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Abstract

:

Concrete cracking is inevitable, coupled with increased permeability, exacerbating the adverse impacts of atmospheric conditions and chemical attacks. Calcium carbonate precipitation resulting from certain microorganisms’ metabolism is a novel approach that can self-heal the cracks and improve concrete properties. In this study, the development and effect of bacteria Bacillus cohnii on crack healing, regained compressive strength after pre-cracking, sorptivity, water absorption, and concrete microstructures were investigated. For this purpose, a Bacillus cohnii bacterial concentration of 105 cells/mL was used as a water replacement in the concrete mixtures. Two methods subsequently cured the prepared concrete specimens: wet–dry (W-D) cycle and full-wet (F-W). In the wet–dry cycle, the cast specimens were immersed in water for 24 h and then kept at room temperature for 24 h, which was considered as one cycle; this process was repeated for 28 days. In the full-wet curing, specimens were immersed in water for 28 days. However, the curing water was changed every 24 h to facilitate the essential oxygen supply for bacterial activity to precipitate calcium carbonate. The results revealed that 90% and 88% surface healing was noticed in full-wet and full-dry pre-cracked specimens at 28 days.
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1. Introduction


Concrete dominates the construction sector globally because of its low cost, durability, enhanced compressive strength, thermal mass, and versatility. Concrete is low in tensile stress and high in compressive stress, and cracks are unavoidable. When cracks form, the life span of the concrete frameworks may be reduced. To repair the cracks, various repair techniques are available, but they are extremely costly and time-consuming methods. However, a matter of grave concern is vulnerability to failure due to invariable cracks under service resulting from general loading, drying shrinkage, creep, and thermal stress [1]. These cracks offer paths for ingress for aggressive chemicals and fluids, impairing the embedded reinforcing steel or cement matrix. The formation of a crack in a structure is inevitable during its service duration; thus, crack self-healing is required. Self-healing of cracks is a process involving solid substance formation inside the cracks due to chemical or physical reaction, thus obstructing the path for migration of aggressive agents. A substitute method of repairing cracks through microbially mineralized deposition has been widespread in developing concretes due to its easy application and low maintenance cost [2].



Current widely used repairing methods in construction engineering include concrete replacement, filling, pressure grouting, and surface repair. There are some repair strategies for concrete repair in post-earthquake scenarios in case of minor cracking—the reinforced concrete member can be repaired by injecting suitable grout as follows: remove plaster and any loose material in the vicinity of crack; fix the grouting nipples in the cracks at a spacing of 6–8 inch (150–200 mm) c/c; inject water through the nipple so that the dust inside the cracks is washed off and the concrete is saturated with water; inject the grout until it comes out from the next nipple and then move to next nipple; after injection of grout through all the nipples is completed, re-plaster the surface and finish as required. These inactive repair technologies, however, can fail to fulfil the necessities of advanced constructions of concrete materials. Consequently, the necessity of creating new approaches for repairing concrete cracks is paramount [3]. With the evolution of microbiological and concrete technologies, the technique of microbial self-healing and its application to restoration of cracks in concrete has particularly attracted attention. Compared to other repairing methods, it has excellent benefits as follows [4,5,6]; (1) microbial usage before breaking, as Bacillus subtilis may be left alive in the form of spores inside concrete. Several studies indicated that bacterial spores can survive beyond 200 years of age in dry conditions; hence, they can meet the duration of concrete buildings’ service necessities. (2) Within the concrete, the bacteria are uniformly dispersed. The oxygen and water enter into the cracked concrete, which wakes up bacteria, and mineralization of microbial metabolic sediments accumulates in the cracks; hence, self-repair and self-diagnosis of concrete occur. (3) Calcium carbonate (CaCO3) is provided by a microbial mineralization reaction that is environmentally compatible and durable.



While the earlier studies have reported various methods of using bacteria to develop calcium carbonate sediment, other studies experimented with various bacteria concentrations. The earlier proposed methods are outlined as follows:




	
Bacteria addition while mixing concrete [7,8];



	
Bacteria addition into the water for concrete curing [9];



	
Treatment of the concrete surface [10,11,12,13] can be performed in different forms such as bacteria coating on a concrete surface, immersion concrete curing in liquid cultures for bacteria growth, and spraying bacteria.



	
Utilizing bacterial spores and bacterial protection in concrete [14].








