[image: image1]Experimental study of urea-catalyzed microbial solution-based curing of fissured loess soil

		ORIGINAL RESEARCH
published: 14 May 2025
doi: 10.3389/fmats.2025.1583278


[image: image2]
Experimental study of urea-catalyzed microbial solution-based curing of fissured loess soil
Chaofan Pan1, Chen Zhang1* and Tuo Ji2
1Geotechnical Engineering Department, Nanjing Hydraulic Research Institute, Nanjing, Jiangsu, China
2School of Chemical Engineering, Nanjing Tech University, Nanjing, Jiangsu, China
Edited by:
Xin Kang, Hunan University, China
Reviewed by:
Jue Li, Chongqing Jiaotong University, China
Yu Liu, Hunan University, China
* Correspondence: Chen Zhang, 1062715335@qq.com
Received: 25 February 2025
Accepted: 15 April 2025
Published: 14 May 2025
Citation: Pan C, Zhang C and Ji T (2025) Experimental study of urea-catalyzed microbial solution-based curing of fissured loess soil. Front. Mater. 12:1583278. doi: 10.3389/fmats.2025.1583278

The ubiquitous vertical cracks in loess areas are one of the main factors that cause disasters in engineering projects, and the restoration of cracked loess is of great significance for disaster prevention. Microbial-induced calcium carbonate precipitation (MICP), as a green solidification method, is widely used in soil remediation. Microstructural changes in crack-free loess after solidification were analyzed using a scanning electron microscope, and the optimal grouting scheme of microbial solution catalyzed by urea was determined. Solidification tests were carried out on fractured loess with different openings, and the solidification effect of MICP was evaluated using the direct shear test. The results show that the surface contact between micro-aggregates and the contact area between soil particles increased greatly after MICP curing. Under the catalysis of urea, the amount of CaCO3 increased by 30%, which enhanced the strength of the soil on both sides of the fractured loess structural plane after solidification. It provides a solid experimental basis and detailed microscopic explanation for MICP strengthening fractured loess.
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1 INTRODUCTION
Loess is a type of special soil widely distributed in China, which is mainly concentrated in arid and semi-arid areas, and its total coverage area reaches 6.4 × 105 km2. Compared with other types of soils, loess has unique engineering characteristics, such as wet subsidence, large soil pores, vertical joints, and other characteristics (Gu and Chen, 2020; Morris and Williams, 2018; Liu H et al., 2022; Yan C G et al., 2023). As one of the key unfavorable factors inducing engineering geohazards, the presence of loess fissures constitutes a significant impact on the stability of its foundation structure. The number, location, inclination, and direction of the fissures are all important parameters affecting the strength properties of fissured loess. Previous studies showed that oblique fissures are more harmful to slope stability than vertical fissures. Fissure joints with the same orientation as the slope have a more prominent effect than those with other orientations (UTILI S 2013; SPENCER E. 1967; Gao Y et al., 2013; Sun P et al., 2016). When the cracked soil body is eroded by rainfall, the soil body on both sides will be softened by water infiltration, leading to misalignment and collapse of the soil body on both sides of the crack. The fissures’ development not only exacerbates this destructive process but also triggers further engineering disasters, seriously threatening engineering safety (Li G Y et al., 2018;Zhou J 2019).
Microbial-induced calcium carbonate precipitation (MICP) for soil curing has been favored at home and abroad as an emerging green technology, and it is environmentally friendly and has a controllable reaction process, among other advantages, but its reaction rate is slow (He J et al., 2016). The MICP reaction process first involves the synthesis of bacterial intracellular syntheses and the release of urease, which catalyzes the hydrolysis of urea to generate NH4+ and CO32-, and then the calcium-containing solution releases calcium ions, finally forming a calcium carbonate precipitate. In order to improve the reaction efficiency of MICP, scholars have studied the urease activity (GUIMARAESG GF et al., 2016; Xiao X M et al., 2017), the urea release rate (Jia Y M et al., 2020; Cintia F et al., 2016), the Ca2+ release rate, and the CaCO3 crystallization rate (Luo and Lu, 2000; CLIFFORD Y et al., 2008; He S L et al., 2008), and they have found that urea plays an important role in the process. Therefore, it is significant to clarify the role of urea in the catalytic mechanism of the MICP reaction.
