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In order to study the secondary consolidation characteristics of organic soil improved by bio-enzyme, the secondary consolidation test was carried out. First, the Gibson rheological model parameters were fitted according to the experimental results. Then, the relationship between rheological model parameters, Ca/Cc value, secondary consolidation coefficient Ca, and load was analyzed for different ratios of bio-enzyme. The results showed that: 1) the rheological model parameters were negatively correlated with the ratios of bio-enzyme and positively correlated with the load value. The rheological model parameters E1 (Kelvin elastic modulus) and η (Kelvin viscosity coefficient) reached the maximum value when the ratio of bio-enzyme was 0.01%. 2) The secondary consolidation coefficient was related to the load and showed a certain law. At 100 kPa, the secondary consolidation coefficient of samples reached the peak. When it was less than 200 kPa, the secondary consolidation coefficient changed obviously with the increase in load. When the load was greater than 200 kPa, the variation trend of the secondary consolidation coefficient tended to be gentle with the increase in load and finally tended to be constant. With the increase in load, the secondary consolidation coefficient Ca finally approached to a stable value. 3) The value of Ca/Cc of improved organic soil varied from 0.042 to 0.1 under various loads. In this article, the secondary consolidation characteristics of organic soil modified by bio-enzyme were studied. The secondary consolidation strain can be predicted by the established rheological model parameter equations.
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1 INTRODUCTION
Organic matter in soil could enter the interlaminar space of the soil structure, which leads to soil expansion and reduces shear strength and permeability (Zhu et al., 2019a). Organic matter mainly consists of C, N, and other organic compounds, including monosaccharides, polysaccharides, and humus with complex structure. The main component of humus is humic acid, which has a porous spongy structure and is more hydrophilic and absorbent than clay minerals. Organic matter is widely distributed in natural soils. According to the content of organic matter in soil, soil can be divided into peat, peat soil, inorganic soil, and organic soil. The content of organic matter in organic soils is about 5%–10%.
Researchers conducted a number of experiments to study the effect of organic matter on soil. The content of organic matter in soil could significantly affect the engineering properties of soil (Canakci et al., 2015). The presence of organic matter reduced soil compactness and peak strength values. Tremblay et al. (2002) analyzed the effects of organic matter on the shear strength of soil and showed that the presence of organic matter significantly affected the strength of soil. Therefore, it can be found that the presence of organic matter has an adverse effect on the strength of soil (Nath et al., 2017).
Because of the existence of organic matter in soil, organic soil has the characteristics of low pH value, large porosity, high natural water content, high compressibility, high plasticity, and low bearing capacity (Saride et al., 2013). Therefore, scholars began to search for traditional amendments to treat organic soil. Saride et al. (2013) used lime, cement, and fly ash to improve organic soil, which could effectively improve the strength of organic soil. Zhu et al. (2019b) showed that modified magnesium oxide cement as a modifier could effectively improve organic soil. However, the aforementioned traditional methods had the disadvantages of high CO2 emission, being unfriendly to the environment, and high engineering costs. The use of traditional modifiers, such as cement and lime, leads to more environmental pollution and greenhouse gas emissions (Ramdas et al., 2020). Therefore, this article finds a new method of improvement to address the urgent need.
The bio-enzyme soil curing agent (hereinafter referred to as bio-enzyme) is a new soil improver extracted from plant fermentation. It could replace the traditional inorganic material improver to a certain range. Bio-enzyme has the characteristics of non-toxic, non-corrosive, and environmental protection (Chen et al., 2019). Soil improvement by bio-enzymes is a reasonable method to improve soil stability (Ramdas et al., 2020). Soil improvement by bio-enzymes could effectively improve and maintain soil strength and hydraulic properties (Pooni et al., 2019). Soil improvement by bio-enzymes could significantly improve the mechanical properties of soil and improve the compressive strength and shear strength of soil (Chen et al., 2019). Therefore, the technology of soil improvement by bio-enzymes has gradually matured. However, none of the aforementioned studies involved the improvement of organic soil by bio-enzymes, so in this article, the improvement of organic soil by bio-enzyme was studied.
