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Limestone Calcined Clay Cement (LC3) is a promising low-carbon alternative to traditional cement, but its reduced clinker content limits its self-healing ability for microcracks, affecting durability. This study explores the application of Microbial Induced Calcite Precipitation (MICP) technique to enhance the crack self-healing capacity of LC3-based materials. Bacillus pasteurii was utilized to induce calcium carbonate precipitation to improve the crack self-healing capacity of LC3, thereby addressing its limited durability due to reduced clinker content. Experimental tests focused on optimizing the growth conditions for B. pasteurii, evaluating the compressive strength, capillary water absorption, and crack self-healing rates of the modified LC3 material. Results showed that under optimal conditions (pH of 9, inoculation volume of 10%, incubation temperature of 30°C, and shaking speed of 150 rpm), the bacterial strain exhibited maximum metabolic activity. The Microbe-LC3 mortar demonstrated a self-healing rate of up to 97% for cracks narrower than 100 μm, significantly higher than unmodified LC3. Additionally, the compressive strength of Microbe-LC3 was enhanced by approximately 15% compared to standard LC3 mortar after 28 days. The capillary water absorption was reduced, indicating improved durability due to the microbial-induced calcium carbonate filling the pores. This study confirms that MICP technology is a viable approach to significantly enhance the performance of LC3, contributing to the development of more durable and sustainable cementitious materials for construction applications.
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1 INTRODUCTION
In recent years, with the advent of green and sustainable development principles, the issues of high carbon emissions and energy consumption in the construction industry have increasingly come under scrutiny (Zhao et al., 2023; Wang et al., 2024a). Cement, as one of the most widely used construction materials in civil engineering, has consistently maintained a high level of demand and production (Barbhuiya et al., 2024). Currently, global cement production exceeds four billion tons annually, with approximately 0.83 tons of carbon dioxide emitted for every ton of cement clinker produced (Zhang et al., 2024a). Statistics indicate that CO2 emissions from traditional cement production account for 5%–8% of the total global carbon emissions (Pillai et al., 2019). As CO2 is a major greenhouse gas contributing to the greenhouse effect, its significant emissions directly exacerbate global warming, leading to extreme weather events, rising sea levels, and reductions in biodiversity (Scheiner, 2024; Hu et al., 2024). Therefore, reducing carbon emissions and energy consumption in the cement production process remains a key focus in the field of construction materials (Guo Y. et al., 2024).
Currently, the use of supplementary cementitious materials (SCMs) has become a key strategy for addressing the high carbon emissions and high energy consumption associated with cement production (Skibsted and Snellings, 2019; Pacheco Torgal et al., 2012; Benjamin et al., 2024). Among these, fly ash and slag are widely used SCMs and have been extensively studied by researchers (Lee et al., 2019; Wu et al., 2024; Liu et al., 2022). However, as the application range of SCMs expands and the pressure to conserve energy and reduce emissions increases, fly ash and slag are no longer sufficient to meet production demands. In contrast, the extensive availability of clay and limestone makes them advantageous SCMs for producing low-carbon cement (Matschei et al., 2007; Emmanuel et al., 2016). Calcined clay and limestone, as SCMs, offer significant development potential compared to other materials (Fode et al., 2023; Mañosa et al., 2024; Li et al., 2024). Limestone Calcined Clay Cement (LC3), which is composed of limestone, calcined clay, and clinker, provides a higher clinker substitution rate compared to ordinary Portland cement. The use of LC3 can reduce CO2 emissions by 30%–40% (Zunino and Scrivener, 2022; Al-Fakih et al., 2023). Additionally, the calcined clay and limestone in LC3, used as SCMs, enhance the hydration and mineralization processes, thereby ensuring the cement’s excellent performance (Shao and Cao, 2024; Scrivener et al., 2018). With its low cost, low energy consumption, reduced carbon emissions, and good service performance, LC3 is a promising choice.
It is important to note that, compared to traditional cement-based materials, LC3 based materials have a lower clinker content and reduced amounts of calcium hydroxide hydration products, which limits their mineralization capacity. Consequently, LC3 exhibits a poorer self-healing ability for microcracks, which adversely impacts its durability. Furthermore, concrete structures inevitably develop microcracks and cracks due to various external forces and environmental factors (Wang et al., 2019). The formation of microcracks not only diminishes the mechanical performance and durability of cement-based materials but also increases maintenance and repair costs over time (Zhang Y. S. et al., 2024; Khaliq and Ehsan, 2016; Li and Li, 2019).