At present, research on MICP technology mostly focuses on the macroscopic mechanical properties of cured, intact soil bodies, while microscopic research mainly focuses on the microscopic morphology before MICP curing (Wei T et al., 2019; Ahmad and Chandra, 2019; Shao X et al., 2018; Jiang M et al., 2014; Li P et al., 2019). Research on the curing of fissured soil bodies and the microscopic analysis of cured soils is still insufficient; particularly, the patterns of microstructural changes in loess after MICP curing by have been rarely studied. The fundamental reason for the change in soil engineering properties lies in its microstructural changes, so the study needs to start from the perspective of macro–micro combination (Muñoz-Castelblanco J. A et al., 2012; Wen and Yan, 2014; Liu Z et al., 2015). At the same time, the precise control of the MICP reaction and the durability of the reaction in the transportation process within the fracture have been less studied, presenting promising prospects for future research (Chen M Y et al., 2023; Chen Y Q et al., 2022; Li et al., 2025).
In this study, the influence of microbial solution on the efficiency of the MICP reaction with or without urea catalysis was investigated. The microbial solution grouting process was optimized by changing the ratio of the bacterial and cementing solutions. The curing test was first conducted on loess specimens without fissures, and the microstructure of the cured loess without fissures was observed using the scanning electron microscope test to reveal the micro-mechanism of MICP-cured loess. A curing test was conducted on the fissured loess, and the effect of fissure width on the curing performance was analyzed using a shear test. It provides a solid experimental foundation and a detailed microscopic explanation for the application of MICP to the reinforcement of fissure loess with various fissure openings and sizes.
2 TEST MATERIALS AND TEST METHODS
2.1 Test soil
The original loess selected for this test was taken from a project construction site in Xianyang city, Shaanxi province, with a brownish-yellow color and uniform soil quality, in which acicular pores are developed and the soil contains small amounts of calcareous streaks and calcareous binding. The sampling depth is the surface layer, which belongs to Late Pleistocene Q3 loess. In the process of on-site soil sampling, chippers and shovels were used to chip out the original loess on the pit wall, and at the same time, the upper and lower surfaces of the soil samples were marked. After the soil samples were taken out, the original loess was immediately sealed with a plastic bag and adhesive tape in order to prevent the change in its initial water content, and the disturbance of the original loess was minimized during the transportation process; the photographs of on-site sampling are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Sample of soil sampling from Xianyang city.
2.2 Bacterial solution and cementing solution
The microbial species used in this experiment is Bacillus pasteurii, which was purchased from the China Microbial Strain Conservation Center (strain number CGMCC1.3687). Bacillus pasteurii produces urease to hydrolyze urea and induce the generation of calcium carbonate in the MICP reaction, and at the same time, Bartonella pasteurii has strong environmental adaptability and produces a large amount of urease in the reaction, so it is often used for repair of fissures, reinforcement of sand bodies, and other applications.
When preparing the test bacteria solution, 100 mL of the culture solution should be prepared first, and, at the same time, a small amount of the NaOH solution should be added to adjust the pH of the culture solution to 9.0, and it should be sterilized in an autoclave for 30 min at 121°C. After sterilization, the liquid culture solution should be left to cool to room temperature. The activated Pasteurella multocida in the frozen tube should be inoculated into the liquid culture solution according to the ratio of the liquid culture solution to the bacterial solution of 100: 1. After the abovementioned operation, the mixed liquid culture solution was put into a constant temperature oscillation box, where the temperature of the oscillation box was set at 30°C and the rotation speed was 180 rpm, and culture was carried out for 16 h.
The cementing solution used in the experiment was a 1 mol/L CaCl2 solution to provide calcium ions for the MICP reaction. The composition of the liquid medium and culture solution components per 100 mL is shown in Table 1.
TABLE 1 | Composition of the culture medium and culture solution per 100 ml
[image: Table 1]2.3 Test of CaCO3 production in the MICP reaction catalyzed by urea
The MICP reaction process is composed of a series of complex biochemical reactions, mainly involving the urease enzyme produced by microorganisms to hydrolyze urea, forming carbonate, which then combines with calcium ions in the cementing solution to produce calcium carbonate precipitation. In this part of the test, there are two solutions to form a comparative test, and the control variable is the volume of the microbial solution and the cementing liquid added. In the process of the MICP reaction, urease produced during microbial metabolism interacts with calcium ions and urea, which are abundant in the environment, thus forming calcium carbonate precipitation on the surface of soil particles or soil pores. At the same time, microorganisms also provide attachment points for CaCO3 precipitation, which plays a role in cementing and filling the soil. The volumes of the microbial solution and cementing liquid are 5.8 mL and 10 mL, respectively. The mitigation ratio of the microbial solution to the gelling solution is 1:1.
