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ABSTRACT

Concrete's longevity diminishes as cracks develop, a common issue regardless of the mix design. To combat
structural degradation caused by cracks, self-healing concrete, employing microbiologically induced calcium
carbonate precipitation, has emerged. This process allows controlled material passage while preserving
structural integrity, enabling autonomous biological activity and self-repair.

Our study explores the influence of Bacillus Subtilis bacteria on PPC M40-grade concrete. We compare
conventional concrete with Bacteria-Stimulated PPC concrete of the same grade. Bacillus subtilis bacteria are
introduced to the PPC concrete in various volumes (10, 20, and 30 ml) with 10”8 cells per ml concentrations to
determine the optimal dosage for maximum strength.

Compressive strength, split tensile strength, and flexural strength tests are conducted on the concrete samples
at 7 days, 14 days, and 28 days. The results reveal that PPC-based bacteria (30 ml) trigger significant concrete
activation, resulting in a remarkable 30.5% increase in compressive strength, a 25.17% rise in flexural strength,
and a 19.11% boost in split tensile strength compared to conventional concrete.

X-ray diffraction (XRD) analysis and scanning electron microscopy (SEM) confirm the presence of
nanoparticles, specifically calcite precipitates, contributing to densification and strength enhancement.
Keywords: Bacterial Concrete, Bacillus Subtilis, M40 Grade Concrete, PPC, SEM, XRD.

I. INTRODUCTION

The paper addresses the ubiquitous use of concrete as a construction material while highlighting its
vulnerability to cracks, particularly in tension. If left unattended, these cracks can lead to structural problems
and costly repairs. To combat this issue, the concept of self-healing concrete is introduced.

Self-healing concrete relies on microorganisms, specifically bacteria, to activate a self-repair mechanism within
the concrete. One of the key challenges in this area is finding bacteria that are easily accessible, harmless to
living organisms, and capable of facilitating long-lasting biochemical repairs. Research has identified "Bacillus
subtilis" as a bacterium that meets these criteria and can be naturally sourced from soil.

These bacteria, in combination with a nutrient broth (food for the bacteria), can be directly mixed into the
concrete during the casting process. The bacteria remain dormant within the concrete until a crack emerges.
When a crack does appear, water and other substances enter, initiating a reaction with the bacteria. The
bacteria interact with water, precipitating calcite to fill the crack. Concurrently, they consume oxygen,
converting soluble calcium lactate into insoluble limestone. This process not only repairs the crack but also
increases the concrete's density, making it more impermeable. The formation of limestone prevents corrosion
and ensures the structural integrity of the concrete.

The experimental investigation presented in the manuscript focuses on comparing M40 grade concrete made
with fly ash-based cement, Portland pozzolana cement (PPC), and bacterial concrete. PPC is preferred for its
environmental benefits, as it uses less cement and reduces carbon emissions. The concentration of bacteria is
varied to determine the optimal level resulting in maximum strength. X-ray diffraction (XRD) analysis and
Scanning Electron Microscopy (SEM) are also conducted to visualize the growth of nanoparticles, specifically
calcite precipitates, which contribute to concrete densification and enhanced strength.

IL MATERIALS AND TESTING METHOD
2.1 Method Cement
PPC conforming to IS 1489 (part-1) with 32% fly ash in it was used. OPC conforming to IS 269 The physical
properties of Pozzolanic Portland cement and Ordinary Portland Cement were determined such as specific
gravity to be 2.88 and 3.14 respectively.
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2.2 Fine aggregate

Table -1: Physical properties of cement

PROPERTIES OPC PPC
Fineness of cement 0.34 m2/8 0.24 m2/g
Initial setting time 40 38 min

Standard Consistency 31% 32%
Specific Gravity 3.14 2.88
Final setting time 122 min 525 min

For fine aggregate, local river sand was used in this test and its particle size distribution curve is shown in fig:1.
Specific gravity of fine aggregate was found to be 2.66 and using the particle size distribution curve it was

graded to zone 1.
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For coarse aggregate, crushed angular stone of 20mm size was used. Its specific gravity was found to be 2.73

and water absorption was found to be 0.59 percent.
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Fig -2: Coarse aggregate grading curve
2.4 Water
For this test, local drinking water was used for all types of casting.
2.5 Microorganism
The microorganism which was used is Bacillus Subtilis which was cultured at the Bio-Tech laboratory of the
Institute of Engineering & Technology, Lucknow, India.
2.6 Culture of bacteria
The bacteria were initially stored in a dried freeze form within a test tube. To culture them, they were removed
from this state and mixed in two 50ml nutrient broth flasks. These flasks were then placed in a shaker cum
incubator for 24 hours at room temperature, with the shaker operating at a speed of 100-120 rpm. The nutrient
broth served as the bacteria's food source and was prepared using peptone, NaCl, and yeast extract at
concentrations of 5 g/lit, 5 g/lit, and 3 g/lit, respectively. The concentration of bacteria was adjusted to 108
ppm as needed for the experiments.
The cell concentration is obtained by the equation given below:
Y=8.59x107 xX1.3627
Where,
X =Reading at OD 600
Y = Concentration of bacterial cells per ml
X=0D=1.13
Y =8.59x107 x1.131.3627
Y=1.01466 x 10 8 Concentration of bacteria cell per ml
2.7 Mixture design
The mix design for M40 grade concrete was conducted following the guidelines of IS 10262:2019. In this
research, concrete was mixed and designed for M40 grade, with varying proportions of 10ml, 20ml, and 30ml of
a bacterial solution containing Bacillus Subtilis. This was done to assess the impact of bacteria on the
workability, strength, and durability of the concrete specimens.
Materials that were required for this design per one cube of concrete are described in Table 2.