De Muynck et al. [15] investigated the influence of bacteria on various mortar samples’ durability with different porosities. The surface deposition of CaCO3 crystals exhibited that the rate of chloride penetration and carbonation dropped from 10 to 40% and 25–30%, respectively, while samples showed exceptional freezing–thawing resistance under many cycles. Wang et al. [16] studied the impact of CaCO3 on the penetrability of concrete by using immobilized cells of Bacillus sphaericus. Experimental findings revealed that samples comprising polyurethane immobilized bacteria displayed a decrease in concrete penetrability of over six times that of the plain samples. Tziviloglou et al. [17] studied the influence of water immersion and wet–dry curing conditions on CaCO3 productivity for bio-mortar cracks. Findings indicated that the specimens immersed in water exhibited excellent performance compared to the wet–dry cycle curing method. National Centre for Biotechnology Information



Additionally, in the curing immersion method, the crack’s width is completely closed up to 0.36 mm, while the wet–dry cycle displayed no precipitation. Nosouhian et al. [18] studied the utilization of Bacillus sphaericus, Bacillus subtilis, and Sporosarcina pasteurii treated concrete under salt environments. They also investigated the sedimentation’s influence on volume changes, rapid chloride penetration, compressive strength, water absorption, and concrete weight. Findings revealed that bacteria-based specimens exhibited excellent performance compared to the control specimen. Furthermore, the bacterially treated specimens displayed a reduction in chloride penetration, water absorption, weight, and volume, but the compressive strength was increased by about 20%. The reduction of permeability in surface concrete’s microbial mediation is achieved by utilizing treated gel for bacteria [19]. Nosouhian et al. [20] investigated the impact of bacteria on concrete durability in a salt environment. Research was conducted by Hosseini et al. to study the impact of two strains of bacteria on the lightweight aggregate concrete produced. The results showed that the average decrease in chloride permeability and water absorption was about 20% and 10%, respectively, while the compressive intensity increased by 20% [21,22].



Tayebani and Mostofinejad [23] investigated the influence of B. subtilis and S. pasteurii type bacteria on electrical resistivity, corrosion potential, and penetrability of concrete. The specimens were prepared with two different mix designs, and 28 or 91 consecutive days of curing was adopted in urea–calcium lactate and urea–calcium chloride solution. The observed outcomes indicated reduced chloride penetrability and water absorption. However, the electrical resistance and compressive strength was significantly improved for S. pasteurii bacteria-based concrete compared to B. subtilis-based concrete [24]. Parastegari et al. investigated the improved mechanical properties of air-entrained concrete with bacteria incorporation. Conclusions indicated that a 6% increase in electrical resistivity and 28% decrease in chloride penetration were observed due to precipitation of CaCO3, which is assisted bacterially [25]. Microbially induced CaCO3 precipitation has been previously investigated and used for many applications: enhancement of concrete durability [26,27], improvement of concrete strength [14,28,29], repairing concrete cracks [29,30,31], repairing calcareous monument [30], sand consolidation [32,33,34], and improvement of soil [35].




2. Research Significance


The strength and durability of cement mortar and concrete assessment are of uttermost importance for the integrity of structures. While many investigations cited above have focused on microbially induced self-healing concrete’s efficiency under immersion curing conditions, the literature on the wet–dry cycle curing condition is limited. Furthermore, earlier works did not study the development of bacteria for crack healing. The current investigation addressed the development and utilization of Bacillus cohnii, exploring the strength and durability properties of concrete under wet–dry and full-wet curing conditions and comparing the two. Additionally, the crack healing was assessed by a portable microscope. For the chemical composition of the healing agent, scanning electron microscopy (SEM) and X-ray diffraction (XRD) were utilized.




3. Experimental Program


3.1. Preparation of Bacillus Cohnii Bacterial Solution


3.1.1. Isolation of a Bacterial Strain


Soil samples were collected from a used concrete dumping area besides Nirman Vihar, SASTRA Deemed University, Thanjavur, Tamil Nadu, India. Large particles in the soil sample were removed and sieved. Soil sample (1 g) was suspended in 100 mL of sterile saline solution, which was considered a stock solution. From this solution, 1ml was taken and serially diluted up to 10−7. Using the pour plate method, 0.1mL from dilutions 10−5 and 10−6 was plated on nutrient agar medium in basal media containing (w v-1) 0.5% peptone, 0.1% NaCl, 0.2% K2HPO4, 0.01% CaCl2, 0.01% MgSO4, 0.1% yeast extract, 1.5% bacteriological agar, and 1% glucose. Plates were kept in an incubator for 24 h at 370 °C. Morphologically different colonies were separated, and pure cultures were preserved at 40 °C [36,37].