Rheology includes creep, stress relaxation, long-term strength, and elastic after-effect. The secondary consolidation of soil was the creep of soil. The non-uniform settlement deformation and post-construction settlement deformation of buildings were related to the secondary consolidation characteristics of soil (Mesri, 1977). Therefore, the study of secondary consolidation is very important (Li et al., 2021). The traditional method of constructing rheological constitutive equations of soil is widely used. Traditional methods include the empirical method and the element method. The element method is the most commonly used rheological constitutive model construction method because of its few parameters, clear physical meaning, and simple form. A method for determining rheological model parameters proposed by Gibson in 1962 was adopted in this article. The Gibson rheological model, namely, the Merchant model, consists of a Hook body and a Kelvin body in series. In this article, the model was used to describe the secondary consolidation characteristics of organic soil modified by bio-enzyme.
To sum up, this article carried out the secondary consolidation test of organic soil improved by bio-enzyme. The Gibson rheological model parameters E0 (Hook elastic modulus), E1 (Kelvin elastic modulus), and η (Kelvin viscosity coefficient) were negatively correlated with the ratios of bio-enzyme. When the ratio of bio-enzyme was 0.01%, E1 and η reached the maximum value. At the same time, the secondary consolidation coefficient was related to the load. The secondary consolidation coefficient of samples with different ratios of bio-enzyme under different loads showed a certain rule. The Ca/Cc values ranged from 0.042 to 0.1, which is consistent with Mesri’s results (Mesri, 1977). The rheological model parameter equations can be used to describe the secondary consolidation of modified organic soil.
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Source of test soil
The test soil in this article was taken from Changsha at a depth of 1–1.5 m. The soil was brownish yellow and uniform. The main physical and mechanical indexes are shown in Table 1.
TABLE 1 | Basic physical properties of soil.
[image: Table 1]2.1.2 Bio-enzyme reagents
The biological enzyme soil curing agent ( referred to as bio-enzyme) used in this experiment is Terra-Zyme, developed by Nature Plus Co., Ltd. The enzyme is a brown viscous liquid product with 60% plant enzyme content and a pH value between 4.3 and 5.3. It is non-toxic and pollution-free and easily soluble in water, with a special odor and good water stability, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Bio-enzyme.
2.1.3 Preparation of soil samples
In this experiment, soil with different percentages of organic matter was artificially remolded. The researchers used sodium humate and fulvic acid as additional organic matter to reshape organic soils with varying amounts of organic matter (Xu et al., 2007). Fulvic acid was used as the additive organic material in this study. The ratios of bio-enzyme in soil were calculated as the ratio of enzyme mass to the dry mass of soil. Organic soil samples with bio-enzyme ratios of 0.00%, 0.01%, 0.02%, 0.03%, and 0.04% (plant enzyme ratios of 0.00%, 0.006%, 0.012%, 0.018%, and 0.024%, respectively) were prepared.
2.2 Test methods
The consolidation instrument used in the test was the WG single lever consolidation instrument, as shown in Figure 2. The sample height was 2 cm, and the cross-sectional area was 30 cm2. According to Highway Geotechnical Test Regulations (JTG 3430-2020), the test adopted the method of graded loading, with six grades of loads: 25, 50, 100, 200, 400, and 800 kPa. The next level of load could be added after each level of load was stabilized. Manual readings were taken to record the test data.
[image: Figure 2]FIGURE 2 | WG single lever consolidation instrument.
2.3 Test results and analysis
2.3.1 Coefficient of consolidation Cv
According to Highway Geotechnical Test Regulations (JTG 3430-2020), the consolidation coefficient Cv was calculated by the time square root method. According to Eq. 1, the consolidation coefficients under different ratios of bio-enzyme and different load grades were calculated, as shown in Figure 3.
[image: image]
where H is half of the average of the initial height and final height of the sample under a certain level of load and t90 is the time required for the sample consolidation degree to reach 90%.
[image: Figure 3]FIGURE 3 | Relation curves between Cv and p.
Figure 3 shows the following relationship between the load and consolidation coefficient of organic soil improved by bio-enzyme:
(1) The consolidation coefficient decreased with the increase in load under different ratios of bio-enzyme. When the load was less than 200 kPa, the consolidation coefficient changed obviously with the load. When the load was greater than 200 kPa, the consolidation coefficient tended to be stable gradually.
(2) The consolidation coefficient decreased first and then increased with the increase in ratios of bio-enzyme under the same load.
