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Article Info  Abstract 

Article History:  Concrete cracking poses significant challenges for infrastructure longevity, leading 
to costly maintenance and structural weaknesses. This research investigates a 
sustainable solution using Microbially Induced Calcium Carbonate Precipitation 
(MICP) with Bacillus subtilis, a non-ureolytic bacterial agent, for autonomous crack 
repair. Alongside M20 grade concrete samples, bacterial concrete specimens were 
prepared in this study by incorporating three calcium-based precursors-calcium 
lactate, calcium nitrate, and calcium formate at varying dosages (1%, 2%, and 3% 
by weight of cement). These precursors stimulate the calcite formation during bio-
calcification. Strength performance and self-healing behavior of induced pre-crack 
widths were evaluated over 91 days, with durability assessments including water 
absorption, porosity (28 days), and drying shrinkage over 91 days. Results showed 
that adding calcium precursors did not adversely affect strength. Notably, bacterial 
concrete with 1% calcium formate showed 31.1% strength increase, while 1% 
calcium lactate and 2% calcium nitrate achieved 18% and 28% improvements 
respectively, compared to conventional concrete specimens at 91 days. Samples 
with 3% calcium formate dosage achieved the lowest porosity (6.1%), which 
corresponded to the maximum compressive strength of 62MPa through effective 
pore filling. Remarkably, 1% calcium formate completely healed 2mm crack width 
by day 91. Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray 
Spectroscopy (EDS), Fourier Transform Infrared spectroscopy (FTIR), and X-ray 
diffraction (XRD) analyses confirmed enhanced calcite precipitation and 
microstructural densification in optimal specimens, particularly with calcium 
formate. Non-ureolytic microbial systems enhance both strength and crack healing 
abilities establishing calcium formate at 1% dosage as the optimal precursor, 
providing a promising, resilient, self-sustaining construction material.  
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1. Introduction 

Despite its ubiquity and seeming simplicity, concrete's intrinsically diverse microstructure results 
in extremely complex mechanical behavior. At the core of this complexity are the development and 
spread of micro-crack networks, which are the primary causes of concrete structures' deterioration 
in strength [1]. Figuring out the impact of cracks reduces the need for expensive repairs and 
replacements while maximizing the use of concrete. Inadequate understanding and treatment of 
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cracks can jeopardize structural integrity and perhaps result in catastrophic failures. Investigations 
into the mechanisms of fracture propagation yield crucial information for early warning systems 
and safety assessment procedures. Through improved crack management, concrete service life can 
be extended to 100 years, which directly supports sustainability objectives by lowering 
replacement costs and the resulting carbon footprint [2]. In the United States alone, concrete 
infrastructure upkeep and repair currently cost more than $100 billion a year, with comparable 
proportionate expenses seen throughout the world. Treatments to remediate the crack using 
certain traditional methods were employed in the presence of human intervention, which requires 
incessant periodic investigation and application of external agents such as injecting, pasting 
techniques, and coatings on the concrete surfaces. However, these traditional remediation methods 
are limited because of the material's weak heat resistance, moisture sensitivity, labour-intensive 
and differential coefficient of thermal expansion [3-6]. The manufacture of cement, which is 
essential for these repairs, accounts for around 7% of carbon dioxide emissions worldwide. 
Compared to conventional manufacturing methods, bio-cementation reduces carbon emissions by 
18–49.6% [7]. Moreover, chemical-based repair products frequently have compatibility problems 
and present health dangers, which makes maintenance tasks much more difficult [8, 9]. A 
revolutionary approach to infrastructure resilience is the self-healing concrete paradigm, in which 
the material is designed to utilize either of the two self-healing mechanisms, one being autonomous 
crack healing and the other being autogenous crack healing [10-12]. The autogenous healing 
technique is an organic process, and its healing capacity is possible when there is an addition of 
high binding mixtures and a delayed hydration process, confining to small cracks closure, i.e., 0.15- 
0.2 mm is achievable. Although its efficiency can be enhanced with additives like fibres, 
supplementary cementitious materials (SCMs), and curing agents, it is still inadequate for 
addressing larger cracks [13, 14]. An autonomous healing mechanism was explicated in order to 
combat the aforementioned problems by introducing certain intrinsic and extrinsic self-healing 
materials or agents into the concrete, which remain dormant lest activated by crack formation [15-
20]. Cracks being healed with the aid of micro-organisms underlines the intrinsic treatment which 
relies on a novel technology of “Bio-mineralization” [21, 22], and other methods by incorporating 
polymers, carriers categorize extrinsic treatment which are of high cost [1, 23-26]. A promising 
subset of autonomous healing mechanisms involves the microbially induced calcium carbonate 
precipitation (MICP) technique for addressing the micro-crack networks in concrete structures. 
This innovative bio-chemical process converts organic substrates into inorganic compounds 
through the catalysis of bacteria, creating an alkaline environment that leads to calcium carbonate 
precipitation [27]. Calcium lactate, calcium nitrate, calcium formate, calcium acetate, calcium 
chloride, and calcium glutamate are such compounds that are supplemented as calcium precursors 
for undergoing the MICP process in self-healing concrete, either through metabolic conversion of 
organic compounds or ureolysis, or denitrification precipitation mechanism [21, 28-32]. Amongst 
which calcium lactate, calcium nitrate, and calcium formate are applicable at the field-scale level 
for the enhancement of concrete properties [33]. Calcium lactate is bio-compatible, low-cost, easily 
accessible, and can be directly added into the concrete matrix in mixing water [34-36]. Calcium 
nitrate is globally used in the admixture/agriculture industry scale. It acts as an accelerator; 
inhibits corrosion, is compatible with other additives, and is cost-effective [30, 37, 38]. Calcium 
formate is used in multiple roles in varied field-scale applications, especially in cement-based 
industries. It acts as an accelerator, anti-freezing agent, and is cost-effective [39, 40]. Calcium 
acetate and calcium chloride are also cost-effective, but calcium chloride alone may not be 
considered the optimal choice in MICP studies [41]. A study reported that MICP treatment exhibited 
a lifecycle cost decrease of roughly 98% when compared to conventional treatment approaches [7, 
40, 41]. Most MICP studies have centered on ureolytic bacteria such as Sporosarcina pasteuriia and 
Bacillus subtilis species, which catalyze urea hydrolysis to produce carbonate ions. However, 
ureolytic pathways can result in ammonia by-products and are sensitive to pH and substrate 
conditions, limiting their scalability. Non-ureolytic bacteria like B. subtilis offer a biologically safer 
and chemically stable alternative, yet remain underexplored in MICP-based self-healing concrete. 
A study reported that recovery of compressive strength of the specimens was about 80% due to 
the MICP mechanism [42-44]. Certain study findings revealed a 32% enhancement in compressive 
strength and a 37% enhancement in flexural strength attributed to the deposition of (CaCO3), 
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which filled micro voids and densified the concrete [42, 45-50]. Previous research demonstrated 
that MICP-treated concrete exhibited a 70% reduction in water permeability compared to 
untreated samples. The addition of calcium lactate alone directly would increase the strength in the 
concrete when used at up to 1 and 2% and potentially up to 3% by mass of cement [51]. The 
influence of the three self-healing agent’s calcium lactate, calcium nitrate, and calcium formate on 
setting time, hydration kinetics, rheology, and compressive strength in the presence of spore-
forming bacterial species was studied in the cement mortar. However, the ability of these self-
healing agents in terms of strength and crack healing was not assessed, particularly in the context 
of non-ureolytic microbial systems [52]. This study addresses this gap by systematically evaluating 
the influence of three calcium precursors, i.e., calcium lactate, calcium nitrate, and calcium formate, 
on the mechanical properties and crack healing performance of B. subtilis-based microbial 
concrete. The precursors were incorporated at three dosage levels (1, 2, and 3 % by weight of 
cement (bwc)), and performance metrics included mechanical strength, porosity, water 
absorption, drying shrinkage, self-healing performance, and microstructural characterization. 

