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In recent years, microbial repair materials have received widespread attention for their advantages such as stable products and good compatibility with cementitious materials. However, the current construction process of microbial repair materials is mainly by immersion, which limits the more widespread application. Therefore, this study proposed a coating construction process with sodium alginate as the carrier. The effects of sodium alginate concentration and dosing on the fundamental properties of microbial repair materials (CaCO3 content, mechanical properties, water absorption ratio, and heating shrinkage rate) and their effects on mortar repair effects (macroscopic morphology and surface water absorption ratio) were investigated. The repair effects were further verified by combining thermogravimetric analysis of repair products and scanning electron microscopy. The results showed that 1) the microbial repair material had better basic properties when sodium alginate solution with a mass concentration of 1.5% was used, and its solution-to-bacterial solution volume ratios were 8:2, 7:3, and 6:4; 2) using the coating technique, the microorganisms were fixed in the cracks on the mortar surface by using sodium alginate as the carrier. Only twice of repair could generate a mixture of calcium alginate and calcium carbonate crystals in the cracks by close adhesion. The surface water absorption of the repaired specimens was 67% lower than before the repair, which is a significant effect of the repair.
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1 INTRODUCTION
Concrete materials are affected by the complex surrounding environment during long-term use, and their surfaces are prone to local damages such as loosening and tiny cracks. After concrete damage, aggressive media continuously penetrate from the material surface into the interior, which eventually causes continuous deterioration of concrete durability performance (Nain et al., 2019; Ruan et al., 2019; Sakakihara, 2020). Compared with traditional concrete crack repair materials, the technique of repairing concrete cracks using microbial deposition of calcium carbonate uses microorganisms to induce the generation of mineral deposits to fill and repair concrete defects (Souradeep and Kua, 2016; Seifan et al., 2018; Hu et al., 2020). The product of which is one of the most stable minerals in nature, and its use as a repair material is beneficial for improving the strength and durability of cementitious materials (Joshi et al., 2017; Li et al., 2018).
In recent years, a large number of scholars have conducted systematic research on the mechanical and durability properties of concrete after repairing cracks by microbial-induced mineralization technology (De Muynck et al., 2008; Qian et al., 2009; Wiktor and Jonkers, 2011; Wu et al., 2019). However, the process of microbial repair of concrete cracks needs to ensure sufficient nutrients and calcium sources for microbial reproduction and growth as well as the mineralization process. It leads to existing studies mainly adopting the immersion process, which limits the application of this technology. Therefore, researchers have already investigated the use of polymers to protect microorganisms from highly alkaline environments during microbial repair of concrete cracks (Lv et al., 2016; Lv et al., 2020). Van Tittelboom (Van Tittelboom et al., 2010) used silica gel to sequester bacteria and injected them into concrete cracks after mixing them well with the necessary nutrients and calcium sources. With the extension of curing time, the mineralized materials will serve to bridge the cracks. Cracks with a width of 0.3 mm or less can be completely repaired; Wang Ruixing (Wang and Qian, 2008) used agar as a carrier to sequester bacterial strains and nutrients on the surface of cement stone, which could closely adhere to calcium carbonate film on the surface of cement stone after 7 days. Its surface water absorption rate could be reduced to less than 15% of that before the coating. Studies have shown that sodium alginate has coagulability, viscosity and stability, and good film formation and is nontoxic and nonhazardous, which makes it widely used in many aspects such as biology, medicine, and food (Gheorghita Puscaselu et al., 2020). However, sodium alginate is less used in microbial repair. Therefore, this study proposed a coating process using sodium alginate as a carrier instead of the actual immersion process. The carrier enabled microorganisms to complete the process of mineralizing and depositing calcite in situ to repair defects in cement-based materials. It solved the technical problems in practical applications and promoted the development and application of microbial repair technology.