2.3.2 Coefficient of secondary consolidation Ca
The e-lgt relation curve of the secondary consolidation test of organic soil improved by bio-enzyme is shown in Figure 4. The standard deviation of e-lgt relation curve data in Figure 4 varied from 0.0041 to 0.0061. Figure 4 shows that the abscissa of the tangent line of the curve part of the e-lgt relation curve of soil under different loads intersected the extension line of the straight segment approximately at 1,380 min. Therefore, the start time of secondary consolidation in this test was 1,380 min.
[image: Figure 4]FIGURE 4 | e-lgt relation curves: (A) bio-enzyme ratio of 0.00%, (B) bio-enzyme ratio of 0.01%, (C) bio-enzyme ratio of 0.02%, (D) bio-enzyme ratio of 0.03%, and (E) bio-enzyme ratio of 0.04%.
The method proposed by Buisman to determine the secondary consolidation coefficient by e-lgt relation curves is as follows: [image: image]. It was followed from this equation that the secondary consolidation coefficient is independent of pressure. In the secondary consolidation stage, the e-lgt curve of soil sample deformation tended to a straight line. The slope of the line was the coefficient of secondary consolidation. The secondary consolidation coefficients of various loads with different ratios of bio-enzyme are shown in Figure 5. Figure 5 shows that the secondary consolidation coefficient was related to load. The secondary consolidation coefficients of samples under various loads showed certain rules. At 100 kPa, the secondary consolidation coefficient of samples with different ratios of bio-enzyme reached the peak. When it was less than 200 kPa, the secondary consolidation coefficient changed obviously with the increase in load. When the load was greater than 200 kPa, the variation trend of the secondary consolidation coefficient tended to be gentle with the increase in load and finally tended to be constant. When the load was less than 100 kPa, the secondary consolidation coefficient Ca increased with the increase in load. The reason was that the structure of organic soil is damaged by load, and the creep of the bound water film is enhanced, so the secondary consolidation coefficient increased. When the load was greater than 100 kPa, the secondary consolidation coefficient decreased with the increase in load. The reason was that with the gradual compaction of organic soil, the capacity of water film adsorption and cementation on the surface of the soil skeleton increased. Therefore, the creep capacity of organic soil became weaker, and so the secondary consolidation coefficient decreased. As the load increased, the final secondary consolidation coefficient tended to a stable value. This conclusion was consistent with the research results of Yu et al. (2007).
[image: Figure 5]FIGURE 5 | Relation curves between the secondary consolidation coefficient Ca and load with different ratios of bio-enzyme.
2.3.3 Compression index Cc
According to Highway Geotechnical Test Regulations (JTG 3430-2020), the compression index was calculated using the following method: [image: image]. Figure 6 shows the compression indexes of loads at all levels with different ratios of bio-enzyme. Figure 6 shows that the compression index increases with the increase in load under the same ratios of bio-enzyme. Under the same load, the compression index decreased with the increase in bio-enzyme ratios .
[image: Figure 6]FIGURE 6 | Relation curves of compression index Cc and load with different ratios of bio-enzyme.
Walker (1969) found that Ca/Cc was about 0.025. Wang et al. (2015) showed that the Ca/Cc ratio of different clays varied between 0.02 and 0.05. Mesri (1977) summarized the secondary consolidation tests of 22 soils and concluded that Ca/Cc of the same soil had a certain value ranging from 0.025 to 0.1. This conclusion had also been recognized by most scholars. Mesri (1973) further pointed out that the Ca/Cc ratio was 0.04 ± 0.01 for most inorganic soils and 0.05 ± 0.01 for organic soils. When the ratio of bio-enzyme was 0.02%, Ca and Cc of the sample roughly met the linear relationship (as shown in Figure 7). Its slope was 0.02469, and the absolute value of the correlation coefficient R of linear fitting was 0.86825. The relationship curve between Ca/Cc and load is shown in Figure 8. According to Figure 8, the Ca/Cc values of bio-enzyme-modified organic soil varied from 0.042 to 0.1 under various loads, which was consistent with Mesri’s conclusions (Mesri 1977). Therefore, the Ca/Cc values could be used to estimate the Ca value of organic soil improved by bio-enzyme.
[image: Figure 7]FIGURE 7 | Relationship curve between Ca and Cc.
[image: Figure 8]FIGURE 8 | Relationship curves between Ca/Cc and load.