2. Materials and Methods 

2.1.  Cement and Calcium Sources 

The Ordinary Portland Cement (OPC) of 53 grade, complying with IS 12269: 2013, was used in this 
study. Potable water was utilized that complied with IS 456: 2000. The precursors incorporated in 
the study are Calcium lactate (CaC6H10O6. 5H2O), (L), LR grade was from Triveni Interchem Pvt. Ltd., 
Gujarat; Calcium nitrate ((CaNO3)2. 4H2O), (N), LR grade was from locally made United Scientific 
Chemicals Pvt ltd., Visakhapatnam; Calcium formate (Ca(HCOO)2)),(F), 99% LR grade was from 
Future Lab, Bangalore. The physical properties of the cement, fine and coarse aggregates, including 
fineness of cement (R), specific gravity (Gs), water absorption (Wa), fineness modulus (FM), 
standard consistency (P), initial and final setting time according to the IS codes were tabulated in 
Table 1. The methodology adopted in this study is illustrated (Fig. 1). 

 

Fig. 1. Schematic flowchart of the methodology employed in the present study 

Table 1. Physical properties of cement and aggregates 

S.No Materials R Gs Wa FM P Shape 
Initial and Final 

setting time (min) 
Referral codes 

1 Cement 2.3% 3.1 - - 33% - 85 and 381 

IS 4031 
Part1:1996 

IS 4031 
Part4:1988 

IS 4031  
Part5:1988 

2 Fine - 2.6 0.5 2.2 - - - IS 2386 
Part1:1963 
IS 383:2016 3 Coarse - 2.7 0.55 6.0 - Angular - 
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   2.2 Bacterial Medium Preparation  

In this study, B. subtilis was procured in the lyophilized form from Proprenz Biotech Pvt. Ltd., 
located in Hyderabad. The bacterium procured had undergone the microbiological investigations 
and examination in GITAM University, at Department of Microbiology, Visakhapatnam.  

    2.2.1 Identification of Bacteria 

Nutrient broth (NB) was used for general cultivation of microorganism contains following 
ingredients: peptone (5 g/L), sodium chloride (5 g/L), HM peptone (1.50 g/L), and yeast extract 
(1.50 g/L). Utilizing nutritional agar media at pH-11 and 37 °C in an incubator, the bacterial spores 
were grown in a petri plate. Morphological examination was carried out using the Gram staining 
method and Endospore staining to determine bacterial structure and characteristics [53, 54]. 
Under the former method, to make a smear, a sterile inoculating loop was used to take a loopful of 
bacterial culture and spread it evenly throughout the surface. The smear was left to fully air dry. 
From a pure 18–24 h culture, the slant was infected with a strong diagonal streaking of the agar 
surface. For 24 h to 48 h, inoculated tubes were incubated at   35 to 37 °C with their caps unfastened. 
A microscope equipped with an immersion oil lens was used to study the coloured bacterial cells 
at a 100X magnification. In the latter method, the B. subtilis spores were tested for their ability to 
form endospores by Schaeffer–Fulton endospore staining technique.  

    2.2.2 Urease Test 

To identify bacteria capable of hydrolysing urea, the urease test was conducted using the urease 
enzyme. According to the conventional method, Christensen's urea agar slants were made using 
the following ingredients (per liter): urea (20.0 g), phenol red indicator (0.012 g), agar (20.0 g), 
sodium chloride (5.0 g), yeast extract (0.1 g), potassium dihydrogen phosphate (2.0 g), peptone 
(1.0 g), and dextrose (1.0 g). To avoid pressure build-up, the medium was distributed into test tubes 
and autoclaved for 15 minutes at 121°C with loose-fitting lids. To produce slanted surfaces, tubes 
were placed at an oblique angle during cooling after sterilization. 

    2.2.3 Culturing of the Bacterium 

The bacterial strain was grown in commercial nutrient broth (HiMedia Laboratories, India) 
prepared by dissolving 6.5 g of powder in 1.5 L of distilled water, following the manufacturer's 
instructions. The exact composition of the broth reflects proprietary formulations including typical 
components such as peptone, sodium chloride, and yeast extract. Sterile HCl or NaOH was used as 
needed to bring the pH down to 7.0 ± 0.1.  

 

Fig. 2. Steps of media preparation. a. medium, b. pH setting, c. autoclaving at 121 ℃ for 
15 min, d. broths after autoclave, e. inoculation using fresh pre-inoculum, and f. 

incubation in an orbital shaker for 24 h 
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To ensure sterility, the medium was poured into the proper containers, covered with aluminum foil 
and cotton plugs, and autoclaved for 15 minutes at 121 °C.  A 2% (w/v) inoculum concentration 
was attained by aseptically transferring 5 g of bacterial biomass into 250 mL of sterile nutrient 
broth for inoculum preparation. This prepared inoculum was subsequently used to seed 1.5 L of 
nutrient broth in each experimental batch. For 24 hours, the infected broth was incubated at 30 °C 
with agitation at 148 rpm in an orbital shaker to guarantee proper aeration and mixing. The optical 
density (OD) at 600 nm was measured periodically to track growth, and a turbidity test was 
conducted to evaluate the impact of each calcium source on bacterial proliferation. The 
compatibility of the bacteria with different calcium sources, which are essential for the MICP 
process in self-healing concrete applications, was revealed by these studies. The bacterium medium 
preparation process is illustrated (Fig. 2). 

2.2.4 Bacterial Cell Count Using Hemocytometer 

Following a 24-hour incubation period, 0.1 µL of the bacterial culture was added to 1000 µL of 
diluent using a sterile pipette. This solution was serially diluted by a factor of 10 to achieve an 
appropriate dilution, with 10−1 identified as optimal. A cleaned hemocytometer featuring a grid 
with a volume of 0.1 mm3 divided into five square blocks was filled with the diluted solution (Fig. 
3). The spore count was observed under a microscope at 40X magnification, yielding a total count 
of live cells. Based on this data, the bacterial cell concentration was calculated using Eq. (1), and Eq. 
(2). 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓  𝑐𝑒𝑙𝑙𝑠 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 𝑏𝑙𝑜𝑐𝑘𝑠 
 (1) 

𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑋 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑋 10−4 (2) 

 

Fig. 3. Hemocytometer and b. square grids of hemocytometer 

 

2.3 Concrete Mix Proportions 

IS 10262:2019 was used to carry out the concrete mix design for M20 grade. This study compares 
the effects of nutrients in bacterial concrete (BC) on the strength and healing qualities of concrete. 
The conventional concrete (CC) with cement (350 Kg/m3, fine aggregate 715.97 Kg/m3, coarse 
aggregate 1207.84 Kg/m3, and water 168 Kg/m3) was designed. Nine different types of bacterial 
concrete mixes, split into three sets, inclusive of calcium lactate, calcium nitrate, and calcium 
formate precursors, were fabricated as shown in Table 2. Set A denoted bacterial specimens 
embedded with the required bacterial medium by incorporating: 1% dosage of calcium lactate as 
(1BC-L), 2% dosage of calcium lactate as (2BC-L), and 3% dosage of calcium lactate as (3BC-L).  Set 
B denoted bacterial specimens embedded with the required bacterial medium by incorporating: 
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1% dosage of calcium nitrate as (1BC-N), 2% dosage of calcium nitrate as (2BC-N), and 3% dosage 
of calcium nitrate as (3BC-N). Set C denoted bacterial specimens embedded with the required 
bacterial medium by incorporating: 1% dosage of calcium formate as (1BC-F), 2% dosage of 
calcium formate as (2BC-F), and 3% dosage of calcium formate as (3BC-F).  