Currently, traditional methods for repairing cracks in cement-based materials primarily rely on manual intervention and routine maintenance. Common repair techniques include epoxy resin injection, grouting, and electrophoretic deposition (Leng et al., 2024; Chen et al., 2024; Chang et al., 2009). Liu F. et al. (2024) investigated the crack resistance of a composite structure using magnesium phosphate cement mortar as an overlay for Portland cement concrete and found that the magnesium phosphate cement mortar overlay could prevent cracks from propagating through the concrete. Chu et al. (2020) studied the impact of electrophoretic deposition on the microstructure of concrete and discovered that electrophoretic deposition has a repair effect on concrete cracks, with the deposited material positively influencing the overall density of the concrete. Gujar et al. (2020), by studying the interfacial fracture energy between cement paste and epoxy coatings, proposed the use of high molecular weight methyl methacrylate to repair concrete cracks. However, traditional repair methods are passive, require significant labor and resources, and often lack durability, while also causing substantial environmental pollution (Lu et al., 2023; Althoey et al., 2023). Therefore, there is a need to seek new, efficient solutions.
Based on the principles of green development, microbiologically induced calcite precipitation (MICP) technology, which integrates microbiology and geochemistry, has rapidly advanced both domestically and internationally in recent years. MICP is an emerging biomineralization technique (Wang et al., 2023; Fouladi et al., 2023).The primary principle of this technology is that microorganisms produce carbonate ions through their metabolic processes. These carbonate ions then react with calcium ions in the environment to quickly form calcite crystals, which have binding properties (Prajapati et al., 2023; Wang et al., 2024b). When applied to self-healing concrete, MICP technology can use the calcium carbonate precipitated by microorganisms to fill cracks, thereby achieving self-repair. Compared to traditional concrete crack repair methods, the microbiological mineralization repair technique not only enhances the self-healing ability of concrete and improves material durability but also reduces maintenance costs and lessens environmental impact (Du et al., 2020).
This study aims to enhance the crack self-healing capacity of LC3 based materials by applying MICP technology, thereby improving the material’s durability and service life and addressing the deficiencies arising from clinker substitution. This study, based on experimental fundamentals, conducted tests on microbial activity, crack self-healing rate, compressive strength of cement mortar, capillary water absorption of cement mortar, and SEM-EDS (scanning electron microscopy and energy-dispersive X-ray spectroscopy). The goal is to elucidate the self-healing mechanism of cracks in Microbe -LC3 materials and scientifically validate the feasibility of this type of cement, providing theoretical guidance for practical engineering applications.
2 MATERIALS AND METHODS
2.1 Raw materials
The main materials used in the microbial experiments include Bacillus pasteurii (North Bio Company, strain ATCC 11859; Gram-positive; rod-shaped cells, 2–3 µm in length; spherical spores, 0.5–1.5 µm in length), beef extract, urea, peptone, calcium nitrate, and deionized water. All reagents used in the experiments are sourced from the China National Pharmaceutical Group Chemical Reagents Platform. Before utilizing the microorganisms, they need to be cultured in advance. The culture medium components include beef extract (6 g/L), soybean peptone (10 g/L), urea (30 g/L), and deionized water. The prepared medium is then aliquoted into wide-mouth triangle flasks and subjected to sterilization in a high-pressure steam autoclave at 121°C for 20 min. After sterilization, under sterile conditions in an ultra-clean table, the medium in the triangle flasks is inoculated with Bacillus pasteurii. Finally, the inoculated medium is incubated in a shaking incubator at 30°C, with a rotation speed of 150 rpm, for 48 h.
The primary materials used in the cement-based material experiments include Ordinary Portland Cement (Grade 52.5), limestone powder, calcined clay, sand and fiber (PVA). The Ordinary Portland Cement (OPC) is supplied by Shandong Kang Jing New Materials Technology Co., Ltd. The limestone powder is a fine, super-white heavy calcium carbonate produced by Tianjin Yan Dong Mineral Products Co., Ltd. The calcined clay, sourced from Yichang, Hubei, has its particle size distribution analyzed using a laser particle size analyzer (JL—1155), with results provided in Table 1. Chemical composition analysis of the cement, limestone, and calcined clay is conducted using X-ray Fluorescence, with the chemical compositions listed in Table 2.
TABLE 1 | Particle size analysis of calcined kaolin.
[image: Table 1]TABLE 2 | Oxide composition of cement, limestone, calcined clay (wt%).