Because of this, different ratios of sodium alginate-based microbial repair materials were prepared. It utilized different mass concentrations of sodium alginate as a carrier and varied the volume ratio of sodium alginate solution to bacterial solution. First, the effects of sodium alginate on the fundamental properties of microbial repair materials were studied, including CaCO3 content, mechanical properties, water absorption ratio, and heating shrinkage rate. It was used to determine the optimal concentration and dosing of sodium alginate solution. Second, the effects of sodium alginate-based modified microbial repair materials on the macroscopic morphology and surface water absorption ratio of the repaired mortar were investigated. Their effects on the repair of mortar cracks were analyzed in-depth with the material changes and microstructures of the repair products.
2 MATERIALS AND METHODS
2.1 Biological strain and culture conditions
Bacillus sphaericus was chosen for the study. The microbial medium (De Muynck et al., 2008) was 1 L of deionized water containing 19 g of nutrient broth, 2.12 g of sodium bicarbonate, and 10 g of urea. The medium was inoculated at 2.0% by volume and incubated in a shaker at 28°C (oscillation rate of 100 r/min) for 24 h before use.
2.2 Preparation of mortar specimens to be repaired
The M30 mortar specimens were prepared as shown in Table 1. The mortar specimens with the molding size of 40 mm × 40 mm × 160 mm were cured for 28 days under the standard conditions of temperature 20°C ± 2°C and relative humidity ≥95%. According to DL/T 5251-2010 (2010), when the crack width is greater than 0.2 mm, it needs to be treated under all kinds of environmental conditions, except for indoor and open-air environments, which can be left untreated. Therefore, the mortar flexural testing machine (DKZ-5000, China) was used to make the mortar specimens wholly broken. The broken specimens were fixed artificially by using tapes and rubber bands, and the crack width was measured using the GTJ-FKY crack width tester (Figure 1), which was determined to be approximately 0.2 mm, to be used in the repair test.
TABLE 1 | M30 mortar matching ratio (g).
[image: Table 1][image: Figure 1]FIGURE 1 | Schematic diagram of crack width measurement using GTJ-FKY crack width tester.
2.3 Preparation of sodium alginate solutions
Sodium alginate is a linear anionic polysaccharide under CAS No. 9005-38-3, which can form a viscous gel–like liquid when dissolved in water. Its viscosity will rise with the increase of sodium alginate concentration. The Na+ attached to the carboxyl groups of two adjacent α-L-guluronic (G-unit) in sodium alginate can have a replacement reaction with Ca2+ to form a gel with a tightly packed structure. It can provide a suitable environment for cell immobilization and is an excellent bacterial carrier.
This experiment added 1.0, 1.5, and 2.0 g of sodium alginate powder to 100 ml of deionized water, set at 80°C using a thermostatic heating magnetic stirrer (DF-101S, China). The solution was stirred in a water bath until it was clarified and then cooled for use, and the solutions of sodium alginate with mass concentrations of 1.0%, 1.5%, and 2.0% were obtained.
2.4 Preparation of microbial repair materials based on sodium alginate
Component A consisted of sodium alginate, bacteria, and urea. The microbial repair material component A with mass concentrations of 1.0%, 1.5%, and 2.0% of sodium alginate solution was recorded as A1, A2, and A3, respectively. Another mixed solution of sodium alginate and microorganisms was prepared, and the volume mixing ratios of sodium alginate solution and bacterial solution were 10:0, 9:1, 8:2, 7:3, 6:4, and 5:5, respectively. Then, 2.0 mol/L of urea was added to the mixed solution and stirred well to obtain sodium alginate–based microbial repair material components A-0 to A-5. A1-1 indicates that the sodium alginate solution with a mass concentration of 1.0% was mixed with the bacterial solution in the ratio of 9:1, and 2.0 mol/L of urea was added and stirred well to obtain the microbial repair material component A based on sodium alginate.
Component B consisted of calcium acetate and deionized water; 3.16 g of calcium acetate was added to 10 ml of deionized water and stirred well to obtain the microbial repair material component B based on sodium alginate −2 mol/L calcium acetate solution.
The microbial repair material based on sodium alginate consisted of the above two components. The repair products generated by mixing and reacting with component A and component B were recorded as CM, such as CM1-1 indicating the repair products generated by mixing and reacting with repair material component B of component A1-1.
