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The study of the creep properties of soils is of great importance for the management of future settlements and the safe use of buildings. However, starting from the micro level is an effective way to explore the creep mechanism of soft soil. In this paper, the influence of the mineral composition and the mineral content on the structure and creep properties of soft soil was analyzed at the microscopic level and the energy scale method was proposed. Then, the energy scale method was used to analyze and discuss the results of the direct shear creep test. The discussion showed that 1) the average viscosity coefficient of kaolin was greater than that of bentonite, which decreased with an increase of kaolin and bentonite; 2) the thickness of adsorbed water or the double electric layer (DEL) on the particle surface was positively correlated with the soft soil creep; and 3) λ was positively correlated with the adsorbed water content and negatively correlated with the average viscosity coefficient of the soft soil. λ characterized the adsorption capacity of the particles at the micro level; hence, the energy scale method can explain the mechanism of the soft soil creep at the microscopic level and also quantitatively describe the influencing law of the basic characteristics of the particles on the properties of the soft soil creep.
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1 INTRODUCTION
Soft soils are widely distributed all over the world and are characterized by a large porosity, high water content, high compressibility, low shear strength, and bearing capacity (Xiang et al., 2021; Naeini and Mohammadi, 2022). Generally, soft soils show an evident creep phenomenon, for example, even though the main consolidation has been completed, soft soil foundations still experience deformation for a long time (Tsugawa et al., 2019). The deformation of soft soil by the creep also leads to an uneven settlement of buildings, and the Leaning Tower of Pisa is an example of this. In order to reduce the engineering hazard caused by the creep of soft soil, scholars have conducted a lot of research on the creep in soft soils.
The process of analyzing the mechanism of the soil creep phenomenon through laboratory tests has always been welcomed by scholars. First, scholars found that test conditions had an impact on the creep behavior of soft soil. For example, Wei et al. (2014) conducted a triaxial consolidation undrained shear creep test and concluded that the increase of pore water pressure makes the creep properties of silt soft soil more significant. Huang et al. (2020) conducted the lateral unloading creep test under a different excess pore water pressure, and the results showed that the higher the excess pore water pressure, the more evident the creep of soft soils. Evidently, the nature of soft soil itself, such as the mineral composition and structural characteristics, has a more fundamental impact on its creep properties (Yuan et al., 2022). Liu et al. (2018) concluded that clay minerals, especially montmorillonite, play an important role in the creep of clay rocks through the triaxial creep test. Ni and Huang (2020) found that the influence of the mineral composition on the creep properties was much more significant than that of the other factors observed through zeta potential analysis of kaolinite, montmorillonite, and illite. Brezzi et al. (2018) used cohesive materials for collapse testing, aiming to assess how the composition of cohesive mixtures affects flow properties. Further research showed that adsorbed water on the surface of particles was an important factor in the creep properties of soft clay soils, for example, there is a correlation between the coefficient of viscosity of soft soils and the thickness of adsorbed water (Zhang and Wang, 2011; Xiao et al., 2014; Yang, 2017). In addition to the external environment, the mineral composition of particles has the most evident effect on the water adsorption state on the surface of particles (Wu, 2015; Bai et al., 2021a). For example, Gu and Fang (2009b) proposed the concept of “creep substances” and experimentally analyzed the relationship between creep properties and creep substances such as organic matter (Gu and Fang, 2009a) and clay minerals. Fang (2014) suggested that creep substances on the surface of soil particles charged them and then adsorbed water molecules to form adsorbed water; so, soil particles were connected by adsorbed water to show the overall creep properties. Tang (2021) performed isothermal adsorption tests on artificial mixed clay, and the results showed that the adsorbed water content of the mixed clay increased linearly with the increase of the montmorillonite content, and the mineral composition of the clay (montmorillonite) was the most basic influencing factor. The aforementioned research studies were mainly about the creep properties of soils from the macro scope, but the variation of the microstructure of particles is the true reflection of macro-mechanical behavior. Therefore, in order to study the intrinsic mechanism of the soft soil creep, the laws of the macroscopic creep properties and microstructural changes in soft soils have received increasing attention (Zhu et al., 2017; Zhu et al., 2019). Micromechanical studies of the soil creep have been carried out as early as the 20th century. For example, based on the rate process theory, Kuhn and Mitchell (1993) derived an expression for the ratio of the creep velocity of two contacting particles to the tangential