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To clarify the influence range and saturation distribution after the biogas desaturation method is applied, a three-dimensional model is established with TOUGH2 software to analyze the effect of construction parameters such as grouting volume, grouting rate, grouting depth, nitrogen source concentration, and soil porosity. After that, the sensitivity of the parameters on the influence range is determined. The grouting volume and soil porosity are the most sensitive to the lateral and vertical influence range, respectively. This study provides a basis for the engineering practice of treating liquefiable subgrade by the biogas desaturation method.
Keywords: influence range, sensitivity analysis, desaturation, biogas, TOUGH2
1 INTRODUCTION
Seismic subsidence and lateral expansion caused by the liquefaction of saturated soil can cause a series of serious seismic and geological disasters, such as collapse, tilting, uneven settlement of upper structures, road cracking, uplift of underground structures, and foundation damage (Feng et al., 2023; Xiang et al., 2023; Cai et al., 2024). Desaturation is a new and low-carbon treatment method for liquefiable subgrade (Jiang et al., 2020; Bianet al. 2024). This method can not only be used in new construction projects but can also be used to treat subgrade under existing buildings or structures (Eseller-Bayat E E, 2009). In recent years, some scholars have studied the desaturation method and suggested that the liquefaction resistance of sand can be improved with significant decrease in saturation. Martin et al. (1978) pointed out that under cyclic loading, when the saturation of sand samples with a porosity of 0.4 is reduced by 1%, the increment in excess pore water pressure will be reduced by 28%. Chaney (1978) found that when the saturation of sand decreases to 90%, its liquefaction resistance increases by two times. Yoshimi et al. (1989) carried out cyclic torsional shear tests on the samples under different saturation levels, and the results showed that the liquefaction resistance of soil increased significantly with decreasing soil saturation, and when the saturation level decreased to 70.0%, its liquefaction strength was three times that of saturated soil samples. Xia and Hu (1991) indicated that when the cyclic stress ratio is constant, the soil saturation decreases from 100.0% to 98.7%, and the critical cycle number increases by more than 30.0%. In conclusion, the saturation of sand has a significant effect on the liquefaction resistance of sand, and a slight decrease in saturation can significantly improve the liquefaction resistance of sand (Tsukamoto et al., 2002; Eseller-Bayat et al., 2013; Chen et al., 2017). However, further research is needed on the saturation distribution of the subgrade after desaturation treatment.
According to the gas/air injection method, desaturation can be divided into air injection, water electrolysis, and biogas (Peng et al., 2018). Furthermore, because nitrogen produced by the biogas method is inert, has low water solubility, and can be distributed more uniformly, this method should be studied more and promoted for application. The main principle of the biogas method is injecting the denitrifying bacterial suspension into the liquefiable soil, and the bacteria can generate nitrogen in situ to reduce soil saturation. When the liquefiable soil layer suffers vibration load, the biogas in the pores can effectively alleviate the rising trend of excess pore water pressure and improve the anti-liquefaction ability of the liquefiable soil layer. Moreover, the migration of bacteria in soil can be affected by dynamic processes, resistance, and microorganism factors (Han et al., 2016). The dynamic process includes convection and hydrodynamic dispersion, which are the two main driving forces for the migration of bacteria in the soil (Li and Wei, 2003). Li and Li (2006) conducted a mixed displacement test in saturated soil with steady flow to study the migration of Escherichia coli in sand. The results showed that with increase in the flow rate, the passing ability of the bacteria was significantly enhanced, and the retention coefficient decreased. Porosity is also an important factor affecting microbial migration dynamics. White (1985) summarized the effect of the pore scale on bacterial migration and pointed out that the increase in the pore scale would greatly increase the migration dynamics. The resistance process mainly includes filtration, adsorption, and desorption. Bradford and Bettahar (2005) conducted a soil column test using saturated quartz sand with median particle sizes of 710, 360, and 150 μm. The test results showed that with the decrease in the median diameter, the bacterial retention at the inlet end of the sample increased, while the bacterial concentration in the effluent at the outlet end decreased. Mixed displacement is a comprehensive manifestation of solute transport in soil. Most of the mathematical models of soil solute transport are used to describe the vertical one-dimensional salt movement in the soil profile and ignore the effects of salt decomposition, dissolution, precipitation, adsorption, and desorption in the soil (Romano et al., 1998). In addition, few research studies have been carried out on the migration of biogas, and most studies about the migration of gas mainly focus on the aeration method. Van et al. (1995) used the two-phase seepage method to simulate the continuous aeration process in a uniform porous medium and showed that buoyancy is dominant from the bottom of the aeration well to the low-permeability area. The air diffuses horizontally at the bottom of the low-permeability zone. In the upper part of the low-permeability zone, buoyancy is dominant again. Baker and Benson (2007) indicated that when using the aeration method to treat contaminated soil, due to the low permeability of fine-grained soil, the pressure required for gas displacement of pore water is relatively large, and the buoyancy effect of the gas is relatively weak, so the lateral influence range of the final aeration airflow state is obviously larger.
