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ABSTRACT 

Crack growth is a major cause of failure in structures that are made using cement and concrete. Healing of 

these cracks can increase the life span of structures. In the present study micro-organism based self-healing of 

structures is studied. A commonly occurring micro-organism bacterium called Bacillus Subtilis, is used in the 

manufacturing of cement mortar blocks as a self-healing agent for cement mortar blocks, with the use of 

Calcium Lactate as feed for bacteria.  In the first step, colonies of Bacillus Subtilis were grown and added with 

calcium lactate to produce a solution. The solution was then kept for one week to observe the metabolic product 

of Bacillus Subtilis. It was found that the bacterial product was composed of CaCO3 and thus the bacteria is 

suitable to be used as self-healing agent. Self-healing cement mortar blocks were made by adding Bacteria and 

Calcium Lactate with usual ingredients of cement mortar, i.e. cement, sand and water. It was found that the 

bacteria were also effective in converting Calcium Lactate to Calcium Carbonate, when mixed in cement 

mortar blocks. It was observed that the pores of cement mortar blocks were filled by Calcium Carbonate and 

that cracks get healed by the deposition of Calcium Carbonate in the cracks. Cement mortar blocks, with and 

without healing agent, were made to compare the effect of curing time. The samples were tested after seven, 

fourteen and twenty-eight days to compare the effect of healing agent. All the samples with the healing agent 

showed a higher compressive strength in comparison with the samples that were made without healing agent. 

Different percentages of Calcium Lactate, ranging from 1-7% were also used to find the best composition for 

future use.  It was found that the compressive strength was increasing up to 5% while above 5% the increase 

was marginal thus it is proposed that Calcium Lactate should be used in between 5-7 % to reduce the cost of 

self-healing cement in construction industry.  
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1. INTRODUCTION 
 

epleting natural resources along with the 

rapid population growth has posed a 

challenge for modern day researchers, to 

work on sustainability in every field of life especially 

in the construction sector. To cope up with this 

challenge of the construction field, research in 

concrete and related material has become a prime 
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interest of the researchers, owing to its versatile nature 

and favorable properties [1, 2]. Concrete is a vital 

building material that is an absolutely essential 

component of public infrastructure and most 

buildings. It will continue to be the most important 

building material, but most structures weaken due to 

cracking. Small cracks on the surface of the concrete 

degrade the whole structure, substantially reducing the 

life of the structure. Concrete can resist compressive 
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forces very well, but not tensile. When it is subjected 

to tension cracks may occur that’s why it is reinforced 

with steel to bear the tensile forces. Due to its crack 

healing property, it protects the reinforced steel from 

corrosion. Self-healing concrete helps to prevent the 

structure from water to relocate in to reinforced steel, 

prevents the structure form degradation, thus increased 

strength gives more durability in application [3]. 

Concrete structures are good in compressive strength 

[2, 4, 5], but they are reinforced with steel to make 

them more resistant to tensile loadings, as the crack in 

concrete can easily grow under tensile loading 

conditions. Numerous methods are available to seal 

the cracks in concrete such as autogenous self-healing 

(i.e. dissolution and redisposition of hydrates) [6],  

mineral admixtures, which work on adding some 

admixture during mixing of cement/concrete that  

remain un-reacted. When the concrete cracks the  

admixture appears on the crack surface and heal the 

crack by reacting with water [7] the use of polymeric 

fillers [8, 9] or adhesive agents that can be applied via 

capsules to release the adhesive and fill the crack [10].  

 

One of the most promising methods of self-healing of 

cracks is by using bacteria to self-heal the cement. The 

bacterial self-healing works with the addition of 

bacteria that must be harmless and non-pathogenic. 

The bacteria must be calcite producing to fill the 

cracks with Calcium Carbonate, when water reaches 

the crack [9,11]. The mechanism for the working of 

bacteria is associated with the development of crack, 

as once the crack developed bacteria gets activated, 

starts filling the crack with precipitated calcite and 

after filling the crack, they again go to their 

deactivated or hibernation state. In the future this self-

healing can be induced again, but only after the 

development of crack [12]. Naturally, different 

microorganisms can precipitate calcite [13, 14] 

through a biogeochemical process by chemically 

altering their local environment [15]. Numerous 

bacterial stains are used for self helaing of crack such 

as Bacterium Calcis, Sporosarcina Pasteurii, Bacillus 

Cohnii. Bacillus Halodurans and Bacillus 

Pseudofirmus, Shewanella anaerobic microorganisms, 

Bacillus Pasteurii etc. [16-22].  

 

In this study, bacteria of the Bacillus were used, which 

possess exactly the accurate characteristics that could 

be necessary for optimum healing of micro voids. 

