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ABSTRACT 

Cement mortar, which is one of the most useful materials for construction applications, can deteriorate its 

performance by developing cracks. In order to cope with this issue, the materials’ scientist came forward with 

a unique biogeochemical phenomenon in which cement mortar can selfheal its crack autonomously using 

calcium carbonate precipitating bacteria and their feed. In this research, it was intended to study the separate 

and combined effect of Bacillus Subtilis (bacteria) and Calcium Lactate (feed) on the properties of conventional 

mortar. Cement mortars were made using conventional method and cast in the form of cylinders. Four types 

of samples were taken. Sample-N contains only cement and sand, Sample-B was made by addition of bacteria 

Bacillus Subtilis with sand and cement, Sample-C contains Calcium Lactate which is usually used as feed for 

Bacteria while the last sample ‘BC’ have both Bacteria as well as Calcium Lactate. The samples were observed 

up to 44 days for their surface characteristics and compressive strength. The Sample-N and B did not show any 

remarkable change in their surface appearance with respect to curing time. Sample-C and BC did show the 

precipitation of CaCO3 but the Sample-C precipitation was stopped soon while for Sample-BC, the 

precipitation was continued for a longer time. The Sample-BC showed the highest compressive strength 

(approximately 17.57 MPa), followed by Sample-N (approximately 13.32 MPa), Sample-B (approximately 

11.04 MPa) while Sample-C displayed lowest strength (approximately 2.75 MPa). This gives an idea that 

Calcium Lactate which acts as feed for bacteria has the negative effect on the strength if not consumed and 

converted into CaCO3. 
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1. INTRODUCTION 
 

Concrete structures are susceptible to crack 

development mainly due to early-age shrinkage and 

loading conditions. Scientific studies revealed that the 

service life and performance of concrete is reduced 

due to crack formation/growth, through which water, 

Cl- ions and CO2 gas penetrates resulting in the 
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degradation of concrete and corrosion of 

reinforcement. Traditionally different methods like the 

use of polymeric fillers, were used to seal the crack, 

however, they were not entirely successful, mainly due 

to some factors like mismatch in thermal expansion 

properties of filler and concrete and weathering effects 

[1, 2]. Different aspects of cement are studied in 

literature such as use of induction furnace slag as a 
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replacement of cement [3], use of wood waste to 

enhance the echo efficiency of cement [4], the role of 

steel fibers to enhance mechanical properties of 

concrete [5], cracking of clay beams that can replace 

concrete beams [6] and effect of treated wastewater on 

the strength of concrete [7].  

 

The advancements in Materials Science and Concrete 

Technology had brought forward a unique solution to 

the complex problem of crack formation/growth in 

concrete structures. A new term “self-healing 

concrete” was coined to represent a biogeochemical 

phenomenon through which concrete can heal its crack 

autonomously, cutting edge research is going on to 

apply this technology [8-14]. This crack healing 

results in the enhancement of compressive strength, 

which is an added benefit along with the sealing of 

crack. This effect of seal healing is due to special types 

of bacteria (harmless and non-pathogenic), which can 

produce calcite (calcium carbonate) to fill up the 

crack. This type of concrete contains bacteria and their 

feed, as additional ingredients [2,15].  

 

Naturally, different microorganisms can precipitate calcite 

[16, 17] through a biogeochemical process by chemically 

altering their local environment [18]. In 1913 Drew first 

isolated such bacteria and named them “Bacterium Calcis” 

[19], after which many different bacteria were reported to be 

precipitated [20-23]. The selection of the right 

microorganisms (bacteria) for the healing purpose is broadly 

studied based on their nature, purpose and ability to 

withstand environmental conditions, however, as a general 

rule, the type of bacteria that can resist alkalinity and 

mechanical stress are best suited for the manufacturing of 

self-healing concrete. Jonker and Schlangen [24] used four 

strains of alkaliphilic spore-forming bacteria, namely 

Sporosarcina Pasteurii, Bacillus Cohnii. Bacillus 

Halodurans and Bacillus Pseudofirmus, while calcium 

lactate was used as their feed. Authors reported the self-

healing effect, however, the cost of making was higher than 

normal concrete. Similarly, Ghosh et al. [25] reported 

significant increase in compression strength by the use of 

Shewanella anaerobic microorganisms, however these 

microorganisms are safe for humans. In another study, 

Ramachandran  [26] used Bacillus Pasteurii, which resulted 

in crack sealing, but no increase in strength was reported.  