[image: Table 2]2.2 Experimental design
The experiment initially focused on determining the optimal growth conditions for B. pasteurii by varying pH, temperature, shaking speed, and inoculation volume. Based on these optimal conditions, the microbial mineralization technique was employed, using B. pasteurii as the mineralizing agent to modify LC3. The effectiveness of microbial mineralization in enhancing the self-healing properties of low-carbon LC3 materials was investigated through compressive strength tests, capillary water absorption tests, micro-crack self-healing rate tests, and microstructural characterization using SEM-EDS. Three cement mortar mix ratios were designed for the experiment: M1 represents the OPC mortar group; M2 represents the LC3 mortar group; and M3 represents the Microbe-LC3 mortar group. The composition ratios for each experimental group are detailed in Table 3. It should be noted that the quantities of bacterial solution, calcium nitrate, and urea have been optimized for effective microbial-induced calcite precipitation, resulting in enhanced performance of the modified LC3 materials. However, further experiments could explore varying these amounts to achieve additional improvements in self-healing, durability, or mechanical properties.
TABLE 3 | Composition ratio of cement mortar test block.
[image: Table 3]2.3 Sample preparation
The experiment utilized a planetary mixer to prepare the specimens. Initially, the solid materials were dry mixed for 3 min. Subsequently, water and bacterial solution were gradually and uniformly added, and mixing continued for an additional 3 min. The prepared cement mortar was then poured into molds and vibrated on a vibration table for approximately 2 min to remove any air bubbles. Three types of test specimens were prepared: cylindrical specimens with a diameter of 5 cm and a height of 1.5 cm for crack observation; cylindrical specimens with a diameter of 10 cm and a height of 5 cm for water absorption tests; and cubic specimens measuring 50 cm × 50 cm × 50 cm for compressive strength testing. After casting, the specimens were cured at room temperature (25°C) and relative humidity of 40%–50%. To prevent excessive moisture evaporation, the specimens were covered with plastic film. After 24 h of curing, the specimens were demolded and then maintained at room temperature until performance testing.
2.4 Test methods
2.4.1 Microbial concentration detection
The experiment employs the optical density (OD) turbidity method to assess microbial growth by measuring the amount of transmitted light as an indirect indicator of bacterial concentration. The fundamental principle is based on the selective absorption of light by substances. A solution with light-absorbing properties will reduce the energy of monochromatic light passing through it. As the concentration of the solution increases, the light energy absorbed increases accordingly. Therefore, when light passes through a bacterial suspension, it is absorbed and scattered, causing changes in the amount of transmitted light in relation to the concentration of the bacterial suspension. As the bacterial count increases, the absorbance rises and the transmittance decreases. Thus, a spectrophotometer is used to measure the bacterial concentration, with the wavelength set to 600 nm, and the measurements are expressed as OD600.
2.4.2 Uniaxial compressive strength test
The uniaxial compressive strength tests are conducted using a uniaxial compressive testing machine (YAWS-2500J, China), in accordance with the GB/T 50,081–2002 standard (China, 2002). A total of 27 cubic specimens (50 cm × 50 cm × 50 cm) are used for the compressive strength tests, with nine specimens in each of the groups M1, M2, and M3. There are three specimens designated for compressive strength testing at the ages of 7, 14, and 28 days, with the average results representing the unconfined compressive strength at the corresponding ages.
2.4.3 Capillary water absorption test
The capillary water absorption tests are performed on cylindrical specimens with a diameter of 10 cm and a height of 5 cm at 28 days), in accordance with the ASTM C1585 standard (Int, 2013). All specimens are dried in an oven at 50°C. The sides of the specimens were sealed with waterproof tape to ensure that water penetrated only from the bottom, achieving unidirectional contact. The top was sealed with plastic wrap and secured with a rubber band to prevent moisture evaporation. The water level was maintained 3–5 mm above the bottom surface of the specimens. Two wooden sticks were placed under the specimens to increase the contact area between the bottom of the specimens and the water. The experimental setup is illustrated in Figure 1. At fixed time intervals (1 min, 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h), the specimens were removed from the water, and the surface moisture was wiped off before measuring the water absorption. A total of nine cylindrical specimens (10 cm in diameter and 5 cm in height) were used for the capillary water absorption tests, with three specimens allocated to each of the M1, M2, and M3 groups. The water absorption rate for each group was calculated as the average of the results from the three specimens. The formulas 1, 2 for calculating water absorption are as follows:
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where: [image: image] represents the mass change of the specimen at time [image: image], in g. [image: image], denotes the area of contact between the bottom of the specimen and the water, in mm2. [image: image] indicates the density of water, in g/mm³. [image: image] is the water absorption coefficient.