3.1.2. Identification of Newly Isolated Bacterial Strain by Morphological and Biochemical Characterization


Pure cultures of the selected isolates were prepared and identified by morphological, biochemical, and molecular characterization. The isolates were purified to approximate purity on nutrient agar and studied for their colony characteristics. Morphological characterization was carried out, including Gram staining, negative staining, endospore staining, and motility tests. The bacterial strains were subject to various biochemical tests and then characterized using Bergey’s Manual of Determinative Bacteriology [38]. Bacteria underwent metabolic changes during incubation, demonstrated by a color shift in the media that was either visually perceived or occurred after the addition of a reagent. Indole, methyl red, Voges–Proskauer, citrate usage, triple sugar iron test, catalase, starch hydrolysis, casein hydrolysis, hydrolysis of urease, and gelatin [39,40] were the biochemical studies used.




3.1.3. Molecular Characterization of Newly Isolated Bacteria


With 16S rRNA sequencing, molecular identification of the selected bacterial isolate was carried out. At Genurem Biosciences LLP, Thanjavur, Tamil Nadu, India (www.genurem.org), the isolated bacterial culture was deposited. Using a DNA extraction package, genomic DNA was extracted from that organism. The 16srRNA sequence gene was analyzed and amplified by universal primers (forward primer: 5′-GGGGGGTTTCCGCCCCTTAGTGCTGC-3′ and reverse primer: 5′-GGCTTAATGCGTTAGCTAGCTGCCAGCACTA-3′). PCR thermal cycling was performed with an initial denaturation of 94 °C for 2 min, followed by 40 denaturation cycles for 1 min at 94 °C, annealing for 1 min at 55 °C, and extension for 1 min at 72 °C [40]. Then, the PCR amplified rDNA strands were sequenced with an Applied Biosystems DNA analyzer. Applied Biosystems analysis tools were used.



Before conducting the bioinformatics analysis, the plus and minus strands were matched using DNA software analysis. In order to find the similarity of the sequence from National Centre for Biotechnology Information (NCBI), Basic Local Alignment Search Tool (BLAST) as used. The NCBI database was compared with sequences, and the most significant alignments were compared on the basis of E value and percent identity. Using the ClustalW method for multiple sequence alignment, the most similar sequence was aligned. For closely related species, a phylogenetic tree was built [41,42]. With the use of the neighbor-joining process, evolutionary history was inferred. The 16S rRNA sequences of isolates were sent to the GenBank database, NCBI, for their accession numbers.




3.1.4. Preparation of Bacillus cohnii Self-Healing Agent


A loop full of newly isolated pure culture (from the plate culture) was inoculated in 50 mL of nutrient broth in a 250 mL Erlenmeyer flask and incubated at 150 rpm in an orbital shaker for 2–3 days at ambient temperature (37 ± 2 °C) [43]. The overnight Bacillus cohnii bacterial culture was transferred to 50 mL falcon tubes. Each falcon tube was centrifuged at 10,000 rpm for 10 min to separate bacterial cells, the supernatant was disposed of, and bacterial cells (pellets) were harvested for re-suspension in physiological solution (NaCl—9 g/L). The required concentration of 105 cells/mL was adjusted by checking with a calorimeter at 600nm. Then, the bacterial cells were suspended in a nutrient solution containing calcium nitrate (20 g/L), urea (20 g/L) and yeast extract (2 g/L) of cement mass. The solution was then mixed to avoid precipitation. The concentrations of calcium nitrate, urea, and yeast extract were 2%, 2%, and 0.2%, respectively [43].




3.1.5. Results and Interpretation


Bacteria are usually categorized based on studies of their morphological and biochemical characteristics. The initial screening revealed that the aerobic, Gram-positive, short rod was a motile Bacilli isolate. Positive reactions to catalase, triple sugar iron, Simmons’ citrate, and methyl red tests and adverse reactions to Voges–Proskauer, indole, and MacConkey agar tests were exhibited in biochemical tests. Table 1 shows the morphological and biochemical characteristics of Bacillus cohnii. However, these methods alone are inadequate for various morphological and biochemical characteristics exhibited by bacteria within a single bacterial genus. An alternative to this approach is the DNA sequence analysis method and its rapid, reliable, and reproducible method of identifying novel bacterial species [43]. The newly isolated bacterium’s phylogenetic relationship could be inferred using the neighbor-joining approach shown in Figure 1. With 16S rRNA sequencing analysis, the bacterial isolate was verified as Bacillus cohnii. The sequence was deposited in Gene Bank with Accession No. MT704504. Figure 2a illustrates that the isolated bacteria show discrete colonies, and Figure 2b illustrates the Gram staining of the isolated bacteria.




