silica gel we get the 
greater encapsulation with clay pellets are viable than 
silica gel.

Split tension strength
The conventional cylinder is made and tested for the 

tensile to find the behaviour for 28 days. From Fig. 2, It 
has been discovered that M4T2 cells with a mixture of 
bacteria which is greater tensile strength than other form of 
specimens. For bacteria bacillus subtilis mix with silicone 
gel possess promising results due to its bacteriostatic 
properties [3, 29, 45]. For bacteria megaterium mix has 
negligible resistance towards tensile strength compared 
with novel bacterium mix. By comparing novel bacteria 
mix and bacillus subtilis mix the designated concrete 
mix with clay pellets has better potential. But comparing 
novel bacteria mix with bacillus megaterium mix the 
clay pellets play a controlled strength behaviour due 
to influence of moisture content. However, the drop 
in strength relies more on the bond between materials, 
which may be weakened by the bacteria’s activity and 
growth [24, 33, 36, 42]. The peak strength for tension test 
is discovered for unique bacterium mix M4T2 greatest 
of all other specimens which is also 6.5% higher than 
conventional mix. Considering methods of application, 
clay pellets with combined bacterium mix has higher 
strength than other forms. In silica gel method both the 
mix possess similar results in terms of combinations and 
combined matrix. By comparing both the method clay 
pellets and silica gel we get combined bacterium mix 
can be utilized.

Flexural strength

Fig. 1. Compressive strength examination of bacterium after 28 
days curing reveals the specimen strength neck and neck with 
varied mix proportions and bacterial - additions. A potential 
increase in strength has been detected in M4T3 specimens.



Encapsulation of combined bacterium in clay pellet and silica gel for the autogenous healing of concrete 1001

From Fig. 3, For curing age of 28 days, there is an 
upturn in strength for the Mix 4 combination of mixed 
microorganisms with clay pellets which is dominant 
than other mixed cultures. The mix designated with 
bacteria bacillus subtilis possess nominal strength values 
compared with other forms. Similarly, bacterial bacillus 
megaterium attains the average results convincing the 
conventional concrete. By comparing novel bacteria mix 
and bacillus subtilis mix the clay pelletization break the 
peak result due to its bond. And then comparing novel 
bacteria mix with bacillus megaterium mix the combined 
bacterium potential with clay pellets is increased because 
of its bond strength [5, 27, 41, 45]. The weak bonds stress 
shows lower modulus in small strains, as the material 
is more brittle, with low elongation at break. The peak 
strength flexural test is obtained for the new bacteria 
combination M4T2 greatest of all other specimens which 
is also 2 N/mm2 higher than conventional mix. On the 
other hand, in method clay pellets possess better results 
compared with other forms of specimens. In silica gel 
method both bacterium mixes give similar value which is 

2 N/mm2 greater than combined matrix with clay pellet. 
By comparing both the method clay pellets and silica gel 
we get clay pellets a dominant role flexural behaviour 
of the concrete.

Sorptivity test
The water absorption and sorptivity values as shown 

in Fig. 5, indicates that the specimen under any condition 
irrespective of curing type suffered zero effect, since the 
capillary voids are filled effectively by the Calcium – 
Silicate – Hydrate products [5], and too by the reduction 
in bleed depth of water with respect to age of cement 
paste.

The reason may be due to presence of hold water by 
the pores results in effective diffusion of water molecules 
to the surrounding layer of concrete, thereby helps to 

Fig. 2. Split tensile strength of Bacillus Subtilis after 28 days 
curing reveals that specimen strength level M2T3 with 15% 
flyash combined with cement wrapped 105 Bacillus subtilis in 
silica gel displays superior tensile strength.

Fig. 3. Flexural strength of Bacillus Subtilis after 28 days of 
curing demonstrates that concrete with additives has much less 
strength than concrete with varying amounts.

Fig. 4. Compressive strength examination of bacteria after 90 
days curing indicates the specimen strength neck and neck with 
varied mix proportions.

