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Abstract 

Concrete is weak in tension. As a matter of fact, the concrete 

tends to crack. These cracks progress in time and make 

concrete vulnerable to environmental effects. Thus self-healing 

of cracks can be helpful in mitigation of development of 

cracks. In this study, the self-healing of cracks by bacterial 

carbonate precipitation and the efficiency of bacterial 

deposition on compressive strength between Bacillus subtilis 

and Bacillus cohnii were compared. Bacteria were introduced 

into concrete using light weight aggregate i.e. LECA (light 

weight expansive clay aggregate). Calcium Lactate is used as 

nutrient (i.e. organic precursor) for the bacteria.  Specimens 

were made for each type of bacteria and compared for changes 

in crack healing and compressive strength. Results showed that 

the concrete incorporated with Bacillus subtilis were more 

effective in crack healing than Bacillus cohnii. The specimens 

were also studied under Scanning Electron Microscopy to 

identify the self-healing effect on the cracked portion of 

concrete 

Keywords: Self-healing, Cracks, Bacteria, Concrete, 

Carbonate Precipitate, etc. 

 

1.0 INTRODUCTION 

Cracks in concrete are due to its inherent quality of low tensile 

strength and it is caused by high tensile stresses as a result of 

external loads, temperature gradients, confined shrinkage and 

differential settlement, plastic shrinkage, plastic settlement, 

and expansive reactions (e.g. due to reinforcement corrosion, 

alkali silica reaction, sulphate attack). Therefore, it is 

necessary to provide proper treatment immediately, to avoid 

further expansion of cracks in the structure which may lead to 

deterioration. Also the repairing of cracks in concrete 

increases the maintenance cost [1]. 

According to the report of Federal Highway Administration, 

United States of America spends 4 billion dollars annually in 

terms of direct cost of maintenance of concrete highway 

bridges. Van Tittelboom stated that UK spends 45% of its 

annual construction cost on maintenance of existing concrete 

structures. The conventional methods of maintenance and 

protection of concrete became irrelevant to present situation 

due to the usage of epoxies, latex emulsions, surface treatment 

with water repellants such as siloxanes or silanes which have 

limitations of incompatible interfaces, susceptibility to 

ultraviolet radiations, unstable molecular structure, high cost, 

hazardous and emits toxic gases. The introduction of 

pioneering technique i.e. self-healing of cracks in concrete 

induced by various types of bacteria, have become popular 

nowadays due to its easier methodology and low cost. 

Implementing the scientific ideologies to safe guard the 

concrete at the stage of manufacturing fresh concrete is much 

better than providing continuous maintenance and treatment 

for the hardened concrete (i.e. after the formation of cracks in 

hardened concretes). Therefore, introducing various types of 

bacteria at the stage of fresh concrete helps to reduce the 

formation of cracks and its successive disadvantages by the 

production of microbial mineral precipitation (bio-deposition). 

The bacteria which are come under ureolytic type can able to 

form the precipitation of calcium carbonate by the production 

of a urease enzyme. Further, the enzyme catalyzes the 

hydrolysis reaction of urea and produces CO2 and ammonia, 

which increases the pH and carbonate concentration in the 

bacterial environment [2]. Precipitation of calcium carbonate 

crystals occurs by heterogeneous nucleation on bacterial cell 

walls once supersaturation is achieved. Bio-deposition 

technologies have already been used for consolidation of sand 

columns [2-4] for repair of limestone monuments [5-7] and to 

a smaller extent for remediation of cracks in concrete [8-10]. 

Self-Healing of cracks through microbial induced concrete is 

emerging as a viable solution. The process of self-healing of 

cracks or self-filling up of cracks by the help of bacterial 

reaction in the concrete after hardening is known as Self-

Healing Concrete. Mainly micro cracks of width ranging from 

0.05 to 0.1mm have been observed to become completely 

sealed. The mechanism of this autogenously healing is the 

width of range 0.05-0.1mm act as capillary and the water 

particles seep through the cracks. These water particles 

hydrate the non or partial reacted cement and the cement 

expands, which in turn fills the crack. But when the cracks are 

of greater width need of other remedial work is required. A 

possible technique of inducing mineral producing bacteria into 

the concrete is being investigated. 