Table 2: Mix design proportion

Mix notation NC BC10 BC20 BC30
Cement (kg/m3) 392 392 392 392
Fine aggregate (kg/m3) 699 699 699 699
Coarse aggregate (kg/m3) 1199 1199 1199 1199
www.irjmets.com @International Research Journal of Modernization in Engineering, Technology and Science

[199]



TRJ ETS

e-ISSN: 2582-5208

International Research Journal of Modernization in Engineering Technology and Science
( Peer-Reviewed, Open Access, Fully Refereed International Journal )

Volume:05/Issue:11/November-2023 Impact Factor- 7.868 WWW.irjmets.com
Admixture (kg/m3) 3.92 3.92 3.92 3.92
Bacteria concentration (ppm) - 108 108 108
Volume of bacteria (ml) - 10 20 30
W/C ratio 0.38 0.38 0.38 0.38

NC: Normal Concrete, BC: Bacterial Concrete.

2.8 Compressive strength test

A compression test was conducted on both bacterial and conventional concrete specimens, each measuring
15x15x15 cm, following the specifications outlined in IS 516-1959. The testing procedure was carried out using
a UTM (Universal Testing Machine). The concrete specimens were cast and allowed to cure for 7, 14, and 28
days in accordance with the standards defined in IS 456-2000. The test results are provided in the table. The
compressive strength of the cubes was calculated using the formula provided below:

load
N/ mm?
area

Compressive Strength =

2.9 Flexural strength test

For the flexure test, a specimen of size 50 Xx10x 10 cm was cast for 7,14 and 28 days and tested as per IS 516-
1959.

2.10 Split tensile test

The tensile test of the cylinder is also performed by the Universal Testing Machine (UTM). By this test, we can
determine the ultimate tensile strength, breaking strength, maximum elongation and reduction in area. The
split tensile strength with and without bacteria is performed at 7 days and 28 days. The tensile strength of the
cylinder is calculated as per the formula given below:

Tensile Strength. fF%

P = Compressive load at failure.

L = 0.3m, Length of cylinder.

D =0.15m, Diameter of cylinder.

2.11 SEM test

A Scanning Electron Microscope (SEM) operates by scanning a focused electron beam across a surface to
generate an image. The electrons in the beam interact with the sample, producing various signals that are used
to gather information about the surface's topography and composition. In this test, a beam of electrons is
generated, typically through a tungsten filament or a field emission gun, and then accelerated using a high
voltage of approximately 20,000 V. The electrons pass through a series of apertures and electromagnetic lenses,
resulting in a thin electron beam directed onto the specimen's surface. Recoiled electrons are collected by a
detector suitably positioned for this purpose. These signals are then used to determine surface topography,
composition, and other properties.

In this research, we will collect data to identify the presence of calcium deposits and surface density. This
information will allow us to confirm the deposition of calcite and analyse the efficiency of self-healing concrete.

2.12 X-ray diffraction (XRD)

X-ray Diffraction (XRD) is a robust analytical technique used for characterizing crystalline and polycrystalline
materials. It offers insights into the structures, phases, texture, and various structural properties, including but
not limited to average grain size, crystallinity, strain, and crystal defects. This method is highly valuable in the
study of materials, especially when it comes to understanding their atomic and molecular arrangements and
how they impact material properties.

III.  DISCUSSION OF THE TEST RESULT

3.1 Compressive strength test

At 28 days, the bacterial concrete mixes maintain their superior performance in terms of compressive strength
when compared to normal concrete. The strength gain over time is noticeable, and the highest concentration of
the bacterial agent (BC30) results in the highest compressive strength with an increase of 30.5% at 28 days as
compared to normal concrete. Overall, the results suggest that the addition of a bacterial agent has a positive
impact on the compressive strength of concrete at various curing ages. As the concentration of the bacterial
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agent increases, so does the improvement in strength. This information is valuable for assessing the

effectiveness of bacterial concrete additives in enhancing concrete performance.
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Table -3: compression test results

f., MP % i i
Mix notation 2 14d 28d % increase in
7d strength at 28d
NC 32.63 43.66 48.94 -

BC10 37.68 48.33 52.61 7.4

BC20 39.06 52.23 57.31 171

BC30 42.72 56.34 63.88 30.5

compressive strength (N/mma2)
7d 14d 28d

3.2 Flexural strength test

The results presented in Table 4 demonstrate that the inclusion of a bacterial agent consistently enhances the
flexural strength of concrete across various curing periods. Notably, the concrete mix with the highest bacterial
agent concentration (BC30) exhibits the most substantial percentage increase in flexural strength, recording a
notable improvement of 25.17%. These findings strongly support the notion that bacterial concrete additives
play a beneficial role in improving flexural strength.