Fig. 5. Specimen sorptivity data reveal the potential of Mix 
T3, mixed bacteria after 28 and 90 days of curing.
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enhance secondary hydration mechanism [8, 26, 48]. 
So, this kind of self-heal concrete with self-heal agent 
holds good under differential soil-structure interaction 
to reduce the seepage effect of ground water to the 
superstructure and thereby protects from bulging effect 
of base concrete.

Self-Healed concrete strength
From Fig. 4, there is a rise in strength for the clay 

pellets concrete mix of mixed bacteria after 90 days of 
curing which is higher potential than other combined 
matrix forms. This is due to the bacteria’s predominantly 
grow in the moisture that clay produces intact. For 
bacillus megaterium and subtilis mix, the mix designation 
has minor properties compared to the combined matrix 
[53, 55]. By comparing novel bacteria mix and bacillus 
subtilis mix the clay matrix has better results due to its 
uptake of trace elements from the bacterium [10, 28, 
29, 31, 35].

And then comparing novel bacteria mix with bacillus 
megaterium mix the clay pelletization makes the dominant 
role in providing healing capacity to the concrete. 
However, the decline in strength is mostly owing to 
organic bacteria’s moisture holding inability in relation 
to the total presence of other elements. The peak strength 
for the cube compression test is determined to be obtained 
for the unique bacteria mix M4T2 greatest of all other 
specimens which is also higher than conventional mix. 
The clay pellets matrix M4T2 predominant in strength 
values because of its transformation towards concrete. 
In silica gel method, the enzymatic activity provokes 
the problem of long-term viability of organic cells to 
its mark. By comparing both the method clay pellets 
and silica gel we get the most effective desiccant for its 
technical performance and characteristics and ability to 
absorb moisture is leading in clay pellet immobilization 
[29, 36, 44]. The potential of crack healed in concrete 
were found satisfying. The X-Ray CT image (Fig. 6) 
shows that the M2T3 has the highest potential of healing 
the cracks up to 0.5 mm, further supporting the idea 
that smaller cracks are effectively healed by the bacterial 
concrete. Future research will investigate the kinetics of 
crack healing in more detail, including quantifying the 
timeframes for various crack sizes and examining the 
influence of factors like crack width and environmental 
conditions on healing efficiency.

SEM Analysis

Cement concrete
SEM analysis revealed a correlation between calcite 

formation density and moisture/nutrient availability. 
Denser calcite formations were observed in regions 
with higher moisture and nutrient content, supporting the 
hypothesis that these factors promote bacterial activity 
and subsequent biomineralization [54, 56]. The particular 
shattered specimens are devoured in an air and water 

proof guard to ensure that the intrusion of external 
moisture is not welcomed. The particular small amount 
of the particular broken sample through Mix – I with 
5-millimeter CP is used and golden covering is given on 
the surface of smaller sized grain.

It will be allowed free for half 60 minutes to increase 
full bonding with the grain and obtain flawless out group 
during the test. Then, it will be carefully put within the 
small box in the electron microscope. The away box 
of the particular machine is shut and the inside nature 
of the particular sample is after that examined through 
program attached interface.

Fig. 7a denotes the whole concrete mixture including 
less than 0.5 percent clay pellet (CP) The picture shows 
the existence of efficient calcite products, which effects 
in an operative surface region with no holes. The image 
provides proof of final satisfaction of durable features. 
From Fig. 7a, it is observed that the presence of crystal 
shaped structures provides uniform stability for the mix. 
The presence of minute pores as found from the image 
does not affect sustainability as the ratio is very low 
in comparable with the volume of the Fig. 7b clearly 
displayed the calcium and silica products of the reaction 
with hydrogen molecules. Non-clearance of hydration 
has been found in some of the faces, resulting in a 
decreased part of pores. However, additional hydration 
through the utilization of hold water by the concrete 
might successfully fill those voids [7, 15]. Fig. 7b shows 
the reaction products from hydration due to the use of 
0.5% of CP in concrete mix. The output delivers the 
perfect surface area of the grain as it results in negligible 
absorption nature of the sample. It is appeared mainly 
due to the water holding capacity of the Combined 

Fig. 6. X Ray CT Image shows the potential of crack healed 
by the Combined bacterium upto 0.5 mm. 
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bacterium. From the image, it could be the perfect 
justification for the durability characteristics.

