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ABSTRACT

Concrete used in the construction industry is sensitive to crack formation under tensile stresses which
makes it ineffective and vulnerable to degradation when water and other contaminants enter into the concrete
matrix through these cracks. This leads to the corrosion of steel reinforcement which ultimately makes the
composite weak. The use of self- healing materials is an emerging ingenious method to improve the durability
of concrete. The process of self-healing in concrete induced by microbial action is one of the evolving techniques
being used in the construction industry. Therefore, this paper focuses on study of application of bacteria for the
self-healing process in concrete and its improvement in strength and efficiency of concrete as a whole. The
results collected from various works of literature has been used to compare.
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INTRODUCTION

Concrete is being a quasi-brittle material is susceptible to crack formation under tensile and shear
stresses. This inherent brittle nature of concrete is the reason for the use of steel reinforcement in the tension
cross-section which sustains the tensile loads. Concrete cracks are important to consider as it triggers the
corrosion of the reinforcement within. If the cracks are within the prescribed limit, such crack openings may not
lead to total collapse of the structure although it may lead to exposure of the reinforcement which leads to the
degradation. Besides macrocracks, microcracks are imminent to normal concrete as it makes the concrete
permeable and the reinforcement may be exposed to air. In case of a network of continuous cracks, it becomes
easy for the deleterious materials to enter into the concrete and damage the reinforcement. Even though the
concrete has a life span of over 50 years the cracks degrades its strength making it vulnerable to failure [1].
Repairing these cracks needs huge capital investment and time-consuming. Therefore, an effective method
which will reduce the time and labor is much needed which led to the development of the use of self- healing
materials in concrete.

Self-healing is a new innovative technology being improved which mimics nature’s way of healing.
Healing in biological tissues follows three steps: inflammatory response, cell proliferation, and tissue
remodeling. The self- healing materials are designed to follow the same process to perform self- repair and self-
recovery with pre-engineered properties when it is assigned in the cementitious materials. The self- healing
materials act in three steps namely: actuation by triggering actions, transport of healing agents into fracture
zone and chemical repair and the damage in the parent material triggers the healing process. Therefore, when
concrete cracks, the self- healing materials are triggered which heals the cracks right on time [1].

Concrete self-healing is categorized into two based on the process of healing technique and the
materials used. They are the intrinsic autogenous healing and the engineered/ autonomous healing. Autogenous
healing is triggered without the need for any external operation but, autonomous healing is developed by adding
the required engineering materials [2]. The process of autogenous healing can either be by encapsulation or by
vascular system wherein the healing materials used are polymers, bacteria and chemicals. This study focuses on
the biological approach of making the concrete to self-heal using bacteria.

BACTERIAL APPROACH TO SELF-HEALING CONCRETE

The application of bacteria in concrete habitat is becoming common with the need for development of
cost-effective method for healing of cracks [3]. Although concrete’s alkaline environment may seem hostile,
bacteria seems to thrive inside rocks even at a depth of more than one km in earth crust and also in deserts [4-
9]. These bacteria from spores are specialized cells has the ability to resist high mechanical and chemical stresses
[10]. The spores are characterized by a low metabolism and extreme long life up to 200 years [11]. The use of
bacteria had been recognized in the recent studies from surface cleaning of concrete surfaces to improvement
of mortar compressive strength [12-13]. Also, bacteria have been used for treatment of degraded limestone,
and also durability of concrete. with the help of bacterially controlled precipitation of dense calcium carbonate
layers, crack- sealing has become significant. In the process of repair and redemption using bacteria and
compounds, mineral precipitation is not triggered and were initially integrated as healing agents inside the
concrete matrix. Once the crack forms, the mechanism of bacterially mediated calcite precipitation occurs which
is based on the enzymatic hydrolysis of urea. The induced precipitation involves the decomposition of urea by
the bacteria which its enzymes hydrolyses urea into ammonium and carbonate [14]. In the primary stage, one
mole of urea is hydrolysed to one mole of ammonia and one mole of carbamate and the carbamate formed is
immediately hydrolyzed which results in one mole of ammonia and one mole of carbonic acid [15].