2.4 Fissure-free loess curing test
Loess solidification adopts the step grouting method used by Liu et al. (2021), but biocement is underrepresented in the literature. After the curing test is completed, soil samples are removed and maintained. The microbiologically cured soil samples are then loaded into a strain-controlled triaxial instrument until the specimen fails, with the peak stress is recorded as the non-lateral compressive strength of the soil sample. First, the unconfined compressive strength test is carried out on the as-received soil samples, with a strength value of 173.95 kPa. The unconfined compressive strength of the cured soil samples is up to 863.8 kPa, and the strength of the treated soil samples was significantly improved compared to that of the untreated soil samples. The increase in the strength of microbial cured loess originates from the cementing and filling effects of calcium carbonate crystals, and the calcium carbonate deposits with cementing effects are more effective than calcium carbonate crystals in improving the strength of cured loess samples, which also verifies the feasibility of applying MICP in the reinforcement of fissured loess.
2.5 Scanning electron microscope test
Scanning electron microscope tests are carried out on the loess before and after MICP curing, respectively, and the tests are photographed using a field emission scanning electron microscope, Gemini SEM 300. The sampling method is employed to cut the loess soil samples before and after MICP curing into 2 cm × 1 cm × 1 cm pieces, carve a 1 mm deep groove in the center, and then break them to obtain fresh sections after drying. The soil samples are subjected to electron microscope scanning at magnifications of 200, 500, 1,000, 2,000, and 4,000.
2.6 Fissure loess curing test
The test soil is air-dried in the natural environment, and then the air-dried loess is crushed with a soil grinder and passed through a 2 mm sieve. According to the test, the optimum moisture content of the specimen can be obtained as 16%, and the maximum dry density was 1.85 g/cm3. According to the optimum moisture content, the corresponding amounts of loess and pure water are measured and mixed thoroughly using a blender for 30 min. The soil–water mixture is then sealed in a plastic bag and left for 24 h to equilibrate the moisture. Finally, it is compacted in layers in a cylindrical steel mold with a diameter of 61.8 mm and a height of 125 mm. After the completion of sample making, the samples are cured in a standard constant temperature and humidity curing box at a room temperature of 20°C ± 2°C and relative humidity at 95% for 7°days (Peng et al., 2024).
In order to make the fracture specimen closer to the natural state, a uniaxial tensile test was carried out on the specimen with a diameter of 61.8 mm and a height of 125 mm using the abovementioned prepared and maintained specimen. The specimen is pulled apart to obtain the fracture surface, which simulates a natural fracture surface, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Fracture surface of the specimen.
The curing test of fissure loess is conducted by reinforcing the soil samples with step-by-step grouting. The test device includes a waste liquid collection box, a medical syringe, bacterial solution, cementing liquid, and biocement. Some of the biological cement is used to fix the fractured soil so that the injected solution flows along a specific route and does not spill out in other directions. The fissure openings of the test are controlled as 0.5, 1.0, and 1.5 mm; the test uses the biphasic grouting method to cure and fill the fissures, and the volume of the bacterial solution and cementing liquid injected each time is injected according to the optimal results of Test 2.3. In particular, urea at a concentration of 20 g/L is added to the bacterial solution before the test, and then the solution is incubated in a shaking chamber for 30 min, with the speed of the shaking chamber set at 180 rpm. Using a medical syringe, the bacterial solution is first injected into the fissure at a uniform rate of 4 mL/min, and after standing for 2 h, the cementing solution is injected at the same rate, and a cycle is completed after standing for 6 h, with a total of 10 of cycles conducted. The schematic diagram of the grouting device, the grouting process, and the appearance of the sample after grouting solidification are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of the grouting device and grouting process. (a) Curing test process. (b) Curing test process.