[image: Figure 1]FIGURE 1 | Water absorption experimental device diagram.
2.4.4 Crack self-healing rate test
To simulate the cracking phenomenon of cement mortar under working conditions, a small bench vise was used to artificially create cracks in cylindrical specimens with a diameter of 5 cm and a height of 1.5 cm. Given the fracture characteristics of the experimental materials, a compressive force perpendicular to the axis of the specimen was applied to induce failure and generate cracks (Figure 2). The cracks were observed using a digital microscope, and the images were processed into binary slices using Origin software to distinguish the cracks. The width of the cracks on the specimen surfaces before and after self-healing was recorded using HiView software. A total of 18 cylindrical specimens (diameter: 5 cm, height:1.5 cm) are used for the crack self-healing experiments, with six specimens in each of the groups M1, M2, and M3. Each specimen has eight observation areas for crack self-healing. Regulations concerning repair indicators are referenced according to the BSEN-1504 standard (Strompinis et al., 2014). The formula 3 for calculating the crack self-healing rate is:
[image: image]
where: [image: image] is the width of the cracks before self-healing. [image: image] is the width of the cracks after self-healing.
[image: Figure 2]FIGURE 2 | Schematic diagram of creating cracks.
2.4.5 SEM-EDS
The scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) (SU3800, GUI 3D) was utilized to observe the microstructural morphology and elemental composition of the self-healing material filling the cracks after 28 days. The SEM was operated at an accelerating voltage of 20 kV and magnifications ranging from 500 to 1,500 times. Prior to SEM-EDS analysis, the specimens were coated with gold using a Q150T sputter coater. The gold coating process involved two sputtering cycles within 60 s, with a current of 20 mA.
3 RESULTS
3.1 Optimization of microbial culture conditions
The growth of B. pasteurii is influenced by various factors. Through optimizing the cultivation conditions of this strain, a deeper understanding of its physiological characteristics, adaptation mechanisms, growth curve, and metabolic pathways can be achieved. This optimization aims to enhance the strain’s activity and application effectiveness, thereby maximizing resource utilization efficiency and reducing economic costs.
The pH regulates the physiological characteristics, metabolic processes, and activity of the strain (Gat et al., 2017). Figure 3A shows the impact of pH on the growth of B. pasteurii. It can be observed that, within the alkaline pH range of 7–12, the OD600 value of B. pasteurii initially increases and then decreases as pH increases. This indicates that the growth rate of B. pasteurii initially increases and then declines. Specifically, the growth of B. pasteurii is optimal at a pH of 9, where bacterial metabolic activity is most vigorous and the growth rate is the highest. However, at a pH of 12, the growth of B. pasteurii is significantly inhibited. While B. pasteurii can grow in alkaline environments, extreme alkaline conditions may adversely affect its growth, including enzyme activity and cell membrane stability (Mobley et al., 1995). Additionally, studies have shown that both acidic and strongly alkaline conditions can disrupt the metabolism of B. pasteurii and its production of urease, potentially rendering the produced enzyme irreversibly inactive (Mobley et al., 1995; Ciurli et al., 1996).
[image: Figure 3]FIGURE 3 | Growth curves of Bacillus pasteurii under different culture conditions. The growth curves of Bacillus pasteurii (A) at different pH values, (B) in different inoculated quantities, (C) under different temperature conditions, and (D) at different oscillating speeds.
Temperature is also a crucial factor affecting strain activity, stability, spore formation, and growth rate (Sun et al., 2019; Yi et al., 2021). Figure 3C illustrates the impact of temperature on the growth of B. pasteurii. The growth curve of the strain shows that as the incubation temperature increases from 25°C to 35°C, the OD600 value of B. pasteurii initially increases and then decreases. The OD600 value peaks at 30°C, indicate that this temperature is most suitable for the growth of B. pasteurii. The experimental results are consistent with previous studies, which shows that B. pasteurii exhibits optimal growth and metabolic activity around 30°C (Yi et al., 2021; Kim et al., 2018; Omoregie et al., 2017).
