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Abstract— Crack creation and progression under tensile 

stress is a main weakness of concrete. These cracks also make 

concrete susceptible to deleterious environment due to 

ingress of unsafe compounds. Crack healing in concrete can 

be cooperative in mitigation of development and propagation 

of cracks in concrete. This paper presents the process of crack 

healing phenomenon in concrete by microbial activity of 

bacteria, Bacillus subtilis. Bacteria were introduced in 

concrete by direct incorporation and through light expanded 

clay aggregate (clay pebbles). Specimens were made for each 

mix to quantify crack healing and to compare changes in 

compressive strength of concrete. Results showed that 

concrete with clay pebbles incorporated of bacteria gives 

better, effective but uneconomical result than with direct 

incorporation of bacteria in concrete and also shows that the 

use of bacteria can boost the strength and durability properties 

of concrete. 
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I. INTRODUCTION 

Concrete is most widely used engineering material in 

construction due to its strength, durability and low cost as 

compared to other construction materials. The major 

drawback of concrete is its low tensile strength which makes 

it susceptible to progression and coalescence in micro-cracks 

resulting in low strength and durability. These tensile stresses 

can be due to tensile loading, plastic shrinkage and expansive 

chemical reactions [1]. This legal responsibility to cracking 

not only results in strength decrease of concrete, but also 

makes concrete vulnerable to deleterious environment. Entry 

of harmful chemicals through these cracks may result in 

concrete deterioration through chemical attack and can also 

cause corrosion of steel reinforcement [2]. This corrosion 

leads to increase in crack damage resulting in loss of strength 

and stiffness of concrete structures [3]. This deterioration in 

reinforced concrete for both concrete and reinforcement 

results in high maintenance cost. According to report of 

Federal Highway Administration [4], United States of 

America spends 4 billion dollars annually in terms of direct 

cost of maintenance of concrete highway bridges. De Rooij, 

Van Tittelboom [5] stated that UK spends 45% of its annual 

construction cost on maintenance of existing concrete 

structures. With the capability of self-healing in concrete, the 

formation and propagation of cracks can be reduced and a 

concrete with dense microstructure can be obtained. As a 

result, more durable structural concrete, with reduced 

maintenance cost can be produced. Different strategies are 

used to retard crack propagation and bridge cracks leading to 

increased durability of concrete. However, most of the 

strategies, such as epoxy systems, acrylic resins and silicone 

based polymers, involve the use of materials which are non-

compatible with concrete, expensive and mostly hazardous to 

environment [6]. As a result of recent studies, bio concrete or 

bio influenced self-healing concrete is emerging as a viable 

solution for controlling crack propagation. Bio concrete is a 

product which involves healing of cracks by production of 

mineral compounds through microbial activity in the 

concrete. Autonomous healing through this process increases 

the structural durability through reduction in concrete cracks 

and on the other hand reduces the maintenance required for 

reinforced concrete structures. Bio mineralization is preferred 

as it is a natural process, environmental friendly and improves 

the compressive strength of cracked concrete [6]. The process 

of self-healing is directly related to the production of calcium  

carbonate which depends on many factors including pH of 

concrete, dissolved inorganic carbon, nucleation sites and 

presence of calcium ions throughout the mixture [7]. In 

addition, other variables such as type of bacteria, their 

varying concentrations, various curing procedures and 

material used for incorporation of bacteria also contribute 

towards efficient self-healing of concrete. For better action at 

depth in concrete matrix and to keep bacteria readily 

available, these bacteria along with organic mineral precursor 

compound are incorporated in the concrete during the mixing 

phase, instead of external application. Among the different 

bacteria capable of crack healing and its incorporation 

techniques in concrete used for self-healing purpose, there is 

need to identify the effectiveness of bacteria namely, 

‘‘Bacillus subtilis”, introduced in concrete by different 

incorporation techniques. The effects of these techniques on 

magnitude of crack healing and importance of influence on 

compressive strength of concrete is also envisaged necessary. 