To clarify the influence range of the bacterial suspension and biogas after grouting, in this paper, a three-dimensional finite element model was established through TOUGH2 software to simulate the suspension diffusion and the migration of biogas in subgrade. The influence of bacterial suspension volume, grouting rate, grouting depth, concentration of the nitrogen source in the suspension, and soil porosity on the distribution of the suspension and biogas was analyzed. Based on the simulation results, the sensitivity of each factor to the horizontal and vertical influence ranges of saturation was analyzed. The research results can provide a theoretical basis for the technology development and application of microbial grouting to reduce soil saturation for liquefiable foundation treatment.
2 MATERIALS AND METHODS
2.1 Soil, bacteria, and culture medium
2.1.1 Soil
The sand was taken from a site in Nanjing, Jiangsu Province. Its specific gravity is 2.68, and the maximum and minimum pore ratios of sand are 0.946 and 0.428, respectively. The particle size distribution curve of the sand is shown in Figure 1, and the gradation constants are shown in Table 1. Table 1 and Figure 1 show that the content of the coarse sand is more than 50%, without gravel and fine particles, and Cu < 5, Cc < 1. According to the “Standard for Engineering Classification of Soil” (GB/T 50145-2007) (Ministry of Water Resources of the People’s Republic of China, 2008), it can be defined as poorly graded sand.
[image: Figure 1]FIGURE 1 | Particle size distribution curves of sand.
TABLE 1 | Soil characteristics.
[image: Table 1]2.1.2 Bacteria
The bacterium is Pseudomonas stutzeri (DSMZ, 5190). P. stutzeri is a common soil bacterium, belonging to the genus Pseudomonas. It is a rod-shaped, non-spore, flagellated, aerobic Gram-negative bacteria with a strong denitrification ability. In P. stutzeri, nitrate reductase (Nar) consists of three subunits: α, β, and γ; it is encoded by the narG, narH, and narL genes, respectively. The α subunit is composed of 1,521 amino acid residues, the β subunit is composed of 512 amino acid residues, and the γ subunit is composed of 263 or 265 amino acids. The molecular weight of Nar is approximately 172 KD (Blümle and Zumft, 1991). Periplasmic-bound nitrate reductase (Nap) includes two subunits, NapA and NapB. NapA and NapB are composed of 834 and 162 amino acid residues, respectively, and their molecular weight is 112 KD (Yu et al., 2011). The type of nitrite reductase (Nir) in P. stutzeri is mainly NirS. NirS exists in the form of a dimer; each monomer is composed of 560 amino acid residues, and its molecular weight is 60 KD (Weeg-Aerssens et al., 1991). Nitric oxide reductase (Nor) is composed of two subunits, NorB and NorC and has a molecular weight of 70 KD. NorB is composed of 473 amino acid residues, and NorC is composed of 145 amino acid residues (Zumft, 2005). The type of nitrous oxide reductase (Nos) is mainly NosZ, which exists in the form of dimers. Each unit is composed of 637 amino acids, and the molecular weight is approximately 71 KD (Alvarez et al., 2001).
2.1.3 Culture medium
The culture medium is Luria–Bertani (LB) medium. The LB medium is composed of 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl. The composition of the denitrification culture medium is Na3C6H5O7·2H2O 5 g/L, MgSO4·7H2O 0.2 g/L, KNO3 2 g/L, and K2HPO4 1 g/L.