Table 2. Mix proportions and dosages 

 
 Type of mix 

Required 
bacterial 
medium 

(cells/mL) 

Calcium 
lactate 
(bwc) 

Calcium 
nitrate 
(bwc) 

Calcium  
formate 
(bwc) 

CC  - - - - 
1BC-L Set A 105 1% - - 
2BC-L 105 2% - - 
3BC-L 105 3% - - 
1BC-N Set B 105 - 1% - 
2BC-N 105 - 2% - 
3BC-N 105 - 3% - 
1BC-F Set C 105 - - 1% 
2BC-F 105 - - 2% 
3BC-F 105 - - 3% 

 

 2.4 Concrete Specimen Preparation, Casting, and Curing 

In the current investigation study, the concrete specimens were cast according to the specifications 
as per IS 516:1959, and outlined the protocols for preparation, casting, and curing of the concrete 
samples [55]. To thoroughly evaluate the mechanical performance and self-healing properties of 
the bacterial concrete, several specimen geometries were created. These included prismatic 
specimens with dimensions of (100 × 100 × 500 mm), cylindrical specimens with dimensions of 
(150 × 300 mm), and cubic specimens with dimensions of (100 × 100 × 100 mm). The concrete 
mixture was formulated in compliance with IS 10262:2019, the bacterial medium (containing            
B. subtilis with a required cell concentration of 105 cells/mL), and the calcium-based sources. The 
bacterial medium and calcium precursors were added directly to the mixing water to ensure even 
dispersion throughout the concrete matrix. The volume of the bacterial medium required for each 
specimen type was determined using the Eq. (3)[56] for the preparation of bacterial concrete, 
wherein the expression in the denominator represents the concentration of the prepared bacterial 
inoculum, experimentally estimated based on OD600 measurements and a standard calibration 
curve for B. subtilis. The casting process of the conventional and bacterial specimens is embellished 
(Fig. 4a) and (Fig. 4b).  

𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑚𝑒𝑑𝑖𝑢𝑚 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) =
𝑊𝑎𝑡𝑒𝑟 (𝐿) × 1000 × 105

𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑐𝑒𝑙𝑙𝑠/𝑚𝐿)
 (3) 

For 24 hours, the concrete examples were first set at room temperature, which was roughly                 
27 ± 2 °C. The specimens were carefully removed from their molds using techniques 
intended to avoid structural damage after the initial setting step was finished. Bacterial 
concrete specimens were demoulded with extra caution to maintain the integrated 
bacterial cells' survival and activity during the removal procedure. After demoulding, as 
per the guidelines, the specimens were immersed in a curing tank filled with potable water 
maintained at a constant temperature of 27 ± 2 °C.  For bacterial concrete, the bacterial 
medium and calcium-based precursors were expected to react within the matrix during 
curing, facilitating self-healing mechanisms and enhancing the strength properties of the 
concrete. 
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(a) 

Fig. 4a. Casting of traditional concrete specimens- cubes, beams, cylinders 

 

(b) 

Fig. 4. (a) Casting of traditional concrete specimens- cubes, beams, cylinders and  (b) Casting of 
bacterial concrete specimens- cubes, beams, cylinders 

2.5 Mechanical Strength Properties 

The mechanical strength properties test includes flexural, split tensile, and compressive strength, 
performed according to IS 516 (Part 1): 2021 [57-59]. These were performed on the conventional 
concrete and three sets of bacterial concrete mixes for an age period of 3, 7, 14, 21, 28, 56, and 91 
days. At the stipulated curing periods, specimens were removed from the curing tank, and any 
surface water was wiped off using a clean, dry cloth to ensure accurate measurements. The 
compressive strength test was performed on the cubical specimens by removing them from the 
curing tank at a specified age period and testing under a compressive testing machine (CTM)[57]. 
The load is applied at a controlled rate of 14 N/mm²/min until the specimen can no longer sustain 
any additional load.  The compressive strength (Fc) was calculated using the Eq. (4). Three-point 
bending test was conducted on prismatic specimens wherein the specimens were laid on the bed 
of the universal testing machine (UTM) on which two rollers were positioned [59]. The load was 
applied axially and symmetrically without causing torsional stress or constraints on the specimen. 
The rate of loading was maintained at 0.7 N/mm²/min until failure. The failure pattern was 
analyzed as per the protocols mentioned in the codal provision. The flexural strength (Fb) was 
determined using the Eq. (5.1) and Eq. (5.2). The split tensile strength test was conducted on 
cylindrical specimens [58]. Within the CTM, the specimen was positioned horizontally between two 
loading wooden strips touching the top and bottom of the device. The split tensile strength (Fsp) 
was determined using an Eq. (6).  

𝐹𝑐 (𝑀𝑃𝑎) =
𝐹

𝐴𝑐
 (4) 

Where F is the maximum load applied (in N) and Ac is the area of the specimen (in mm²) 

𝐹𝑏(𝑀𝑃𝑎) =
𝑃 ×  𝐿

𝐵 ×  𝐷2
(𝐹𝑜𝑟 𝑎 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑑𝑑𝑙𝑒 𝑡ℎ𝑖𝑟𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑎𝑛) 

 

(5.1) 
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𝐹𝑏(𝑀𝑃𝑎) =
3𝑃 ×  𝑎

𝐵 ×  𝐷2
(𝐹𝑜𝑟 𝑎 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝑚𝑖𝑑𝑑𝑙𝑒 𝑡ℎ𝑖𝑟𝑑) 

 

(5.2) 

Where P is the maximum load applied (in Newton), L is the effective span length (mm), B is the 
width (mm), D is the depth (mm), and a is the distance from the support to the failure point (mm). 

𝐹𝑠𝑝 =
2𝑃

𝜋𝑙𝑑
 

(6) 

Where P is the maximum load applied to the specimen (in Newton), l is the length of a 
cylinder (mm), and d is the cross-sectional dimension of the cylindrical specimen (mm). 

2.6 Durability Tests of Concrete  

2.6.1 Drying Shrinkage 

In general, the parameters studied under the classification of durability are physical, chemical, 
mechanical, and microstructural. The long-term performance of a structure and its service life is 
mainly influenced by a critical durability parameter, i.e., drying shrinkage, wherein, due to the loss 
of moisture, there will be a reduction in concrete volume. This phenomenon plays a vital role in 
evaluating the dimensional stability and crack-resistance of concrete, especially in structures 
exposed to varying environmental conditions [20, 60]. The drying shrinkage test was conducted as 
per IS 4031 Part 10: 1988 [61, 62].  

  

Fig. 5. (a) Reference rod and  (b) testing specimen 

Mortar beam mould specimens of size 25 mm x 25 mm x 285 mm were cast both for the cement 
paste with and without bacterial medium embedded with calcium sources. After 24 hours, 
specimens were demoulded and divided into two categories: one was moist, dry, and sun-dry 
conditions. Moist Drying: These specimens were exposed in a room at a controlled temperature of 
27 ± 2 °C. Sun Drying: The specimens in this group were placed in an open environment under 
direct sunlight, simulating exposure to atmospheric drying. The length comparator apparatus was 
used to measure the length change in the specimens at regular intervals, (Fig. 5). The reference 
points on the specimen were aligned with the comparator pins for consistent measurement. The 
average difference in length of three specimens was the nearest 0.05 % of the effective gauge 
length, and this difference was reported as drying shrinkage (%) using Eq. (7).  