3.1.6. Bacterial Species: Cultivation


The bacteria used was Bacillus cohnii, and it was cultured on nutrient agar plates in streaks, as shown in Figure 3a. The Luria–Bertani (LB) broth medium was prepared and sterilized to inoculate the medium’s bacterial culture. The bacteria inoculated LB medium is shown in Figure 3b. Sterilization of the LB broth medium was carried out at 121 °C at 15 lbs for 1 h before inoculation. After inoculation, it was kept in a shaker for a minimum of 24 h to enhance the growth of bacteria.




3.1.7. Nutrient or Mineral Substrate


Incorporation of bacterial cells into concrete led to the formation of calcium carbonate precipitate. An appropriate nutrient substrate was added to the bacteria. In this study, calcium nitrate was used for the calcium source, urea for the nitrogen source, and yeast extract as growth media for the bacterial cells to undergo bacterial activity.




3.1.8. Bacterial Healing Agent Preparation


At first, the soil samples were collected from the used concrete. Large particles in the soil sample were removed and sieved. Soil sample (1 g) was suspended in 100 mL of sterile saline solution, which was considered a stock solution. The bacteria used was Bacillus cohnii, and this was cultured on nutrient agar plates in streaks. The LB broth medium was prepared and sterilized to inoculate the medium’s bacterial culture. Sterilization of the LB broth medium was carried out at 121 °C at 15 lbs for 1 h before inoculation. After inoculation, it was kept in a shaker for a minimum of 24 h to enhance the growth of bacteria. The bacterial species, Bacillus cohnii, was cultivated by adopting the same procedure as explained earlier. The bacterial cultured medium was moved into 50 mL falcon tubes to isolate bacterial cells from the medium. In order to isolate bacterial cells, each falcon tube was centrifuged at 10,000 rpm for 10 min. Figure 4 shows the falcon tubes with a bacterial cultured medium placed inside the centrifuge machine. As shown in Figure 4, the supernatant was disposed of, and bacterial cells (pellets) were harvested for re-suspension in physiological solution (NaCl, 9 g/L). The required concentration of 105 cells/mL was adjusted by checking with a calorimeter, as shown in Figure 4. An appropriate nutrient substrate was added to the bacteria. In this study, calcium nitrate was used for the calcium source, urea for the nitrogen source, and yeast extract as growth media for the bacterial cells to undergo bacterial activity. For the nutrient solution, the nutrient substrates such as calcium nitrate, urea, and yeast extract were mixed afterward to avoid precipitation. The concentrations of calcium nitrate, urea, and yeast extract were 2%, 2%, and 0.2% by cement mass, respectively. The bacterial solution (5%) and nutrient solution (95%) were mixed to create the healing agent. The prepared healing agent was added into the concrete during mixing instead of water.





3.2. Raw Material and Specimen Preparation


Ordinary Portland cement (OPC) grade 53 was used as a binder material with a specific gravity of 3.16 and a specific surface area of 245 m2/kg, in compliance with IS 12269-2013 [44]. The cement was found to have an initial and final setting time of 160 and 260 min, respectively. Locally procured river sand was used as fine aggregate (FA), free of silt, mud, and organic impurities, with a maximum size of 4.75 mm and zone II grading according to IS 383-1970 [45] and a specific gravity of 2.62, bulk density of 1696 kg/m3, water absorption of 1.37%, and a fine modulus of 3.39. Crushed granite gravel collected from a local source was used as coarse aggregate (CA) of 12.5 and 20 mm in scale, with 2.78 specific gravity, 1.56 % water absorption, 5.25 fineness modulus, and 17.18% impact value. M40 grade concrete was used to cast all specimens with a water/cement ratio of 0.45. The water content was fully replaced with a healing agent. The healing agent comprised 5% Bacillus cohnii bacterial solution and 95% nutrient solution and was directly mixed with concrete ingredients. First, for 2 min, cement and fine aggregate were combined and mixed, then coarse aggregate was added and mixed for another 2 min. Finally, to guarantee an equal distribution of bacterial cells and nutrients, the curing agent was applied and mixed for 3 min. Two different specimens were prepared; the first specimen was prepared with ordinary portable water, and the second specimen with a healing agent. The healing agents’ specimens were cured using the wet–dry cycle and full-wet method. Table 2 shows the specifics of the mixing composition used in this analysis. The 100 mm cubical specimens were used to find the compressive strength of concrete. For the durability test, cylindrical specimens of 100 mm diameter and a height of 50 mm were cast for sorptivity and porosity tests. For water absorption, 100 mm cube specimens were used.