The direct shear test was conducted using a ring-cutter specimen, prepared with 10 mm above and below the centerline of the fissure interface, ensuring that the fissure in the fissured loess was located at the junction of the upper and lower shear boxes. In this test, the permeable stones in the upper and lower shear boxes were removed, allowing the specimen to shear more effectively along the solidified interfacial layer. This setup minimizes rupture and helps ensure the accuracy of the test results. The test was performed using a ZJ type strain-controlled direct shear instrument (quadruple), manufactured by the Nanjing Soil Instrument Factory. The fast shear method was adopted, with a shear rate set at v = 0.8–1.2 mm/min; the readings are recorded by taking pictures at intervals of 0.2 mm. The tests were carried out under normal loads of 100, 200, 300, and 400 kPa, and the cured specimens are generally sheared in 3–5 min. The appearance of the sample after grouting and curing is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Appearance of the sample after grouting and curing.
3 RESULTS AND DISCUSSION
3.1 Results of the urea-catalyzed CaCO3 production test
The reaction process of MICP under the two schemes is shown in Figure 5; from the left to right, beakers 1, 3, and 5 correspond to Scheme 1; beakers 2, 4, and 6 correspond to Scheme 2. It can be observed from the figure that the MICP reaction is very rapid under the activation effect of urea. Figure 5a indicates that 1 min after the start of the MICP reaction following urea activation, the solution was filled with the generated calcium carbonate, indicating a rapid and intense reaction. Figure 5b shows that 30 min after the MICP reaction, white calcium carbonate began to appear in the non-urea-catalyzed solution, while at the same time, the calcium carbonate in the urea-catalyzed solution had begun to precipitate, indicating that the reaction was almost complete. Figure 5c shows that after 90 min of the MICP reaction, the MICP reaction under both scenarios had been completed, and the generated calcium carbonate had accumulated at the bottom of the beaker in the form of precipitation.
[image: Figure 5]FIGURE 5 | Process diagram of the MICP reaction catalyzed by urea. (a) MICP reaction for 1 minute. (b) MICP reaction for 30 minutes. (c) MICP reaction for 90 minutes.
[image: Scheme 1]SCHEME 1 | Microbial solution: bacterial solution; cementing solution: mixed solution of calcium chloride + urea.
[image: Scheme 2]SCHEME 2 | Microbial solution: bacterial solution + urea (bacterial solution: urea = 1:0.03); cementing solution: calcium chloride solution (microbial solution must be activated for 20 min in a constant-temperature shaking box after adding urea).
A comparison of calcium carbonate generation of different proportioning schemes is shown in Figure 6. It can be observed that the amount of calcium carbonate in Scheme 2 was increased by more than 20% compared with that in Scheme 1. In addition, as the injected volume increased, the rate of calcium carbonate generation showed a trend of initially increasing and then decreasing. The highest improvement rate reached approximately 30% when both the microbial solution and cementing solution were 8 ml. At the same time, the reaction time after catalyzing was shortened by approximately fourfold, requiring only 30 min for complete precipitation. Therefore, adding a certain volume of urea to the bacterial solution can first promote cell production, greatly increasing the activity of the bacterial solution. This accelerates the MICP reaction process, increases the CaCO3 production rate (Zhu et al., 2025), and greatly improves the cementing ability of the MICP reaction.
[image: Figure 6]FIGURE 6 | Comparison chart of calcium carbonate production.
3.2 Comparative analysis of microscopic results of loess before and after MICP treatment
Figures 7, 8 show the SEM images of loess before and after MICP curing, and it was observed that a large number of rod-like substances were adsorbed on the surface of soil particles, which resembled the size and shape of the microorganisms observed under the microscope, with a length of approximately 2–5 μm and a diameter of approximately 0.5 μm, which were identified as Bacillus bacillus. Compared with untreated loess, calcium carbonate crystals were generated on the surface of soil particles after MICP treatment, and some CaCO3 was deposited in the pores between soil particles, filling them; some were adsorbed and connected between two soil particles, cementing them together; some covered the surface of soil particles, increase their roughness, and it was observed that the bacteria tended to pile up and grow in areas with smaller pores.
[image: Figure 7]FIGURE 7 | Microstructure of loess before MICP curing. (a) Loess structure before solidification under 200 x. (b) Loess structure before solidification under 500 x. (c) Loess structure before solidification under 4,000 x.
[image: Figure 8]FIGURE 8 | Microstructure of loess after MICP curing. (a) Loess structure after solidification under 200 x. (b) Loess structure after solidification under 500 x. (c) Loess structure after solidification under 4,000 x.