Drying shrinkage (%) =
ΔL

L0
x 100 

(7) 

Where, ΔL is the difference in the measured length of the specimen (mm), L0 is the reference rod 
gauge length (mm) 

2.6.2 Water Absorption and Porosity 

The second parameter under durability studies adopted is water absorption and porosity to assess 
the permeability and pore structure of the concrete. The water absorption test was conducted 
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following the guidelines provided in IS 2386 Part III: 1963 to evaluate the capacity of the concrete 
to absorb water under standard conditions [63]. The cubes of 100 mm x 100 mm x 100 mm were 
oven dried for 24 hours and then immersed in water for the next 24 hours. Dry and wet weights 
(Mdry and Msat) were taken to compute the water absorption after 28 days of curing for each mix 

using Eq. (8). The porosity on the cubical specimens was measured as per code DIN 1048 so as to 
comprehend the process of water transport within the pore structure and to estimate the linked 
pore space after 28 days of curing of all the different specimens using Eq. (9). 

Water absorption (W) =  
Msat−Mdry

Mdry
x100  (expressed in %) (8) 

Porosity (P) = 
Msat−Mdry

ρw X V
x100 (expressed in %) (9) 

Where,  𝑀𝑑𝑟𝑦=Oven dry weight of cubes (g);   𝑀𝑠𝑎𝑡= after 24 hours wet weight of cubes (g)                                 

2.7 Crack Healing Assessment   

Concrete fissures play a crucial role in long-term performance in structural integrity and durability. 
Due to the self-healing mechanisms, there can be a reduction in the crack width; the crack can be 
sealed without any human intervention through an autonomous mechanism [6, 33, 64, 65]. In this 
study, crack closure assessment was conducted systematically to quantify the effect of bacterial 
agents and calcium-based nutrients on crack repair over time.  

 

Fig. 6. Cracks inducing on the specimens using a CTM and b. Microscope used for the crack 
closure assessment 

The crack healing quantification was performed by initially inducing the pre-crack by applying 
gradual loading (~100 kN) using CTM until the crack appeared on the surface of the concrete 
specimen after 28 days of water curing to ensure proper hydration [66, 67]. Care was taken to avoid 
overloading the specimens to ensure the cracks were well-defined but did not compromise the 
structural integrity of the concrete. To replicate real-world conditions, the induced cracks varied 
in width, ranging from approximately 0.1 mm to 4 mm. The microscope crack width detector with 
an optical magnification of X40 (manufactured by C&D Microsystem Limited, UK) (Fig. 6) was 
employed to precisely measure the initial crack widths. The specimens were further immersed in 
the curing tank for a period of 28 and 91 days. Each crack's width was measured at multiple points 
along its length to account for variability, and the maximum crack width closure was recorded on 
the aforementioned days of curing.   

2.8 Microstructural Analysis of The Crack-Healed Sample  

Microstructural analysis was conducted using SEM, XRD, and FTIR to understand bacterial 
concrete's microstructural changes and self-healing capabilities thoroughly at the microscale level 
to quantify the phase composition, crystal morphology, and chemical bond identification during the 
process of healing [28, 68-71]. SEM coupled with EDS was performed to capture high-resolution 
micrographs of the concrete’s surface and the interfacial transition zones (ITZ). Samples were 
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fractured in order to expose fresh surfaces and allowed to dry. The SEM model named TESCAN 
MIRA S6123 comprises secondary electron mode (SE) was operated at an accelerating voltage of 
15–20 kV, beam landing energy of 0.2 to 30 KeV and images were taken at magnifications ranging 
from 1000 to 5000X to provide detailed morphological observations, identifying the phases, and 
visualization of crack healing calcite precipitation. XRD analysis was conducted to identify the 
mineralogical phases in the bacterial concrete, specifically the polymorphs of calcium carbonate 
such as calcite, aragonite, and vaterite. The XRD instrument used was the Bruker D8 Advance 
Powder X-ray Diffractometer, which operates with Cu Kα radiation at a wavelength of 1.5418 Å. 
The finely powdered samples (particle size below 45 μm) were scanned over a 2θ range of 10° to 
80° to generate diffraction patterns. FTIR was employed to identify and characterize the chemical 
bonds and functional groups present in the concrete samples, mainly focusing on bio-
mineralization products such as calcium carbonate (CaCO3). The analysis was conducted using the 
Bruker ALPHA-II ATR-FTIR Spectrophotometer. It is equipped with a zinc selenide (ZnSe) beam 
splitter and a high-resolution deuterated triglycine sulfate (DTGS) detector. The FTIR spectrum 
was recorded in the wavenumber range of 4000 cm⁻¹ to 500 cm⁻¹, with an air-cooled IR source 
operating at 12V and 20W.  Approximately 5 mg of the powdered sample was placed on the ATR 
crystal to ensure optimal surface contact, eliminating the need for additional sample preparation, 
such as pellet formation.  

2.9 Statistical Analysis  

The data were analyzed by analysis of variance (ANOVA) followed by Tukey’s honestly significant 
difference (HSD) test to assess the significance of differences between the variances using Origin 
Pro 8.5 software. In each graph plotted, the error bars represent the standard deviation, and they 
remained less than 0.05 %. The data was found to be significantly different at p<0.05. 

3. Results and Discussion  

3.1 Bacterial Preparation and Characterization 

The results obtained from the microbiological investigation of B. subtilis confirm its suitability for 
self-healing concrete applications. The bacterium's morphological, enzymatic, and growth 
characteristics were evaluated comprehensively, and its performance was analyzed in the context 
of its role in promoting calcium carbonate precipitation. 

3.1.1 Morphological Characterization of Bacteria  

The Gram staining analysis revealed the rod-shaped morphology of B. subtilis with purple staining, 
confirming its Gram-positive nature (Fig. 7a). The endospore staining revealed the presence of both 
vegetative cells and endospores in the B. subtilis culture. Under microscopic observation, the 
vegetative cells appeared pink. At the same time, the endospores were distinctly stained green (Fig. 
7b), confirming the bacterium's ability to form endospores under the given conditions, 
demonstrating adaptability to conditions conducive to calcium carbonate precipitation.  

 

Fig. 7. (a) Microscopic image of B. subtilis (b) Endospores staining of B. subtilis and 
(c)Inoculated broth after 24 h incubation 
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The rod-shaped morphology of the bacterium, and in particular its ability to form endospores, 
supports its structural durability and survivability against harsh and alkaline environments in the 
concrete matrix. The bacterial spores thrived at 37 °C and pH 11 on nutritional agar media (Fig. 7c). 
Its ability to continue growing in these circumstances is essential to its self-healing concrete 
functioning. Its functionality in self-healing concrete depends on its capacity to sustain growth in 
these circumstances. 

3.1.2 Urease Test  

The urease activity test revealed that B. subtilis under the tested conditions, exhibited no hydrolysis 
of urea. This was evidenced by the absence of any color change within 6 hours, and no significant 
change was observed even after 24 h of incubation (Fig. 8). These results confirm that B. subtilis 
does not exhibit ureolytic activity, distinguishing it from traditional ureolytic bacteria, which rely 
on urea hydrolysis for calcium carbonate precipitation [68]. The lack of ureolytic activity positions 
B. subtilis as a non-ureolytic bacterium, making it an environmentally friendlier and potentially 
more sustainable option for self-healing concrete [1, 49, 72]. 