Although bacteria, particularly acid-producing bacteria, have 

been traditionally considered as harmful organisms for 

concrete, recent research has shown some specific species 

such as ureolytic and other bacteria can actually be useful as a 

tool to repair cracks or clean the surface of concrete. In later 

studies bacteria were externally and manually applied on 

concrete surface, while for autogenously repair an intrinsic 

healing agent is needed. Species from bacillus group appear 
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promising intrinsic agents as their spores, specialized thick 

walled dormant cells, have been shown to be viable for over 

200 years under dry conditions. Such bacteria would comprise 

one of the two components needed for an autogenously 

healing system. The nature of metabolically produced filler 

materials could be bio-minerals such as calcite (Calcium 

carbonate) or apatite (calcium phosphate). These minerals are 

relatively dense and can block cracks, and thus hamper ingress 

of water into the concrete. The development of a self-healing 

mechanism in concrete is potentially cheaper in mass 

production. 

When the water comes in contact with the unhydrated calcium 

in the concrete, calcium hydroxide is produced by the help of 

bacteria, which acts as a catalyst. This calcium hydroxide 

reacts with atmospheric carbon dioxide and forms limestone 

and water. This extra water molecule keeps the reaction going. 

CaO+H2O→Ca(OH)2            … (1) 

Ca(OH)2+CO2→CaCO2+H2O                                                            …  (2) 

The limestone then hardens itself and seals the cracks in the 

concrete. This study compares the characteristics of calcium 

carbonate microbial-precipitated on concrete by two bacterial 

species, Bacillus subtilis and Bacillus cohnii, both of which 

are widely used to make cementitious composites [11,12,13]. 

A comparative study was conducted in between conventional 

concrete and above said bacteria to study the performance of 

bacteria induced concrete specifically for compressive strength 

and formation carbonate precipitate in the area of cracks. 

Scanning electron microscope (SEM) images and energy 

dispersive spectroscopy (EDS) spectra were also employed to 

analyze the shapes and distributions of calcium carbonate 

crystals at a micro-scale level. The X-ray diffraction (XRD) 

analysis was carried out to characterize the crystalline phases 

of the calcium carbonate crystals formed in liquid medium 

with and without cells.  

 

2.0  MATERIALS AND METHODS 

The basic tests were conducted on various materials like OPC 

43 grade cement, course aggregate, fine aggregate, light 

weight expandable aggregate (clay pellets). The experimental 

investigations of cubes were also studied to analyse the 

strength properties and the crack healing properties. Concrete 

mix design is carried out by IS:10262-2009 and the Specimens 

are caste and tests were conducted after proper curing (i.e. 

after 7 days and 28 days). The flow chart of the complete 

experimental method is shown in Fig.1. 

 

 

Fig. 1.0: Flow sheet for Methodology Adopted 
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2.1 Properties of Materials used 

2.1.1 Cement 

Ordinary Portland Cement of OPC 43 grade available in local 

market was used in the study. The cement used has been tested 

for various properties as per IS 4031-1988. The physical 

properties of Cement are given in Table 2.1. 

 

Table 2.1 Physical properties of Cement. 

Description Value 

Specific gravity 3.15 

Standard consistency 32.5% 

Initial setting time 75min 

Final setting time 450min 

 

2.1.2 Fine Aggregate 

The fine aggregate which were used in this study were free 

from clay and found to be hard and durable. The fine 

aggregate size is lesser than 4.75mm according to IS-383. The 

physical properties of fine aggregate are given in Table 2.2. 

 

Table 2.2 Physical properties of fine aggregate. 