CO(NH,), + H,0 » NH,COOH + NH,
NH,COOH + H,0 — NH; + H,COs

The products evolved as a result of hydrolyzation by the bacteria, further equilibrate in water to form

bicarbonate, two moles of ammonium and two moles of hydroxide ions [16]. As the pH level increases, the
bicarbonate equilibrium gets shifted.
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H,CO; -» HCO;~ + H*
2NH; + 2H,0 - 2NH," + 20H™ (pH increase)
CO;~ + H* + 2NH," + 20H™ & C0,*” + 2NH," + 2H,0

This leads to the production of ammonium ions which results in the emission of nitrogen oxide into the
atmosphere. The ammonium ions so produced has the ability to corrode the reinforcement in the concrete or
form nitric acid which in turn damages the concrete matrix [17]. In order to avoid such damages metallic
conversion, aerobic method width the end result be calcium carbonate.

CaCyH,,04 + 6C0, - CaCOs + 5C0, + 5H,0
5C0, + Ca(OH), —» 5CaC0s + 5H,0

Another way of producing calcium carbonate is by nitrate dissimilarity reduction known as
denitrification. In this process, nitrate (NO5 ) is reduced to nitrite (NO,~), nitric oxide (N O), nitrous oxide (N, 0),
and nitrogen gas (N,) [18]. Oxidation of organic compounds during the denitrification process results in the
formation of carbon dioxide, water and nitrogen gas which ultimately leads to the formation of calcium
carbonate as the final product [19].

Denitrification

Organic compound + NO;~ + Hf ——— C0, + H,0 + N,
CO,+ 20H™ - CO;~ + H,0
Ca** + C03%*™ - CaCo;

However, the electronegative charge of bacteria and its extensive surface area to volume ratio attract
the calcium ions from the cementitious matrix which leads to the formation of calcium carbonate precipitation.
the precipitated amount is equal or exceeds the cellular weight of the bacteria regardless of the various
environments the bacteria being applied [20, 21]. When compared with metallic conversion and denitrification,
the calcium carbonate produced by Ureolytic process is known to be rapid and requires less time in production
as well as healing cracks [17, 22, 23].

COMPRESSIVE STRENGTH

The strength of the structural concrete has been significantly improved by the application of bacteria
in concrete besides inducing the self-healing property. During the initial curing period, the bacterial cells have
good nutrition as the cement matrix was absorptive. However, these cells adapt to the new environment as the
cement matrix has high pH which can hinder the growth of the bacteria. During the growth process, the calcite
precipitates on the surface o the cells and also in the cement matrix which is caused due to the presence of
other ions in the surrounding. The formation of calcite makes the cementitious matrix to be less permeable and
less porous. If the pores increase, the flow of food and oxygen to the bacterial cells stops leading to the formation
of dead cells or endospores. Thus, this explains the phenomenon of increase in compressive strength in the
bacteria induced concrete [24]. Various types of bacteria have been utilized for enhancing efficiency and crack
healing in concrete by different researchers. Table 1 shows the different cell concentrations with regard to
strength improvement as analysed by various studies.
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Table 1: Improvement in compressive strength of cementitious materials

S.no Bacteria used Cell concentration Efficiency % Standard Ref
Deviation
1. Bascillus sphaericus and - 15 4,55 [25]
Bascillus licheniformis
2. Bascillus sp. CT-5 - 29 5.35 [26]
3. Sporosarcina pasteurii - 24 1.82 [27]
4 Bascillus megaterium and - 14.8 4.69 [28]
Lysinibacillus sphaericus
34.6 9.31
5. Bascillus subtilis - 18 2.43 [29]
6. Bascillus subtilis 2.2 x 108 cells/m3 30 6.06 [30]
7. Bascillus sphaericus - 32.21 7.62 [31]
8. Bascillus sphaericus, 6.6 x 108 cells/ml, 4.9 x 2.26 13.56 [32]
Bascillus subtilis and 10° cells/ml and 9 x
Sporosarcina pasteurii 107 cells/ml
9. Sporosarcina pasteurii 103 cell/mL 22 0.40 [33]
10. Bascillus sp. CT-5 Optical density (ODsoo 36.15 10.41 [34]
of 1)
11. Bascillus Magaterium 30 x 105 cell/ml 24 1.82 [35]
12. Bascillus sphaericus - 11.2 7.23 [36]
13. Bascillus sphaericus - 14.3 5.04 [37]
14. Shewanella 10° cell/ml 25.3 2.74 [38]
15. Arthrobacter - 8.9 8.86 [39]
crystallopoietes and
Lysinibacillus fusiformi 4.5 11.97
16. Bascillus subtilis 10° cell/ml 19.2 1.58 [40]
17. Sporosarcina pasteurii - 33 8.18 [41]
18. Bascillus subtilis 0.33 mg/ml 14.8 4.69 [42]
19. Bascillus cereus 106 cell/ml and 10° 38 11.72 [43]
Bascillus pasteurii cell/ml 29 5.35
20. Bascillus subtilis 2.8 x 108 cell/ml 12 6.67 [44]

The sign “-" indicates a study where the cell concentration was not given clearly

From the table it can be observed that in general Bascillus sphaericus has enhanced the compressive
strength of the concrete to a greater extent compared to the other species. Also, the cell concentration used in
the concrete plays a major role in influencing the compressive strength of concrete.