A. Bacterial Self – Healing Concrete  

The “Bacterial Concrete” can be made by inserting bacteria 

in the concrete that are able to continuously precipitate 

calcite. Bacterial self-healing concrete is a product that will 

biologically create limestone to heal cracks that appear on the 

surface of concrete structures. Specifically selected types of 

the bacteria genus Bacillus, all along with a calcium-based 

nutrient known as calcium lactate, and nitrogen and 

phosphorus, are added to the ingredients of the concrete when 

it is being mixed. These self-healing agents can lie down 

dormant within the concrete for up to 200 years. However, 

when a concrete structure is damaged and water starts to seep 

through the cracks that appear in the concrete, the spores of 

the bacteria germinate on contact with the water and 

nutrients. Having been activate the bacteria start to supply on 

the calcium lactate. As the bacteria feeds oxygen is obsessive 

and the soluble calcium lactate is converted to insoluble 

limestone. The limestones solidify on the cracked surface, 

thereby sealing it up. The two self-healing agent part (the 

bacterial spores and the calcium lactate based nutrients) are 

introduce to the concrete within separate extended clay 

pellets 2-4 mm wide, which ensure that the agent will not be 

activate throughout the cement mixing process. Only when 
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cracks open up the pellets and incoming water brings the 

calcium lactate into contact with the bacteria and the bacteria 

is activated.  

 
Fig. 1: Schematic diagram of self-healing process in 

bacterial concrete. (A) Water enter from the left into a micro 

crack activating the entrenched bacterial spores. (B) The 

active bacteria seals the cracks with the manufacture of 

limestone, protecting the embedded steel reinforcement 

(brown bar) from attack and erosion. 

B. Selection of Bacteria 

Due to high internal pH, relative dryness and lack of nutrients 

the common bacteria cannot survive in the concrete 

environment. The pH of cement and water when mixed is 13, 

which is not suitable for organisms to survive. Researchers 

found that only the strains of bacterial genus bacillus are 

suitable to thrive in this high alkaline environment. It is also 

found that, bacillus is the only genus that is able to form spore 

in the hostile environment. Such spores have extremely thick 

cell walls that enable them to remain unbroken for up to 200 

years while waiting for a better environment to germinate. 

They would turn into activated when the concrete starts to 

crack. The process of mineral precipitation lowers the pH of 

the highly alkaline concrete to values in the range (pH 10 to 

11.5) where the bacterial spores become activated. 

C. Various Types of Bacteria used in Concrete  

 

Bacteria are relatively simple, single celled organisms. These 

are classify based on three categories, namely, based on 

shape, gram stain and oxygen demand. 

 
Fig. 2: Classification of bacteria 

D. Bacteria- Bacillus Subtilis  

1) Bacillus Subtilis, recognized also as the has bacillus or 

grass bacillus, originate in soil and gastrointestinal tract 

of humans.  

2) A member of the genus Bacillus, Bacillus subtilis is a 

rod-shaped, and form a tough, productive endospore, 

allowing it to tolerate extreme environmental conditions.  

3) It is measured the best studied gram positive bacterium 

and a model organism to study bacterial chromosome 

duplication and cell differentiation.  

4) The word bacillus refers to the shape of the bacteria (rod-

shaped) and subtilis means slim, slender. B. subtilis is 

often used as a probiotic preparation in the treatment or 

prevention of intestinal disorders. It is also used to 

produce antibiotics, as a fungicide, and in alternative 

medicine. 

5) When stressed, B. subtilis transforms itself into a spore 

and enters a dormant state, allowing it to tolerate extreme 

environmental conditions. 

6) It has an optimum growth temperature in the range of 30-

39°C.  