contact force component and the normal contact force component, and introduced it into the discrete element model (DEM). Numerical simulations show that the variation of the creep velocity is related to the variation of the contact forces in tangential and normal directions. Thereafter, Gao et al. (2023) performed a numerical simulation of the biaxial shear creep in sandy soils using the discrete element method and analyzed the contribution of three contact motion modes, contact deformation (normal and tangential), Type4 rolling, and rigid-body motion, for the deformation of the specimen, where contact deformation mainly contributed to the overall volume change in terms of the overall volume strain. The studies of these scholars have shown that there is a correlation between the micro-level parameters of the soil and the macro-mechanical properties (Bai et al., 2021b), and the DEM method helps in exploring the response law between the micro-contact forms of particles and the macro-mechanical phenomena. However, due to the multi-hybrid nature of the mineral composition in soft soils, the parameter calibration of the DEM method is tedious and complicated, and the DEM method is not used in this paper for the characterization of particle microscopic contact forms.
The method of the experimental test to analyze the mechanism of the creep phenomenon in soft soil can be designed in advance to study the factor and analyze the response law of that factor and creep behavior in a targeted manner. Experimental analyses play a great role in the study of the creep mechanism from the external conditions to soft soil’s factors. However, experimental studies focus on macro-level analyses and cannot truly reflect the intrinsic mechanism of the soft soil creep. For this reason, some scholars have used the discrete element method to characterize the microscopic contact morphology of particles in terms of their tangential and normal forces and then analyze the relationship between the microscopic contact morphology of the particles and creep behavior. However, due to the complexity of the soft soil composition, the calibration of discrete element parameters is often complicated; so, a new idea is adopted in this paper, where the ratio of circumferential and normal forces is directly used to characterize the microscopic contact morphology of particles.
It can be seen that the research results on the mechanism of the soft soil creep are relatively abundant but most of them consider the influence of each factor on the creep properties of soft soil in a single and scattered manner. The mineral composition and content, and binding water are coupled together to influence the macro creep properties of soil. The thickness of the adsorbed water film depends mainly on the soil composition and content, while the creep properties of clay are inseparable from adsorbed water. Therefore, in order to explore the coupling mechanism of multiple factors on soil creep, this paper adopted the energy scale method for the characterization of microscopic contact characteristics of soft soil particles based on the three factors of mineral composition, mineral content, and adsorbed water content. Then, we used the coefficient of viscosity as a parameter to quantify the macroscopic creep characteristics of soft soil. Finally, the quantitative relationship between the microscopic characteristics of particles and macroscopic creep characteristics was established to provide a multifactor coupling mechanism for future research on the soft soil creep. This paper will provide a useful reference for future research on the mechanism of multifactor coupling of the soft soil creep.
2 ENERGY SCALE METHOD
Soft soils contain many clay particles; the clay particles always have a small specific surface area (SSA) and larger negative surface charges. The negative charges adsorb polar water molecules and cations to form an ionic liquid layer on the surface of the particles. This ionic liquid layer has a certain viscosity and is known as the diffused double electric layer (DEL, as shown in Figure 1). In the DEL, several water molecules are directly attached to the particle surface and considered immobile. These water molecules have solid shear resistance properties and are referred to as strongly adsorbed water. Compared with the small clay particles, the thickness of the DEL or adsorbed water is really considerable. So, the contact between clay particles in soft soils is more of the contact of the DEL or adsorbed water rather than the particles (as shown in Figure 2). As is commonly known, the consolidation and shear deformation of soil are the position rearrangement of the particles by sliding and rolling at the microscopic level. For clay particles, the position rearrangement of the particles shows a characteristic of viscosity and time continuity because of the solid shear resistance properties of the DEL and adsorbed water. In the macro scope, the aforementioned phenomenon is manifested as the creep phenomenon of clay. For non-clay minerals, the particles are generally big, the surface charges are few, and the thickness of the adsorbed water layer or the DEL on the surface of the particles is very small compared to the particle size. So, the contact between non-clay minerals particles is more of a direct contact between mineral crystals. As a result, the rolling effect between the particles is more evident, but the viscous effect between the particles is less evident; so, the creep phenomenon is not evident in non-clay soils when compared with that of clay soils.