EXPERIMENTAL PROGRAM

Bascillus Megaterium with different cell concentrations was used in this study. The purpose of different
cell concentrations was to obtain significant improvement in strength of concrete. the bacteria used in this study
was directly isolated from soil and were extracted by the process of serial dilution.

Preparation and testing of specimens

Five different cell concentrations from 10 x 10° cfu/ml to 50 x 10° cfu/ml were introduced in concrete
of strength 40 MPa. The mix design for concrete was done as per the code IS 10262 [45]. Twelve cubes of
dimensions 150mm x 150mm were cast and cured for 7 days and 28 days respectively and tested for compressive
strength. In the current study, the bacterial concrete was prepared by mixing the bacteria in the eater used for
concrete. This is the easiest way to generate bio- mineralization specifically for calcite precipitation in
cementitious materials. The cured specimens were tested using the standard compressive testing machine.
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RESULTS AND DISCUSSION

The cured specimens were tested using the standard compressive testing machine. The results were
tabulated as shown in Table 2 and the graph (Fig. 1) shows the variation of compressive strength with respect
to the cell concentration.

Table 2: Compressive strength

Cell concentration Compressive strength MPa
(cfu/ml) 7 days 28 days
Control 24.0 42.4
10 x 10° 24.8 43.8
20 x 10° 25.3 44.6
30x10° 28.4 46.9
40x 10° 26.5 45.2
50 x 10° 25.7 43.6

Compressive strength

Control 10x 1075 20 x1075 30x1075 40 x 1075 50 x 1075
Cell concentration (cfu/ml)

8 £

Compressive strength (Mpa)
[
(=]

1

=]

m7d m28d

Fig. 1 Effect of different cell concentration of bacterial cells on the compressive strength of concrete

It can be inferred from the graph that the compressive strength of concrete has been enhanced by the
microbial concentration with highest compressive strength at 30 x 10° cfu/ml cell concentration in 7 days and
28 days respectively. Beyond 30 x 10° cfu/ml cell concentration, for both 40 x 10° cfu/ml and 50 x 10° cfu/ml, a
decrease in compressive strength was observed. This decrease in compressive strength was due to the high
population of bacteria making it competitive for the nutrient at higher concentrations than 30 x 10° cfu/ml. Also,
simple statistical standard deviation (Table 1) was taken comparing the mean compressive strength of the
current study and previous literatures to analyse the variation in compressive strength due to Bascillus
Megaterium and other bacterial species.

September - October 2019 RJPBCS 10(5) Page No. 10



ISSN: 0975-8585

CONCLUSION

The main objective of this work is to understand the utilization of urea producing bacteria such as

Bascillus pasteruri, Bascillus subtilis and other bacterial species in healing of concrete cracks and also improving
the compressive strength. The study helped to identify the bacteria that has positive effect on the compressive
strength of concrete which thereby improves the durability and helps in production of high quality, environment
friendly and cost- effective concrete.

(1]
(2]
(3]

(4]
(5]

(6]
(7]

(8]

(9]

(10]
(11]

(12]

(13]
(14]
[15]
(16]

(17]

(18]
[19]

[20]

REFERENCES

Senot Sangadji, “Can self- healing mechanism helps concrete structures sustainable?”, Procedia
Engineering, vol. 171, pp. 238-249, 2017.

Amir Sidig, Rebecca Gravina, Filippo Giustozzi, “Is concrete healing really efficient? A review,”
Construction and Building Materials, vol. 205, pp. 257-273, 2019.

Bo Pang, Zonghui Zhou , Pengkun Hou, Peng Du, Lina Zhang, Hongxin Xu, “Autogenous and engineered
healing mechanisms of carbonated steel slag aggregate in concrete,” Construction and Building
Materials, vol. 107, pp. 191-201, 2016.