3.3. Self-Healing


All the concrete specimens were cured for 28 days under two different curing conditions and tested against compression using a 300 T capacity compression testing machine (AIMIL, India). The compression load was applied gradually until the appearance of crack and the crack widths were measured at various specimen areas by the crack-measuring device. The measured crack width was in the range of 0.2 to 0.6 mm. After that, to assess crack healing efficiency of the Bacillus cohnii, cracked specimens were exposed to their respective curing conditions. The wet–dry cycle method of curing involves the specimens being immersed in water for 24 h, followed by being kept for 24 h at room temperature. This process was repeated for 28 days. Full-wet curing involves the specimens being immersed in water for 28 days. For crack healing quantification, the crack healing was monitored at 0, 3, 7, 14, and 28 days by measuring the crack width. The degree of crack healing is defined as the variation between the initial crack width and observed crack width at different days of healing and is expressed in Equation (1) as follows.


   Degree   of   crack   healing  =    C i  −  C o     C o     ×  100  



(1)




where Ci is initial width crack and Co is crack width after healing.




3.4. Compressive Strength


The 100 × 100 mm cubical concrete specimens were tested to assess their compressive strength, according to IS: 516-1959 [46]. The compression testing machine was used with a loading rate of 2.5 kN/s to test all the cubes at 3, 7, 14, and 28 days. The improvement in compressive strength of the bacterially treated concrete specimens with respect to the reference specimen was then determined using Equation (2).


   Improvement   in   compressive   strength  =    f r  −  f b     f r     ×  100  



(2)




where fr and fb are the compressive strength of reference and bacterially treated specimens, respectively.




3.5. Saturated Water Absorption (SWA)


In accordance with ASTM C642 [47], saturated water absorption tests were performed on concrete mixes using 100 × 100 × 100 mm cube specimens after 28 days of curing. The mass of the cube specimens was measured prior to drying. The cubes were then dried at 105 °C in a hot air oven and continued until approximately coinciding with the mass distinction of two progressive 24 h interim figures. Next, the samples were allowed to cool under room temperature and after that submerged in water. The samples were taken out at a standard interim duration, the surfaces were dried utilizing a perfect fabric, and the samples were then weighed. This procedure was sustained until the weights were steady (completely soaked). The variation in the mass of the saturated and the oven dried specimens, at the rate of oven dry mass, provides the water absorption, which was computed.




3.6. Sorptivity


Sorptivity quantified the amount of water diffusion through the pores of the concrete by capillary suction. Although the increasing amount of water that penetrated the exposed specimen “q” unit surface area was plotted associated with the square root of exposure time, SQRT (t), and the corresponding graph may be determined by a straight line heading towards the origin. From the straight line’s slope drawn through the origin, which is called sorptivity, the rate of diffusion of water through the pores can be computed. In the current investigation, the sorptivity test was carried out on cylindrical specimens with a diameter of 100 mm and a thickness of 50 mm in accordance with ASTM C1585 by drying the specimens to an invariant mass at 105 °C in an oven and then inundating them in water after cooling the specimens to room temperature and measuring the mass increase for two hours at the normal interval. By considering the plot “p” versus “SQRT (t)” slope, the sorptivity was determined. The test was carried out as per ASTM 1585-20 [48].




3.7. Crack Healing Capacity


Visual observations were made regularly from the day of inducement of cracks to witness the white powdery precipitate on the cracked areas. The findings were reported on the basis of the rate of precipitation of calcium carbonate in the closing of cracks. Optical microscopic images were taken at regular intervals to analyze crack healing effectiveness for different crack widths.




3.8. Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD) Analysis


A VEGA 3 TESCAN scanning electron microscope and Bruker D8 Concentrate unit were used to study structural morphology to determine atomic and molecular components such as calcite, aragonite, and vaterite in the white powdery precipitate on the cracked areas of specimens cured for 28 days.