The inoculation amount of microorganisms in the culture medium is crucial, as both excessively high and low inoculation levels can affect microbial growth. Figure 3B illustrates the impact of inoculation amounts on the growth of B. pasteurii. When the inoculation volume is 5% of the total culture medium, compared to 10%, 15%, and 20%, the bacterial concentration and growth rate are significantly lower. A lower inoculation amount results in insufficient microbial colonies, leading to slower growth rates due to the reduced concentration of bacteria (Panikov, 2023). Conversely, a higher initial bacterial concentration can accelerate growth and reproduction. However, an excessively high inoculation amount may lead to resource competition, thereby inhibiting microbial growth (Guo L. et al., 2024). Considering the adverse effects of both extreme cases on B. pasteurii growth, an inoculation level of 10% is deemed appropriate.
For microbial growth in liquid culture media, mechanical shaking techniques can create a favorable environment for microorganisms, enhancing their growth and metabolic processes. Continuous shaking increases the surface area of contact between the culture medium and air, which is especially crucial for aerobic microorganisms, facilitating their faster and more complete growth. Additionally, shaking helps to evenly distribute nutrients and microorganisms in the culture medium, preventing issues such as cell sedimentation and nutrient unevenness that can occur in static cultures. Figure 3D illustrates the effect of shaking speed on the growth of B. pasteurii. In the figure, 1 mL and 1.5 mL refer to the volumes of Bacillus spores inoculated into the culture medium, while the corresponding rpm indicates the shaking speed of the medium in the shaker. As shown in Figure 3D, the optical density of the bacterial culture is highest at a shaking speed of 150 rpm, indicating that B. pasteurii exhibits optimal growth under this condition.
Through the optimization study of B. pasteurii cultivation conditions, it was found that the optimal growth environment for B. pasteurii is achieved when the pH of the culture medium is maintained at 9, the inoculation amount is 10%, the shaking speed in the incubator is set to 150 rpm, and the temperature is at 30°C. The growth curve of B. pasteurii under these conditions is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Growth curve of Bacillus pasteurii under optimal conditions.
3.2 Uniaxial compressive strength
Figure 5 presents the compressive strength of 50 mm × 50 mm × 50 mm cubic samples at curing ages of 7, 14, and 28 days. It is evident from the figure that the compressive strength of the OPC mortar samples (M1 group) is higher at 7, 14, and 28 days compared to the LC3 mortar samples (M2 and M3 groups). The partial replacement of cement with calcined clay and limestone powder has led to a decrease in mechanical performance. Specifically, the compressive strength of the LC3 mortar samples decreased by approximately 20% compared to the OPC mortar samples. The decrease in compressive strength is primarily attributed to the partial replacement of ordinary cement with calcined clay and limestone in LC3. The addition of calcined clay has led to a significant refinement of the pore structure in the cementitious system (Tironi et al., 2014). Research indicates that the hydration rate of clinker is related to the internal pore structure of the material; refined pores are less conducive to the hydration reactions (Avet and Scrivener, 2018). Consequently, the refined pore structure slows down the hydration rate of the clinker, resulting in reduced long-term hydration of C3S and C2S, and a suppression of the formation of AFm phases, carbonate-aluminate phases, and other hydration products (Krishnan et al., 2019; Antoni et al., 2012). Additionally, among the two types of LC3 mortar specimens, the Microbe-LC3 mortar specimen in the M3 group showed improved compressive strength at both 14 and 28 days compared to the LC3 mortar specimen in the M2 group. This enhancement is primarily due to the positive effect of microbial incorporation on strength development. The calcium carbonate precipitation induced by B. pasteurii mineralization improves the internal pore structure, resulting in a denser and more cohesive matrix, thereby increasing the compressive strength (Mondal and Ghosh, 2023).
[image: Figure 5]FIGURE 5 | Compressive strength of cement mortar specimen.
3.3 Capillary water absorption
Figure 6 shows the water absorption regression curves of cement mortar specimens at specific time intervals. From the figure, it is observed that the M1 group of OPC mortar specimens has the lowest water absorption rate, while the M2 group of LC3 mortar specimens exhibits significantly higher water absorption compared to both M1 and M3. The increased water absorption rate is likely due to the slower early hydration rate and incomplete hydration of LC3 mortar, which results in a less dense internal pore structure. Consequently, the higher capillary porosity in the LC3 mortar leads to a higher water absorption rate compared to OPC mortar.
[image: Figure 6]FIGURE 6 | Water absorption regression curve.