 
Fig. 8. Urease activity test of B. subtilis bacterium 

3.1.3 Bacterial Growth Assessment 

Robust bacterial growth was promoted by the nutritional broth made with peptone, sodium 
chloride, HM peptone, and yeast extract. In an orbital shaker incubator set to 30 °C and 148 rpm, 
the OD measurements, which showed 1.5 after 24 hours of incubation, showed exponential 
bacterial growth. Calcium formate demonstrated the most effective enhancement of bacterial 
growth. At 1 % calcium formate, OD peaked at 1.9 after 48 h, maintaining a notable level (1.3) even 
at 72 h (Fig. 9). This trend remained consistent at higher concentrations: at 2 % calcium formate, 
OD reached 2.1 (48 h), and at 3 %, it peaked at 2.0 (48 h). These findings demonstrate the metabolic 
compatibility of calcium formate with B. subtilis, which may be because formate is used as an 
auxiliary carbon source to promote cellular biosynthesis and energy production [73]. Calcium 
lactate supported a moderate growth at all the concentrations OD values peaked 1.5-1.9. This 
implies that while lactate might be a source of carbon, B. subtilis does not react metabolically to it 
in the same way that formate does [74, 75]. 
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Fig. 9. B. subtilis growth with calcium precursors at (a) 1%, (b) 2%, and (c) 3% concentrations. 
L, lactate; N, nitrate; F, formate. SD < 0.05%; different letters indicate significance at p < 0.05 

(Tukey's HSD) 

In case of calcium nitrate alone, the OD values remained below 1.5 at all concentrations with a peak 
value of 1.5 at 48 hours at 2% dosage. This finding highlights that B. subtilis compatibility with 
calcium nitrate-based precursors is limited. These findings have been studied from previous 
studies reported on the implications of bacterial growth in presence of calcium-based precursors 
[27, 72, 73, 76, 77].  

3.1.4 Bacterial Cell Concentration  

Hemocytometer-based cell counting determined a spore concentration of 63 cells per 0.1 mm3 at a 
dilution factor 10−1. This corresponds to a viable bacterial cell density suitable for application in 
concrete.  The Hemocytometer-based approach provided reliable quantification of bacterial cells, 
enabling precise incorporation into concrete mixtures. The concentration of bacterial cells in the 
suspension was determined to be 1.26 × 10⁻⁶ cells/mL, experimentally estimated based on OD600 
measurements, and a standard calibration curve for B. subtilis. This measurement confirms the 
sufficient cell density for its intended use in MICP processes. The required bacterial medium 
concentration of 1 x 105 cells/mL was maintained in the samples.  

3.2 Mechanical Strength: Long-Term Performance Analysis   

3.2.1 Compressive Strength Test 

As expected, the CC sample exhibited the lowest compressive strength among all mixes due to the 
absence of supplementary materials or chemical enhancements. At 3 days, the compressive 
strength was recorded as 14.97 MPa, steadily increasing to 18.27 MPa at 7 days, reaching 33.83 
MPa at 28 days, and finally plateauing at 44.52 MPa at 91 days. The calcium lactate series 
demonstrated significantly enhanced compressive strength values compared to the CC mix. For 
instance, (1BC-L) mix achieved a strength of 33.27 MPa at 3 days, nearly doubling the value of CC 
mix (Fig. 10a). The increased strength is attributed to the presence of precursors that accelerate 
the hydration process and improve particle packing [78, 79]. A strength of 53.5 MPa was obtained 
by the (1BC-L) mix after 91 days, demonstrating sustained pozzolanic action. 2BC-L and 3BC-L also 
showed similar patterns, but with 3BC-L mix, somewhat lower values were depicted as the 
materials embedded in the cement matrix don’t undergo proper hydration [21, 79-81]. The calcium 
nitrate series demonstrated superior performance, particularly at later curing ages. 2BC-N 
represented the highest strength amongst three dosages, achieving to 57.15 MPa at 91 days (Fig. 
10b).  The improvement is attributed to the crystalline admixture's ability to refine the pore 
structure, The microstructural densification from the crystalline material's self-healing capabilities 
contributed significantly to the improved mechanical properties [30, 82-84]. The development of 
compressive strength was found to be greatly impacted by the calcium formate series. The most 
pronounced enhancement became apparent at 3% dosage of calcium formate, achieving 37 MPa 
and a noteworthy of 62 MPa at 91 days (Fig. 10c). This improvement is attributed to the calcium 
formate ability to undergo crack control mechanism and compounded stress distribution evenly 
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within the matrix. These findings are in line with the studies that exhibited the efficiency of calcium 
formate in increasing the strength and effectiveness in crack mitigation [32, 85, 86].  

 

Fig. 10. Compressive strength of bacterial concrete with (a) calcium lactate, (b) calcium nitrate, 
and (c) calcium formate at 1%, 2%, and 3% dosages. CC: control; BC-L/N/F: bacterial concrete 

with respective precursors. SD < 0.05%; different letters indicate significance at p < 0.05 
(Tukey's HSD) 

3.2.2 Flexural Strength Test  

A systematic evaluation of the impact of all three calcium sources on concrete's flexural strength 
was conducted. (1BC-L) mix, amongst the other two, exhibited the best performance across all 
curing ages. It achieved a flexural strength of 5.58 MPa at 91 days, significantly higher than that of 
the conventional concrete mix (CC, 4.5 MPa) (Fig. 11a). Additionally, it is attributed to the optimal 
performance as there is a balanced release of calcium ions, without causing excessive calcite 
formation or porosity. Similar findings were established from the earlier studies conducted [79, 
87-91]. Calcium nitrate at 2% dosage (2BC-N) mix outperformed the other mixes for calcium 
nitrate-based systems, achieving a strength of 5.5 MPa at 91 days (Fig. 11b). This consistent 
improvement in flexural strength highlights the role of calcium nitrate as a hydration accelerator.  

 

Fig. 11. Flexural strength of bacterial concrete with (a) calcium lactate, (b) calcium nitrate, and 
(c) calcium formate at 1%, 2%, and 3% dosages. CC: control; BC-L/N/F: bacterial concrete with 

respective precursors. SD < 0.05%; different letters indicate significance at p < 0.05 (Tukey's 
HSD) 

However, both lower (1BC-N) mix and higher (3BC-N) mix concentrations showed relatively 
inferior results, with the (3BC-N) mix demonstrating a slight decline in long-term strength, 
potentially due to localized hydration reactions leading to uneven microstructural distribution [29, 
92-94].  Mixes embedded with calcium formate displayed the most significant early-age strength 
gains. (3BC-F) mix achieved 4.25 MPa at 3 days and reached 5.99 MPa at 91 days (Fig. 11c), making 
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it the best-performing individual precursor across all curing ages. The high efficiency of the (3BC-
F) mix is attributed to its dual role as a hydration accelerator and ITZ (interfacial transition zone) 
densifier. The presence of formate ions facilitated rapid calcium silicate hydrate (C-S-H) gel 
formation, which improved both early and long-term strength [32, 86, 95]. 

3.2.3 Split Tensile Strength  

The effects of the three calcium sources on the split tensile strength of concrete were systematically 
assessed. Compared to all the mixes inclusive of calcium lactate, mix with 1% dosage of calcium 
lactate established an improvement at all curing periods (Fig.12a). At 91 days, (1BC-L) mix 
achieved a split tensile strength of 4 MPa, substantially higher than the control mix (CC), which 
registered 3 MPa. The balanced ionic release of calcium lactate in (1BC-L) mix likely contributed to 
uniform hydration and strength improvement. Higher concentrations, such as (3BC-L) mix, showed 
moderate increases in tensile strength (3.35 MPa at 91 days), potentially limited by residue build 
up and increased porosity caused by surplus ions. Several studies demonstrate similar findings to 
those shown in the current study [75, 79, 87, 88, 96]. Amongst the calcium nitrate-based mixes, 
(2BC-N) mix performance imputed acceleration properties of calcium nitrate, which facilitated 
matrix densification and enhanced bonding between aggregates and cement paste (Fig.12b). 
Conversely, (3BC-N) mix exhibited a slightly lower tensile strength of 3.75 MPa at 91 days due to 
over-acceleration of hydration. These findings were in line with the previous studies reported by 
the incorporation of calcium nitrate [92, 93, 97]. Bacterial concrete mix embedded with calcium 
formate substantial early-age strength enhancements, with (3BC-F) mix standing out as the best-
performing individual precursor. At 91 days, (3BC-F) mix achieved a tensile strength of 4.11 MPa 
(Fig.12c), demonstrating its efficiency as a hydration accelerator and microstructure densifier [82, 
85].  