4. Discussion


4.1. Compressive Strength


The compressive strength is calculated by dividing the cracking load with the area at different days of curing. In this study, the mixes were designed to achieve a compressive strength of 40 MPa at 28 days of curing. The most common age of testing is 28 days, but tests can also be carried out at 3, 7, and 14 days.



The compressive strength of specimens is shown in Figure 5 for 3, 7, 14, and 28 days. The addition of bacterial solution into concrete increased compressive strength as compared to the reference specimen (RS). For the specimens cured under 3 days of W-D and F-W conditions, the increase in compressive strength was about 24.1% and 31.2% compared to RS at the age of 3 days. The observed compressive strength for 7-day W-D and F-W cured specimens increased by about 27.4% and 29.0%, respectively, compared to the 7-day RS. There was a further increase in compressive strength at 14 days by about 17.9% and 25.1% for the W-D and F-W cured specimens compared to the 14-day RS. The compressive strength at 28 days for the W-D and F-W cured specimens increased by about 12.8% and 15.81%, respectively, compared to the RS at 28 days. It is clear from the above discussion that the increase in compressive strength in bacterial concrete results from calcium silicate hydrate formation within the matrix’s pores. Additionally, the specimens cured under the F-W condition exhibited a higher compressive strength than the W-D cycles.




4.2. Regained Compressive Strength


Figure 6a,b illustrates the regained compressive strength of specimens that were loaded until a crack was induced at the age of 3, 7, and 14 days. The regained compressive strength of the W-D cured specimen at 3, 7, and 14 days was increased by 52%, 82%, and 97%, respectively, compared to the corresponding pre-cracked compressive strength of the W-D cured specimen at 28 days. Likewise, for the F-W cured specimens, the observed regained compressive strength was increased by about 60%, 85%, and 98% for 3, 7, and 14 days, respectively, compared to the pre-cracked F-W cured specimens at 28 days. It is inferred from the above discussion that the bacteria’s presence helped the concrete to regain its compressive strength even after the specimen cracked. This phenomenon is due to calcium carbonate production packing the concrete mix and helping it to regain its compressive strength. Furthermore, the regained compressive strength implies that calcium carbonate was produced in the cracks and improved the strength and degree of repair in bacterial concrete.




4.3. Visual Monitoring of Self-Healing


After 28 days of the healing period, the previously cracked specimens at 28 days were collected to visualize self-healing efficiency, and the observed cracks are illustrated in Figure 7. The crack healing was observed at specific intervals of time for 0, 3, 7, and 28 days under W-D and F-W curing. Meanwhile, the cracking width was impossible to control during the loading, leading to variable crack sizes. Three cracks were noted for each specimen to visualize the crack healing, and these cracks were recorded continuously. The images of cracks taken at various time intervals of healing are depicted in Figure 8. With the help of a portable microscope, the pictures were taken, and the cracking width was measured. No notable crack healing was detected in any specimens from the earliest age, as shown in Figure 8. Nevertheless, the observed cracks completely closed at 28 days of healing, further healing the formation of calcium carbonate at the cracked surface. The pores in the concrete act as carriers of bacteria by holding them inactive but alive. They are likely to trigger on experience to water availability and extra oxygen upon the formation of cracks and evolution in concrete. The exposure of bacterial pores with moisture and air resulted in the cracks being repaired due to biosynthesized calcium carbonate deposition in the cracked region.



Table 3 demonstrates the width of cracks that appeared in concrete specimens before and after healing. It is clear from Table 3 that the maximum percentage of crack healing was observed in F-W cured specimens compared to W-D cured specimens. The crack healing percentage for the F-W specimens was about 23% at 3 days, 46% at 7 days, and 90% at 28 days; this indicates that the cracks closed completely near 28 days, and these cracks were not visible to the human eye. Likewise, the percentage of crack healing for the W-D specimens was about 20%, 41%, and 88% for days 3, 7, and 28, respectively.




4.4. Sorptivity


Figure 9 shows the sorptivity determined at 28 days for control and presence of bacteria in cracked and uncracked concrete specimens under two different curing methods. It is clear that the specimen without bacteria, i.e., reference specimen (RS), showed higher sorptivity than specimens with bacteria. Sorptivity decreases with the presence of bacteria in the mix; the structure becomes more compact with W-D and F-W curing methods. Due to the pores’ and voids’ enhanced filling capacity, the sorptivity value decreased due to more calcium silicate hydrate gel and increased healing efficiency in the matrix. The authors of [49,50] have found a similar trend in their work. Therefore, it can be inferred that the bacteria, due to their refined pore structure, best reduce sorptivity for cracked self-healed specimens with the W-D method compared to other curing methods. By comparing with the RS, the percentage difference in sorptivity value measured at 28 days was −6.22%, −17.95%, −6.44%, −7.42% for the W-D, F-W, cracked bacterial concrete (CWD), and CFW specimens, respectively. Due to the formation of calcite precipitate formed by the bacteria, the cracked bacteria specimen’s sorptivity value under W-D is 17.95% less than that of the RS, making the bacterial concrete specimen denser.