2.2 Biogas production
2.2.1 Denitrification
Denitrification mainly includes four steps, as shown in Figure 2. In step 1, nitrate is reduced to nitrite by Nar and Nap. In step 2, nitrite is reduced to nitric oxide (NO) by Nir. In step 3, NO is reduced to nitrous oxide (N2O) by the catalysis of Nor. In step 4, N2O is ultimately converted into nitrogen gas by Nos. Based on the basic composition of the denitrification medium, 5 g of sodium acetate was added as the carbon source to analyze the variation in NO3− and NO2− content, and the denitrification ability of the bacteria was preliminarily verified by the denitrification tests. The detailed steps involved in the denitrification performance test are as follows:
(1) The standard curve for NO3−and NO2− was plotted using ion chromatography ICS-1500 from Dionex Inc. The ion chromatograph consists mainly of an RFC-30 automatic eluent generator, an IonPac CS12A 4-mm separation column, an IonPac CG12A 4-mm protection column, an ASRS ULTRA II automatic regeneration film suppressor, and a conductivity detector.
(2) The LB medium was used for culture, and the bacterial suspension in the logarithmic phase of growth was centrifuged at a speed of 4,000 r/min; the supernatant was removed, and the denitrifying medium was added until the optical density of the bacterial suspension was 0.1. The light density was measured using Dynamica’s HALO NDAmaster spectrophotometer. The light density was measured at a light source wavelength of 600 nm.
(3) One milliliter of the bacterial suspension was added into several 2-mL centrifuge tubes and allowed to stand at constant temperature, and the culture temperature was 30°C (the optimum temperature).
(4) The concentrations of NO3− and NO2− in the bacterial suspensions were measured every 3 h.
[image: Figure 2]FIGURE 2 | Process of bacterial denitrification (Rebatalanda and Santamarina, 2012).
2.2.2 Biogas production test
The bacterial suspension containing sodium citrate was prepared and mixed with sand to verify its effect of desaturation. First, the bacterial suspension with OD = 0.1 and different C/N (8.6, 5.7, 4.3, 2.9, and 2.1) was prepared. In the gas measuring device, the bacterial suspension was mixed with the dry sand, and a saturated cylindrical sand sample of 10 cm3 was prepared. The target volume and void ratio were 10 cm3 and 0.50, respectively, and it was cultured at 20°C. Second, the amount of gas generated was read every 3 h. The gas measuring device was composed of a 20-mL syringe, 4 mm × 6 mm (inner diameter × outer diameter) PVC hose, and a 2-mL glass scale pipette, as shown in Figure 3. When the bacterial suspension in the sample begins to produce gas, the pore water of the soil is discharged, and the end position of the liquefied paraffin in the glass pipette will change accordingly. The corresponding scale value of the liquefied paraffin end was recorded, and the difference between it and the initial value provides the amount of biogas produced. The calculation formula is following as Eqs 1, 2 (Peng, 2018; Zhang et al, 2023):
[image: image]
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where Sr is the sample’s degree of saturation, Vv is the pore volume, Va is the bacterial gas produced, Vao is the initial gas content of the sample, ∆h is the variation in water thickness on the top surface of the sample, and A is the cross-sectional area of the sample.
[image: Figure 3]FIGURE 3 | Schematic diagram of the gas measurement device.
2.2.3 Gas production result
The test results are shown in Figures 4, 5. When C/N is constant, the decrease in saturation decreases linearly with decreasing concentrations of the nitrogen and carbon sources. When the carbon source concentration is 4.25 mmol/L, the gas production by bacteria is extremely low. This is mainly caused by three reasons. First, P. stutzeri is a kind of facultative heterotrophic bacteria, and in the initial stage of bacterial growth, it consumes some carbon sources for aerobic respiration. Second, in the early stage of denitrification, dissolved nitrogen is produced by the reduction of the nitrogen source and carbon sources to reach the nucleation concentration and form gas, so some carbon sources do not play a role in desaturation and just for the dissolved phase. Third, the initial bacterial concentration is relatively high, and due to competition for nutrients among microorganisms, the biological activity and utilization rate of the denitrification reaction substrate decrease. A larger C/N does not necessarily lead to higher gas production and gas production rate. When nitrate is used as a reaction substrate for denitrifying bacteria, there are two pathways for the conversion of nitrate (Mohan et al., 2004). The first one is the ammonification reaction. When the C/N ratio is high, denitrifying bacteria will reduce nitrate to nitrite and, finally, to ammonium (Richardson et al., 2001). Another pathway is denitrification, which mainly occurs when the C/N ratio is low and the final produced gas is nitrogen (Moura and Moura, 2001). However, when the C/N ratio is too low, insufficient electron donors lead to a low conversion rate of total inorganic nitrogen, which results in a decrease in gas production efficiency.
