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In order to study the influence of microbial content on the engineering properties of expansive soil im-proved by microbially induced calcium carbonate (MICP) method, and to clarify its influence law and mechanism of action, and to provide some theoretical reference for the application of MICP method to expansive soil treatment. Microbial reproduction and their mineralization in expansive soils have been studied. The problems such as moisture content controlling and low calcium content in the process of treating expansive soil with MICP method have been solved by means of adding calcium salt and using optimum moisture content as the control standard of the total amount of bacterial solution and cementation solution. The tests such as compaction, swelling rates and triaxial shear are carried out. The hydrophilicity, compaction, expansibility and strength characteristics of improved expansive soil under different microbial content are analyzed. The results demonstrate that with the increasing of microbial content, the dry density and shear strength of the improved soil are first increased significantly and then tend to be stable gradually. At the same time, the hydrophilicity and expansibility of improved soil are all decreased significantly. The microstructures of improved expansive soil are imaged by scanning electron microscope. Analytic results show that soil particles have been cemented and the pores in the soil have been filled due to microbially induced calcite precipitation. As a result, microstructure characteristics of the soil have been improved. From the microscopic point of view, the improvement mechanism of MICP method on expansive soil has been revealed. The conclusions above laid a theoretical foundation for in-tensive study on the improvement of expansive soil by MICP method. It also provides a new idea for perfecting and expanding the engineering application of expansive soil improvement technology.
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INTRODUCTION
Expansive soil is a special kind of soft clay with obvious swelling and shrinking properties, multiple fissures and superconsolidation which is extremely widely distributed in China (Xu et al., 2017). Montmorillonite and illite are the two highest proportion of clay minerals in expansive soil, are extremely water absorbent. As a consequence, with changes in water content, significant swelling and shrinkage and generates a large number of fissures are exhibits in soil, which results in a significant reduction in strength when the soil is exposed to water. Especially under extreme weather conditions, the moisture content of the soil is changed with the changing of ambient humidity. While the repeated cycles of moisture absorption–drying occur, the engineering properties of the expansive soil are deteriorated gradually, and the strength is decreased significantly and the deformation is increased, which seriously affects engineering safety (Liu et al., 2020a).
For a long time, domestic and foreign scholars have conducted a lot of research on the engineering properties of improved expansive soils, and many research results have been also obtained. Traditional methods for improving expansive soil are classed into physical improvement and chemical improvement. (Fu et al., 2019; Bian 2016, Bian 2020; Elkady and Shaker, 2018). studied the feasibility of improving expansive soil with lime through expansiveness and water stability experiments. (Wu et al., 2021a; Wu et al., 2021b). mixed steel slag powder into expansive soil, which effectively improved the expansion and shrinkage properties of expansive soil. (Guo et al., 2020). carried out a composite improvement of expansive soil with iron tailing sand-calcium carbide slag. Direct shear tests are conducted to determine the optimum slag mixing rate and optimum sand mixing rate for the improving expansive soil. (Shafiqu and Hasan, 2018). used polymethacrylate (PMA) polymer to improve expansive soils and the optimum admixture of PMA is determined through tests of compaction, swelling rate and unconfined compressive strength. (Wu et al., 2020). mixed calcium lignosulfonate (calcium wood) into expansive soils, it is found that the porosity of the expansive soils can be reduced by calcium wood and the water stability of this soil is also improved. Therefore, the poor engineering properties of expansive soil can be improved with above methods. However, among these improved methods, not only the environment will be caused greater pollution by using the materials such as lime and PMA polymer, but also these improved methods are expensive and a long construction period is needed. Thus, seeking a more economical, eco-friendly and efficient method for improving expansive soil is an urgent problem to be solved in the academic and engineering circles.