 

Fig. 12. Split tensile strength of bacterial concrete with (a) calcium lactate, (b) calcium nitrate, 
and (c) calcium formate at 1%, 2%, and 3% dosages. CC: control; BC-L/N/F: bacterial concrete 

with respective precursors. SD < 0.05%; different letters indicate significance at p < 0.05 
(Tukey's HSD) 

3.3 Durability Parameters 

3.3.1 Drying Shrinkage  

The drying shrinkage values for different concrete mixtures over 7, 35, and 91 days under sun-
drying and moist-drying conditions give insight into how calcium-based precursors affect 
shrinkage performance, as shown in Table 3. Cement mortar mix showed relatively low drying 
shrinkage under both sun-drying (0.815 %) and moist-drying conditions (0.532 %). In the presence 
of mortar samples embedded with bacterium medium and calcium precursors exhibited an 
increase in shrinkage was observed at 7 days [55]. Bacterial mortar mixes such as (1BC-L) mix and 
(1BC-N) mix exhibited the highest shrinkage under sun-drying conditions at 1.363 % and 2.297 %, 
respectively. Under moist-drying conditions, the (1BC-N) mix displayed the highest shrinkage at 
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3.607 %. By 35 days, the trend showed significant shrinkage reductions across all mixes compared 
to the 7-day results. Mortar mix exhibited a shrinkage of 0.402 % (sun-dry) and 0.319 % (moist-
dry). Bacterial mortar mix such as (3BC-L) and (2BC-N) achieved moderately lower shrinkage 
values under sun-drying (0.146 % and 0.471 %, respectively) compared to the earlier stages, 
indicating the mitigation of shrinkage effects with time, and these are aligning with the findings of 
[11, 98, 99]. At 91 days, drying shrinkage established stabilized values, casting minimal difference 
values under both drying conditions. Mortar mixes depicted values of 0.335 % (sun-dry) and 0.450 
% (moist-dry), suggesting consistent behavior over time. Interestingly, bacterial mortar mixtures 
with higher calcium source dosages, such as (3BC-L), and (3BC-F) demonstrated minimal shrinkage 
values of about 0.079 % and 0.026 % and 0.103 % and 0.335 % under sun-dry and moist-dry 
conditions, respectively [32]. The results indicate that calcium-based nutrients significantly affect 
the drying shrinkage of concrete. The increase in 7-day observation is attributed to the high 
reactivity of the calcium precursors that accelerated more loss in moisture content due to enhanced 
hydration process, as supported by several research studies [32, 85, 89, 100]. The current study 
confirms that at an early age, shrinkage amplification necessitates careful consideration of dosage 
and curing conditions to balance performance outcomes. However, at higher concentrations, they 
mitigate the long-term shrinkage effect [101]. The standard deviation was less than 0.05 %. Means 
followed by letters are significantly different at p < 0.05 according to Tukey’s HSD test. 

Table 3. Drying shrinkage of conventional concrete and bacterial concrete using calcium 
precursors. 

Mortar Mix Type 7th Day 35th Day 
91st 
Day  

 Sun Dry Moist Dry Sun Dry Moist Dry Sun Dry Moist Dry 

Cement mortar 0.815a 0.532a 0.402a 0.319a 0.335a 0.450a 

1BC-L 1.363b 1.483b 0.430a 0.445b 0.263a 0.332a 

2BC-L 1.048c 1.800c 0.750b 0.753c 0.249a 0.107b 

3BC-L 0.896a 1.830c 0.146c 0.549b 0.079b 0.103b 

1BC-N 2.297d 3.607d 0.465a 0.487b 0.223a 0.216c 

2BC-N 1.530e 1.732c 0.471a 0.191d 0.070b 0.119b 

3BC-N 0.863a 1.900c 0.492a 0.605e 0.397a 0.403a 

1BC-F 2.005f 1.441b 0.297d 0.617e 0.094b 0.314a 

2BC-F 2.098f 1.500b 0.558a 0.422b 0.346a 0.001b 

3BC-F 3.103g 1.400b 0.267d 0.500b 0.026b 0.335a 
 

3.3.2 Water Absorption and Porosity 

Two essential metrics for evaluating the durability and permeability qualities of concrete are water 
absorption and porosity. These properties directly affect the long-term structural performance and 
service life of concrete and control its vulnerability to environmental degradation [79, 102]. The 
conventional concrete mix (CC) exhibited a water absorption of 2.7 % and porosity of 7 %. These 
values represent the baseline for comparison with bacterial-based concrete mixes. (1BC-L) mix 
showed reduced water absorption (2.36 %) and porosity (6.3 %) compared to CC, indicating 
enhanced durability due to the densification of the microstructure [36]. (2BC-L) mix and (3BC-L) 
mix exhibited higher values of water absorption (3.34 % and 3.6 %, respectively) and porosity 
(8.52 % and 9.59 %), which may be attributed to the dosage of calcium lactate influencing hydration 
and void formation [103].  

The results demonstrate that a controlled dosage of calcium lactate can reduce porosity and 
improve the water-tightness of concrete. (1BC-N) mix and (2BC-N) mix had moderate water 
absorption values (3.2 % and 2.96 %) and porosity (8.5 % and 7.4 %), suggesting slight 
improvements in durability compared to CC. (3BC-N) mix exhibited the highest water absorption 
(3.8 %) and porosity (10 %), likely due to increased voids or inconsistent hydration effects at 
higher calcium nitrate dosages. These results emphasize the need for optimization of calcium 
nitrate dosage to achieve a balanced microstructure with reduced porosity. 



Palter et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx 
 

16 

 

Fig. 13. Water absorption and porosity of conventional and bacterial concrete. SD < 0.05%; 
different letters indicate significance at p < 0.05 (Tukey's HSD). 

The calcium formate mixes demonstrated good performance in terms of water absorption and 
porosity. (1BC-F) mix and (2BC-F) mix had slightly elevated water absorption values (3.31 % and 
2.83 %, respectively) with 9 % and 8.1 % corresponding porosities. (3BC-F) mix exhibited the 
lowest water absorption (2.2 %) and porosity (6.1 %) among all calcium formate mixes (Fig.13) 
highlighting its potential for enhancing concrete durability. The performance of (3BC-F) mix 
indicates that calcium formate, when used in optimal amounts, effectively reduces voids and water 
ingress. Earlier research has demonstrated that calcium-based precursors such as calcium lactate, 
calcium nitrate and calcium formate significantly impact concrete's water absorption and porosity 
[32, 52, 94, 101, 104, 105].  