[image: Figure 4]FIGURE 4 | Relationship between 1-Sr and the nitrogen concentration at different C/N ratios.
[image: Figure 5]FIGURE 5 | Relationship between the gas production rate and nitrogen source concentration.
2.3 Numerical model
The influenced area of gas production is an important parameter after microbial grouting in the design of the biogas desaturation method. The biogas flow pattern after single-point grouting and the change in gas–water pressure in soil pores after gas injection are determined, and design parameters such as grouting volume, grouting rate, grouting depth, and nitrogen source concentration are optimized. According to the results of the previous section, it is feasible to use TOUGH2 to establish a model to simulate the water–gas system. Moreover, the EWASG module in TOUGH2 is used to establish a large-scale three-dimensional model to simulate the bacterial suspension diffusion and biogas formation process to determine the influence region of the bubble.
2.3.1 Model overview
Based on a liquefiable subgrade stated in Nanjing of China, a three-dimensional calculation model is established. The size of the calculation model is 25 m × 20 m × 20 m (height × width × thickness), and the groundwater table is 1 m. The model is divided into two parts; the upper part is set as the unsaturated soil layer with a saturation of 60%, and the lower part is set as the saturated soil layer with a saturation of 100%. The first part is used to establish the model and verify it with the test results in the literature. The main purpose is to verify the correctness of the simulation method. The second part is a simulation based on a homogeneous sandy soil foundation. The main purpose of the simulation is to discuss the influence of various parameters on the influence range of desaturation and its sensitivity in the grouting process, and there is no verification process. In the second simulation, the groundwater table is 1 m, so the soil under the water level is set to be fully saturated. The specific model parameters are shown in Table 2, and the gas phase parameters are chosen according to nitrogen. The surface of the model is connected to the atmosphere, the pressure is constant at atmospheric pressure, and the other sides are permeable boundaries.
TABLE 2 | Values of the main calculated parameters of the model.
[image: Table 2]2.3.2 Model building
2.3.2.1 Basic assumptions
The seepage in the model is isothermal; the pore medium contains water and gas phases, and the two phases are immiscible; the soil particle and water are regarded as incompressible, and it is assumed that the density of water and gas is constant; the seepage of water and gas phases in the model obeys Darcy’s law; the area under the water table is saturated, and the change in water table is not considered during seepage process; capillary pressure and gravity are considered, but effects of adsorption, degradation, and mass transfer between the phases are ignored.
2.3.2.2 Governing equation
.2.3.2.2.1 Basic governing equation
The governing equations in the model are based on mass conservation and Darcy’s law, and the finite difference method of integral form is used for discrete solutions. This method is most effective for solving multiphase flow problems (Danko, 2014).
According to the principle of mass conservation, the basic equations of water and gas phase flow are expressed as in Eq. 3. In addition, the total mass accumulation of water and gas is expressed by Eq. 4. The standard gas phase accumulation without adsorption condition is shown in Eq. 5.
[image: image]
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where Vn is any element, Гn is the closed boundary of the element, k is component water or gas, n is the normal vector cosine on Гn, Fk is the mass flux of component k into the element (kg/s), qk is the mass generation rate of component k per unit volume (kg/s), Mk is the mass of k on dVn (kg), Φ is the total porosity, the β phase includes liquid phase l and gas phase g, Sβ is the saturation of the β phase, ρβ is the density of the β phase, Xβ is the mass fraction of component k in the β phase, and Rgc is the retardation factor for the transport of organic chemicals into the gas phase, and for a two-phase flow it, can be written as Eq. 6.