Microbially Induced Calcite Precipitation (MICP) is a kind of microbial mineralization process ubiquitous in nature. In the MICP method, high-producing alkaline urease bacteria are uesd to promote the hydrolysis of urea and to interact with calcium sources provided by the outside or some metal ions in the soil (Bai et al., 2017; Bai et al., 2019), calcium carbonate (calcite) precipitation by mineralization is produced. Microbes act as nucleation nodes of calcium carbonate and calcium carbonate crystals are induced the aggregation (Sun et al., 2021; Liu et al., 2019). The main process of MICP method is to mixing the soil with a bacterial solution and a cementation solution (calcium source). In the presence of the above two liquids, calcium carbonate suspended particles are adhered to the surface of soil particles or are penetrated into the pores of soil particles with the flow of liquid (Bai et al., 2020; Bai et al. 2021a; Bai et al. 2021b). In recent years, MICP method has been become a new green technology that is widely used in crack repairing (Yuan et al., 2020; He et al., 2019; Liu et al., 2020b), concrete self-healing (Feng et al., 2021; Bai et al., 2021c), heavy metal pollutant repairing (Lu et al., 2021; Xu et al., 2020), and wind protection and sand fixation (Mwandira et al., 2019; Li et al., 2020) and other engineering fields. (Cheng et al., 2021). applied MICP method to the modification of loess, it is found that the strength of this improved soil has been increased significantly. (Cai et al., 2020). explored the action mechanism of MICP method to cure silty soils, and the maintenance days needed and nutrient solution concentration are determined. (Liang et al., 2020). used MICP method to improve sandy soils, and eggshells are creatively used as a calcium source for the mineralisation process in MICP method. (Hao et al., 2021). improved the weathered sand based on MICP method, and the cementation of calcium carbonate produced in the mineralisation reaction are confirmed through scanning electron microscopy.
Considering the economy and environmental protection for engineering construction, MICP method is used to improve expansive soil, which has broad engineering application prospects. However, there is less literature related MICP method is used to improve expansive soil. Therefore, based on the current studies (Qin et al., 2020; Jiang et al., 2021; Li et al., 2021; Yao et al., 2021; Yu et al., 2021; Yu et al. 2021; Yu et al., 2022), the effect of different microbial contents on the mechanical properties, expansibility and shrinkage of expansive soil improved by MICP method has been investigated. The influence mechanism of MICP method on the microstructure of improved expansive soil has been revealed through the testing of scanning electron microscope imaging.
TEST MATERIALS AND METHODS
Expansive Soil
The soil samples used in the test are taken from the Huancheng road project in Nanning, Guangxi, these are mainly composed of clay minerals such as montmorillonite, illite and kaolinite. The soil is shown scaly, predominantly yellowish and off-white and has a slippery and gritty feel to the touch. The physical properties of expansive soil are shown in Table 1.
TABLE 1 | Physical property indices of the expansion soil.
[image: Table 1]Selection and Cultivation for Microorganisms
The microorganism used in the experiment is Bacillus pasteurii (ATCC1185-9), acquired from the China General Microbial Strain Conservation and Management Centre (CGMCC). This bacterium is a nonpathogenic Gram isolated from natural soil. It has a strong ability to produce urease (Whiffin 2004) and is widely used in related research on the improvement of soft soil by the MICP method. Before the test, the bacteria are inoculated into the slant medium. After activated and expanded, the cultured bacteria liquid is obtained. Then, the bacterial liquid is put into a constant temperature intelligent precision shaker with a rotation speed of 150 r/min and a temperature of 30°C for about 36 h. Finally, a spectrophotometer is used to determine the concentration of the bacterial solution. When the absorbance OD600 = 1, the concentration of the bacterial solution is considered to meet the test requirements. The absorbance OD600 values of the bacterial solutions used during the test are kept at 1.
The Preparation for Cementation Solution
The main role of the cementation solution is to provide a sufficient source of calcium and nitrogen for bacterial mineralisation and to provide a source of energy for the metabolism of microorganisms. In order to prevent the higher chloride ion concentration from inhibiting the activity of urease and affecting the improvement effect of the MICP method on the expansive soil, a lower concentration of the cementation solution was used in the experiment, generally 0.2 mol/L (Kejun et al., 2019). The mixing ratio of the cementation solution is 978.4 ml of distilled water, 43.8 g of CaCl2.6H2O crystals, and 43.8 g of urea.