2.5 Repair process
Using the repair process of bottom and top coating, the bacteria were firmly attached to the cracks on the mortar surface for growth by multiple coats, so that they mineralized and deposited CaCO3 in situ, in the specific manner shown in Figure 2: First, a layer of repair material component A–sodium alginate solid–loaded bacteria and urea formulated gelatinous liquid was applied to the cracks on the mortar surface. Then, the repair material component B–calcium acetate solution was applied to its top layer and placed at room temperature for maintenance. When completely dry (approximately 3 h), a second coat was applied according to the above steps to observe its repair effect.
[image: Figure 2]FIGURE 2 | Repair application method at cracks in mortar surfaces.
2.6 Test methods for fundamental properties of repair materials
2.6.1 CaCO3 content
In a beaker, 10 ml of component B was taken, and using a syringe, 10 ml of component A was aspirated. The piston was slowly pushed to make it drop into component B in the form of liquid droplets to make it fully react. The EDTA titration test (Wang, 2017) was used to test the change of Ca2+ content in the solution of the repair material within 4 days of the reaction. When glyoxalbis was used as an indicator and EDTA solution was added to the solution to be tested near the end point, the color of the solution changed from the original burgundy color to the pure blue color of glyoxalbis itself (Figure 3). The acid wash test (Yang et al., 2021) was used to test the CaCO3 content of the precipitate in the beaker after 4 days of reaction.
[image: Figure 3]FIGURE 3 | Schematic diagram of the color change of ethylenediaminetetraacetic acid titration test solution.
2.6.2 Mechanical properties
The tensile mechanical properties of the microbial repair material based on sodium alginate were tested using an intelligent electronic tensile tester with reference to GB/T 23445-2009 (2009). It was added to the mold in the order of component A followed by component B according to the volume ratio of 1:1, and the reaction was performed under standard conditions for 24 h. The repair product after the reaction was made into rectangular films of 90 mm × 20 mm, held on the testing machine with a holding length of 70 mm, and tested for tensile mechanical properties at a tensile speed of 200 mm/min. The above experiments were repeated three times, and the tensile strength and elongation at the break of the repair materials were calculated.
2.6.3 Water absorption ratio
Referring to JG/T 337-2011 (2011), cube concretes of 100 mm × 100 mm × 100 mm were used for the water absorption ratio test. In which concretes, specimens were applied in the order of component A followed by component B and then placed under standard conditions for 24 h. The specimens were then dried at 50°C for 24 h and removed and cooled to room temperature. The rest of the steps and calculations were performed according to the specifications.
2.6.4 Heating shrinkage rate
Refer to JC/T 864-2008 (2008), in accordance with the volume ratio of 1:1, first component A after component B in the order of adding it to the mold, stood reaction 24 h after demolding. Three pieces of 30 mm × 300 mm specimens were cut for testing, which were placed in an electric blast dryer at a constant temperature of (50°C ± 2°C). The rest of the steps and calculations were performed according to the specifications.
2.7 Test methods for repair effect at mortar surface cracks
2.7.1 Macroscopic morphology of mortar surface cracks before and after repair
A digital camera (Nikon D750) was used to take pictures of the cracks on the mortar surfaces before and after the restoration to visualize the restoration’s effects.
2.7.2 Water absorption ratio on the surface
The effects of repairing cracks on the surface of mortar specimens were characterized by the reduction of water absorption on the surface of the specimens (Wang and Qian, 2008). The repaired surface of the mortar specimens was kept only in the area of 4 cm of the middle crack. The other areas of the repaired surface and the remaining four surfaces other than the repaired surface and their opposite surfaces were sealed with epoxy paint. The specimens were dried at a constant temperature of 50°C for 24 h in an oven, and the drying mass m0 was measured. The specimens were then immersed in (20 ± 2) mm water with the repaired surface facing downward, and the water level was maintained. Then, the specimens were removed every 1 h and dried around the water, and the mass meter was weighed for mt, according to the following formula (Eqs 1–2), to calculate the water absorption rate Et on the surface of the specimens and the water absorption rate reduction coefficient S on the surface of the specimens.