[image: image]
According to Darcy’s law, the total mass flux Fk of component k in the gas and water phases is calculated as E. 7, and Fβk is calculated according to Darcy’s law as Eq. 8. The basic control equation for solute transport is shown in E. 9.
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where K is the absolute permeability of the medium (m2), kγβ is the relative permeability of the β-phase; μβ is the dynamic viscosity coefficient of β (N·s/m2), Pβ is the pressure of β-phase (Pa), g is the vector of gravitational acceleration (N/kg), Z is the height (m), Mj= ΦSCj, Φ is the porosity, S is the liquid phase saturation, Cj is the concentration of the component j in the liquid phase (ms−1), τ is the curvature coefficient of the aqueous medium, D is the diffusion coefficient (m2d−1), and qj is the source–sink term of the component j, including the term of the hydrochemical reaction.
.2.3.2.2.2 Auxiliary equation
The capillary water pressure can be expressed by Eq. 10. The saturation of the soil layer is expressed as Eq. 11. The van Genuchten model is selected for calculation, as shown in Eq. 12 (Van genuchten, 1980). The van Genuchten–Mualem model is applied to express the correlation between relative permeability and saturation, as shown in Eqs 13, 14 (Mualem, 1976).
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where Pβ is the capillary pressure (Pa), Pcβ is the capillary pressure of the β-phase, Pcω is the capillary pressure of the liquid phase, Se is the effective water saturation, Sγω is the residual water saturation, Ssω is the maximum water saturation, Po is the inlet value, Pmax is the maximum inlet value, and Po, n, and m are the fitting parameters of the model. The parameter values in the model are as follows: m = 0.457, n = 1.842, Ssω = 1.0, and Sγω = 0. krl and krg are the relative permeability coefficients of the liquid and gas phases, respectively; λ is the fitting parameter; and Srg is the residual gas saturation. The values of the parameters in the model are as follows: λ = 0.457, Ssω = 1.0, Sγω = 0.15, and Srg = 0.1.
.2.3.2.2.3 Grid division
The air sparging test result in Mei et al. (2002) was selected for verifying the feasibility of the model. The test model box is two-dimensional, and its width is 2.00 m and height 2.00 m. The upper surface of the model is connected with the atmosphere, and there is an unsaturated area with a height of 0.2 m above the water table. The aeration outlet is located 0.40 m above the bottom boundary, with a diameter of 0.02 m. The model parameters are shown in Table 3.
TABLE 3 | Model calculation parameters (Mei et al., 2002).
[image: Table 3]The two-dimensional model is established according to the size of the model in the literature, and the model is divided by the rectangular grid. The model is divided into two parts. The first part is the upper unsaturated area with a height of 0.2 m, which is divided into two layers, and the height of each layer is 0.1 m. The second part is the lower saturated area with a height of 1.8 m, which is divided into nine layers, and each layer is 0.2 m high.
.2.3.2.2.4 Boundary conditions
For the initial conditions, the saturation level of the upper and lower soil layers is set to 0.65 and 1.0, respectively. The upper part is connected with the atmosphere, and the pressure is constant at atmospheric pressure. The bottom, left, and right sides are impermeable boundaries. The initial and boundary conditions can be expressed by Eqs 15, 16, respectively.
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2.4 Numerical scheme and validation
First, the TOUGH2 software is used to establish the gas production mathematical model. The feasibility of the model is verified by using the data cited in literature. Second, based on that modeling method, the production process and final saturation distribution of biogas under different conditions were simulated according to the characteristics of microbial gas production. The microbial bubble desaturation method is mainly achieved by grouting the bacterial solution into the soil. The main construction method is the traditional grouting method. The main construction parameters in the grouting method are grouting parameters (grouting volume, grouting rate, and grouting depth), parameter of the grouting liquid (nitrogen source concentration), and soil parameters (soil porosity). Therefore, when discussing the influence range of desaturation, the influence of the above parameters is mainly discussed, and the results can guide engineering practice.