Test Methods
Expansive soil sample retrieved is dried and crushed first, and then passed through a 2 mm sieve. In order to achieve the maximum compaction of the soil sample and to ensure sufficient nutrient solution for bacterial growth, the optimum moisture content ω = 16.2% corresponding to the maximum compaction is used as the control standard for the total amount of cementing solution and bacterial solution. The cementation solution and the bacterial solution are sprayed into the soil sample for 2, 4, 6, and 8 different times and them are mixed well at every time. At the same time, unimproved expansive soil with the same moisture content is configured as a control group to compare the improvement effects of expansive soil.
In order to ascertain the influence of microbial content on the engineering properties of improved expansive soils, according to the “Standard for Geotechnical Test Methods” (GBT50123-2019), tests for swelling rate and triaxial compression are carried out on different improved expansive soils. Improved expansive soils are air-dried at different treatment times and approximately 5 kg of each of the air-dried soil samples are taken for the preparation of compaction soil samples. For improved expansive soil with different treatment times, two parallel test groups have been made. The air-dried soil samples are crushed and through a 0.5 mm sieve, then a free swelling rate test is performed. For both the unloaded swelling rate and the 100 kPa loaded swelling rate tests, the optimal moisture content ω = 16.2% is used as the control standard for the moisture content of the soil samples.
Specimens of improved soil and unimproved soil with a height of 80 mm, a diameter of 39.1 mm are prepared for triaxial compression test. To ensure the accuracy of the test, three parallel samples are taken for each group of tests. Soil samples are put in the vacuum saturation apparatus to saturate for 12 h. Then they are put into the GDS triaxial instrument to saturate again under the action of negative pressure. Finally, soil samples are subjected to consolidation and drainage shear tests at a rate of 0.04 mm/min under a confining pressure of 50 kPa, 100 kPa, 200 kPa and 300 kPa respectively. According to the requirements of the test specification, when the axial strain is reached to 15%, the specimen is considered damaged and the test can be terminated.
For explore the influence of MICP method on microstructure changes of soil samples, using JSM-IT500LV scanning electron microscope and JEC-3000FC ion sputtering instrument, scanning electron microscopy imaging tests are carried out for unimproved expansive soil and six times treated improved expansive soil. Finally, soil sample has been imaged by scanning electron microscope.
RESULTS AND ANALYSIS
Effect of Microbial Content on Compaction Characteristics
According to the Geotechnical Test Method Standard (GBT50123-2019), compaction tests for improved expansive soil have been carried out under standard conditions, optimal moisture content and maximum dry density of expansive soil with different treatment times have been obtained. Tested results by compaction test of improved expansive soil, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Tested results by compaction test of improved expansive soil.
It can be found from Figure 1 that the optimal moisture content of unimproved expansive soil is 16.2% and its maximum dry density is 1.94 g/cm3. With the increasing of the number of MICP treatment (microbial content), the optimal moisture content of expansive soils first is increased and then is decreased. This is due to the fact that microbially induced calcium carbonate precipitation firstly are cemented with soil particles, soil particles are changed to bigger. Secondly, soil pores are filled with calcium carbonate precipitation, which led to soil pore structure has been changed. The permeability of soil is reduced and its compactness is increased, which led to its optimal moisture content is increased. In addition, due to the action of charge force, calcium carbonate precipitates are adsorbed and are wrapped on the surface of the clay minerals, the hydrophilicity of soil has been reduced. Therefore, the optimal moisture content required to achieve the same density is increase inevitably.
It can also be seen from Figure 1 that the maximum dry density of expansive soil is tends to decrease and then to increase with the increasing of the number of MICP treatment. The maximum dry density is decreased from 1.94 g/cm3 to 1.84 g/cm3 and then is started to increase again. Combined with the analysis of the microstructure of expansive soils improved by MICP method, it is clear that calcium carbonate precipitation is increased with the increasing of treatment times. So that soil particles are changed to bigger and the frictional resistance between soil particles is increased. At the same time, with the increasing of soil particle diameters, the volume of soil pore is increased slightly. As a result, it becomes more difficult to compact soil sample, making it somewhat dry density is reduced. However, as the number of improvements continues to increase, the greater the content of calcium carbonate precipitation, more soil pores are filled by calcium carbonate precipitation, soil porosity is decreases gradually, and soil compactness is increased. As a result, the maximum dry density of soil is increased gradually instead.