Their spores can survive in the alkaline environment 

for decades in a dormant state, without food or oxygen. 

They will become active only when water and oxygen 

get added in the structure. Bacillus Subtilis can 

produce calcite precipitates at a much faster rate, on 

suitable media supplemented with a calcium-based 

[23, 24]. The presence of calcium-based feed in the 

concrete is essential to produce calcite and one of the 

most widely used calcium-based feed for this 

bacterium, is Calcium lactate. Khaliq et al. [25] 

studied the effect of different incorporation techniques 

for ‘Bacillus subtilis”, introduced in concrete. 

Different incorporation techniques do affect the 

magnitude of crack healing and compressive strength 

of concrete. However, they used a large amount of 

18% of calcium Lactate which would increase the cost 

of construction. Similarly, Vijay and Murmu [26] has 

used the combination of Bacillus subtilis & calcium 

lactate and studied calcium lactate effect on the 

compressive strength cement. This study used a 

limited quantity of calcium lactate (0.5 -2.5%) and 

revealed that the higher percentages of calcium lactate 

may decrease the compressive strength. Irwan et al. 

[27] also used calcium lactate with the Bacillus 

Bacterium in their study of self-healing concrete and 

revealed the optimum level of calcium lactate, for the 

maximum strength. Efforts in the past were mainly 

focused on finding the optimum level of calcium 

lactate addition, which is necessary so as to reduce the 

overall cost of concrete, but the combined effect of 

curing time, the amount of bacteria and the amount of 

calcium lactate was not focused, moreover wide range 

of calcium lactate percentages were also not tested 

with Bacillus Subtilis.  

 

Present study has used the Bacillus Subtilis along with 

the calcium lactate as a feed. The first and foremost 

objective of the study to induce and establish the self-

healing process, this is deemed necessary so as to 

prove that the cement mixture is providing the idea 

environment for bacteria to come out of their 

hibernation and start converting calcium lactate into 

calcium carbonate. The second objective of this study 

was to identify the minimum quantity of calcium 

lactate required for maximum strength values.  
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2. MATERIALS AND METHOD 
 

The Ordinary Portland Cement (OPC), Natural Sand   

(Fine Aggregate) and Natural Gravel (Coarse 

Aggregate) were procured locally and were used in as 

received condition. Tap water was used for making 

cement mortar. Bacillus Subtilis was acquired from 

the Microbiology Department of Karachi University. 

The bacterial colonies were then grown and activated 

by the authors. Lab grade Calcium lactate was 

purchased from the ‘International laboratory’, USA 

and was used without any purification. All the 

glasswares were thoroughly washed and dried before 

use. Double distilled water was used for the rest of 

laboratory work. 

 

2.1 Response of Bacillus Subtilis on Calcium  

      Lactate 
 

As mentioned above, the intention was to use Calcium 

Lactate as a supplement to act as feed for bacteria 

(Bacillus Subtilis). In order to establish the response 

of bacteria to its feed, 3 gm Calcium Lactate was 

mixed with 3 ml of water, the solution was then heated 

up to 80oC. Bacillus Subtilis colonies were added to 

this heated solution. The solution was then incubated 

for seven days after which white particles were 

observed, as presented through Fig. 1(a-f). These 

white particles were carefully collected and fine 

grounded for X-Ray Diffraction (XRD) analysis. 

 

 
Fig. 1 (a-f): Steps in Observing the Effect of Bacillus 

Subtilis on Calcium Lactate 

2.2  Cement Mortar Blocks without the  

       Healing Agent 
 

Simple cement mortar blocks without healing agents 

were produced by mixing the raw materials shown in 

Table1. The dry ingredients were mixed first and then 

the water was added to make a slurry, Fig. 2(a). PVC 

pipes were used as a mold to cast the blocks, (Fig. 

2(b)). The samples were first kept in mold for 24 hours 

for drying, (Fig. 2(c)). After removing from the mold 

samples were immersed in the water for curing. The 

interrupted curing method was used, the samples were 

immersed in water for 15 minutes, then the samples 

were kept in air for one hour and then the samples were 

immersed in water again for 15 minutes. The process 

was repeated for 7 days. Compression testing was 

done after 7 days, 14 days and 28 days to check the 

strength. 