 

Bacteria of the bacillus (unicellular, prokaryotic, 

gram-positive genus) species have 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 be active only when 

water and oxygen are added in the structure. Different 

species of the bacillus can be used for the purpose of 

healing of the micro voids. Strains of bacteria of genus 

Bacillus were found to thrive in highly alkaline 

condition. It was found that only the group of bacteria 

that were able to survive was the ones that grew in 

spores. These are namely Bacillus Pasturii, Bacillus 

Filla, Bacillus Cohni, Bacillus Subtilis and Bacillus 

Psedofirmus. Bacillus Subtilis also called the grass 

bacillus are the species that can be found easily in 

nature. It is basically a common soil bacterium. It can 

produce calcite precipitates on suitable media 

supplemented with a calcium-based source or a 

supplement [27, 28].  Bacillus Subtilis was used to 

induce calcite precipitation at a much faster rate. These 

bacterial spores can lie dormant for decades. Bacillus 

subtilis is  a unicellular, prokaryotic, gram-positive 

genus, nonpathogenic, eco-friendly bacteria, that has a 

tendency  to grow in spores and endures for couple of 

centuries [29, 30]. Khaliq et al. [31] 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. In order to make a self-healing 

concrete/cement mortar, it is essentially required to 

find the effects of different additional ingredients, like 

feed, bacteria, on the structure, performance and 

compressive strength of concrete/cement mortar. The 

results of such comparative study will not help in 

better understanding the biogeochemical 

phenomenon, but can also help in optimizing the 

properties of the final product. In the present study, 

separate and combined effects of calcium carbonate 

precipitating bacteria and its feed was studied in the 

conventional cement mortar.  

 

2. EXPERIMENTAL SETUP 

 
2.1  Materials  

 

Bacillus Subtilis was sourced locally from Department 

of Microbiology, Karachi University and was grown 
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in the laboratory under suitable conditions. Calcium 

Lactate (Lab grade) was purchased  from International 

laboratory USA, the details are listed in Table 1. Local 

supply of Ordinary Portland cement and Natural sand 

(fine aggregate) were used to make cement mortar, 

using tap water. All the glassware was chemically 

washed and dried before use. For any other laboratory 

work, double distilled water was used. Fig. 1(a-e) 

represents different raw materials used, while Fig. 2 

(a-c) represents laboratory preparations of bacteria.  

 

Table 1: Calcium Lactate Properties 
Product Name Calcium Lactate, 98-103% BP USP 

Product Code 1026762 

CAS Number 814-80-2 

Formula 

C6H10CaO6●5H2O 

 

Synonym 

Propanoic acid, 2-hydroxy-, calcium salt 

(2:1); lactic acid, calcium salt (2:1); 2-

hydroxypropanoic acid calcium salt; calcium 

lactate; calcium lactate (1:2); 

calphosan;conclyte calcium; lactic acid, 

calcium salt (2:1); 2-hydroxy-propanoic acid 

calcium salt (2:1) 

 

 
Fig. 1: Raw Materials used in Experiments 

 

 
 Fig. 2: Bacterial Colonies Grown 

2.2  Fabrication of Cement Mortar Samples 

 

This study involved comparison of four (4) different 

types of samples, which are alphabetically coded for 

easy referencing in the paper. These are mentioned in 

Table 2. All 4 types of cement mortar samples were 

synthesized by the same procedure, as mentioned in 

Fig. 3, but the composition in each sample was 

different, as mentioned in Table 3. The slurry was 

mixed properly to make the paste. The slurry was then 

poured into the molds, for casting the cement mortar 

samples of required shape and size. Piping PolyVinyl 

Chloride (PVC) pipes were used as the molds to cast 

cylindrical blocks as shown in F Finally, blocks were 

left for atmospheric curing as shown in Fig. 4 (a-d). 

 

 
Fig. 3: Process Flow 

 

Table 2: Alphabetic Coding Of Samples 

No. Sample Name Alphabetic 

Coding 

1. Conventional cement mortar N 

2. Bacterial Cement mortar, 

contain bacillus subtilis 

B 

3. Calcium Lactate Containing 

Cement mortar 

C 

4. Bacillus subtilis + Calcium 

lactate containing cement 

mortar 

BC 

 

Characterisations

Curing

Casting

Additon & Mixing of Healing Agent (If 
required)

Mixing the Ingredients

Accurate Weighing/Measurement of 
ingredients as per Table 2
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Fig. 4: Samples after casting in the molds  

(a) Conventional cement samples, (b) Bacterial 

samples, (c) Calcium Lactate samples, and  

(d) Bacteria + Calcium Lactate samples 

 

In B and BC samples addition of bacteria was required. 