[image: Figure 1]FIGURE 1 | Schematic diagram of the double electric layer.
[image: Figure 2]FIGURE 2 | Schematic view of the clay–water system.
Evidently, the creep phenomenon of the soil is significantly related to the relative thickness of the DEL or adsorbed water layer. The thickness of adsorbed water and the DEL is directly related to the surface charge, while the mineral composition of the particles determines the surface charge. In other words, the mineral composition of the particles determines the viscosity and time continuity characteristics of the movement between particles at the microscopic level. This means that the mechanisms of the mineral composition, clay particle content, and water content on the creep characteristics of soft soils at the macroscopic level can be explored by the aforementioned explanation at the microscopic level. Therefore, in this paper, the microscopic forces of particles are used to quantitatively measure the adsorption capacity of the particle surface to polar water and ions. These microscopic forces are also a visual display of the particle surface energy. So, this method is called the energy scale method. Then, the energy scale method reveals the intrinsic mechanism of the macroscopic creep in soft soils at the microscopic level. The energy scale method can be expressed as follows:
[image: image]
where λ is the ratio of the microcoulomb force to gravity, α is the composition content, Fe is the Coulomb force, W is the gravity, ϕ0 is the particle surface potential, ε0 is the vacuum capacitance, g is the gravitational acceleration, d is the particle diameter, H is the mean spacing of particles, and ρ is the mass density of particles.
Taking the common clay minerals such as montmorillonite, kaolin, illite, and quartz as representatives, λ can be obtained by Equation 1 according to Huang (2018), as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Relationship curve of the particle size and λ of the four components.
As seen in Figure 3, λ values of the three clay mineral particles are much larger than that of quartz (tens of times different), so only λ of clay mineral particles in soft soils is considered in this paper. Among clay mineral particles, the microgravity ratio of montmorillonite is the largest, followed by those of illite and kaolin, and λ of all three particles decreases with the increase of the particle size. The surface charge of the three particles, montmorillonite, illite, and kaolin, decreased in order, and the adsorption effect of water on the surface also decreased, so λ of the three minerals decreased in order. Related studies show that the creep effect of these three minerals also decreases sequentially, which indicates that the energy scale method proposed in this paper can characterize the influence law of the mineral composition in the soil creep phenomenon.
3 SOIL CREEP TESTS AND ANALYSES
3.1 Test of creep properties of soil
3.1.1 Experimental materials and apparatus
This experiment mainly analyzes the creep behavior of soft soil through the direct shear creep test. There are mainly three kinds of soft soil samples in the laboratory test: the undisturbed natural soil sample, the remodeled natural soil sample, and the artificial remodeled soil. Among them, the composition of natural soil is relatively complicated, and at the same time, the sampling and preparation processes are time consuming. An artificial soil mineral powder is often used to prepare soil samples in the laboratory because of its clear mineral composition and high purity. So, the commercial powders of soil minerals such as kaolin, bentonite, quartz, and feldspar were used in this experiment. Bentonite mainly contains montmorillonite; the content of montmorillonite was tested by the X-ray diffractometer test (Germany Bruker D8 ADVANCE, Cu(monochrome)), and the results are shown in Table 1.
TABLE 1 | Compositional information on bentonite tested using an X-ray diffractometer.
[image: Table 1]The diameter of these four mineral powders was tested by using the laser particle sizer; the tested result, the plastic limit (WP), the liquid limit (WL), and the plastic index are all shown in Table 2.
TABLE 2 | Information on these four soil minerals.