3.4 Performance of Cracks' Self-Healing in Concrete 

Cubical specimens (100 x 100 mm), one each of all mixes, including conventional concrete, were 
cast for examining the crack healing performance. (Fig.14) and (Fig.15) depicts the appearance of 
the induced pre-crack width and healing of the micro-cracks respectively due to the formation of 
calcite precipitation, which was observed using a Microscope crack width detector with optical 
magnification of 40X (C & D Microsystem Limited, UK). In a study performed on cement paste 
prismatic specimens where artificial cracks of about 1 mm were developed, the closure of a 0.8 mm 
crack width was reached after 20 days of repairing [106]. Calcium lactate at 1% dosage exhibited 
minimal induced pre-crack width compared to the other two dosages. Induced pre-crack width 
increased with an increase in dosage of calcium lactate. The complete healing of the induced pre-
crack width was observed at 91 days at all dosages of calcium lactate. More amount of increased 
calcite formation with an increase in dosage was observed in case of calcium lactate as precursor. 
Although the higher dosages of calcium lactate enhance the calcite precipitation and aid in pore 
filling and healing of the crack width, excessively higher concentrations lead to a reduction in 
compressive strength, increasing the porosity of the concrete matrix before crack formation. Low 
concrete strength, with an increase in porosity, results in a more fragile matrix, which in turn leads 
to the development of wider induced pre-crack width under the application of gradual loading [81, 
107]. Certain findings on crack healing depicted that in presence of calcium lactate 0.46 mm of crack 
closure using bacterium B. alkalinitrilicus [64]; with alkali resistant B. subtilis M9, bearing the 
calcium lactate medium and alcohol fibres 0.3 mm crack was created at bottom of the beam was 
evaluated with aid of SEM observation [108]. Both the mixes in the presence of spores and cultured 
form resulted in good healing of cracks in a finding [81, 109]. In a study conducted in the presence 
of B. pasteurii solution of 5 x 107 cells/mL and calcium lactate solution, when cured in sea-water, 
showed the maximum efficiency in healing of the crack [110]. The calcium nitrate at 2% dosage 
showed minimal induced pre-crack width compared to other two nutrients at the same dosages. 
The maximum induced pre-crack width was observed at 3% dosage and this is in juncture with the 
porosity developed at this dosage. In a study reported [67], with aid of Thermogravimetric analysis 
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the filling of the cracks due to CaCO3 was evident in the specimens cast using ureolytic B. sphaericus 
in presence of calcium acetate, calcium nitrate and silica gel. A plain bacterium, either B. sphaericus 
or D. nitroreducens, with the inclusion of nutrients urea, yeast extract, 13.5g calcium nitrate and 9g 
calcium acetate added in the cement mortar resulted no major impact on the strength parameter 
[111]. The calcium formate series demonstrated excellent performance, with all mixes (1BC-F, 2BC-
F, and 3BC-F) achieving complete closure by 91-day. Calcium formate has depicted a reduction in 
the induced pre-crack width (1.4 mm) along with the increase in the percentage dosage. This 
behaviour is attributed to their ability to provide sustained release of healing compounds, 
promoting continuous hydration and precipitation of calcium carbonate in cracks.  
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Fig. 14. Crack healing after 28 and 91 days. CC: control; BC-L/N/F: bacterial concrete with 
calcium lactate, nitrate, or formate at 1%, 2%, and 3% dosages. 
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Fig. 15. Microscopic images of crack healing by calcite precipitation after 28 and 91 days. CC: 
control; BC-L/N/F: bacterial concrete with calcium lactate, nitrate, or formate at 1%, 2%, and 

3% dosages. 

3.5 Characterization of Materials 

3.5.1 Scanning Electron Microscopy (SEM) Equipped with Energy Dispersive X-Ray 
Spectroscopy (EDS) Analysis 

In a way to affirm the formation of MICP in the concrete matrix, SEM analysis was examined on the 
small size particles and powdered samples of cracked healed specimens after 91 days of healing 
period. To perform this analysis, conventional concrete (CC) sample specimen and also the bacteria 
incorporated samples maintaining a required cell concentration of 105 cells/mL, with 1% calcium 
lactate (1BC-L), 2% calcium nitrate (2BC-N), and 3% calcium formate (3BC-F) were preferred as 
they depicted highest compressive strength. The micrograph from SEM analysis of conventional 
concrete (CC) specimen revealed a minimal self-healing activity due to presence of limited calcite 
precipitation along the crack. Formation of the calcite occurred due to the carbonation process and 
also in presence of certain dispersed hydration products, examined to be small amounts of calcium 
silicate hydrate (C-S-H) which is the main binding phase appearing as fibrous structure; the by-
product cubic C3A appearing as hexagonal plate-like crystal; and the ettringite compound 
appearing as needle-like crystals (Fig. 16a). Although portlandite (CH) is present, the absence of 
substantial calcite deposition or ettringite suggests that the intrinsic healing potential of the 
conventional concrete is low. (Fig. 16b) represents an SEM image of the bacterial concrete at the 
required concentration of 105 cells/mL, supplemented with 1% dosage of calcium lactate (bwc) 
(1BC-L). The SEM image shows the formation of calcite(CaCO3)  crystals along with rod-shaped 
structure of the B. subtilis, particularly along the crack surfaces, in association with bacteria 
indicated that the bacteria served as a nucleation site during the bio-mineralization process in the 
presence of precursors [112]. Increased quantities of C-S-H phases and ettringite are evident, 
suggesting enhanced hydration. Portlandite (CH) and C3A crystals further corroborate the 
improved mineral precipitation and contribute to crack closure. (Fig. 16c) represents an SEM image 
of the bacterial concrete at the required concentration of 105 cells/mL, supplemented with 2% 
dosage of calcium nitrate (bwc) (2BC-N). A substantial growth in (CaCO3) crystal growth and crack 
closure were apparent in the SEM images. Needle-like ettringite structures were prominently 
visible, playing a crucial role in sealing cracks and enhancing structural integrity [92]. (Fig. 16d) 
represents an SEM image of the bacterial concrete at the required concentration of 105 cells/mL, 
supplemented with 3% dosage of calcium formate (bwc) (3BC-F). The SEM analysis of 3BC-F 
highlights dense calcite formation and abundant C-S-H phases, which effectively fill and seal cracks. 
The presence of needle-like ettringite and microorganisms embedded within the concrete matrix 
indicated an active role of microbial activity in biochemical calcite precipitation. The overall 
microstructure appeared significantly denser compared to that of a conventional concrete 
specimen. These observations align with previous studies reporting that calcium precursors 
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improve mineral precipitation and hydration, thereby boosting the self-healing capability of 
concrete [8, 14, 64, 85, 96, 113-116].  

 

 

Fig. 16. SEM images of crack-healed concrete after 91 days: (a) CC: control, (b) 1BC-L: 1% 
calcium lactate, (c) 2BC-N: 2% calcium nitrate, (d) 3BC-F: 3% calcium formate. 

 

Further, EDS provided detailed insights into the chemical constituents responsible for hydration, 
mineral precipitation, and crack healing. The results complement the microstructural observations 
from SEM analysis and offer a deeper understanding of the role of calcium-based additives. The 
EDS spectrum of CC (Fig. 17a) revealed considerable concentrations of oxygen (O, 40.77 wt%) and 
carbon (C, 25.22 wt%), with moderate levels of calcium (Ca, 18.02 wt%) and nitrogen (N, 4.80 
wt%). The high carbon content indicated the limitation in (CaCO3) precipitation, which explains 
the reduced self-healing potential observed in conventional concrete. (1BC-L) supplemented 
sample has shown a notable increase in oxygen (O, 44.18 wt %), calcium content (Ca, 30.72 wt %) 
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with a reduced carbon (C, 19.58 wt %) than CC sample, indicating a notable enhancement in 
mineral precipitation as shown in (Fig. 17b).  The EDS spectrum of 2BC-N supplemented sample 
(Fig. 17c) has depicted a balanced levels of calcium (Ca, 21.72 wt %), carbon (C, 21.08 wt %), oxygen 
(O, 43.34 wt %), and nitrogen (N, 4.85 wt %). The increased nitrogen and oxygen levels reflect the 
beneficial effects of calcium nitrate on hydration and self-healing efficiency. The EDS spectrum of 
3BC-F supplemented sample (Fig. 17d) revealed a substantial increase in calcium levels (Ca, 35.89 
wt %), oxygen (O, 41.16 wt %), and carbon content (C, 14.96 wt %) is moderately lower than in the 
other samples, suggesting efficient carbon utilization and indicating robust calcite formation. B. 
subtilis is well-known for its role in calcite formation compared to plain concrete samples, which is 
similitude in the findings of research studies [5, 21, 24, 117]. These results indicate that calcium 
formate markedly strengthens the concrete matrix by promoting hydration and mineralization. 