For this purpose, 10 ml water was heated in a beaker 

using hot plate, heating temperature of 80°C was used. 

On the other hand, take wire loop, heat it until it gets 

red hot with the help of burner, allow it to cool down 

and then pick up bacterial colonies with the help of 

wire loop (Error! Reference source not found.(c)), Mix 

these bacteria in the beaker water and finally add this 

water in the B and BC sample’s pastes. 

 

The samples were first kept in mold for 24 hours for 

drying. 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. The samples were kept for curing 

and were under observation for several days. Finally, 

the samples were taken for compression testing after 

84 days of curing.  

 

2.3  Analysis for Compression Strength 

 

Universal Testing Machine (DTU-900HCA, DT&T) 

having a maximum load capacity of 30000 kgf was 

used to test all the cement mortar samples. The cross-

head speed was constant i.e. 2mm/min for all samples. 

The maximum load values were used to calculate the 

compressive strengths of the samples by simply 

dividing them by the cross sectional area.  

 

3.  RESULTS AND DISCUSSION 
 

3.1  Comparison of N, B, C and BC Samples after   

       Drying 

 

Fig. 5(a-d) show the samples after drying and 

removing from the mould. It was observed that   

normal (N) sample of cement mortar was failed to 

show any significant effect, Bacterial (B) sample of 

cement mortar after curing showed smoothness on the 

surface. The Calcium Lactate (C) sample showed 

some white dotted particles on the surface. The 

bacteria and calcium lactate (BC) sample showed 

some significant particles in the surface and some 

micro-porosities in the sample were healed which can 

be observed by naked eyes. 

 

 
Fig. 5: Samples after removing from the Molds 

 

3.2   Comparison of N, B, C and BC Samples on 7th    

        Day of Curing 
 

After seven days of curing, all samples were again 

observed to compare these results with the previous 

ones  (Fig. 6(a-d)). The normal sample showed the 

same morphology as observed in the previous result 

and the change was noticed. The bacterial sample 

showed the same morphology as it showed in previous 

one but the smoothness of the sample was increased. 

C sample showed same white dotted structure, no 

further changes were observed in the morphology of 

the sample. The BC sample showed enrichment in 

Table 3: Amount of Raw Material for Different Types of Cement 

Mortar 

 Amount 

Raw Materials N B C BC 

Sand (75%) 281.25g 281.25g 281.25g 281.25g 

Cement (25%) 93.75g 93.75g 93.75g 93.75g 

Calcium Lactate (7% of 

cement) 

----- ----- 6.5g 6.5g 

Bacillus Subtilis ----- Yes ----- Yes 
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white dots in terms of size and also the coverage on 

top and side surface of sample was increased. This 

increease in white dots is attriubuted to the bacterial 

action on the surface when oxygen and water activated 

bacteria to consume calcium lactate (bacteria + 

calcium lactate). These white dotted structures 

indicated that Bacillus Subtilis was growing on the 

surface which healed some micro voids. 

 

The magnified image in  Fig. 7(a-b)  is showing that 

bacteria is making by-product in the form of spheres 

that were filling the micro voids and thus increasing 

the density of cement mortar. These spheres were 

observed in both top surface and sides of the sample. 

This phenomenon resulted in increasing the 

compressive strength of cement mortar. 

 

 
Fig. 6: Samples after Seven Days of Curing 

 

 

 
Fig. 7: Magnified Image of Top of BC Sample 

 

3.3  Comparison of N, B, C and BC Samples on 14th  

       Day of Curing 
 

After 14 days  Fig. 8(a-d)), all samples were examined 

again to observe any further changes. No change was 

observed on sample ‘N’ and ‘B’ even after 14 days. 

The C sample followed the same trend of increase in 

white spheres on the surface, which indicated the 

precipitation of calcium lactate. The BC cement 

mortar sample showed increase in precipitation of 

calcium carbonate and the surface layer thickened, 

some more white dots were also appeared on new 

areas on the surface. 

 

 
Fig. 8: Samples after Fourteen Days of Curing 

 

3.4  Comparison of N, B, C and BC Samples on    

       22nd Day of Curing 

 

Fig. 9(a-d) indicate that no change in morphology 

were observed in N, B and C samples but for BC 

sample which again showed a much more increase in 

the surface layer with white dotted appearance that 

indicated the healing of micro-cracks and voids is 

continued even after 22 days of curing.  