Fig. 7c depicts the hydrated products of the reaction 
with 0.5 percent SG and basic components. This may 
contribute to the arrest of pores and hence act as a barrier 
against eventual degradation. Fig. 7c clearly states 
the due to a lack of free water, unhydrated products 
shown. It causes the construction of a fault plane and 
the deboning effect, as well as the subsequent growth 
of hair fractures in the Interfacial Transition Zone [34]. 
Over-evaporation of the mixed water, accompanied by 
dryness of the core structure within the concrete, creates 
a pathway for external agents to penetrate.

The common energy dispersive X-Ray microanalysis 
was performed by atomic spectrometer. Here the EDX 
image and its individual mapping component were 
represented for the sample high strength and low strength 
concrete. Figs. 7d and 7a shows the EDX characteristics 
for high strength concrete followed by its spectrum map 
and, Figs. 7b and 7c shows the EDX characteristics for 
Low strength concrete with its spectrum map [42]. The 
output from the image directs the efficient nature of 
concrete based on the basic materials. In Fig. 7a the 
presence of calcium and silica content was high and the 
condition is reverse for the Fig. 7b. It is proved that the 
efficiency of hydration products with respect to hydroxyl 
ions as mainly relates to calcium and silica to block the 
mouth opening of pores.

Clay pellet
The internal pore structure of concrete with clay pellets 

were examined using scanning electron microscope and 
the test images are shown in Fig. 8a to Fig. 8d. From 
the 8a, it is examined that the bacteria usage represents 
dense microstructure which increases the strength of 
concrete. The sample of clay used is spherical in shape 
which shows the samples contain coarse particles. The 
cement paste containing flyash exhibit a lower pore size 

than the portland cement paste. 
Specimen prepared with bacteria appear to be less 

porous, more adhesive which shows that the microstructure 
of the clay pellet is dense and more homogeneous than 
of the conventional concrete due to secondary hydration 
of Ca (OH)2, and formation of tightly packed calcium 
magnesium carbonates which fill the pores system as 
in Fig. 8b.

The mechanical test revealed that, In the short time, 
the strengths of cement-stabilized soil increased but the 
hydraulic conductivity coefficient decreased. SEM is 
used to assess calcite precipitation and pore formation 
on clay textiles (Fig. 8c). Reduced pore spaces resulted 
in harder soil structures, higher strength, and a lower 
hydraulic conductivity coefficient. The impact of 
magnification on SEM pictures of expanding soils to 
determine size proportion values, researchers magnified 
and enlarged frame sizes. Inside the matrix, values were 
combined with fractal analysis to relate magnifying scale 
to plane permeability and geometric dimensions of soils. 
As a consequence, it is discovered significant spread in 
assessed absorbencies throughout an extended soil.

Fig. 8d depicts the SEM scans after 28 days. Images 
depict the addition of lime to fly ash and overburden 
particles. Furthermore, pictures revealed that the 
pozzolanic process caused calcium precipitation and 
the formation of a clay mineral matrix around surface 
and overburden particles. As a result, the SEM pictures 
demonstrate the link between bearing ratio development 
and microstructural development.

The effect of aggregate size on variations in the 
mineralogy and morphology of lime-treated granular 
soil. After curing, crystallized calcium silicate hydrate 
(C-S-H) was discovered in lime-treated soil produced 
with big aggregates (Fig. 8d). The formation of C-S-H 
caused an increase in Nano holes fewer than 0.1 m in 
calcite. When limestone was applied in a thin coating 
across the whole surface of treated soil consisting of 

Fig. 7a to 7d. SEM Image indicates the bacterial concrete with 
different magnification and presence of calcite compounds under 
different mix designations.

Fig. 8a to 8d. SEM Image indicates the clay pellets with different 
magnification and presence of calcite compounds induced in 
concrete.
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small particles, the C-S-H phases formed [5].