 
Fig. 3: Spore Stain of Bacillus Subtilis 

 
Fig. 4: Bacteria Used for casting cubes 

E. Working of Bio Concrete as a Repair Material 

Self-healing concrete is a creation that will biologically 

produce limestone to cure cracks that appear on the surface 

of concrete structures. Specially chosen types of bacteria 

genus, bacillus, all along with calcium based nutrient known 

as calcium lactate and nitrogen and phosphorous are added to 

the ingredients of the concrete when it is being mixed. These 

self-healing agents can lie inactive within the concrete for up 

to 200 years. However, when a concrete structure is damaged 

and water starts to seep through the cracks that appear in the 

concrete, the spores of the bacteria, germinate on contact with 
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water and nutrients. Having been activate, the bacteria start 

to give food to on the calcium lactate. As the bacteria feeds 

oxygen is obsessive and the soluble calcium lactate is 

converted to unsolvable limestone. The limestone solidifies 

on the cracked surface, thereby sealing it up. As the oxygen 

is consumed by bacteria in the process, it prevents corrosion 

of the embedded reinforcement and thus the durability of the 

steel increases. On the surface of control concrete, Calcium 

Carbonate will be formed due to the reaction of CO2 present 

with Calcium Hydroxide present in the concrete matrix 

according to the following reaction: 

CO2 + Ca(OH)2 → CaCO3 + H2O 

As Ca(OH)3 is a soluble mineral, it gets dissolved in 

entering water and diffuse out of the crack in the form of 

leaching. The self-healing process in bacteria included 

concrete is much more competent due to the active metabolic 

exchange of Calcium nutrients by the bacteria at hand in 

concrete.  

Ca(CH5O2)2 + 7O2 → CaCO3 + 5CO2 + 5H2O 

Here Calcium Carbonate is formed directly     due to 

microbial metabolic method and also indirectly due to 

autogenously healing. This process results in efficient 

bacteria-based crack sealing mechanism. 

F. Chemical Process to Remediate Cracks  

Various bacteria and biotic factors contribute to this in 

different ways. In the procedure of calcium carbonate 

precipitation, the key factor governing the process are 

 Calcium concentration 

 Concentration of dissolved inorganic carbon  

 The pH  

 The availability of nucleation sites  

Thus concrete crack remediation technique by 

Microbiologically induce Calcite Precipitation (MICP) using 

environment friendly bacteria to precipitate calcite (CaCO3) 

throughout its microbial activities under prevailing Indian 

conditions is investigate to invent a strategy to present 

Bacterial Concrete as best innovative self-healing method in 

concrete structures. 

II. LITERATURE REVIEW   

1) Ellie Zolfagharifard[7] has published an article on 

Biological concrete could usher in a new era of self-

healing civil structures says its far better to use a material 

that heals itself just as a crack begins to appear. Existing 

research has focused on the use of synthetic materials 

that can seal up cracks as they develop.    

2) Dr. Henk Jonkers[8] has developed a biological concrete 

that uses specially selected bacteria of the genus Bacillus, 

alongside a combination of calcium lactate, nitrogen and 

phosphorus, to create a healing agent within the concrete. 

If unharmed, these agents can remain dormant in the 

concrete for centuries. But if water begins to seep into 

the cracks, the spores of the bacteria start to germinate 

and feed on the calcium lactate. This consume oxygen, 

which in turn converts the calcium lactate into limestone 

that solidify and seals the surface. The taking away of 

oxygen also improves the durability of the steel 

reinforcement. 

3) Thirumalai chettiar[9]has published a paper on bacterial 

concrete says a novel method in remediating cracks and 

fissures in concrete by utilizing microbiologically 

induced calcite (CaCo3) precipitation is discuss. 

Microbiologically induced calcite precipitation (MICP) 

is a technique that comes under a broader group of 

science called bio mineralization. It is a process by which 

living organisms form inorganic solids. Bacillus 

Pasteruii, a common soil bacterium can induce the 

precipitation of calcite. 