 

Table 1:    Amount of Raw Material for 

Conventional and Microbial Self-Healing Cement 

Mortar 

Raw Materials 

Conventional 

Cement 

Mortar 

Microbial 

self-healing 

cement 

mortar 

Sand (75%) 2325 g 2250g 

Cement (25%) 775 g 750g 

Calcium Lactate 

(6% of cement) 
--- 45g 

Water 500 ml 400 ml 

 

2.3  Cement Mortar Blocks with the Healing  

       Agent 
 

Healing agent used for the cement mortar comprises of 

two components, first, the microorganisms (bacteria) 

and the feed for the bacteria. Samples with Bacteria 

(Bacillus Subtilis), were also manufactured in the 

similar fashion as that of conventional cement mortar 

block, Table 1, same ingredients were used but this 

time healing agent was added, Fig. 3(a-e). This include 

proper weighing of cement, sand and calcium lactate 

in electronic precision balance followed by dry 

mixing. The bacteria (Bacillus Subtilis), present in the 

test tube, was heated on the hot plate up to 70-80°C, 

the bacteria was mixed in the dry mixture and then 

water was added the slurry was made. The samples 

were first kept in the mold for 24 hours for drying. 
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After removing from the mold samples were immersed 

in the water for curing. The interrupted curing method 

as mentioned previously was used and repeated for 7 

days. Compression testing was done after 7 days, 14  

days and 28 days to check the strength. Finally using 

the same method, the samples with Bacillus Subtilis 

and   1,  3,  5   and   7%  calcium  lactate  were  made. 

 

 
Fig. 2:  Cement Mortar Block Making Procedure (a) Mixing of Ingredients, (b) PVC Pipe Sections as a Mold and 

 (c) Cast Blocks 

 

 
Fig. 3(a-e): Raw Materials used in Experiments 

 

 

Fig. 4 (a-b): Stereo Micrographs of Bacterial Product 

 

3.  RESULTS AND DISCUSSION 

 

3.1  Examination of Bacterial Product 

 

3.1.1  Optical Analysis 

 

White substances that were produced by bacterial 

action after feeding with calcium lactate was examined 

under the stereo microscope. These white product 

shows dot like morphology, as shown in Fig. 4(a). At 

15X, it appears that the white dots having the same 

morphology are agglomerated/fused together. Also, it 

is indicated that these white dotted precipitates grow 

in the form of budding as observe in the asexual 

reproduction of bacteria, Fig. 4(b). These results agree 

well with the study by Meier et al. [28], in which 

calcite precipitation by the bacterium was also found 

to be globular white particles. 

 

Table 2: Scan Results Of XRD Test 

Start Position [°2Th.] 10.0125 

End Position [°2Th.] 79.9875 

Step Size [°2Th.] 0.0250 

Anode Material Cu 

Measurement Temperature [°C] 25.00 

Scan Type Continuous 
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3.1.2  Compositional Analysis 
 

XRD analysis was performed to confirm the 

composition of bacterial product. The parameters of 

XRD scan are summarised in Table 2. 

 

Peaks in the XRD diffractogram, Fig. 5, matches well 

with the  standard CaCO3 diffractogram, which 

confirms that the white globular calcium carbonate 

was precipitated. The XRD results was also compared 

with the study of Jing et al. [29] which clearly indicate 

that that the peaks were similar to the peaks of CaCO3 

reported in their study. Comparison of XRD peaks 

with with self healing samples from Khaliq et al.  [25], 

which contains the precipitates of CaCO3 along with 

the minerals found in cement, reveals that the main 

peak of CaCO3 was still present at 29o  but other peaks 

were also present which can be ascribed to the other 

minerals of cement. 

  

 
Fig. 5: XRD Pattern of Bacterial By-Product 

 

3.2 Surface Appearance of Cement Mortar 

Blocks 
  

Surface appearance of cement mortar with and without 

is an important indication w.r.t self-healing effect. Fig. 

7 (a-b) summarizes the effect of curing on the surface 

appearance of samples with and without healing 

agents. It was found that the samples without healing 

agent show no remarkable difference in surface 

appearance on the second and third day of curing, Fig. 

6(a, b). The samples with healing agent show a 

remarkable change in the surface appearance. On 

second day of curing, Fig. 6(c), white dotted layer was 

observed on the top of the sample. This layer further 

thickened on third day of curing, Fig. 6(c, d).  

 

Fig. 7(a) shows the product that was auto scratched out 

from the surface. On the fourth day of curing the layer 

was completely removed and the sample took the 

shape shown in 7 (b). 

 

 
Fig. 6: Curing Effect of Samples with and Without 

Healing Agent 

 

Fig. 7: Third and Fourth Day of Curing 
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A cement mortar block sample with healing agent was 

made containing a self-induced crack on the surface. 

After curing the crack appeared to be filled up/sealed, 

Fig. 8, due to the healing effect of bacteria. 

 

 
Fig. 8: Self-Induced Crack Filled Up Due to Healing 

 

3.3  Stereo Analysis of Scratched Layer 
 

Macroscopic optical analysis of auto scratched layer, 

Fig. 9(a-b), revealed that the layer consisted of a white 

precipitates on the surface which has dot like 

morphology. The dots were growing by 

interconnecting with each other. The size of dots were 

varying from macro to micro size. It is expected that 

these dots are basically the byproduct of 

bacteria(calcite) and have similar morphology shown 

in  Fig. 4. 