Elemental Mapping

Cement concrete
Fig. 9(b) depicts a spectrum map containing the chemical 

components selenium (Se), iron (Fe), magnesium (Mg), 
oxygen (O), silicon (Si), aluminium (Al), potassium 
(K), calcium (C), sodium (Na), and titanium (Ti). Fig. 
9 shows a significant concentration of calcium and 
silica. It has been demonstrated that the effectiveness 
of hydration products in blocking the mouth opening 
of pores in relation to hydroxyl ions is mostly related 
to calcium and silica. Fig. 9 depicts the EDX properties 
of low-strength concrete together with its spectrum map 
[3]. When compared to Fig. 10, the output from the 
image shows the efficient nature of concrete based on 
the fundamental elements, and the presence of calcium 
and silica content was noticed as high.

Clay pellet
The auto-scaled strength maps show the three-

dimensional dissemination of the following elements: 
oxygen (O), calcium (C), magnesium (Mg), aluminium 
(Al), silicon (Si), iron (Fe), potassium (K), selenium 
(Se), sodium (Na), and titanium (Ti). As a result, their 
superposition displays the three-dimensional scattering 
of possible phases of different stoichiometry inside the 
scrutinized ROI.

Among these are Al-bearing segments such as 
enduring ferrite (C4AF) and its hydration products, as 
well as aluminate hydration products, and the C-S-H 
controlled matrix. The aluminates and their hydration 
products are distinguished by the deceptive progression 

of the detailed aluminium strength, i.e. regions of high 
aluminium concentration appear to be connected with 
enduring ferrite, whereas regions of lower concentration 
and more drawn-out signal appear to designate aluminate 
hydration products. This discovery is corroborated further 
by the observed regional distribution of iron and sulphur, 
which are also superimposed in the composite map.

Scalability is a key factor in the feasibility of 
incorporating microbial agents into large-scale concrete 
production. However, the long-term viability of the 
bacteria and potential environmental impacts need 
further investigation before widespread use.

Conclusions

The results showed that the integration of the EM 
and FA as alternates for the OPC greatly enhanced the 
technical characteristics of the proposed concrete mixes. 
Indeed, specimens with microencapsulated bacterial 
spores had larger ultimate burdens than equivalent 
control specimens.

•  The results reveal that the inclusion of the bio-
agent has no effect on the concrete tensile strength 
of Subtilis or Megaterium. However, when the 
bio-agent is combined, it improves its compressive 
strength by 5%.

•  Introducing Immobilized denitrification bacteria 
into fresh concrete while mixing can increase the 
concrete’s compressive strength.

•  The findings of the experiments reveal that microbial 
calcite precipitations increased the compressive and 
tensile strength and water absorption of all specimens 
at all ages.

•  The SEM photographs of the specimens demonstrate 
that the bacterial-treated specimen with clay pellets 

Fig. 9. Elemental Mapping indicates the presence of organic 
compounds responsible for precipitation of calcite in concrete 
specimens.

Fig. 10. Elemental Mapping indicates the confirms the presence 
of organic compounds responsible for precipitation of calcite 
from clay pellets.
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had more calcite crystals than the untreated specimen.
•  It was also discovered that a novel bacterium [B. 

Subtilis and B. Megaterium] precipitated more 
calcium carbonate as a healing product, resulting in 
homogeneous healing over the full length of concrete 
fractures.

•  Initially, there was no visible indication of crack 
sealing; the crack sealing begins at the fracture tip 
and progresses to the crack mouth.

•  Elemental analysis also confirmed that the mineral 
precipitation on cracked surface is calcite crystals. 
The chemical composition of EDX analysis resembles 
the amount of silica and calcium content is also high. 

•  The findings of the Sorptivity test revealed that by 
adding bacteria and nutrients to the concrete water 
mixture, the chloride penetration into specimens was 
reduced by roughly 28 percent owing to CaCO3 
precipitations, which plugs pores and improves 
concrete performance.

•  The water permeability studies confirmed this 
finding. After 90 days, the greatest compressive 
strength was detailed for a combination of self-
healed cement concrete and clay pellets with bacterial 
concentrations of 105 cells/ml-1.

•  The capacity of subsequent cracks to self-repair was 
substantially increased, and there was no noticeable 
detrimental influence on the basic performance of 
concrete.
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