4.5. Water Absorption


Figure 10 shows the percentage of water absorption of various mixtures made with and without bacteria for cracked and uncracked specimens for two curing methods at 28 days. The percentage of water absorption decreases for bacterial concrete compared to the RS. This phenomenon is due to the growth of bacteria that allows the accumulation of extra precipitation of calcium carbonate within the pores, leading to the minute pores and voids being filled in the concrete. In contrast to other cracked and uncracked concrete bacteria, because of the spherical-shaped particles in the wet–dry sample, water absorption increased the non-uniform structure’s content. This further leads to the creation of additional pores that lead to the absorption of water. The inclusion of bacteria hampers water absorption due to a change in the system’s structural coherence due to wet–dry curing of extensive bacterial activities. The percentage variation in water absorption was −11.35%, −11.98%, −23.65%, and 10.09% for the W-D, F-W, CWD, and CFW specimens compared to the RS. At 28 days, cracked bacterial concrete (CWD) under wet–dry cycle curing attained higher water absorption (23.65%) than the RS.




4.6. Scanning Electron Microscopy (SEM)


First, the crack was visually inspected under the portable microscope. The further strengthened structural morphology of the material was investigated using SEM analysis to check the microstructure of the 28-day crushed concrete sample and investigate the type of material precipitated (i.e., calcium carbonate). Samples were taken from the reference specimen and the specimens with bacteria for W-D and F-W samples to compare their microstructures. The SEM images are shown in Figure 11a–c for control, W-D, and F-W specimens, respectively. Figure 11a,b shows the dense formation of calcium carbonate crystals in a rhombohedral shape as lumps, and ettringite fibers can be seen. By comparing the SEM images, we could observe that the internal structure and the precipitated calcium carbonate crystals were similar across all curing processes. Thus, it was concluded that the method of curing does not lead to a significant difference of self-curing and precipitation of calcium carbonate crystals.



Different crystal sizes and hexagonal forms, rhombohedral forms as lumps, and other phases were observed with calcium carbonate spherical shapes in both specimen samples, i.e., W-D and F-W, as shown in Figure 11b,c. This was proven to be calcite ions [51,52] following the previous analysis. It is clear from Figure 11b,c that, with the addition of bacteria, pores are partially filled up by material development. On the surfaces of some particles, the imprints left by bacterial cells were also identified. Pore reduction is due to material growth that undoubtedly increases the strength of the material and makes concrete more durable due to the calcite crystalline structures found within the concrete pores, with the addition of bacteria increasing strength and durability.




4.7. X-ray Diffraction (XRD)


XRD analysis produced a mixture of mineral precipitation including calcite (Ca), aragonite (AR), and vaterite (Va) caused by bacteria for W-D and F-W, as shown in Figure 12a,b. XRD spectra for W-D and F-W were compared, and the amplitude of peaks in the XRD spectra of the bacteria under W-D is higher than that of F-W. There are distinct peaks for aragonite and maximum peaks for W-D and F-W specimens at 28.511 and 38.447, respectively, and for calcite at 20.298, 25.163, 26.208, 27.358, 47.612, 49.256, 55.605, 56.481, etc. It is noted that a larger calcite formation was found in bacteria specimens, and this is the reason for the reduction of absorption of water from the concrete mix. The results obtained in the present work show a similar trend to those observed and reported by [53], which confirms the presence of calcium carbonate.





5. Scope of Future Work


Developing bacterial concrete by introducing the combination of different types of bacteria by direct application, encapsulation, and immobilization to enhance the regained strength, crack healing efficiency, and durability properties of concrete with various fibers (steel, basalt, polypropylene, glass) could be the scope of future work.




6. Conclusions


The analysis and interpretation of experimental outcomes obtained from the current study led to the following conclusions.



The initial screening revealed that the aerobic, Gram-positive, short rod was a motile Bacilli isolate. This exhibited positive reactions to catalase, triple sugar iron, Simmons’ citrate, and methyl red tests. Adverse reactions to Voges–Proskeur, indole, and MacConkey agar tests were also observed.