Description Value 

Specific Gravity 2.6 

Water Absorption% 0.85 

Fineness Modulus 3.041 

 

2.1.3Coarse Aggregate 

The coarse aggregate used in this present study have passed 

through 20mm IS-sieve and retaining on 12.5mm sieve. The 

coarse aggregate properties were determined in accordance 

with IS 2386 and it is given in Table 2.3. 

 

Table 2.3 Physical properties of Coarse Aggregate. 

Description Value 

Specific Gravity 2.65 

Water Absorption% 1.65 

Fineness modulus 7.45 

 

2.1.4 Light weight expansive clay aggregate (LECA) 

Light weight expansive clay aggregate were used to develop 

light weight concrete which are low density than conventional 

concrete and has better thermal insulation comparatively. In 

the present study, LECA of 4 to 8 mm in size were used and it 

is shown in Fig.2. The physical properties are given in Table 

2.4. 

Table 2.4 Physical properties of LECA. 

Description Quantity 

Specific Gravity 0.4 

Water Absorption 35% 

Bulk Density 600 kg/m3 

Fineness modulus 4.7 

Moisture content 0.257% 

 

 

Fig 2.0 Light weight expansive clay aggregate. 

 

2.1.5 Water 

Water is an important ingredient of concrete in the chemical 

reaction with cement. It helps to form the strength giving 

cement gel. In the present work a good quality of potable 

water is used throughout the study.  

 

2.1.6 Cube and Prism Moulds 

Cube moulds of size 100mm x 100mm x100mm and prism 

size of 100mm x 100mm x 500mm were used. The internal 

sides and base plates are coated with mud oil to prevent 

sticking of concrete to the moulds. 

 

2.1.7 Selection of Bacteria 

The bacterial family Bacillaceae plays a vital role. There are 

various types of Bacillus can be used in concrete in which 
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B.subtilis, B.pasteurii, B.cohnii, B.licheniformisare widely 

used. As per the availability in India the bacteria namely 

B.subtilis (MCC 2511) and B.cohnii (MCC 2819) are used. 

This is formally known as Hay bacillus or grass bacillus and it 

is a gram positive. B.subtilis is a rod shaped bacteria and 

forms a tough, protective endo-spore, allowing it to tolerate 

extreme environmental conditions. The samples are shown in 

Fig.3. 

 

Fig.3 Bacillus Subtilis and Bacillus cohnii. 

 

2.1.8 Preservation of Bacteria before Culturing 

The strains of bacteria i.e. Bacillus Subtilis and Bacillus cohnii 

were preserved on Luria Bertani Agar Medium and Luria 

Bertani Broth Medium. It forms irregular dry white colonies 

on nutrient media. Then they are incubated at the temperature 

of 30º C in a BOD Incubator.   

 

Fig.4Agar and Broth medium of Bacillus Subtilis 

. 

2.1.9 Culturing of Bacteria 

Bacillus subtilis MCC 2511 isolated from Hawaijar (fermented 

soybean) and Bacillus cohnii isolated from Lonar Lake water 

sample were used throughout the study. B.subtilis which is 

known as hay bacillus or grass bacillus is a rod shaped bacteria 

and consists of tough protective endosperm which allows it to 

sustain even in extreme environmental. B.cohnii is also a rod 

shaped bacteria. Both the bacteria are capable of producing 

calcium carbonate on media with a calcium course (Calcium 

Lactate). They were cultured in both agar and liquid media 

according to supplier’s recommendations. The Petri dishes, 

flasks and nutrient medium were sterilized before adding the 

bacterial strains. Then the media is prepared according to the 

specifications provided below and cooled to room temperature 

(25º C). Then the culture was incubated at 30º Celsius in the 

BOD incubator.  