The characteristics of the cured loess are as follows: the surface contact between the agglomerates increases significantly. This is because the calcium carbonate generated by the MICP reaction can act as the cementing material between the agglomerates, and the generated calcium carbonate is adsorbed around the point contact between the agglomerates, causing the point contact to evolve into surface contact. The pore area of the loess becomes smaller, the surface of each agglomerate is adsorbed and wrapped with a lot of cemented film, and the particle morphology tends to be smoother than that of the original loess; the intra-granular microporosity is relatively reduced because the calcium carbonate precipitation generated by microorganisms can act as a filler and cementing agent for the intra-granular microporosity.
After the observation and analysis of the SEM images of loess after MICP curing, it was found that MICP acts as a binder to adhere loess particles and has a limited effect on the filling of the overhead pores. The reason is that the diameter of Bacillus pasteurii is generally 2–5 μm, and the caliber of the overhead pores is larger, indicating that the bacteria are inclined to be adsorbed on the surface of the soil particles and both sides of the contact points of the particles. When the cementing solution is added dropwise, the calcium carbonate precipitation formed can play an effective role in cementing the loess, increasing its adhesion and contributing to the curing of the loess. The distribution of calcium carbonate deposition depends on the distribution of different pores in loess; the distribution of shelf, mosaic, and cement pores in loess is not uniform and regular, so the calcium carbonate deposition is also characterized by random distribution and is not uniformly distributed all over the loess cut surface. Among them, in the mosaic and cement pores, calcium carbonate plays a cementing role. Calcium carbonate provides “strong cementation” because it increases the loess particles between the mutual bite and contact area, which is conducive to their stability. The filling calcium carbonate plays a role of “weak cementation,” and in the presence of water or pressure, it is prone to falling into larger pores. However, the filling calcium carbonate also increases the soil density, which, to a certain extent, contributes to soil stabilization. Moreover, the calcium carbonate crystals that play a role in filling will be stacked up and become larger with an increase in the number injections of bacterial and cementing liquids, eventually causing neighboring soil particles to become cemented together.
3.3 Straight shear test results
The binding strength of samples was measured by a straight shear test. Taking 1.0 mm fissure openings as an example, the relationship curves between shear stress and shear displacement of fissure loess specimens under four levels of normal stresses, namely, 100 kPa, 200 kPa, 300 kPa, and 400 kPa, are shown in Figure 9a after curing and grouting with the MICP reaction. According to the relationship curve, the shear process of cured fissured loess can be divided into three stages: the first process is the compression stage, in which the slope of the curve gradually increases from the origin of the coordinate axis; the second process is the elasticity stage, in which the shear stress increases with the rate of shear displacement, and the slope of the curve is steeper; the third process is the yielding stage, in which the slope of the curve gradually decreases, and the specimen is sheared.
[image: Figure 9]FIGURE 9 | Correlation curve of a direct shear test. (a) Relationship curve between shear stress and shear displacement of a 1.0 mm crack opening. (b) Relationship curve between shear strength and normal stress at different crack openings.
As shown in Figure 9b, as the size of the specimen fissure opening increases, the cohesion at the specimen fissure interface significantly decreases. This is because as the fissure opening becomes larger, the tension of the grouting liquid at the fissure becomes smaller; the bacterial liquid easily flows out along the structural surface; the bacteria are not easily fixed on the structural surface, and there are fewer nucleation sites when the cementing liquid is infused, resulting in poor grout curing; under the condition that the structural surfaces of the fissure specimens are the same, the internal friction angle of the fissure opening of 1.0 mm is slightly reduced than that of the fissure opening of 0.5 mm, but the difference is not significant. In contrast, when the fissure opening is 1.5 mm, the internal friction angle at the 1.5 mm fissure opening significantly decreases compared to the internal friction angles at the 0.5 mm and 1.0 mm openings. This is due to the large fissure opening, which causes poor occlusion between the concave and convex structures of the soil surface, and as a result, the internal friction angle is mainly supported by the calcium carbonate cement, leading to a significant decrease in the internal friction angle at the 1.5 mm fissure opening decreases significantly compared to that at 0.5 mm and 1.0 mm openings.