[image: Table 2]The common direct shear creep apparatus is widely used because of its easy operation and low cost. However, this instrument could not guarantee the humidity of the sample in the test process, and the accuracy of the instrument could not meet the tiny deformation of the creep. So, in this paper, an improved direct shear creep apparatus was used. In the improved direct shear creep apparatus, a moisturizing device was added to maintain humidity; in addition to this device, a percentage meter and a micrometer were also added to measure the creep displacement, which increased the measurement accuracy of creep displacement from 10 μm to 1 μm, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Physical picture of the improved direct shear creep apparatus.
3.1.2 Experimental scheme and method
The energy scale method mainly tries to explain the influence of the mineral composition and the mineral content on the creep characteristics of soft soil from the micro level. Therefore, the samples of the soft soil in this test were designed from two aspects of the mineral composition and the mineral content. Therefore, two groups of samples were designed; the first group was mainly composed of quartz and feldspar, which gradually increased the content of kaolin, while the second group also used quartz and feldspar as a matrix and gradually increased the content of bentonite.
During the sample preparation process, kaolin, bentonite, quartz, and feldspar were homogeneously mixed, according to the designed proportions in Table 3. The matrix materials were wetted and packaged overnight and then molded in samples with a diameter of 6.18 cm and a height of 4 cm, according to the design requirements. Then, the samples were saturated by vacuum evacuation, and the soil samples were soaked in water for 3 days after 3 h of vacuum evacuation. Finally, the samples were subjected to the direct shear creep test, and the shear load was loaded on seven levels, and the load of each level is shown in Table 4. During the test, the environment temperature was kept at (25 ± 1)°C and the relative humidity was kept at (88 ± 5)%.
TABLE 3 | Parameters of different groups of specimens.
[image: Table 3]TABLE 4 | Direct shear test scheme for different groups of specimens.
[image: Table 4]3.2 Test results
When the soft soil creep shear test is completed according to the aforementioned test scheme and test requirements, the curve of the shear rate (γ) of each soil sample with time is obtained, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Curve of the shear rate (γ) with the time of each sample: (A) kaolin and (B) bentonite.
In Figure 5, after a relatively large change, the shear rate of each sample decreased with the time, consuming and gradually tending to the isokinetic creep phase. The cure of the isokinetic creep phase could also be expressed by the viscosity coefficient of soil, which is an important factor for the soil creep. The viscosity coefficient is written as η = τ/ϒ, where η is the coefficient of viscosity (PaS), τ is the shear stress, and ϒ is the shear rate. At this time, according to the shear creep curve in Figure 5, the average viscosity coefficient (‾η) of each specimen was calculated and is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Average viscosity coefficient of different specimens.
From Figure 6, it can be seen that the average viscosity coefficient of each specimen decreased with the increase of the kaolin and bentonite content, and the average viscosity coefficient of kaolin was greater than that of bentonite even though they shared the same content. Compared with the kaolin group specimens, the bentonite group specimens decreased faster with the increase of the clay mineral content.
3.3 Analysis and discussion
The phenomena in Figure 6 can be interpreted at the microscopic level. As described previously, the deformation of soft soil is mostly due to the rearrangement of particles under load. Therefore, the creep deformation process is the process of a mutual staggered displacement between particles, in which the force is transferred between particles through interfacial contact. For clay particles, the contact between the particles is mainly adsorbed water or the DEL because the particles are small and the thickness of adsorbed water or the DEL is relatively large. Adsorbed water and the DEL both have a certain viscosity; when the two contacting particles have a mutual displacement, the viscous effect between adsorbed water or the DEL is observed. As a result, on a macroscopic scale, soft soils exhibit certain creep phenomena. Some scholars believe that there is a relationship between the amount of adsorbed water on the particle surface and the plastic limit of the soil. According to Yuan (2014), the maximum strongly adsorbed water content (Wg) and the maximum adsorbed water content (Wa) of each sample in this test were calculated, as shown in Figure 5.