3 DETERMINING THE RHEOLOGICAL MODEL PARAMETERS
3.1 Gibson rheological model
Although the construction method of the rheological constitutive model of rock and soil has made great progress, the traditional construction method of the rheological constitutive equation of rock and soil is still widely used. The element method, as the most commonly used traditional method, is particularly prominent in geotechnical engineering numerical analysis and theoretical calculation. This article introduced a method for determining rheological model parameters proposed by Gibson in 1962. Gibson used the three-component rheological model (the Merchant model, which consists of a Hook body and a Kelvin body in series) to describe the stress–strain relationship of soil:
[image: image]
After the pore pressure disappears:
[image: image]
where t0 is the pore pressure dissipation time (secondary consolidation start time), E0 is the elastic modulus of the Hook body, E1 is the elastic modulus of the Kelvin body, η is the viscosity coefficient of the Kelvin body, and σ′ is the incremental load.
The elastic modulus E0 of the Hook body was obtained from the final settlement under a certain level of load. The elastic modulus E1 and viscosity coefficient η of the Kelvin body were determined by fitting the strain–time (y-t) relationship curve:
[image: image]
3.2 Fitting of rheological model parameters of organic soil modified by bio-enzyme
The secondary consolidation part of the strain–time (y-t) curve had a good linear correlation. Therefore, according to the Gibson data processing method, the secondary consolidation of the strain–time (y-t) relationship curves was linearly fitted. According to Eq. 4, the y-t curves fitting the results of samples with different ratios of bio-enzymes are shown in Tables 2–6. It can be seen from Tables 2–6 that the fitting effect is good under loading at all levels. The correlation coefficients were above 0.88.
TABLE 2 | Rheological model fitting results and parameters of the samples when the ratio of bio-enzyme was 0.00%.
[image: Table 2]TABLE 3 | Rheological model fitting results and parameters of the samples when the ratio of bio-enzyme was 0.01%.
[image: Table 3]TABLE 4 | Rheological model fitting results and parameters of the samples when the ratio of bio-enzyme was 0.02%.
[image: Table 4]TABLE 5 | Rheological model fitting results and parameters of the samples when the ratio of bio-enzyme was 0.03%.
[image: Table 5]TABLE 6 | Rheological model fitting results and parameters of the samples when the ratio of bio-enzyme was 0.04%.
[image: Table 6]3.3 The relationship between rheological model parameters and load
The rheological model parameters of organic soil improved by bio-enzyme are shown in Figure 9. According to Figure 9, the rheological model parameters E0, E1, and η of organic soil improved by bio-enzyme were roughly negatively correlated with the ratios of bio-enzyme. Parameters E0, E1, and η were positively correlated with loads. When the ratio of bio-enzyme was 0.01%, the parameters E1 and η reached the maximum value.
[image: Figure 9]FIGURE 9 | Relationship curves between rheological model parameters and load under different ratios of bio-enzyme: (A) relationship between modulus [image: image] and load; (B) relationship between modulus E0 and load; (C) relationship between modulus E1 and load.
3.4 Establishment of the rheological model with different ratios of bio-enzyme
The empirical relationship between model parameters and loads under different ratios of bio-enzyme was established as shown in Eqs 5–9 (Z is different ratios of bio-enzyme
[image: image]
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4 CONCLUSION
In order to study the secondary consolidation characteristics of organic soil improved by bio-enzyme, the secondary consolidation experiment was carried out. The Gibson rheological model parameters were fitted according to the experimental results. The relationship between rheological model parameters and loads under different ratios of bio-enzyme was analyzed. The main conclusions of this article are as follows:
(1) The rheological model parameters E0, E1, and η of organic soil improved by bio-enzyme were roughly negatively correlated with the ratios of bio-enzyme. Parameters E0, E1, and η were positively correlated with loads. When the ratio of bio-enzyme is 0.01%, the parameters E1 and η reached the maximum value.
(2) The secondary consolidation coefficient reached its peak at about 100 kPa. As the load increased, the secondary consolidation coefficient tended to a stable value. When the load is less than 200 kPa, the consolidation coefficient changed obviously with the load. When the load was greater than 200 kPa, the consolidation coefficient tended to be stable gradually. The compression index increased with the increase in load. Under the same load, the compression index decreased with the increase in ratios of bio-enzyme.
(3) The secondary consolidation characteristics of organic soil modified by bio-enzyme were studied. The rheological model parameter equations can be used to describe the secondary consolidation of modified organic soil.
(4) The microscopic mechanism of the secondary consolidation characteristics of organic soil improved by bio-enzyme is worth further study in the future.
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