Furthermore, the capillary water absorption rate of the M3 group (Microbe-LC3 mortar) is significantly lower than that of the M2 group (LC3 mortar). The presence of microorganisms in the M3 group introduces a dual-component coating system with capillary pore-blocking characteristics. First, microorganisms can deposit on the surface of the cement matrix and form a biofilm, which blocks a certain number of capillary pores. Additionally, microorganisms act as nucleation sites, leading to the formation of a carbonate coating under the MICP process. This dual-component coating system, consisting of microorganisms and carbonate deposits, plays a crucial role in reducing the material’s water absorption rate by effectively blocking capillary pores (De Muynck et al., 2008; Tiano et al., 1999).
3.4 Crack self-healing rate
Figure 7 illustrates the surface crack self-healing results for specimens from the M1 group (OPC mortar). Figure 8 presents the surface crack self-healing observations for specimens from the M2 group (LC3 mortar). Figure 9 shows the surface crack self-healing results for specimens from the M3 group (Microbe-LC3 mortar). A comparison of the observed images of surface crack self-healing across the different groups reveals that the M2 group (LC3 mortar) exhibits the poorest self-healing performance. Compared to the other two groups, the width of the repaired cracks is significantly smaller, and the formation of crystalline deposits within the cracks is minimal. The M1 group (OPC mortar) shows somewhat better repair performance, although complete repair is not achieved, with larger areas remaining unfilled and gaps present. In contrast, the M3 group (Microbe-LC3 mortar) demonstrates nearly complete crack repair, with dense and fully covering crystalline deposits, showing the best results. For the crystalline deposits, SEM results (Figure 10) reveal that the deposits at cracks P1 and P2 in the M2 group appear as spherical aggregates. In comparison, the deposits at cracks P3 and P4 in the M3 group display a significantly different morphology. The particles are smaller and more densely connected. The differences in the morphology and distribution of CaCO3 crystals are attributed to the presence of B. pasteurii. The MICP process enhances mineralization efficiency, leading to increased CaCO3 production and a denser arrangement of the deposits. Additionally, the microorganisms themselves serve as nucleation sites, and factors such as microbial metabolic activity, cell surface structure, and biofilm formation influence the crystal morphology of the precipitates. During metabolism, microorganisms also produce organic substances that bind the mineral precipitates together, resulting in an irregular and dense distribution (Liu H. et al., 2024).
[image: Figure 7]FIGURE 7 | Comparison image of crack self-healing before and after 28 days of specimens in group M1. (A), Before self-healing. (B), After self-healing. (C), Binary processing diagram corresponding to “a”. (D), Binary processing diagram corresponding to “b”.
[image: Figure 8]FIGURE 8 | Comparison image of crack self-healing before and after 28 days of specimens in group M2. (A), Before self-healing. (B), After self-healing. (C), Binary processing diagram corresponding to “a”. (D), Binary processing diagram corresponding to “b”.
[image: Figure 9]FIGURE 9 | Comparison image of crack self-healing before and after 28 days of specimens in group M3. (A), Before self-healing. (B), After self-healing. (C), Binary processing diagram corresponding to “a”. (D), Binary processing diagram corresponding to “b”.
[image: Figure 10]FIGURE 10 | The microstructure of the crystal product at the crack of the specimen. (A, B), Microstructure of the crystal product at the crack of M2 group specimen. (C, D), Microstructure of the crystal product at the crack of M3 group specimen.
Additionally, as shown in Figure 10B, PVA fibers are covered by calcium carbonate crystals. This indicates that PVA fibers can promote the precipitation of calcium carbonate by providing preferred nucleation sites. The impact of PVA fibers on improving the precipitation of self-repair products in LC3 materials can be attributed to the unique molecular structure of their hydroxyl groups (Feng et al., 2019a). PVA fiber molecules interact with ions in the surrounding environment through intermolecular forces such as van der Waals forces, ionic bonds, and hydrogen bonds. This interaction aids in the aggregation and precipitation of calcium ions, thereby promoting the formation of calcium carbonate (Homma et al., 2009). Additionally, in aqueous solutions, hydroxyl groups can form hydrogen bonds with water molecules, enhancing their affinity for water. This strong interaction can increase the ionic concentration around the hydroxyl groups (Guan et al., 2017). Hydroxyl radicals can serve as nucleation centers, further promoting the binding of calcium ions and carbonate ions, and synergistically accelerating the repair of cracks in LC3 cement-based materials alongside microbial mineralization.