 

 
Fig. 9(a-b): Auto Scratched Out Layer Macrographs 

 

3.4 Compression Testing, with and Without  

      Healing 
 

Compressive strength testing of cement mortar 

samples was carried out different days of curing. 

Error! Reference source not found. summarizes the 

strength comparison of cement mortar samples both 

with and without healing agent tested on 14 and 28 

days. Samples containing healing agent displayed 

increment in compressive strength as expected, which 

confirm the healing effect by Bacillus Subtilis. 

Samples after 7 days of curing show a lower increase 

in strength, Error! Reference source not found.. Table 

3 summarizes the values of compressive strengths of 

different samples.  

 

 
Fig. 10: Compression Testing Curves 

 

 
Fig. 11: Close up of 7 Days Healing 

 

Table 3:  Comparison of Stresses 

Samples Curing 

Time 

Load 

(kgf) 

Section 

Area 

(mm2) 

Stress 

(Mpa) 

Without 

Healing 

7 days 743.59 2617.54 2.79 

With 

Healing 

7 days 918.63 2617.54 3.44 

without 

healing 

14 

days 

8882.20 5541.00 15.72 

with 

healing 

14 

days 

9703.85 5541.00 17.17 

without 

healing 

28 

days 

11004.10 5541.00 19.48 

With 
healing 

28 
days 

13610.1 5541.00 24.09 
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One of the most significant observation w.r.t. curing 

of sample is that addition of bacteria and calcium 

lactate had not produced any detrimental effect on the 

strength and curing cycle of concrete. This is 

important as usually concrete takes 28 days to fully 

develop its strength, so with the presence of bacteria 

and calcium lactate this cycle is not disturbed, 

moreover the strength values were also found to be 

increased with respect to control sample. This result 

agrees well with previous researches [24-26] in which 

self-healing concrete was found to have increased 

strength. 

 

3.5  Compression Test with Different     

       Percentages of Calcium Lactate 
 

1%, 3%, 5%and 7% Calcium lactate + Bacillus 

Subtilis containing samples were tested in universal 

testing machine for compressive test after 38 days, 

Fig. 12 and Table 4.  It was found that the compressive 

strength result of 1% healing agent shows very less 

strength values as compared to conventional cement 

mortar. The compressive strength of 3% healing agent 

shows increased strength result due to more addition 

of healing agent and more calcite production in 

cavities. The 5% addition of healing agent shows a 

more increase in compressive strength as compare to 

3%. The samples with 7% healing agent show only a 

marginal increase in compressive strength in 

comparison with 5% samples although the difference 

with 1 and 3% samples was considerably large, thus it 

is concluded that that calcium lactate percentages 

between 5-7% are reasonable and further increase may 

result in higher cost with approximately the same 

strength as observed in 5 and 7% healing agent. The 

trend of initially increasing of strength and then 

decreasing w.r.t. increasing parentage calcium lactate 

is also reported in previous researches [26, 27].  
 

 

Fig. 12: Comparison of Compressive Strength for 

different Percentages of Calcium Lactate 

Table 4:  Compressive Strength of different 

percentages 

Sample Load 

(kgf) 

Section 

Area 

(mm2) 

Stress 

(MPa) 

1% Calcium 

lactate 

1307.59 2617.54 5.86 

3% Calcium 

lactate 

2242.22 2617.54 8.4 

5% Calcium 
lactate 

2650.37 2617.54 9.93 

7% Calcium 

lactate 

2693.38 2617.54 10.09 

 

4.  CONCLUSIONS 
 

In a nutshell, the bacteria Bacillus Subtilis was found 

to be effective self-healing agent for conventional 

cement mortar samples, not only the Bacillus Subtilis 

survived in the sample, but also found to be 

contributing to the self-healing effect by precipitating 

calcite which contributed towards sealing of micro-

voids/cracks and enhancing compressive strength of 

cement mortar. This also confirms the effective role of 

calcium lactate as a feed for bacteria. The precipitation 

of calcite appeared to be fused white globules, which 

were hard and effective in optimizing strength of 

cement mortar. Compressive strength of cement 

mortars displaying self-healing effect was found to be 

as high as 24 MPa, which is a good indicator of this 

mortar to be used as building material. Furthermore, 

this research contributed towards large scale 

production of this unique material by analyzing the 

cost effectiveness i.e. increase is self-healing agent 

percentage is only effective up to 5 % as the 7 % 

healing agent samples show only a marginal increase 

in strength.  
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