C.M. Dry, “Three designs for the internal release of sealants, adhesives, and waterproofing chemicals
into concrete to reduce permeability,” Cement and Concrete Research, vol. 30, pp. 1969-1977, 2000.
Eleni Tsangouri, Grigorios Karaiskos, Dimitrios G Aggelis, Arnaud Deraemaeker and Danny Van
Hemelrijck, “Crack sealing and damage recovery monitoring of a concrete healing system using
embedded piezoelectric transducers,” Structural Health Monitoring, pp. 1-13, 2015.

Steven Dirk Mookhoek, Novel routes to liquid-based self-healing polymer systems, Dutch Polymer
Institute, 2010.

C. Joseph, A. D. Jefferson, B. Isaacs, R. Lark and D. Gardner, “Experimental investigation of adhesive-
based self-healing of cementitious materials,” Magazine of Concrete Research, no. 11, pp. 831-843,
November 2010.

E. N. Brown, M. R. Kessler, N. R. Sottos and S. R. White, “In situ poly(urea-formaldehyde)
microencapsulation of dicyclopentadiene,” J. Microencapsulation, vol. 20, no. 6, pp. 719-730,
December 2003.

Kim Van Tittelooom, Elke Gruyaert, Hubert Rahier, Nele De Belie, “Influence of mix composition on the
extent of autogenous crack healing by continued hydration or calcium carbonate formation,”
Construction and Building Materials, no.37, pp. 349-359, 2012.

Carolyn Dry, “Smart earthquake resistant materials (using time released adhesives for damping,
stiffening, and deflection control,” Third ICIM/ECSSM, 1996.

Carolyn Dry, “Matrix cracking repair and filling using active and passive modes for smart timed release
of chemicals from fibers into cement matrices,” Smart Mater. Struct. no.3, pp. 118-123, 1994.

Tomoya Nishiwaki, Hirozo Mihashi, Byung-Koog Jang, Kazuaki Miura, “Development of self-healing
system for concrete with selective heating around crack”, Journal of Advanced Concrete Technology,
vol.4, no. 2, pp. 267-275, 2006.

C. Joseph, A. D. Jefferson, and M. B. Cantoni, “issues relating to the autonomic healing of cementitious
materials,” Proceedings of the First International Conference on Self-Healing Materials, April 2007.

S. Sangadji, E. Schlangen, “Feasibility and potential of prefabricated porous concrete as a component
to make concrete structures self-healing”, RILEM Publications SARL, 2011.

Henk M Jonkers, “Self-Healing Concrete: A Biological Approach,” S. van der Zwaag (ed.), Self-Healing
Materials. An Alternative Approach to 20 Centuries of Materials Science, pp.195-204, 2007.

Jorgensen B.B., D’Hondt S, “A starving majority deep beneath the seafloor,” Science, vol. 314, pp. 932—-
934, 2006.

Fajardo-Cavazos P., Nicholson W., “Bacillus endospores isolated from granite: Close molecular
relationships to globally distributed Bacillus spp. from endolithic and extreme environments,” Applied
and Environmental Microbiology, vol. 72, pp. 2856—2863, 2006.

I. Karatas, “Microbiological improvement of the physical properties of soils,” Arizona State University,
2008.

M. Seifan, A.K. Samani, A. Berenjian, “Bio concrete: next generation of self-healingconcrete,” Applied
Microbiology and Biotechnology, vol.100 no. 6, pp. 2591-2602, 2016.

R. Siddique, N.K. Chahal, “Effect of Ureolytic bacteria on concrete properties,”Construction and Building
Materials, vol. 25 no. 10,pp. 3791-3801, 2011.

September - October 2019 RJPBCS 10(5) Page No. 11



[21]

[22]

(23]
[24]
[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]
(35]
(36]
(37]
(38]
(39]
[40]
[41]
[42]
[43]
[44]

[45]

ISSN: 0975-8585

S.Schultze-LamD.FortinB.S.DavisT.J.Beveridge, “Mineralization of bacterial surfaces,” Chemical
Geology, vol.132, no. 1-4, pp. 171-181, 1996.

Leon A.van Paassen, Claudia M.Daza, MarcStaal, Dimitri Y.Sorokin, Willemvan der Zon, Mark. C.M., van
Loosdrecht, “Potential soil reinforcement by biological denitrification,” Ecological Engineering, vol. 36,
no.2, pp. 168-175, 2010.

Saeed Zeraat Kar and Aydin Berenjian, “Soil Formation by Ecological Factors: Critical Review,” American
Journal of Agricultural and Biological Sciences, vol. 8, no. 2, pp. 114-116, 2013.