The surface charges on bentonite are larger than those of kaolin, so the adsorbed water content of bentonite is larger than that of kaolin (Table 5), and the viscosity effect of bentonite is more evident than that of kaolin. So, the viscosity coefficient of specimens containing bentonite is smaller than that of kaolin with the same content, as shown in Figure 6. Meanwhile, with the increase of the kaolin and bentonite content, the contact of adsorbed water or the DEL is increasing, so, the coefficient of viscosity decreases (Figure 6); the creep phenomenon is more significant. When adsorbed water on the surface of the particles is relatively less, the contact between the particles may be the direct contact between mineral crystals. Since mineral crystals have great strength, the particles show a more evident friction effect; so, the viscosity coefficient of the soil is significant, as shown in Figure 7.
TABLE 5 | Content of adsorbed water of each sample ([image: image]; [image: image]).
[image: Table 5][image: Figure 7]FIGURE 7 | Curve of the average viscosity coefficient of samples with the adsorbed water content. (A) Kaolin; (B) bentonite.
The thickness of adsorbed water can explain the creep mechanism of soft soil to a certain extent. However, the adsorption energy of particles for water is mainly determined by the surface charges of particles. For clay particles, they have more surface charge and a larger specific surface area, and it is easier for clay particles to form a sizable volume of the adsorbed water layer or the double electric layer when interacting with water. For non-clay particles, the charge on the surface of these types of particles is smaller. At the same time, non-clay particles tend to have a larger particle size and smaller specific surface area, so their ability to adsorb water is weak, and the thickness of adsorbed water or the DEL is relatively thin. The electric field force on the particle surface is a direct factor in attracting ions and polar water molecules, while the gravity of the particles characterizes the scale effect of the particle. So, the energy scale method in this paper uses these two forces, which can quantitatively measure and explain the role of the particle mineral composition in the soft soil creep. Through the energy scale method, λ of each sample was calculated by Equation (1), and the relationship between the obtained λ and the average coefficient of viscosity is plotted in Figure 8.
[image: Figure 8]FIGURE 8 | Relationship curves between λ and the average viscosity coefficient. (A) Kaolin; (B) bentonite.
In Figure 8, it can be found that λ values of bentonite and kaolin group specimens all show a certain negative correlation with the clay mineral content. At the same time, λ values of the bentonite group specimens are all larger than those of the corresponding kaolin group specimens. With the increase of the clay mineral content, λ of the two groups of specimens also increased, and the increase of bentonite group specimens was larger than that of kaolin group specimens. It is not difficult to find that these phenomena are basically the same as those in Figure 6, which shows that the ratio of the microcoulomb force to the gravity of the particles obtained by the energy scale method can explain the mechanism of the soft soil creep at the microscopic level. At the same time, the ratio of the microcoulomb force to the gravity energy scale method can also quantitatively describe the influence law of the basic characteristics of the particles on the properties of the soft soil creep.
4 CONCLUSION
In this paper, the influence of the mineral composition, the mineral content, and adsorbed water on the soft soil creep properties was analyzed at the microscope level and the energy scale method was adopted. Then, the energy scale method was used to analyze and discuss the results of the direct shear creep test. Finally, the following three conclusions were drawn:
(1) The average viscosity coefficient of kaolin was bigger than bentonite even though they shared the same content, and they both decreased with the increase of the kaolin and bentonite contents. Compared with the kaolin group specimens, the bentonite group specimens decreased faster with the increase of the clay mineral content.
(2) The thickness of adsorbed water or the DEL on the particle surface is positively correlated with the soft soil creep. The creep deformation of soft soil is mainly the contact deformation between particles of adsorbed water or the DEL. When the content of adsorbed water or the DEL increases, the coefficient of viscosity decreases and the creep phenomenon is more evident. Also, the creep phenomenon of bentonite is more evident than that of kaolin because adsorbed water of bentonite is more evident.
(3) The ratio of the microcoulomb force to gravity is positively correlated with the adsorbed water content on the particle surface and negatively correlated with the average viscosity coefficient of soft soil. The ratio of the microcoulomb force to gravity characterizes the adsorption capacity of particles to polar water and ions at the micro level, so the energy scale method can explain the mechanism of the soft soil creep at the microscopic level and also quantitatively describe the influence law of the basic characteristics of the particles on the properties of the soft soil creep.
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