4) V.Ramakrishnan, R.K.Panchalan, and S.S.Bang[10] 

have published a paper on Bacterial  Concrete – A 

Concrete for the Future which says a common soil 

bacterium was used to induce calcite precipitation. This 

technique is highly desirable because the mineral 

precipitation induced as a result of microbial activities, is 

pollution free and natural. The effectiveness of this 

technique was evaluated by comparing the compressive 

strength and stiffness of cracked specimens remediated 

with bacteria and those of the control specimens (without 

bacteria). Experimental investigation was also conducted 

to determine the strength regaining capacity (modulus of 

rupture) of cracked beams remediated with different 

concentrations of bacteria. This paper also presents the 

results of a durability study on cement mortar beams 

treated with bacteria, exposed to alkaline, sulfate and 

freeze-thaw environments. Different concentrations of 

bacteria were used for the investigation. It was found that 

the use of bacteria improved the stiffness, compressive 

strength, modulus of rupture and durability of concrete. 

scan electron microscope (SEM) was used to document 

the role of microbiologically induce mineral 

precipitation in improving the strength and durability 

aspects of concrete.     

5) C. C. Gavimath, B. M. Mali, V. R. Hooli, J. D. Mallpur , 

A. B. Patil , D.P.Gaddi, C.R.Ternikar[11] has published 

a paper on potential application of bacteria to improve 

the strength of cement concrete in which the potential 

application of bacterial species i.e. B.sphaericus to 

improve the strength of cement concrete is studied. Here 

they have made an attempt to incorporate dormant but 

viable bacteria in the concrete matrix which will 

contribute to the strength of the concrete. Water which 

enter the concrete will set off the dormant bacteria which 

in turn will give strength to the concrete through the 

procedure of metabolically mediated calcium carbonate 

rainfall. Concrete, however, is due to its high internal pH, 

relative aridness and lack of nutrients needed for 

expansion, a rather hostile environment for common 

bacteria, but there are a number of extremophilic spore 

forming bacteria may be able to survive in this artificial 

environment and increase the strength and durability of 

cement concrete. In this study they set up that 

incorporation of spore forming bacteria of the species 

Bacillus will not negatively influence the compressive 

and split tensile strength of the cement concrete. 
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III. METHODOLOGY 

A. Materials  

The ordinary concrete used in the test program consisted of 

cementing materials, mineral aggregates and corrosion 

inhibitor with the following specifications:  

 Ordinary Portland Cement (53 Grade)  

 Graded fine aggregates  

 Graded Coarse aggregates  

 Water  

 Bacteria – Bacillus Subtilis 

B. Mix Design  

The aim of studying the various properties of materials of 

concrete, plastic concrete and hardened concrete is to design 

a concrete mix for particular strength. Design of concrete mix 

needs complete knowledge of the various properties of the 

constituent material, the implications in place of change on 

the conditions at site, the impact of the properties of plastic 

concrete on the hardened concrete and the complicated 

interrelationship between the variables. Mix design can be 

distinct as the process of selecting suitable ingredients of 

concrete and formative their relative proportions with the 

object of producing concrete of certain minimum strength and 

durability as economically as possible. The mix design 

procedure is explained in the following section. 

C. Indian Standard Method Design Stipulations  

1) Concrete grade: M25 

2) Exposure: Mild (for rein-forced concrete)  

3) Quality control: Good 

4) Size of aggregate: 20 mm(Angular) 

5) Degree of workability: 0.9 on compaction factor or 

75mm slump 

6) Cement used: OPC 53 grade cement  

7) Sand grading zone: III  

8) Method of concrete placing: Pump able concrete 

 
Fig. 5: Preparation of M25 concrete mix 

Material Specific gravity Bulk density(kg/m3) 

Cement 3.21 1450 

Fine aggregate 2.59 1650 

Coarse 

aggregate 
2.83 1575 

Water 1.00 1000 

Table 1: Standard Physical Properties of Materials 

Material Weight basis(Kg) 

Cement 425.70 

Fine aggregate 727.20 

Coarse aggregate 1119.00 

Water 191.58 

Table 2: Quantity of material per m³ of concrete Material 

   Mix proportion by weight = 1:1.70:2.62:0.45  

D. Preparation of Bacterial Concrete  

Bacterial concrete can be prepared in two ways  

 By direct application. 

 By encapsulation in lightweight concrete. 

In the straight application process, bacterial spores 

and calcium lactate is supplementary into concrete directly 

when mixing of concrete is done. The use of this bacteria and 

calcium lactate doesn’t modify the normal property of 

concrete. When cracks are occur in the structure due to 

obvious reasons.  