Kunamineni Vijay, Meena Murmu, Shirish V. Deo, “Bacteria based self-healing concrete — A review,”
Construction and Building Materials, vol. 152, pp. 1008-1014, 2017.

Mostafa Seifan et al., “Mechanical properties of bio self-healing concrete containing immobilized
bacteria with iron oxide nanoparticles,” Applied Microbiology and Biotechnology, 2018.

Sumit Joshi, Shweta Goyal, M. Sudhakara Reddy, “Influence of nutrient components of media on
structural properties of concrete during bio cementation,” Construction and Building Materials, vol.
158, pp. 601-613, 2018.

Jing Xu & Xianzhi Wang & Binbin Wang, “Biochemical process of ureolysis-based microbial CaCO3
precipitation and its application in self-healing concrete,” Applied Microbiology and Biotechnology,
2018.

Rajneesh Vashisht et al., “Monitoring biocalcification potential of Lysinibacillus sp. isolated from alluvial
soils for improved compressive strength of concrete,” Microbiological Research, vol. 207, pp. 226-231,
2018.

Nguyen N.T.H et al., “Bascillus subtilis HU58 immobilized in micropores of diatomite for using in self-
healing concrete,” Procedia Engineering, vol. 171, pp. 598-605, 2017.

Hamid Kalhori, Raheb Bagherpour, “Application of carbonate precipitating bacteria for improving
properties and repairing cracks of shotcrete,” Construction and Building Materials, vol. 148, pp. 249—
260, 2017.

Salmabanu Luhar, Suthar Gourav, “A Review Paper on Self-Healing Concrete,” Journal of Civil
Engineering Research, vol. 5, no.3, pp. 53-58, 2015.

Farzaneh Nosouhian, Davood Mostofinejad, Hasti Hasheminejad, “Influence of bio deposition
treatment on concrete durability in a sulphate environment,” Biosystems Engineering, vol. 133, pp. 141-
152, 2015.

N. Chahal, R. Siddique, A. Rajor, “Influence of bacteria on the compressive strength, water absorption
and rapid chloride permeability of fly ash concrete,” Construction and Building Materials, vol. 28, no. 1,
pp. 351-356, 2012.

V. Achal, A. Mukerjee, M.S. Reddy, “Biogenic treatment improves the durability and remediates the
cracks of concrete structures,” Construction and Building Materials, vol. 48, pp. 1-5, 2013.

R. Andalib et al., “Optimum concentration of Bacillus megaterium for strengthening structural
concrete,” Construction and Building Materials, 118 (Supplement C)) pp. 180-193. 2016.

C. Gavimath et al., “Potential application of bacteria to improve the strength of cement concrete,”
International Journal of Advanced Biotechnology Research, vol. 3 no. 1, pp. 541-544, 2012.

A. Gandhimathi, D. Suji, “Studies on the development of eco-friendly self healing concrete-a green
building concept,” Nature Environment and Pollutution Technology, vol. 14, no. 3, 639, 2015.

P. Ghosh et al., “Use of microorganism to improve the strength of cement mortar,” Cement and
Concrete Research, vol. 35, no. 10, 19801983, 2005.

S.-J. Park et al., “Calcite-forming bacteria for compressive strength improvement in mortar,” Journal of
Microbiology and Biotechnology, vol. 20, no. 4, 782-788, 2010.

S.R. Vempada et al., “Strength enhancement of cement mortar using microorganisms-an experimental
study,” International Journal of Earth Sciences and Engineering, vol. 4, pp. 933-936, 2011.

S. Abo-El-Enein et al., “Application of microbial biocementation to improve the physico-mechanical
properties of cement mortar,” HBRC Journal, vol. 9, no. 1, pp. 36-40, 2013.

R. Pei et al., “Use of bacterial cell walls to improve the mechanical performance of concrete,” Cement
and Concrete Composites, vol. 39 (Supplement C), pp. 122-130, 2013.

S. Maheswaran et al., “Strength improvement studies using new type wild strain Bacillus cereus on
cement mortar,” Current Science, vol. 106, no. 1, 2014.

W. Khalig, M.B. Ehsan, “Crack healing in concrete using various bio influenced self-healing techniques,”
Construction and Building Materials, vol. 102, pp.349-357, 2016.

IS 10262:2009 — Guidelines for Concrete Mix Design and Proportioning.

September - October 2019 RJPBCS 10(5) Page No. 12


https://www.sciencedirect.com/science/article/abs/pii/S0009254196000538#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254196000538#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254196000538#!