[image: image]
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where Et,1 is the water absorption rate of mortar specimen surface after repair and Et,2 is the water absorption rate on the surface of unrepaired mortar specimens of the same age.
2.7.3 Thermogravimetric analysis and microstructure
The repair products were prefrozen in a refrigerator (−20°C) for 24 h. They were dried using a freeze dryer (FD-1A-80, China) for 48 h and ground into powder. The weight losses of the repair products were examined using a simultaneous thermal analyzer (TA-Q600, United States) with a temperature increase rate of 20°C/min. The freeze–dried repair products were plated with gold using a JEC-3000FC AUTO FINE COATER, and then, their microstructures were analyzed using a JSM-7800F scanning electron microscope.
3 RESULTS AND DISCUSSION
3.1 Effect of sodium alginate on the basic properties of microbial repair materials
3.1.1 CaCO3 content
The effect of sodium alginate on the CaCO3 content of the microbial repair material is shown in Figure 4, where Figures 4A,C,E show the changes of Ca2+ content in the solution of the repair material from 0 to 4 days of the reaction, and Figures 4B,D,F show the CaCO3 content in the precipitate in the beaker after 4 days of the reaction. As shown in Figures 4A,C,E, the repair material component A was mixed with component B, and the sodium alginate in its component A could be rapidly colocalized with component B–calcium acetate solution and kept stable. The Ca2+ concentration in the solution gradually decreased as the reaction time was prolonged. That was due to the continuous microbial-induced mineralization, and the bacteria used urease to decompose urea to produce CO32−, which gradually combined with Ca2+ in the solution to produce CaCO3 crystals (Putri et al., 2020). In addition, as shown in Figures 4A,C,E, the Ca2+ concentration in the beaker solution decreased faster as the percentage of bacterial solution in the repair material component A increased, in which the Ca2+ concentration in A-2, A-3, A-4, and A-5 could decrease from the baseline 2.0 to 0 mol/L after 120, 108, 72, and 48 h, respectively. The reason for the above phenomenon was that as the percentage of the bacterial solution increased, the amount of CO32− formed by decomposing urea would increase, and then, the combination with Ca2+ in the solution would increase, thus making the Ca2+ concentration in the solution decrease faster.
[image: Figure 4]FIGURE 4 | Effect of sodium alginate on CaCO3 content of microbial repair materials [(A) Calcium concentration (1.0% Sodium alginate), (B) CaCO3 content (1.0% Sodium alginate), (C) Calcium concentration (1.5% Sodium alginate), (D) CaCO3 content (1.5% Sodium alginate), (E) Calcium concentration (2.0% Sodium alginate), (F) CaCO3 content (2.0% Sodium alginate)].
As shown in Figures 4B,D,F, when the concentration of sodium alginate was 1.0%, the CaCO3 content generated gradually increased with the increase of the percentage of bacterial solution in component A. By contrast, when the concentration of sodium alginate was 1.5% and 2.0%, the CaCO3 content first increased, then decreased, and then increased with the increase of the percentage of bacteria. On the one hand, the above phenomenon was due to the gradual increase of microbial-induced mineralization reaction, and on the other hand, it was due to the reaction between sodium alginate and Ca2+ in the solution to produce calcium alginate gel. It wrapped some microorganisms and affected the mineralization reaction of microorganisms and then caused the decrease in CaCO3 content. However, when the percentage of the bacterial solution reached half, the mineralization reaction of microorganisms was stronger than the wrapping effect of calcium alginate, so the CaCO3 content increased again.
3.1.2 Mechanical properties
Tensile strength and elongation at break are the indicators to evaluate the deformation behavior of the repair materials. The effects of sodium alginate on the tensile strength and elongation at the break of microbial repair materials are shown in Figures 5 and 6, respectively. Combining the results of Figures 5 and 6, it can be seen that the tensile strength and elongation at the break of the repair material largely increased with the increase of sodium alginate concentration. Combined with the experimental procedures, the concentration of 1.0% sodium alginate was too low, the film solution was dilute, the film formation was poor, and the tensile strength was small. 1.5% and 2.0% sodium alginate solutions were easier to apply, and the tensile strength and elongation at break were higher after film formation. Therefore, the concentration of sodium alginate was chosen to be 1.5% or 2.0% depending on the film-forming state of the repair material component A.