 

Fig.5 Broth medium after 7 days  

 

2.1.10 Preparation of media for Bacillus subtilis 

 

Table 2.5Luria Bertani Agar(LBA)/Broth(LBB) Medium, 

Miller(M1151/M1245) 

LBA LBB 

Compounds Quantity Compounds Quantity 

Casein enzymic 

hydrolysate 

10.0g Casein enzymic 

hydrolysate 

10.0g 

Yeast Extract 5.0g Yeast Extract 5.0g 

Sodium 

Chloride 

10.0g Sodium Chloride 10.0g 

Distilled water  1000.0ml Distilled water  1000.0ml 

Agar 15.0g  

 

2.1.11 Preparation of media for Bacillus cohnii 

 

Table 2.6: Medium no. HK 34b: Nutrient Agar (NAS)/Broth 

(NBS) with Nacl (M1001/002) 

LBA LBB 

Compounds Quantity Compounds Quantity 

Peptone 5.0g Peptone 5.0g 

Yeast Extract 1.5g Yeast Extract 1.5g 

Meat Extract 1.5g Meat Extract 1.5g 

Sodium 

Chloride 

5.0g Sodium Chloride 5.0g 

Distilled water  1000.0ml Distilled water  1000.0ml 

Agar 15.0g  

 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 24 (2018) pp. 16719-16728 

© Research India Publications.  http://www.ripublication.com 

16723 

MEDIUM NO.HK 34c: Alkaline Nutrient Agar/Broth with 

NaCl 

After sterilization of medium no. 34b add sterile 1M Na-

sesquicarbonate solution (1ml in 10ml) to achieve a pH of 9.7. 

Table 2.7 Na-sesquicarbonate solution 

NaHCo3 4.2g 

Na2Co3 anhydrous 5.3g 

distilled water 100.0ml 

 

2.2 Plate Count Test 

This test was conducted to determine the number of cells in a 

bacterial culture using colony counter. The apparatus used 

were petri plates, glass marker, spreader etc. The bacterial 

spore was introduced into an agar medium in petri plates. Then 

this media was incubated at 30ºC for 7 days. The development 

of bacterial colonies was identified and its count were reported 

in the unit of cfu/mL (colony forming unit per mL).  

The total number of colonies is multiplied by the dilution 

factor per volume of culture plate to calculate the cfu/ml. Thus 

the bacterial solution used in this investigation is of 

concentration 0.7 x 107/ml.  

 

Fig.6 Petri dish containing cultured Bacillus subtilis in agar 

medium 

 

   

Fig.7 Colony counter 

2.3 Safety Measures 

Bacteria are harmful and may lead to diseases, therefore 

precautions must be taken. The flasks must be sterilized before 

use. Gloves and Face mask were used while dealing with 

bacterial solution. The procedure is carried out under 

microbial hood with the help of ultraviolet light to prevent the 

interference of other bacteria in environment. 

 

2.4 Mix Proportion 

The experimental program was designated to study the 

mechanical properties of Microbial induced concrete for M30 

grade of concrete. The compressive strength of the specimens 

after using microorganisms with Light weight expansive clay 

aggregates after 7 & 28 days of curing was studied. 

 

Table 2.8: Mix Proportion of Concrete of  

grade M30(w/c = 0.45) 

Materials Quantity 

Cement 438 kg/m3 

Sand 646.138 kg/m3 

Coarse Aggregate 1087.63 kg/m3 

Water 197 L 

Light weight aggregate (LECA) 2 kg 

Bacteria 170 ml (B.subtilis, B.cohnii) 

 

2.5 Total Specimens 

A total of 26 specimens of concrete cubes(18 Nos.) and prism 

(8 Nos.) were prepared and tested for its compressive strength 

and the prism specimen were used as healing specimens, 

which is pre cracked at 7 days and cured for 28 days under 

observation. 