Effect of Microbial Content on Swelling Characteristics
According to the Geotechnical Test Method Standard (GBT50123-2019), the free swelling rate, unloaded swelling rate and 100 kPa loaded swelling rate tests have been carried out on the soil samples. Tested results of swelling ratios of improved soil samples, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Tested results of swelling ratios of improved soil samples.
As can be seen from Figure 2, free swelling rate, unloaded swelling rate and 100 kPa loaded swelling rate are decreased gradually with the increasing of times of MICP treatments increases (the microbial content increases). When soil is treated by microbial liquid for more than 6 times, the above three indexes all are closed to a certain fixed value. Compared with unimproved expansive soil, when treatment times of microbial liquid is 6, free swelling rate of improved soil sample is reduced from 61.3 to 14.9%, unloaded swelling rate is reduced from 14.2 to 2.80%, and 100 kPa loaded swelling rate is decreased from 1.8 to 0.4%. This shows that the expansibility of expansive soil can be suppressed effectively by MICP method.
From the changes in the microstructure of improved expansive soil, it can be considered that microbially induced calcite precipitation is existed in the form of spherical particles or spherical aggregates of calcite. It is adhered on the surface of soil particles, so that the frictional resistance between soil particles is increased, and the contact area between expansive soil particles and water is reduced, and the hydrophilicity of expansive soil is reduced, and the expansibility of expansive soil is inhibited. At the same time, water film in the soil is become thinner significantly, swelling potential of expansive soil is reduced, due to the ions between the highly-priced calcium ions in cementation solution and expansive soil are exchanged (Ma et al., 2019). With constantly increasing of improvement times, the total amounts of calcium carbonate precipitation are increased, which resulting in soil particles sizes and soil pore ratio all are increased constantly. Therefore, when the improvement times is exceeded 6, the hydrophilicity of expansive soil is tended to be stable, and the three expansibility indexes are all close to stable values. This means when the improvement times is exceeded 6, increasing the improvement number will no longer have a significant effect on reducing the expansibility of expansive soil.
Effect of Microbial Content on Soil Strength
The relations between deviatoric stress and axial strain of unmodified expansive soil and MICP method improved expansive soil have been obtained through triaxial consolidation and drainage shear tests. The relations between deviatoric stress and axial strain of expansive soil with different improvement times, as shown in Figure 3 respectively.
[image: Figure 3]FIGURE 3 | Relations between deviatoric stress and axial strain.
From Figure 3, it can be found when confining pressure is 50 kPa, 100 kPa, 200 kPa, and 300 kPa respectively, no significant peak is occurred in deviator stress (q = σ1−σ3) of improved expansive soil. With the increasing of axial strain, the increase rate of deviatoric stress is decreased gradually, and finally it is tended to be stable. It is reflected that its stress-strain relations is a typical strain-hardening type. Under the same confining pressure, with the increasing of treatment number by microbial, when soil sample is sheared failure the deviatoric stress value (ε1 = 15%) is increased gradually, that is, its shear strength is increased gradually. Taking confining pressure σ3 = 100 kPa as an example, comparing with unimproved expansive soil samples, the failure deviatoric stress of improved soil samples after it is treated by MICP method for 2, 4, 6, and 8 times is increased by 59.76%, respectively. 79.19, 109.85 and 76.2% respectively.
At the same time, it can be found from Figure 3 that the axial strain [image: image] corresponding to inflection point of stress-strain curve is also increased with the increasing of treatment times under various confining pressure conditions. Therefore, the above results indicate that with the increasing of treatments times (i.e., increasing in the microbial content), shear strength of improved expansive soil is increased gradually, and finally it is tended to be stable. This is because the more treatment times increase, the higher the content of calcium carbonate in improved expansive soil, the stronger the cementation effect on soil particles and the greater the filling effect on soil pores. Thus, with the increasing of treatments times, the angle of internal friction and the cohesion of the soil are increased gradually and its shear strength is also increased gradually. However, when treatment times of improved soil is greater than 6, further increase in treatment times will not only lead to coarsening of soil particles, but also to an increase in soil porosity. Therefore, if the treatment times of soil is increased continuously, which will lead to a reduction in its shear strength. The above results show again that the strength of expansive soil can be increased if microbial content is an appropriate.