[image: Figure 5]FIGURE 5 | Effect of sodium alginate on the tensile strength of microbial repair materials.
[image: Figure 6]FIGURE 6 | Effect of sodium alginate on elongation at break of microbial repair materials.
In addition, Figures 5 and 6 show that the film-forming property gradually deteriorated as the percentage of sodium alginate solution in the repair material component A decreased. The tensile strength and elongation at the break of the repair material after film formation gradually decreased as the percentage of bacterial solution continued to increase. The above phenomenon was, on the one hand, due to the increase of CO32− generated by microorganisms using urease to decompose urea, which continuously combined with Ca2+ in the solution, and the deposited CaCO3 generated gradually increased, whereas CaCO3 did not have tensile properties. On the other hand, it was due to the decrease of the proportion of sodium alginate in component A, and the reaction with Ca2+ in solution to generate calcium alginate gel became less, which in turn caused its poor tensile properties.
3.1.3 Water absorption ratio
The water absorption ratio is an effective indicator for evaluating the impermeability of repair materials (Zhu et al., 2002). The effect of sodium alginate on the water absorption ratio of microbial repair materials is shown in Figure 7. As shown in Figure 7, the water absorption ratios of all groups of repair materials were lower than 100%. Thus, it was proved that the water absorption was reduced compared with the uncoated repair materials regardless of the concentration of sodium alginate and the ratio of component A. This indicated that the coating of microbial repair materials based on sodium alginate acting on the mortar structural substrate gradually became dense during the film formation process. It was able to play a certain role in waterproofing and impermeability. In addition, because of the hydrophilic nature of sodium alginate, the overall water absorption of concrete increased with the increase of sodium alginate concentration.
[image: Figure 7]FIGURE 7 | Effect of sodium alginate on the water absorption ratio of microbial repair materials.
When the concentration of sodium alginate solution was 2.0%, the water absorption ratios of A3-0, A3-1, A3-2, A3-3, A3-4, and A3-5 were 76.81%, 96.4%, 95.1%, 79.9%, 79.8%, and 73.1%, respectively. With the increase of the percentage of bacterial solution in the repair material component A, the water absorption ratios of concrete specimens showed an overall trend of first increasing and then decreasing. This was because when the percentage of the bacterial solution was less, the combination of calcium alginate produced by the colloidal association of sodium alginate and calcium solution and CaCO3 produced by microbial-induced mineralization was relatively loose, with more pores and greater water absorption. With the increase of the percentage of the bacterial solution, the microbial-induced mineralization was enhanced, and the generated CaCO3 crystals grew and filled the capillary pores inside the concrete. It gradually combined with calcium alginate, and the hydrophilicity of the repair material decreased, which in turn led to the decrease in water absorption of concrete specimens.
When the concentration of sodium alginate solution was 1.0%, the water absorption ratios of A1-0, A1-1, A1-2, A1-3, A1-4, and A1-5 were 91.8%, 60.2%, 83.6%, 57.1%, 77.0%, and 79.1%, respectively. When the concentration of sodium alginate solution was 1.5%, the water absorption ratios of the specimens were 77.6%, 87.6%, 85.2%, 64.5%, 66.5%, and 79.0%, respectively. With the increase of the percentage of bacterial solution in the repair material component A, the water absorption ratio of the specimen showed a trend of increasing, then decreasing, and then increasing. It reached the minimum value when the ratio of sodium alginate solution:bacterial solution was 7:3. The above phenomenon was due to the fact that when the concentration of sodium alginate itself was not high, the percentage of bacterial solution kept increasing. It made the viscosity and the integrity of the repair material become poor, resulting in uneven application and causing the water absorption to become large.