 

3.0 Results and Discussions 

3.1 Compressive Strength 

The concrete cube was removed out from the tank after 

respective days of curing of 7 and 28 days. The cubes were 

allowed to dry under the laboratory conditions. Once the cube 

was completely dried, placed under the compression testing 

machine to get the compressive strength of concrete. The 

results of compressive strength are given in Table 2.9 and its 

variation is shown in Fig.8. 
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Table 2.9 Compressive strength after 7 days of curing. 

Type of 

concrete 

Compressive strength of concrete after 7 

days 

Sample 1 Sample 2 Sample 3 

Conventional 27.71 26.68 29.25 

Bacillus subtilis 26.67 27.93 26.57 

Bacillus cohnii 19.93 19.80 19.38 

 

Table 2.10 Compressive strength after 28 days of curing. 

Type of 

concrete 

Compressive strength of concrete after 

28 days 

Sample 1  Sample 2 Sample 3 

Conventional 46.28 41.34 41.20 

Bacillus subtilis 48.09 43.28 45.11 

Bacillus cohnii 50.11 44.79 44.87 

 

 

Fig.8 Compressive strength development with different 

bacteria 

 

It can be seen that the bacterial specimens resulted in increased 

compressive strength. Samples incorporated with B.subtilis 

showed maximum strength of 46.59 MPa and improvement of 

11% in compressive strength as compared to control 

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.  

The compressive strength of bacterial specimens is lower than 

that of control specimens at 7 days curing time. During initial 

curing period, microbial cells obtained good nourishment, 

because the concrete was still porous but its growth might not 

be proper due to the completely new environment. It may also 

be due to pH, because the pH of cement remains high i.e. 13 at 

initial period (bacterial cells are inactive at high pH) and starts 

decreasing to 8.5 as the carbonation process proceeds.   

The compressive strength of bacterial specimens is higher than 

that of control at 28 days curing time. From previous studies, it 

has been proved that formation of CaCO3 can increase the 

mechanical property of concrete. Thus the increase of 

compressive strength and decrease in porosity may be caused 

by acceleration of CaCO3 precipitation. Therefore, the 

following theories can be proposed in improving the strength 

of concrete:  

 By converting Ca(OH)2, which is the most important 

source of Ca2+ in concrete but plays a weak structural 

role, into solid CaCO3 with strong structural role, the 

formation of CaCO3 can increase the compressive 

strength. 

 CaCO3 can fill the void in concrete, decrease 

porosity, and improve the particle packing efficiency, 

thereby making concrete dense and increasing the 

compressive strength as described in the particle 

packing model. 

 CaCO3 directly added in cement paste became 

nucleation centers for C–S–H formation during 

cement hydration, and accelerated cement hydration. 

 It is possible that bacterial cell walls, via the negative 

charges carried, may directly act as nucleation center 

for concrete hydration, similar to the report for the 

role of negatively charged C–S–H particle as 

nucleation center in concrete hydration. 

But still the exact reason how acceleration of CaCO3 caused 

increase in compressive strength and decrease in porosity has 

to be studied. CaCO3 formation can lead to increase or 

decrease of porosity. Since the CaCO3 formed has less 

solubility it may lead to clogging of concrete pore network. 

Thus CaCO3 may have positive effects as well as negative 

effects on compressive strength of concrete. When uneven 

expansion of concrete on the surface versus the inside cause 

crack formation and decrease of compressive strength. 

 

3.3 Scanning Electron Microscope (SEM) Analysis 

The specimens were subjected to Scanning electron 

microscopy (SEM) analysis to study the changes in 

microstructure due to self-healing. SEM analysis was 

conducted on 28 days of healing of both the bacteria. Calcite is 

the most stable form of calcium carbonate when compared to 

other forms. Fig.9 shows the SEM images of the two 

specimens at 28 days healing with x2500 magnification and 

10µm. This CaCO3 formation is due to the presence of bacteria 

and calcium lactate. CaCO3 is also formed in controlled 

samples but the presence of bacteria accelerates the process as 

reported by Jonkers, Van Tittleboom [ 33, 32]. 
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Chemical reaction involved in formation of calcium carbonate 

crystals by bacteria is given below.  