Effect of Microbial Content on Microstructure of Soil
Through the test of scanning electron microscope imaging, the microstructure of expansive soil improved by MICP method can be visual analysis. Scanning electron microscope imaging of expansive soil is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Scanning electron microscope imaging of expansive soil.
It can be found from Figure 4A that in unimproved expansive soil, the spatial distribution of soil particles is in sheet structure, and the particles are mainly connected in the form of face-to-face connection. According to the lattice expansion theory (Hensen and Smit 2002), the highly directional arrangement structure presented by expansive soil is extremely beneficial to its swelling and shrinkage. When water molecules is entered the interstices to form a water film, lattice expansion is occurred, the spacing between lattice faces is increased gradually, which thus causes expansive soil to swell. On the contrary, after the loss of water, the water film in the gap is become thinner, the distance between lattice faces is reduced, which causes expansive soil to shrink.
As it can be seen in Figure 4B, the microstructure of expansive soil after 6 times of treatments is shown that the lamellar soil particles are filled with granular and flaky crystals of different sizes and with irregular surfaces. The essence of these crystals is calcium carbonate precipitation produced by microbial mineralization, these precipitation with the effect of “cementation” and “filling”.
It can also be seen from Figure 4 that some calcium carbonate precipitates are attached to the surface of soil particles, and soil particles are condensed into aggregates under the cementation of calcium carbonate precipitates. At the same time, the pores between the soil particles are filled by some calcium carbonate deposits. Due to the increasing of aggregates and the filling of pores, the pore volume is reduced significantly, soil hydrophilicity to a certain extent is reduced and water stability of the soil is improved. With the increase of irregular crystals on aggregate surface, friction resistance and cohesion between soil particle faces are increased, shear strength of soil sample is improved (Yao et al., 2022). This is consistent with the results obtained from triaxial test, that the shear strength of expansive soil is increased with the increasing of treatment times.
CONCLUSION
Experimental study on Nanning expansive soil improved by MICP method have been carried out. Through indoor tests such as compaction, swelling rate and triaxial compression etc., improvement effect of the MICP method is studied comparatively, and microstructure mechanism of improved expansive soil by MICP method has been revealed. The following conclusions have been obtained.
(1) Optimal moisture content required for expansive soil to reach the maximum compaction degree is used as the control standard for total amount of bacteria solution and cementation solution. Thus, the problem that physical state of soil can be changed due to excessive moisture content during improvement of expansive soils by MICP method is solved. In the process of improving expansion soil by MICP method, another problem that low calcium content in natural expansive soil is also solved by adding calcium salt.
(2) Due to microbially induced calcium carbonate precipitation, soil particles are cemented and soil pores are filled and microstructure characteristics of soil are improved, thereby hydrophilicity, compaction, swelling and strength properties of soil have been improved.
(3) Swelling characteristics of expansive soils are suppressed effectively by MICP method. Free swelling rate, unloaded swelling rate and 100 kPa loaded swelling rate are all lower than those of unimproved expansive soil. After improvement, the lowest values of above three swellability indices are 14.9, 2.80 and 0.4% respectively, which are 75.7, 80.3 and 77.8% lower than the unimproved expansive soil.
(4) After improvement, the shear strength of expansive soil has been increased significantly. With treatment times, cohesion and internal friction angle both are increased first and then are become stable. After six treatment times, cohesion and internal friction angle are reached the maximum value, which are 117.04 kPa and 24.48° respectively.
(5) Analysis of microstructure imaging of expansive soil by scanning electron microscope indicate that microstructure of soil is changed due to microbial mineralisation process. Furthermore, improvement mechanism of expansive soils by MICP method is revealed at the microscopic level. Calcium carbonate precipitation is caused in the process of microbial mineralisation, from which soil particles are cemented and soil pores are filled, the swelling, hydrophilicity and the strength of expansive soil thereby are improved.
The above conclusions have laid a theoretical foundation for in-depth research on expansive soils improved by MICP method. It also provides a new idea to prefect and expand engineering application for improvement technology of expansive soil.
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