3.1.4 Heating shrinkage rate
Heating shrinkage rate is a simple method to evaluate the high-temperature performance of repair materials in practical applications. The effect of sodium alginate on the heating shrinkage rate of microbial repair materials is shown in Figure 8. As shown in Figure 8, the heating shrinkage rate was reduced from 4.0% to 0.8% when the concentration of sodium alginate was 2.0%, from 2.6% to 0.7% when the concentration of sodium alginate was 1.5%, and from 1.3% to 0% when the concentration of sodium alginate was 1.0%. The heating shrinkage rate of the repair material gradually decreased as the percentage of bacterial solution in component A increased. The reason for the above phenomenon was that the increase in the number of bacteria led to the gradual increase of CaCO3 generated by microbial-induced mineralization deposition. CaCO3 continuously filled in the calcium alginate to play the role of skeleton support, which in turn limited the shrinkage of the repair materials and reduced the heating shrinkage rate of the repair materials.
[image: Figure 8]FIGURE 8 | Effect of sodium alginate on the heating shrinkage rate of microbial repair materials.
In addition, Figure 8 shows that the concentration of sodium alginate had an important effect on the heating shrinkage of the repair material. When the ratio of sodium alginate solution:bacterial solution was 10:0, the heating shrinkage increased from 1.3% to 4.0% as the concentration of sodium alginate increased from 1.0% to 2.0%. As the concentration of sodium alginate increased, more calcium alginate was generated by the reaction between sodium alginate and Ca2+, which was susceptible to temperature. Then, it caused a greater heating shrinkage of the repair material. When the ratio of sodium alginate solution:bacterial solution was 5:5, with the increase of sodium alginate concentration from 1.0% to 2.0%, the heating shrinkage rate only increased from 0% to 0.8%. That was because the skeleton effect of CaCO3 precipitation generated by microbial mineralization gradually became larger and inhibited the shrinkage of calcium alginate.
Basic properties such as CaCO3 content, mechanical properties, water absorption ratio, and heating shrinkage rate of the repair materials were tested. It determined that the mass concentration of sodium alginate in component A of the sodium alginate–based microbial repair material for mortar surface cracks was 1.5%. The ratios of sodium alginate solution:bacterial solution were 8:2, 7:3, and 6:4.
3.2 Effect of sodium alginate on the repair effect of mortar surface cracks
3.2.1 Macroscopic morphology
The macroscopic morphologies of the mortar surface cracks before and after repair are shown in Figure 9. Figure 9 shows that a crack with an average width of 0.2 mm exists in the mortar specimens before repair. A2-2, A2-3, and A2-4 all showed a denser and continuous white film–like material at the mortar surface cracks, which completely covered the original mortar surfaces and bonded tightly with the mortar surfaces.
[image: Figure 9]FIGURE 9 | Macroscopic morphology of mortar surface cracks before and after repair [(A) A2-2, (B) A2-3, (C) A2-4].
3.2.2 Water absorption ratio on the surface
The effects of sodium alginate on the surface water absorption rate Et of the specimens and the reduction coefficient S of the surface water absorption rate of the specimens are shown in Figure 10. As shown in Figure 10, A2-2, A2-3, and A2-4 have 60%, 67%, and 63% reduction of water absorption on the surface of the specimens compared with that before repair, respectively. The best repair effect was achieved by using the repair material with the ratio of sodium alginate solution:bacterial solution of 7:3 to repair the cracks on the surface of the mortar. The reasons for the above phenomenon were, on the one hand, the use of sodium alginate as a carrier under room temperature conditions. It could give full play to the viscous effect of alginate, thus firmly attaching the bacteria to the mortar surface cracks to grow so that they could induce mineralization in situ to generate CaCO3. On the other hand, sodium alginate and bacteria could fully react with calcium acetate solution, and its product calcium carbonate crystals were closely combined with calcium alginate.
[image: Figure 10]FIGURE 10 | Effect of sodium alginate on the surface water absorption rate Et of the specimens and the reduction coefficient S of the surface water absorption rate of the specimens [(A) Surface water absorption (Et), (B) Surface water absorption reduction factor (S)].