2.4.1 Simulation scheme and method
2.4.1.1 The values of porosity and permeability
In the TOUGH2 software, porosity and the intrinsic permeability of soil are two important parameters. However, in practical applications, the intrinsic permeability is difficult to measure and apply. Therefore, this study only proposes the change in porosity. However, for a kind of soil, different porosities will correspond to different permeabilities. According to Rajani (1988), the correlation between porosity and permeability is given as follows:
[image: image]
where K is the intrinsic permeability of the soil (m2), Cs is a constant with value 3.05 × 10−3 (Locke et al., 2001), d50 is the medium diameter of the soil (m), and f(n) is a function of porosity, which is expressed as follows:
[image: image]
The correlation between permeability and porosity can be calculated by Eqs 17, 18, as shown in Figure 6. As can be seen from the figure, permeability increases monotonically with increasing porosity.
[image: Figure 6]FIGURE 6 | Relation curve between permeability and saturation.
2.4.1.2 Simulation scheme
The simulation scheme is shown in Table 4.
TABLE 4 | Simulation scheme.
[image: Table 4]2.4.2 Grid division
The rectangular grid is selected for grid division, and the grid division diagram is shown in Figure 7. The thickness of the unsaturated soil layer is 1 m, which is divided into five layers with a thickness of 0.2 m. The thickness of the saturated soil layer is 24 m, which is divided into 96 layers with a thickness of 0.25 m. The width of the unit is 0.25 m in the horizontal direction.
[image: Figure 7]FIGURE 7 | Grid division.
2.4.3 Model validation
Figure 8 shows the result of model validation. Figure 8A is the saturation contour map obtained in Wang and Hu (2010) in a stable state, and the influence range is conical. Figure 8B shows the gas phase saturation distribution of TOUGH2 software. Figure 8C draws a contour map of water phase saturation corresponding to Figure 8B. There is a slight difference between the two forms, as shown in Figures 8A, C. However, the gas saturation and influence range are similar. The main reason is that the jet unit adopts flow control in the TOUGH2 model, and the unit is kg/s. However, pressure control has been used in Wang and Hu (2010). In general, it is reasonable and reliable to use TOUGH2 software to analyze the pattern of water–gas two-phase migration in soil.
[image: Figure 8]FIGURE 8 | Model validation. (A) Saturation contour diagram in literature (Wang and Hu, 2010). (B) Gas phase saturation distribution of TOUGH2 software. (C) Saturation contour diagram.
3 RESULTS AND DISCUSSION
3.1 Distribution of bacterial suspension composition and saturation
3.1.1 Grouting volume
3.1.1.1 Distribution of bacterial suspension composition
The influence of grouting volume on the distribution of bacterial suspension composition is mainly determined by the migration process of the culture medium and bacteria during the grouting process. Because convection dispersion and molecular diffusion of ions occur, the concentration of C5H7O5COO− and NO3− and C/N will change, which affects biogas production during grouting. Both MgSO4 and K2HPO4 in the medium were bacterial growth factors, and they were not the direct substrate of the denitrification reaction. Therefore, only the migration of C5H7O5COO− and NO3− was simulated. Moreover, the distribution range of bacteria in the grouting process is similar to the influence area of the culture medium, so only medium component migration is discussed.
Figure 9 shows the variation in NO3− and C5H7O5COO− concentrations with the grouting volume when the grouting rate is 0.1 L/s. When the grouting rate is constant, the lateral influence range of each ion increases with the increase in grouting volume. The peak of ion concentration near the grouting point is similar to the initial concentration of the culture medium. When the grouting volume was 2,160 L, the concentrations of NO3− and C5H7O5COO− were 17.2 mmol/L and 15.0 mmol/L after grouting, while their initial concentrations were 19.8 mmol/L and 17.0 mmol/L, respectively. However, the ion concentration decreases rapidly in the diffusion region, and the decline rate is similar. The C/N ratio is between 4 and 6 in the effective influence area. According to Peng et al. (2018), effective C/N values are located near the demarcation point between the electron donor surplus region and shortage region. Therefore, diffusion has little effect on C/N values, and C/N is in the high conversion rate region of total inorganic nitrogen (TIN). Therefore, the culture medium components are not wasted too much.
[image: Figure 9]FIGURE 9 | Distribution of NO3− and C5H7O5COO− with different grouting volumes. (A) 360 L. (B) 900 L. (C) 1,440 L. (D) 2,160 L.