BC20

Fig -3: Compression test results

Table -4: flexural test results

BC30

. . f., MPa % increase in
Mix notation
7d 14d 28d strength at 28d
NC 3.97 4.27 4.33 -
BC10 4.68 4.88 4.76 9.9
BC20 4.83 5.15 5.21 20.32
BC30 5.19 5.51 5.42 25.17
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Fig-4: Flexure strength test results

3.3 Split tensile strength test

The concrete mix with a 30% concentration of the bacterial agent (BC30) consistently exhibited a significant
and sustained improvement of 19.11% in split tensile strength compared to the normal concrete (NC) at all
tested curing ages. This outcome underscores the effectiveness of the bacterial concrete additive in enhancing
split tensile strength, making BC30 a promising choice for applications where improved tensile performance is
critical.

Table -5: slit tensile test results

f, MPa % increase in
Mix notation 7d 14d 28d st:ength at 28d
NC 29 3.63 4.29 -
BC10 3.14 3.84 4.5 4.89
BC20 3.26 3.96 4.86 13.28
BC30 3.39 4.1 5.11 19.11

Split tensile strength (N/mm?2)
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Fig -5: Split tensile strength test results
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3.4 Scanning electronic microscopy (SEM)

The detection of calcite deposition within micro-cracks in concrete, attributed to bacterial activity, was carried
out using scanning electron microscopy (SEM). Analysis of the graphical data confirms the presence of calcite
precipitation in concrete specimens that incorporate bacteria. Clearly visible calcite layers were observed
within the pores of each bacterial concrete sample, contributing to increased concrete strength. Precipitated
calcite was identified within the concrete pores, enhancing structural robustness. A comparative examination of
standard and bacterial concrete specimens after a 28-day curing period reveals that concrete containing
bacteria exhibits greater compaction and density. This study also underscores the role of calcite formation in
enhancing concrete strength, emphasizing the superior mechanical performance of bacterial-infused concrete.

spectrum 1 5

Electron Image 1

Fig -7: EDS image

Tmm '

Table -6: Concrete composition

ELEMENT WEIGHT% ATOMIC%

0K 51.67 74.23
MgK 0.53 0.50
AlK 3.04 2.59
SiK 6.17 5.05
KK 0.80 0.47
CaK 24.41 14.0
Mn K 0.51 0.21
FeK 2.4 0.99
Sb L 7.79 1.47

IL 2.68 0.49
Total 100.00

3.5 X-Ray Diffraction Result

The powdered crystal of bacterial concrete with bacteria dose (108 cells/ml) of 30 ml shows some extreme
peaks of calcite represents the maximum precipitation of calcite which would increase the density thereby
reducing the pores in bacterial concrete.
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The study's findings suggest that the utilization of the bacteria Bacillus subtilis offers considerable promise for
public use. This application provides significant benefits related to the healing and sealing of cracks in concrete,
ultimately enhancing the overall durability of concrete structures. Bacterial concrete, with its ability to heal and
strengthen itself, presents a novel and practical approach to address issues related to concrete cracking and
structural maintenance. It has the potential to contribute positively to the construction and infrastructure
industries by improving the longevity and resilience of concrete-based structures.
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Figure 8: XRD Analysis shows peaks of calcite.
IV. CONCLUSION

The passage provides a concise summary of the key findings derived from the experimental investigation of
bacterial concrete in comparison to conventional Portland Pozzolana Cement (PPC) concrete. It underscores
several critical outcomes:

1. Strength Enhancement: Bacterial concrete exhibits a substantial increase in its mechanical properties.
Notably, it demonstrates a 30.5% improvement in compressive strength, a 25.17% boost in flexural strength,
and a 19.11% rise in split tensile strength when compared to conventional PPC concrete. These findings
highlight the positive influence of incorporating Bacillus subtilis bacteria on concrete strength.

2. Environmental Benefits: The use of PPC cement is emphasized for its environmental advantages. PPC
cement is lauded for being a cost-effective, eco-friendly alternative that reduces carbon emissions and
conserves energy during cement production. One of its key attributes is its replacement of 30% of cement with
fly ash, contributing to a more sustainable practice. When combined with bacterial concrete, these
environmental benefits are further amplified.

3. Enhanced Impermeability: Scanning Electron Microscopy (SEM) test results reveal a heightened
concentration of calcium deposits, signaling the presence of calcite. Calcite plays a vital role in concrete by
filling voids and increasing material density. Additionally, it improves the concrete's impermeability, rendering
it less susceptible to water ingress and potentially harmful substances.

In conclusion, these findings suggest that the amalgamation of PPC cement and Bacillus subtilis bacteria within
concrete offers a sustainable and durable solution. This approach not only augments the concrete's mechanical
properties but also contributes to environmental sustainability by reducing maintenance costs and enhancing
impermeability.
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