3.2.3 Thermogravimetric analysis and microstructure
The thermogravimetric curves of the repair products are shown in Figure 11. As shown in Figure 11, the thermogravimetric curves of the repair products showed four stages of weight loss. In the first stage (50°C–180°C), it was mainly due to the loss of free water and bound water inside the samples. In the second stage (180°C–380°C), it was mainly due to the breakage of glycosidic bonds of calcium alginate macromolecules and the formation of more stable intermediate products as well as the dehydration reaction of adjacent hydroxyl groups. In the third stage (380°C–560°C), it was mainly the further oxidation and decomposition of intermediate products after heat, decarboxylation to release CO2 and some small molecules of volatile gases, and carbonization of some products. In the fourth stage (600°C–790°C), mainly calcium carbonate decomposed into calcium oxide and CO2 (Zhang, 2015).
[image: Figure 11]FIGURE 11 | Thermogravimetric curve of repair products.
The weight loss rates of A2-2, A2-3, and A2-4 in the second and third stages were 45.53%, 38.86%, and 39.58%, respectively, showing a trend of first decreasing and then increasing. The reason for the above phenomenon was that when the Ca2+ content was low, the calcium source required for microbial mineralization could be achieved by robbing Ca2+ of calcium alginate. It made the in situ coating of bacteria possible and provided a suitable environment for the growth and reproduction of microorganisms, which was conducive to the application of microbial repair technology in engineering. The weight loss rates of the fourth stage were 17.37%, 19.89%, and 23.56%, respectively. With the increase of the percentage of bacterial solution in the repair material component A, the enzymatic action of microorganisms continued, and the calcium carbonate crystals were more closely combined with calcium alginate. It indicated that microbial induced mineralization to produce calcium carbonate crystals was one of the keys to repairing the cracks.
The microstructures of the repair products are shown in Figure 12. As shown in Figure 12, with the increasing percentage of the bacterial solution, more calcium carbonate precipitation is generated by microbial-induced mineralization. The calcium alginate gel was wrapped around the calcium carbonate crystals, making them integral. The calcium carbonate was deposited on the mortar surface using the coating method because the strain of bacteria and nutrients was solidly loaded on the mortar surface by sodium alginate. It created a good environment for microbial-induced mineralization and gradually mineralized calcium carbonate particles in situ at the cracks on the mortar surface, with relatively fine particles, which was beneficial to the repair of the materials.
[image: Figure 12]FIGURE 12 | Microstructures of repair products [(A) A2-2, (B) A2-3, (C) A2-4].
4 CONCLUSION
1) The overall CaCO3 content of the repair material increased with the increase in the mass concentration of sodium alginate and the percentage of bacterial solution. The highest CaCO3 content was 1.68 g when the mass concentration of sodium alginate was 2.0% and the volume ratio of sodium alginate solution and bacterial solution was 5:5.
2) The overall mechanical properties of the repair materials increased with an increase in the mass concentration of sodium alginate and the percentage of sodium alginate solution. The maximum tensile strength and elongation at break were 0.3 MPa and 37.9%, respectively, when the mass concentration of sodium alginate was 2.0% and the volume ratio of sodium alginate solution to bacterial solution was 9:1.
3) The overall water absorption ratio and heating shrinkage rate decreased with decreasing the mass concentration of sodium alginate and the percentage of sodium alginate solution. The minimum water absorption ratio was 57.1% when the mass concentration of sodium alginate was 1.0% and the volume ratio of sodium alginate solution to bacterial solution was 7:3.
4) The basic properties of the repair materials, such as CaCO3 content, mechanical properties, water absorption ratio, and heating shrinkage rate, were compared and tested. The mass concentration of sodium alginate was found to be optimal at 1.5%, and the ratio of sodium alginate solution to the bacterial solution was better at 8:2, 7:3, and 6:4.
5) With the coating repair process, sodium alginate was used as a carrier to fix bacterial strains and nutrients on the mortar surface cracks to create a microenvironment for bacterial growth and enzymatic and calcium carbonate deposition. It could closely adhere to the cracks of the specimens to generate repair products only twice, and the calcium alginate was closely combined with CaCO3 crystals. The surface water absorption ratio could be reduced to 67% of that without repair, with a good repair effect. It increased the feasibility of the practical application of microbial-induced mineralization technology in engineering.
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