The bacteria are uncovered to climatic change. 

When water come in get in touch with this bacteria, they 

germinate and provide for on calcium lactate and produces 

limestone. Thus sealing the cracks by encapsulation method 

the bacteria and its food i.e. calcium lactate, are placed inside 

treated clay pellets and concrete is equipped. About 6% of the 

clay pellets are added for manufacture bacterial concrete.  

When concrete structures are finished with bacterial 

concrete, when the crack occur in the structure and clay 

pellets are broken and the bacteria sprout and eat down the 

calcium lactate and manufacture limestone, which hardens 

and thus sealing the crack. Minor cracks regarding 0.5mm 

width can be treated by means of bacterial concrete. 

 
Fig. 6: Clay pellets and its microscopic view 

Among these two methods encapsulation method is 

commonly used, even though it’s costlier than direct 

application. 

1) Experimental program 

An experimental program was planned to determine the self-

healing in concrete through use of bacteria in concrete mix. 

This program included B. subtilis bacteria, different carrier 

compounds with three different introduction techniques in 

concrete mix to evaluate the self-healing performance. 

2) Micro-organism 

In order to be used as a healing agent in concrete, bacteria 

must fulfil some requirements. It must be able to adjust to 

alkaline atmosphere in concrete for the production of calcium 

carbonate, it should produce copious amount of calcium 

carbonate without being affected by calcium ion 

concentration, it must be able to withstand high pressure and 

should be oxygen brilliant to consume much oxygen and 

minimize corrosion of steel [8]. 
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Bacteria namely, B. subtilis, was selected in this study as it 

fulfilled the necessary criteria for survival in harsh 

environment. It is gram-positive bacteria having an ability to 

form spores when subjected to unfavourable conditions. This 

spore formation provides its protection against high 

mechanical pressure and alkaline environment, making it 

ideal selection. Members of genus bacillus can produce 

spores which can lay dormant for over 200 years. Bacterial 

solution (bacteria in nutrition bath), specifically prepared and 

treated to ensure spore formation in controlled microbiology 

laboratory, is usually used to introduce these bacteria in 

different incorporation techniques in concrete [8]. The 

quantity of solution required in the mix was calculated on the 

basis of concentration found by optical density test using a 

spectrophotometer. For this purpose, medium in which 

bacteria was growing in was selected as blank. This blank 

solution was used as a reference, on the basis of which optical 

density of bacterial solution was measured.  

 

 
Fig. 7: Clay Pellets which are used and mixed in the 

concrete cube blocks 

E. Mix proportions 

Four different types of mix were used for the study. Control 

specimens were named ‘‘Mix 1” in which no bacterial spore 

specimens were added. In “Mix 2” specimens, bacteria were 

incorporated directly by mixing the bacterial solution in water 

during mixing of concrete, without use of any protective 

carrier compounds. In the same way, those incorporated with 

bacteria by the use of LWA as protective carrier were labelled 

as ‘‘Mix 3”. In order to incorporate bacteria, LWA were kept 

soaked in bacterial solution for 24hr till they were saturated 

prior to their mixing in concrete. 

Specimens Unit 
Mix 

1 
Mix 2 Mix 3 

Cement Kg/m3 1450 1450 1450 

Fine aggregate Kg/m3 1650 1650 1650 

Coarse aggregate Kg/m3 1575 1575 1575 

Water cement ratio  0.45 0.45 0.45 

Bacteria 

incorporation 

technique 

 None Direct 
By 

LWA 

Table 3: Mix design of all sets of specimens. 

F. Compressive Strength Test  

The cubes are tested after 7 days, 14 days and 28 days and the 

compressive strength of the cubes have been obtained, using 

compression testing machine. 