To further investigate the crack self-healing capabilities of the different cement mortar specimens, the self-healing performance was quantified by measuring the crack widths before and after the repair process. As shown in Figure 11, the self-healing rate of specimens in the M2 group is significantly lower than that of the other two groups. The M3 group exhibits the highest self-healing rate, achieving up to approximately 97% repair efficiency for cracks narrower than 100 μm, while for cracks with widths between 100 and 300 μm, the repair rate remains above 80%. Notably, the M3 group does not experience a significant decrease in repair efficiency as crack width increases, unlike the other two groups. The differences in crack self-healing capabilities between the M1 and M2 groups are likely due to the characteristics of LC3 compared to OPC. LC3 has a lower clinker content, which results in a reduced amount of Ca(OH)₂ produced during the hydration process. This lower concentration of Ca(OH)₂ limits the availability of calcium ions for mineralization and thus impairs the ability to repair cracks. Therefore, the self-healing capability of LC3 based materials is less than that of OPC based materials.
[image: Figure 11]FIGURE 11 | Effect of crack width on self-healing rate. (A), Scatter plot of self-healing rate corresponding to crack width. (B), Histogram of average self-healing rate corresponding to crack width.
The superior crack self-healing ability of the M3 group, consisting of Microbe-LC3 mortar specimens, can be attributed to both inherent self-healing processes and the accelerated self-healing effects facilitated by microorganisms (De Muynck et al., 2008). Inherent self-healing primarily involves the reaction of CO₂ from the air, which dissolves in water to form unstable carbonic acid. In an alkaline environment provided by the cement matrix, carbonic acid readily decomposes into carbonate ions. These carbonate ions react with calcium ions released from the LC3 matrix, leading to the precipitation of CaCO₃ within the cracks and reducing their width. Compared to inherent self-healing, the accelerated self-healing facilitated by microorganisms plays a more crucial role. When urease-producing bacteria are incorporated into LC3 based materials, the lack of oxygen and moisture in the matrix initially causes the bacteria to enter a dormant state. Upon the formation of cracks, water and oxygen infiltrate, reactivating the bacterial spores near the cracks. The bacteria produce a significant amount of carbonate ions through the action of urease. The inclusion of external calcium sources during the mixing of Microbe-LC3 mortar enhances the dissolution of calcium ions, which further accelerates the precipitation of calcium carbonate, thus improving the efficiency of crack repair (Turner et al., 2023).
In Microbe-LC3 materials, the self-healing mechanism of cracks driven by MICP technology is influenced by several critical factors, including urease, dissolved calcium ions, and nucleation sites (Feng et al., 2019b). The primary role of microorganisms is to produce urease, which catalyzes the hydrolysis of urea to provide the carbonate ions necessary for calcium carbonate precipitation. Additionally, microorganisms serve as nucleation sites for the continuous and stable deposition of calcium carbonate (Wang et al., 2021; Zhang et al., 2024c). As illustrated in Figure 12, urease-producing bacteria are encased by multiple layers of peptidoglycan in their cell walls, where small particulate precipitates can be induced and retained (Liu H. et al., 2024; De Belie and De Muynck, 2008). Furthermore, the presence of fatty acids containing functional groups such as phosphate and carboxyl groups imparts a negative charge to the cell walls, facilitating the attraction and binding of metal cations (calcium ions) to the bacterial surface (Scott and Barnett, 2006; Castro-Alonso et al., 2019). The mechanism of MICP is related to formulas 4–7.
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[image: Figure 12]FIGURE 12 | Mechanism of crack self-healing led by microbial mineralization.
4 DISCUSSION
The objective of this study was to enhance the durability and crack self-healing properties of low-carbon LC3 by utilizing MICP technology. Specifically, the aim was to address the durability challenges posed by LC3’s reduced clinker content and limited microcrack healing capacity. The research involved optimizing the growth conditions for B. pasteurii and applying it to LC3 mortar to investigate its effects on compressive strength, capillary water absorption, and crack self-healing performance. These experiments were conducted to explore the potential of microbial mineralization to improve the overall mechanical and durability properties of LC3, providing a sustainable alternative to traditional cementitious materials.
The research results indicate that the application of microbial mineralization technology in cement-based materials effectively enhances the performance of LC3 mortar by promoting the precipitation of calcium carbonate. Firstly, the MICP technology significantly improves the self-healing capability of LC3 mortar, achieving a self-healing rate of up to 97% for cracks less than 100 μm in width. Secondly, after 28 days, the compressive strength of Microbe-LC3 mortar was found to be 15% higher than that of standard LC3 mortar. Additionally, the precipitation of calcium carbonate within the pore structure notably reduced the capillary water absorption, thereby improving the durability of the mortar. These findings demonstrate that the integration of microbial mineralization technology not only addresses the durability limitations of LC3 but also enhances its mechanical properties, positioning it as a promising sustainable building material.