 

Fig. 17. EDS analysis of crack-healed concrete after 91 days: (a) CC: control, (b) 1BC-L: 1% 
calcium lactate, (c) 2BC-N: 2% calcium nitrate, (d) 3BC-F: 3% calcium formate. 

3.5.2 Powder XRD Analysis of Concrete Samples 

The powder X-ray diffraction analysis was performed on both the control and specific bacterial 
specimens considered for SEM/EDS to observe the cementitious and healing compounds formed in 
the crack 91 days after healing. The XRD pattern of the CC sample displayed (Fig. 18a) prominent 
peaks corresponding to calcium silicate hydrate (C-S-H), calcite (C), portlandite (P), and minor 
peaks of Alite (A) and Belite (B). The dominant peak position of 2Ɵ for (C) was obtained at 21.5°, 
indicating its primary role in providing strength to the matrix. Approximately, about (7-10%) the 
calcium carbonate polymorphs detected in the CC sample were in the form of calcite (C). In case of 
bacterial concrete samples, amongst the main mineral phases detected by XRD, calcite (C) was 
predominantly (up to 90%) observed in bacterial samples [118]. The incorporation of (1BC-L) 
supplemented sample has modified the crystalline profile of the material (Fig. 18b). The XRD 
pattern revealed an enhancement in calcite (C) formation, as evidenced by the increased intensity 
of the peak position 2θ at 28.6892°, which confirms its role in filling the pores. The XRD pattern of 
the sample supplemented with 2BC-N (Fig. 18c) demonstrates a moderate increase in the intensity 
of C-S-H and calcite (C) peaks.  Peaks corresponding to Alite (A), Belite (B), and Portlandite (P) are 
also observed, but with reduced intensity, possibly due to the conversion of these phases into 
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secondary hydration products. Concerning the study for pure calcite [119], the highest peak 
position of 2Ɵ for calcite (C) was obtained at 26.02435°. The XRD analysis of the sample 
supplemented with 3BC-F (Fig. 18d) highlights the pronounced formation of calcite (C) and C-S-H. 
The peaks for secondary phases like Ferrite (F) and Ettringite (E) are more noticeable, suggesting 
a possible modification in the microstructure due to the formate addition [11]. The broader peaks 
of C-S-H indicate a possible amorphous nature, contributing to the improved flexibility and self-
healing capacity of the matrix. However, the 3BC-F mix has identified the highest peak position of 
2Ɵ for calcite (C) at 29.5°, indicating a pronounced crystallinity in its phase composition and 
thereby improving the self-healing properties of concrete. These observations align with previous 
studies indicating that calcium sources enhance mineral precipitation and hydration, thereby 
improving the self-healing properties of concrete [14, 116, 120, 121].  

 

Fig. 18. XRD analysis of crack-healed concrete after 91 days: (a) CC: control, (b) 1BC-L: 1% 
calcium lactate, (c) 2BC-N: 2% calcium nitrate, (d) 3BC-F: 3% calcium formate. 

3.5.3 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectroscopy provides critical insights into the chemical interactions and hydration 
mechanisms in normal and self-healing concrete samples. The FTIR spectrum of conventional 
concrete (CC) exhibited peaks characteristic of hydration products (Fig.19a). A broad band around 
3284 cm⁻¹ corresponds to O-H stretching vibrations, signifying bound water in hydrated cement 
phases such as calcium silicate hydrate (C-S-H) and portlandite (Ca(OH)2) [107, 122-124]. The 
peak at 1624 cm⁻¹, associated with H-O-H bending vibrations, confirms the presence of adsorbed 
water. Additionally, the sharp peak near 506–742 cm⁻¹ is attributed to Si-O stretching vibrations, 
which indicate the formation of the primary strength-contributing C-S-H gel. Incorporating calcium 
lactate into concrete (1BC-L) moderately altered the FTIR spectrum. The O-H stretching band 
(3350 and 3777 cm⁻¹) intensified, indicating enhanced water retention, while a prominent peak 
near 1410 cm⁻¹ confirmed the presence of carboxylate (COO⁻) [123] groups from lactate ions 
(Fig.19b). The FTIR spectrum of concrete with 2BC-N revealed unique nitrate-associated peaks 
near 1409 cm⁻¹, indicative of NO₃⁻ group vibrations. The Si-O stretching band (505-1007 cm⁻¹) 
showed increased intensity compared to CC, suggesting that calcium nitrate effectively promotes 
the formation of C-S-H gel [123] (Fig.19c). Self-healing concrete with calcium formate (3BC-F) 
exhibited a distinct peak at 1408 cm⁻¹, corresponding to the stretching vibrations of formate ions 
(HCOO⁻)[11, 123]. The enhancement of Si-O (508-963 cm⁻¹) peaks indicates that calcium formate 
significantly improves hydration and promotes C-S-H gel formation (Fig.19d).  
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Fig. 19. FTIR analysis of crack-healed concrete after 91 days: (a) CC: control, (b) 1BC-L: 1% 
calcium lactate, (c) 2BC-N: 2% calcium nitrate, (d) 3BC-F: 3% calcium formate. 

4. Conclusions 

This current extensive research explains the crucial role of calcium-based precursors in enhancing 
the mechanical strength properties, durability tests, and autonomous self-healing mechanism of 
bacterial concrete through the Microbially induced calcium carbonate precipitation (MICP) 
technique. The experimental setup thoroughly evaluated three different precursors-calcium 
lactate, calcium nitrate, and calcium formate at varied dosages of (1%, 2%, and 3% by weight of 
cement) to determine how efficiently they perform in comparison to conventional M20 grade 
concrete in promoting strength and self-healing properties. The compressive strength evaluation 
demonstrated that all bacterial concrete formulations successfully retained the target mean 
strength of M20 grade conventional concrete, with calcium lactate at 1% dosage exhibiting a 
remarkable increase in strength both at early-age (3-day) and long-term (91-day) hydration 
periods. Calcium nitrate at 1% and 2% dosages exhibited better resistance characteristics, as it 
contributes to the densification of the concrete matrix. Conversely, calcium formate at 3% dosage 
consistently rendered the most substantial mechanical performance improvements, due to its 
potential in accelerating the C-S-H gel formation and subsequent matrix densification through 
enhanced bacterial activity. Material characterization techniques, including scanning electron 
microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS), powdered X-ray 
diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR) rendered detailed insights 
into the chemical and crystalline phases responsible for self-healing and strength development, 
such as C-S-H and calcite. The pre-crack width healing evaluation demonstrated that each 
precursor exhibited distinct capabilities in promoting MICP-mediated healing across varying 
induced pre-crack widths. Calcium formate at 1% dosage exhibited maximum induced pre-crack 
width healing performance at both 28 and 91 days of healing period, demonstrating its exceptional 
capacity to facilitate bacterial proliferation and formation of calcite precipitation within crack 
interfaces. From the results, it can be concluded that calcium formate is the best nutrient, and it can 
be applied productively in bacterial concrete to promote and ameliorate the self-healing 
characteristics. Though in this current study effect of nutrients in the presence of bacteria on 
concrete parameters has been quantified, certain other factors need to be computed, such as 
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practical applications of self-healing concrete in real construction works, considering certain 
environmental conditions such as freeze-thaw cycles, marine exposure, and acidic attack. A 
detailed optimization study can be conducted for long-term durability effects in the presence of 
additional additives in order to identify various types of occurrences of cracks. In addition, the cost 
optimization can also be investigated through a thorough formulation of various calcium sources 
and their combinations for large-scale applications. 
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