 

 
Fig. 9: Samples after twenty-two days of curing 

 

3.5 Comparison BC Samples on Different Days 

 

As shown in Fig. 10(a-d), the layer on top surface is 

getting thicker day by day. This shows that bacteria 

feed calcium lactate and produce layer of calcium 

carbonate which seals micro void on top surface. It 

takes almost 2 months to produce complete thick 

sealed layer on overall cement mortar.  
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Fig. 10: Comparison of Top of Bacterial + Calcium 

Lactate Sample 

 

Healing is observed on the sides of BC but it was 

slower than that of top of BC does. From this 

experiment it is visualized that calcium lactate did not 

properly disperse in cement mortar sample and during 

curing most of its amount came up, that is why healing 

is easily observed on the top surface but it is difficult 

to see healing on sides of BC. It is shown in Fig. 11(a-

c). 

 

 
Fig. 11: Comparison of the sides of Bacterial + 

Calcium Lactate Sample 

 

These  results  deduced  that  Bacillus subtilis   shows 

healing phenomenon only when calcium lactate is 

present as feed, so both are necessary for healing of 

cracks. 

 

3.6  Compression Testing 

 

Figs. 12-13 and Table 4 show the comparison of 

Normal cement mortar (N), Bacterial cement mortar 

(B), Calcium lactate cement mortar (C) and Bacterial 

and Calcium lactate (BC). Samples were tested in the 

universal testing machine for compressive test after 84 

days. N sample shows the same result as could be 

expected in conventional cement mortar strength 

results. B sample shows a little decrease in strength as 

compared to N sample that is observed due to the 

addition of bacteria, and appeared smoothness on the 

surface. C sample shows a great decrease in strength 

due to the addition of calcium lactate that is much 

lighter in weight and weaken the overall structure of 

the sample. The detrimental effect of calcium lactate 

on concrete is also reported by Babu and Siddiraju 

[32]. The effect of calcium lactate on compressive 

strength of concrete is still unclear, however, 

researchers have found that its addition has marked 

effects on the setting time [33, 34]. In order to study 

the pure chemical effect of calcium lactate on cement, 

experiments are needed to be designed in perfect 

sterile condition, which is technically difficult as the 

needed heat sterilization may introduce an effect on 

constituents of concrete. BC sample shows a great 

increase in compressive strength as compared to other 

samples. The difference in BC sample is the addition 

of bacteria and calcium lactate which is responsible for 

healing of cracks. This increase in strength verified the 

healing of voids and cracks. These results confirm that 

the compressive strength of Bacterial and Calcium 

Lactate (BC) is the highest of all. The sample N, which 

is composed of cement and sand, is commonly used in 

construction as cement mortar. Increase in strength of 

Sample BC, in comparison to Sample N would make 

it more suitable to be used in construction. 

 

 
Fig. 12: Strength Comparison of Different Samples 

Table 4: Stresses for four samples 

Sample 
Load 

(kgf) 

Section Area 

(mm2) 

Stress 

(Mpa) 

N 5226.36 3848.45 13.32 

B 4332.02 3848.45 11.04 

C 734.02 2617.54 2.75 

BC 4690.84 2617.54 17.57 
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Fig. 13: Bar Chart of Strength Comparison 

 

4.  CONCLUSION 
 

The present study compared the separate and 

combined effect of different constituents on the self-

healing effect. The sample N and sample B did not 

show any remarkable change in their surface 

appearance with respect to curing time. It means that 

the bacteria alone neither increase nor decrease the 

compressive strength of the cement mortar sample, 

Sample C, although showed some precipitates due to 

naturally occurring bacteria in the soil but then the 

precipitation was stopped soon. Sample C and Sample 

BC did show the precipitation of CaCO3 but for 

Sample C precipitation was stopped soon while for 

Sample BC the precipitation was continued for a 

longer time. The net effect of the addition of Calcium 

Lactate resulted in decreasing the compressive 

strength of the sample, if the Calcium Lactate is not 

converted into CaCO3, this also showed that the 

naturally occurring bacteria was not sufficient to 

consume the small amount of 7% of Calcium Lactate 

to convert into CaCO3. The results of compressive 

strength showed that the highest strength was achieved 

for Sample BC, then Sample N, followed by Sample 

B, while the lowest strength was displayed by Sample 

C. This gives an idea that Calcium Lactate which acts 

as for bacteria has the negative effect on the strength 

if not consumed and converted into CaCO3. It is 

therefore suggested to work more on finding the feed 

source for bacteria that has an individual effect of 

increasing the strength as reinforcement while at the 

same time act as   feed for bacteria. Naturally 

occurring calcium sources may be further studied in 

subsequent studies. 
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