The results of this study are of significant importance as they demonstrate the feasibility of using MICP technology to enhance the crack healing capability and durability of LC3 materials. The microbial-induced calcium carbonate precipitation plays a critical role in filling microcracks and capillary pores, thereby improving the structural integrity of LC3-based materials. These findings are consistent with previous studies that highlight the benefits of microbial mineralization in improving material properties (Fouladi et al., 2023; Gebru et al., 2021; Kirkland et al., 2019). Similar improvements in mechanical strength and durability have been reported in studies involving the incorporation of microorganisms into cementitious materials (Zhang W. et al., 2024; Rathivarman et al., 2024; Mutitu et al., 2019). The main parameter used to evaluate the quality of concrete after self-healing was the crack self-healing rate, measured by the reduction in crack width before and after healing. The Microbe-LC3 mortar demonstrated a repair efficiency of up to 97% for cracks narrower than 100 μm, highlighting the effectiveness of MICP in enhancing crack closure and improving durability.
The mechanical properties of the repaired concrete (modulus of elasticity, creep, and shrinkage) will indeed differ from those of the original concrete due to the combined influence of the Bacillus pasteurii-induced calcite precipitation and the original crack morphology. The parameters of the repaired material will largely be governed by the nature and extent of crack healing, as well as the microstructure of the newly formed material and its interaction with the existing concrete matrix. This heterogeneity should be taken into account when assessing the long-term performance of self-healing concrete materials. In recent years, intellectualized and automated approaches for crack detection and analysis, such as the method proposed by Maruschak et al. (2016), have been increasingly utilized in materials science. These methods leverage advanced algorithms for crack binarization, allowing for more precise analysis of the crack front. These techniques offer significant improvements in the analysis of fatigue damage and automated detection, which could complement the binary image processing method employed in this study. Future research could explore the integration of such automated approaches to enhance the detection and analysis of cracks in cementitious materials.
The broader implications of these findings lie in the potential for widespread adoption of LC3 as a sustainable construction material. The successful application of MICP technology to enhance LC3’s performance addresses critical concerns regarding its durability and mechanical properties, which could accelerate the material’s acceptance in the industry. Furthermore, the environmental benefits of using a low-carbon material, combined with the reduced need for maintenance and repairs due to improved self-healing capabilities, present an attractive solution for addressing climate change in the construction sector.
While the study produced promising results, it is important to acknowledge certain limitations. The experiments were conducted under controlled laboratory conditions, which may not fully represent real-world construction environments. The long-term performance of Microbe-LC3 in varying environmental conditions, such as exposure to fluctuating temperatures and humidity, was not explored in this study. Additionally, the self-healing process was dependent on the availability of moisture to reactivate the microorganisms, which may limit its effectiveness in dry environments. These factors should be considered when interpreting the results and applying them in practice.
Future research should focus on addressing the limitations identified in this study. Investigating the long-term performance of Microbe-LC3 under different environmental conditions would provide a more comprehensive understanding of its durability in real-world applications. Additionally, exploring alternative microbial strains or modifying the MICP process could further enhance the efficiency of crack self-healing in LC3 materials. Research should also explore the potential for scaling up the technology for large-scale construction projects, ensuring that the benefits observed in laboratory settings can be replicated in practical applications.
5 CONCLUSION
This study successfully applied microbial-induced calcite precipitation (MICP) to improve the self-healing and mechanical properties of low-carbon LC3 cement. The key scientific contribution lies in demonstrating that MICP technology, utilizing Bacillus pasteurii, can effectively enhance the self-healing efficiency of LC3, achieving a crack closure rate of up to 97% for cracks narrower than 100 μm. Additionally, the modified LC3 showed a 15% improvement in compressive strength compared to unmodified LC3, highlighting the potential for enhancing both the durability and mechanical performance of low-clinker cementitious materials. The results address the challenge of reduced self-healing capacity in LC3 due to its lower clinker content, offering a novel, sustainable approach to improving the material’s long-term performance. These findings provide a solid foundation for further research on optimizing MICP in other low-carbon cement systems, contributing to the development of more durable and environmentally friendly construction materials. To account for cases where healing occurs primarily within the crack but not at the surface, supplementary methods (such as micro-CT or ultrasonic techniques) should be used in the future work, and a layered or depth-specific approach can be applied to refine the self-healing rate evaluation.
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