The compressive strength for the W-D and F-W cured specimens was increased by about 12.8% and 15.81%, respectively, compared to the RS at 28 days. This phenomenon is due to the formation of calcium silicate hydrate within the matrix pores, contributing to greater compressive strength. Compressive strength was regained more effectively in F-W cured specimens, increasing by about 60%, 85%, and 98% for 3, 7, and 14 days, respectively, compared to 28-day pre-cracked F-W cured specimens. The F-W cured specimens exhibited better regained strength than the W-D cycle cured specimen. Approximately 90% and 88% of surface healing was noticed in the F-W and W-D pre-cracked specimens at 28 days. Agglomeration of calcium carbonate in the concrete microstructure resulted from bacterial activity that plays a crack healing role.



The addition of bacteria in concrete contributes to a decrease in water absorption and sorptivity compared to control concrete. Due to fewer voids, bacterial precipitation tightens the pores, and the mix becomes thick, increasing the durability characteristics of self-healing concrete. SEM and XRD analysis confirmed that the presence of bacteria in concrete could enhance healing efficiency with different types of crystal morphologies of mineral precipitation under W-D and F-W methods compared to control concrete. Bacterially induced mineral precipitation was observed in the form of mixed crystals such as aragonite, calcite, and vaterite.
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Figure 1. Phylogenetic tree based on the sequence of 16S r RNA indicating the relatedness of Bacillus cohnii. 
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Figure 2. (a) Isolated bacteria show discrete colonies; (b) Gram staining of the isolated bacteria. 
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Figure 3. (a) Streaked agar plates of Bacillus cohnii; (b) Bacteria inoculated in LB medium. 
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Figure 4. Preparation of bacterial cell solution. 
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Figure 5. Compressive strength of specimen at various days of curing. 
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Figure 6. Regained compressive strength of pre-cracked specimens at different days. 
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Figure 7. Visual observations of closure of cracks. (a) Cracks under W-D curing and (b) Cracks under F-W curing. 
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Figure 8. Display of microscopic images of crack healing with respect to crack width (a) Cracks under W-D curing and (b) Cracks under F-W curing. 
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Figure 9. Sorptivity results at 28 days. 
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Figure 10. Water absorption at 28 days. 
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Figure 11. SEM images. 
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Figure 12. (a) XRD of bacterial concrete under W-D curing; (b) XRD of bacterial concrete under F-W curing. 
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Table 1. Morphological and biochemical characteristics of Bacillus cohnii.
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	S. No
	Test
	Observation





	1.
	Configuration
	Circular



	2.
	Surface
	Smooth



	3.
	Pigment
	White



	4.
	Opacity
	Opaque



	5.
	Gram’s reaction
	Gram positive



	6.
	Cell shape
	Rods



	7.
	Arrangement
	Chains



	8.
	Spore(s)
	+



	9.
	Motility
	+



	10.
	Indole
	+



	11.
	Methyl Red
	-



	12.
	Voges–Proskauer
	+



	13.
	Citrate
	+



	14.
	Triple sugar iron
	+



	15.
	Catalase
	+



	16.
	Starch hydrolysis
	+



	17.
	Casein hydrolysis
	+



	18.
	Urease
	+



	19.
	Gelatinase
	+
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Table 2. Mix compositions used in this study.
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	Mix Id
	Cement (kg/m3)
	FA (kg/m3)
	CA (kg/m3)
	Water (kg/m3)
	Bacterial Cell Solution (%)
	Nutrient Solution (%)
	Curing Method





	RS
	438
	710
	1110
	219
	0
	0
	Full-wet



	W-D
	438
	710
	1110
	219
	5
	95
	Wet–dry cycles



	F-W
	438
	710
	1110
	219
	5
	95
	Full-wet
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Table 3. Details of maximum crack width and healing percentage.
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Mix Id

	
Initial Crack Width (mm)

	
Crack Healed Size (mm)

	
Crack Healing (%)




	
3 Days

	
7 Days

	
28 Days

	
3 Days

	
7 Days

	
28 Days






	
RS

	
0.42

	
0.42

	
0.42

	
0.42

	
0

	
0

	
0




	
W-D

	
0.38

	
0.305

	
0.224

	
0.045

	
20

	
41

	
88




	
F-W

	
0.37

	
0.285

	
0.201

	
0.037

	
23

	
46

	
90
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