According to the abovementioned microscopic scanning electron microscope test results, it can be observed that the MICP method of curing loess mainly involves changing the contact mode between calcium carbonate crystals and the loess body to achieve curing. When MICP cures fissure loess, the calcium carbonate generated by MICP first adheres to the two sides of the fissure, forming point contact, and with increasing point contact, it gradually evolves into surface contact. With an increase in the amount of calcium carbonate generated, the fissure is gradually filled from the two sides toward the center, eventually leading to point contact in the middle. At this point, the MICP solution is continued to be injected until the point contact in the middle evolves into a surface contact; the fissure is then gradually filled, completing the curing of fissure loess (Peng et al., 2023). The micro-mechanism of cured fissure loess is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Microscopic mechanism diagram of MICP curing fractured loess.
3.4 Curing test of large-sized fissure loess
According to the abovementioned test results proving that MICP can effectively repair small-sized fissures, next, this paper studied MICP repairing of large-sized fissures. Due to the difficulty of collecting loess samples with natural fissures, this test adopts the manual method to split the retrieved original loess to obtain the fissured loess samples with a single fissure. In this test, a total of two pieces of primary loess are split. The first piece of primary loess specimen size is 100 mm × 85 mm × 80 mm, which is recorded as specimen 1; the second piece of primary loess is 150 mm × 150 mm × 100 mm, which is recorded as specimen 2.
After aligning the two flaps of the single-fissure original loess specimen with a frame, the fissure size of specimen 1 is controlled at 1.0 mm and that of specimen 2 is controlled at 1.5 mm using different sizes of plugging rulers; because of the larger fissure openings and areas in the reinforced soil samples of specimen 2, standard quartz sand was filled in the fissures in order to increase the effectiveness of its reinforcement. Specimen 2 is tested before the test, and the sand-filling method is used to measure the volume of the fissure by filling the fissure with airborne sand. After the test, the volume of the fissure of specimen 2 is 21.73 cm3 at the 1.5 mm opening. Due to its large fissure opening, specimen 2 is cured via the sand addition method, i.e., filling the fissure with quartz sand every 3 days.
As shown in Figure 11, it can be observed that the two specimens are well-bonded, indicating that MICP has a strong cementing ability; even in the case of larger size or larger fissure openings, it can still have a very good curing effect.
[image: Figure 11]FIGURE 11 | Single-crack loess sample after solidification. (a) Solidified fractured loess sample 1. (b) Solidified fractured loess sample 2.
3.5 Effect of the MICP solution on the curing of fissure loess of different sizes
The number of cementation rounds, microbial solution dosage, and other aspects of small- and large-sized fissure loess are compared to analyze the effect of size on the curing effect of fissure loess, as shown in Table 2:
TABLE 2 | Comparison table of loess curing methods with different sizes of crack openings.
[image: Table 2]Table 2 reveals that under the same fissure opening, the fissured loess body can still be effectively cemented by increasing the number of cementing rounds and the amount of the microbial solution. Therefore, it is proved that the effect of cementation can be achieved by increasing the dosage of the MICP solution for specimens of different sizes under the same fissure opening.
4 CONCLUSION
The MICP curing test of crack-free loess is carried out, and the microstructure of samples before and after curing is observed by SEM, which reveals the microscopic mechanism of MICP curing in loess, evaluating the MICP reaction efficiency of the microbial solution under the catalysis of urea or not and obtaining the optimal grouting scheme of microbial solution. The curing test is carried out on samples with crack openings of different sizes, and the influence law of crack opening on the curing effect is obtained through the shear test. The main conclusions are as follows:
(1) The strength of the loess significantly improves in the MICP curing test, and the SEM test shows that the calcium carbonate produced by the MICP reaction can be used as a cementing substance between aggregates, and the generated calcium carbonate is adsorbed around the point contact between aggregates, which makes the point contact evolve into surface contact.
(2) The experiment of CaCO3 production in the MICP reaction under the catalysis of urea revealed that when the microbial and cementing solutions are mixed in amounts of 8 mL, the CaCO3 production increases by approximately 30%, and at the same time, the reaction efficiency improves after urea catalysis, the time was shortened by four times compared with that without catalysis, and the reaction can be completed in 30 min.
(3) Through the curing test of fractured loess, it is found that MICP can effectively cure fractured loess when the crack opening is less than 1.0 mm, and the direct shear test revealed that the maximum cohesion after curing can reach 38.18 kPa and the internal friction angle can reach 33.42°. After solidification, the strength of the soil on both sides of the fractured loess structural plane increases, and the internal friction angle increases. With an increase in the size of the crack opening, the cohesion at the crack interface decreases significantly, resulting in a poor grouting curing effect.
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