Figure 10 shows the correlation between the influence range of the suspension and grouting volume. There is a good power function relationship between them.
[image: Figure 10]FIGURE 10 | Relationship between the influence range of the suspension and grouting volume.
3.1.1.2 Distribution of saturation
Figure 11 shows the saturation distribution under different grouting volumes. After injecting the suspension at a depth of 10 m, the generation rate of biogas is slow, and the volume of the biogas generated is less. Therefore, it cannot emit from soil and form a stable flow state, the shape of which is similar to a “water-drop.”
[image: Figure 11]FIGURE 11 | Saturation distribution under different grouting volumes. (A) V = 360 L. (B) V = 900 L. (C) V = 1,440 L. (D) V = 2,160 L.
Figure 12 shows the influence range for different grouting volumes. When the grouting volume increases, the lateral influence range of biogas also increases. Because the permeability of sand is high and the generation rate of biogas is low, it can result in little excess pore water pressure. Therefore, the lateral influence range of desaturation is only slightly larger than that of the suspension. The vertical influence range of desaturation increases significantly with the increase in grouting volume. As the grouting volume increases from 1,440 to 2,160 L, the vertical influence range does not become larger.
[image: Figure 12]FIGURE 12 | Influence range under different grouting volumes.
3.1.2 Grouting rate
Figure 13 shows the effect of the grouting rate on the distribution of NO3− and C5H7O5COO−. When the grouting volume is constant, the distribution of NO3− and C5H7O5COO− concentrations is basically consistent under different grouting rates. This is because the ion diffusion in pore water is mainly affected by convection dispersion during grouting, and the molecular diffusion is weak (Hu et al., 2020). Therefore, when the grouting volume is constant, the influence of the grouting rate on the distribution of the suspension and saturation is weak and can be neglected.
[image: Figure 13]FIGURE 13 | Effect of the grouting rate on the distribution of NO3− and C5H7O5COO−. (A) NO3−. (B) C5H7O5COO−.
The stagnation period of biogas generation is short, and it is necessary to quickly complete the aimed grouting volume before biogas generation because biogas can reduce the soil permeability (Su et al., 2012). If constant rate grouting is still conducted, excess pore water pressure will accumulate significantly. Therefore, it is necessary to consider the faster grouting rate within the allowable range. Because the excess pore water pressure cannot dissipate quickly, it shows a cumulative trend, as shown in Figure 14A. Grouting with suspension belongs to seepage grouting, and the suspension should be filled in pores of soil without destroying the soil skeleton by excessive pore water pressure. Therefore, for the same soil, there is a corresponding relationship between the grouting rate and the maximum grouting volume, as shown in Figure 14B. When the grouting rate increases, the final grouting volume decreases significantly.
[image: Figure 14]FIGURE 14 | Excess pore water pressure and final grouting volume under different grouting rates. (A) Excess pore water pressure under different grouting rates. (B) Relationship between the grouting rate and final grouting volume.
3.1.3 Grouting depth
Figure 15 shows the distribution of desaturation and influence range under different grouting depths. The influence range of desaturation decreases slightly with grouting depth increase. Moreover, with increases in the grouting depth, the saturation becomes lower in the influence area. Due to the strong compressibility of gas, pore water pressure is higher at a deeper site, the gas is compressed, and the final saturation is lower.
[image: Figure 15]FIGURE 15 | Distribution of desaturation and influence range under different grouting depths. (A) Lateral distribution. (B) Vertical distribution. (C) Influence range.
3.1.4 Nitrogen source concentration
3.1.4.1 Component distribution of the suspension
Figure 16 shows the effect of the initial nitrogen source concentration on the NO3− and C/N distributions. The concentration of NO3− at the grouting point is similar to that of the suspension. Moreover, a higher initial concentration of NO3− leads to a greater reduction along the lateral direction. When the initial nitrogen source concentration is 9.9 mmol/L, the fluctuation in C/N values is significant along the lateral direction. For other conditions, the distribution of C/N in other nitrogen source concentrations is basically consistent; with the decrease in the nitrogen source concentration, the C/N increases slightly.