 
Fig. 8: Cube Block after compression 

G. Process of Manufacture of Concrete  

Production of quality concrete requires meticulous care 

exercised at every stage of manufacture of concrete. If 

meticulous care is not exercised, and good rules are not 

observed, the resultant concrete is going to be of bad 

concrete. Therefore, it is necessary for us to know what are 

the good rules to be followed in each stage of manufacture of 

concrete for producing good quality concrete. The various 

stages of manufacture of concrete are:  

1) Batching  

2) Mixing  

3) Placing  

4) Compacting  

5) Curing  

IV. RESULTS AND DISCUSSION 

Results from tests are presented and discussed here to 

determine the efficiency of self-healing process of all mixes. 

These results include the crack width measurements, visual 

inspection of cracks, compressive strength of self-healing 

concrete samples. 

A. Compressive Strength Analysis 

Measured compressive strength of self-healing specimens is 

presented in Fig 9. It can be seen that all bacterial 

incorporation techniques result in increased compressive 

strength of the mix. Samples having LWA as a carrier 

compound for bacteria incorporation showed maximum 

strength of 29.43 MPa and improvement of 12% in 
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compressive strength as compared to controlled concrete 

specimens. The increase in compressive strength are in 

accordance with the results as recognized in the study in self-

healing carried out by Sierra-Beltran and Jonkers and 

confirms that self-healing is a cause of increase in 

compressive strength. This increase in compressive strength 

can be attributed to smaller size of LWA in comparison to 

regular sized coarse aggregates. This allowed better packing 

and compaction of concrete matrix around them which gave 

these specimens much higher strength than controlled 

specimens. 

 
Fig. 9: Compressive strength development with different 

bacteria incorporation techniques. 

Direct incorporation of bacteria also showed an 

increase in compressive strength of concrete. This 

improvement is because of the presence of calcite producing 

bacteria in the mix. These calcium carbonate continuously 

manufactured by the bacteria and calcium lactate provided as 

organic precursor makes the internal structure of concrete 

more compact, therefore, results in increase of compressive 

strength. This improvement seen by the direct introduction of 

bacteria is in consistence with the results achieved by Ghosh, 

Mandal. 

V. CONCLUSIONS AND SCOPE OF FURTHER WORK  

Based on the results achieved during this study following 

conclusions are drawn: 

1) Specimen incorporated with lightweight 

aggregate(LWA) as carrier compound displayed uniform 

distribution and protection of bacteria at samples pre-

cracked at early age of 3 and 7 days, resulting in 

maximum crack healing efficiency. 

2) Specimens incorporated directly with bacteria were not 

as efficient as LWA at early age pre-cracked specimens, 

they showed consistency in their crack healing efficiency 

in specimens pre-cracked at later days. 

3) Compressive strength trends of all mixes suggest that, 

addition of bacteria ‘‘Bacillus subtilis” resulted in slight 

increase in compressive strength, irrespective of the 

incorporation technique, with significant improvement 

through LWA technique. 

4) Self-healing concrete could reduce the significant CO2 

emissions that result from concrete production. Because 

the manufacture of concrete is incredibly energy 

intensive – when mining, transportation and concrete 

plants are measured – the industry is accountable for 

about 10 per cent of all CO2 emissions. If self-healing 

concrete can lengthen the life of the concrete and 

decrease maintenance and maintenance, it will ultimately 

reduce the manufacture of excess amounts of concrete 

and result in a reduce in CO2 emissions.  

5) Bacterial concrete technology has proved to be better 

than many conventional technologies, because of its eco-

friendly nature and very convenient for usage.  

6) This innovative concrete technology will soon prove the 

basis for an alternative and high quality structures that 

will be cost effective and environmentally safe.  

7) The application of microbial concrete to creation may 

also make simpler some of the existing construction 

processes and transform the ways of new construction 

process.  

8) Bacillus bacteria are risk-free to human life and hence it 

can be used effectively.  

A. Some Disadvantages: 

1) The cost of self-healing concrete is concerning double 

that of conventional concrete. If the life of the structure 

can be comprehensive by 30%, the doubling in the cost 

of the actual concrete would still keep a lot of money in 

the longer term. 

2) Design of mix concrete with bacteria here is not 

obtainable any IS code or other code.  
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