CaC6H10O6 + 6O2 →CaCO3 + 5CO2 + 5H2O          ... (3) 

Chemical reaction involved in formation of calcium carbonate 

in controlled sample is given below.  

CO2 + Ca(OH)2→CaCO3 + H2O                                 ... (4) 

However, this CaCO3 production in control specimen is too 

slow as compared to the bacterial specimens. Since the source 

of CO2 in control specimens are from permeated water, less 

CO2 is available and also the Ca(OH)2 formed is soluble in 

water leading to reduced CaCO3 formation. In case of 

Bacterial specimens, the Calcium lactate is converted directly 

into Calcium Carbonate and also CO2 is produced, which again 

reacts with Ca(OH)2 to form more CaCO3. 

Fig.9 and 10 shows SEM analysis of specimens. It can be seen 

that higher calcium carbonate crystal formation is observed in 

bacterial specimens.  Also LWA can provide a best cover to 

bacteria during mixing Phase and provides better resistance 

against the pressure developed in samples due to micro 

structure development. The crystal formation in SEM images 

are also similar to those observed and presented by Wang [21], 

Van Tittelboom [32] and Khaliq [14] which confirms the 

formation of calcium carbonate with similar crystalline 

structure.  

 

    

Fig.9 SEM analysis of Concrete with Bacillus Subtilis (x960) (a) and Bacillus Subtilis(x2500) (b) 

 

    

Fig.10 SEM analysis of Concrete with Bacillus cohnii (x1000) (C) and  Bacillus cohnii (x2500) (d) 

 

3.5 X-Ray Diffraction Test 

       

Fig.11 Show the result of Calcium compound analysis 
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The XRD test further confirms the presence of calcium 

compounds which are responsible in the production of calcium 

carbonate precipitate. Calcium carbonate precipitate is the 

prime compound which is responsible for the self-healing of 

concrete. 

 

3.4 Self-Healing observed in concrete 

It can be seen from the Fig.12 and 13, that the selected bacteria 

have successfully healed the cracked concrete by producing 

calcium carbonate precipitation as filler material. Therefore, 

the objective of the project was fulfilled.  

 

     

Fig.12 Images of healed cracks after 28 days of curing by Bacillus Subtilis 

 

    

Fig.13 Images of healed cracks after 28 days of curing by Bacillus cohnii 

 

4.0 CONCLUSIONS 

Based on the extensive experimental investigations, the 

following are the salient conclusions: 

(i) Specimens incorporated with bacteria resulted in 

lower compressive strength at early age of 7 days 

when compared with controlled specimens. 

(ii) At the age of 28 days, the microbial induced 

concrete showed a significant increase in 

compressive strength than controlled specimens. 

(iii) Concrete incorporated with bacillus subtilis results 

in higher compressive strength than bacillus 

cohnii. 

(iv) Specimens with bacillus subtilis showed 11℅ 

increase in compressive strength whereas the 

specimens with bacillus cohnii showed only 9% 

increase in compressive strength. 

(v) It is found that both the bacteria can able to self-

healing the cracks after 28 days of curing. 

(vi) Thus bacillus subtilis turned out to be efficient 

than bacillus cohnii on all the considered 

properties. 

(vii) SEM and FTIR analysis confirms the presence of 

calcium compounds which are responsible for the 

formation of calcium carbonate precipitate and it 

is the compound forms over on the surface of the 

cracks and seals.  

(viii) The development of cracks in conventional 

concrete leads to dilapidate the structure, whereas, 

in bacteria incorporated concrete, the development 

of cracks will be arrested by the accelerated 

carbonate precipitation which is a prime advantage 

than the conventional concrete. From the above 

point of view, it can be considered as an eco-

friendly and self-sustainable concrete.  
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