[image: Figure 16]FIGURE 16 | Effect of the initial nitrogen source concentration on the NO3− and C/N distribution. (A) NO3−. (B) C/N.
3.1.4.2 Influence range of desaturation
Figure 17 shows the lateral and vertical distributions under different nitrogen source concentrations. With increasing nitrogen source concentration, the lateral influence range is similar, and saturation is between 93.29% and 93.38%. For the vertical influence range, it increases with nitrogen source concentration monotonously. From 9.9 to 39.6 mmol/L, the influence range increases from 4 to 8.5 m, which is a 112.5% increase.
[image: Figure 17]FIGURE 17 | Lateral and vertical distribution under different nitrogen source concentrations.
3.1.5 Porosity
Figure 18 shows the lateral and vertical distribution of saturation and the influence range of desaturation under different porosities. The saturation at the grouting point decreases linearly with the decrease in porosity. With decrease in porosity and permeability, biogas migration becomes difficult, and it is easy to form the gas channel, which results in capillary force increase, thickness of the water film, and saturation decrease. Furthermore, the vertical influence range of desaturation slightly increases with increasing porosity. Moreover, the lateral influence range is consistent under different porosities.
[image: Figure 18]FIGURE 18 | Lateral and vertical distribution of saturation and influence range of desaturation under different porosities. (A) Lateral distribution. (B) Vertical distribution. (C) Influence range.
3.2 Sensitivity analysis of the influencing factors
The sensitivity analysis model is represented by y = f (x1, x2, [image: image], xn) (xi is the value of the parameter in the model). Each parameter changes within the range of possible values, and the effect of the variation in parameters on the output result of model is studied to obtain their sensitivity. In practical construction, by focusing on the most sensitive parameter, construction efficiency can be improved. The values of the parameters in Table 5 are used as the basic calculation values for parameter sensitivity analysis. Then, the variation of the influence range with 10% change amplitude of each parameter is calculated, and the sensitivity of each parameter is determined by the variation in the influence range. The sensitivity of parameters on lateral and vertical influence ranges is shown in Table 6. The analysis results show that the grouting volume and porosity are most sensitive to the lateral and vertical influence ranges. When their values increase by 10%, the lateral and vertical influence range increases by 5.0% and 9.2%, respectively.
TABLE 5 | Basic calculated values of model parameters.
[image: Table 5]TABLE 6 | Parameter sensitivity of the lateral/vertical influence range.
[image: Table 6]4 CONCLUSION
In this paper, the influence range of desaturation by single-hole grouting is analyzed. First, the basic parameters of the soil layer were selected according to the literature, and the established three-dimensional model was verified by using the test results in the literature. Then, the three-dimensional model of the foundation was established to analyze the effect of grouting volume, grouting rate, grouting depth, nitrogen source concentration, and porosity on saturation distribution and the influence range of desaturation. Furthermore, the sensitivity of each parameter was calculated. The research results can provide the theoretical basis for the development and application of microbial grouting to reduce soil saturation and treat liquefiable foundations. The main conclusions are as follows:
(1) The TOUGH2 software is used to establish the gas production mathematical model. The model results indicate that the saturation distribution and influence range are similar to the data cited in the literature. Therefore, it is reasonable to use TOUGH2 software to analyze the pattern of water–gas two-phase migration induced by biogas generation in soil.
(2) When the grouting volume increases from 360 to 2,160 L, the lateral influence range of desaturation shows a linearly increasing trend from 1.75 to 4.5 m. The vertical influence range increased rapidly when the grouting volume increased from 360 to 1,440 L. As the grouting volume continues to increase, the vertical influence range does not change. The influence of the grouting rate on each component of the bacterial suspension and the desaturation is weak. As grouting depth increases, the influence range decreases, and the saturation in the influence area increases slightly. The vertical influence range of desaturation increased with the increase in the nitrogen source concentration, but the lateral influence range changed slightly. With the increase in soil porosity, the vertical influence range of desaturation increases obviously, while the lateral influence area is consistent.
(3) The grouting volume is the most sensitive parameter to the lateral influence range, and porosity is the most sensitive to the vertical influence range. When the grouting volume increases by 10%, the lateral influence range increases by 5.0%, and the vertical influence range increases by 9.2% after the porosity increases by 10%.
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