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Abstract

:

The reservoir water level in the Three Gorges Reservoir (TGR) of the Yangtze River is adjusted between 145 m and 175 m throughout the year. The landslide below the reservoir water level bears periodic dynamic seepage pressure on the basis of the original steady-state water pressure. In the process of rising reservoir water levels in particular, the effective stress on the sliding zone soil below the reservoir water level line is reduced, and the sliding zone soil shows an unloading state. In order to study the creep characteristics of landslides in a reservoir area, direct shear creep tests of the sliding zone soil in the Huangtupo landslide in an unloading state were carried out in this study. The test results show that the creep characteristics of the sliding zone soil are obvious. The creep curve of the sliding zone soil presents an attenuation creep stage with low shear stress, which is mainly manifested as an elastic creep. However, with the increase in the shear stress, the creep curve of the sliding zone soil presents a steady creep stage, which is mainly manifested as viscoelastic creep. The nonlinear creep characteristics of the sliding zone soil are related to the creep time, stress level, and soil porosity. The longer the creep time, the greater the stress level and the denser the soil, the more obvious the nonlinear creep characteristics of the sliding zone soil. In this study, the Burgers model was used to fit the creep curve of the sliding zone soil, and the fitting effect was good, which indicates that the Burgers model can sufficiently describe the unloading state creep characteristics of the sliding zone soil in the Huangtupo landslide.
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1. Introduction


Creep is one of the rheological properties of soils, and the evolution and long-term stability of landslides are profoundly influenced by the creep properties of sliding zone soil. Numerous scholars have explored the mechanism of landslide evolution and development based on the direct shear creep characteristics of sliding zone soil [1,2]. Creep deformation of sliding zone soil is mainly composed of elastic deformation and plastic deformation. Plastic deformation has timeliness, which is the main reason for creep damage to rock–soil masses [3]. At present, the number of geological disasters caused by the rheology of soil globally is progressively growing, such as those caused by landslides and slope instability. Therefore, it is increasingly important to study the creep characteristics of sliding zone soil [4,5].



The creep damage process of rock–soil masses is reflected in various aspects over time, including displacement deformation and the stress and strain rate [6,7,8]. The engineering properties of sliding zone soil in the reservoir area make it more sensitive to changes in moisture content and vertical load [9]. Long et al. studied the creep characteristics of sliding zone soil in the Huangtupo landslide under different moisture contents and found that the yield strength of the sliding zone soil was negatively correlated with the moisture content and the relationship between the creep characteristics of the sliding zone soil and the prediction model of slope instability was discussed [10]. Qin et al. studied the creep characteristics of rock under the condition of reservoir water level change, discussed the microscopic damage mechanism of rock under the action of the saturation–dehydration cycle, and quantitatively expressed the amount of damage to the rock [11]. Tang et al. conducted an in situ triaxial test, believing that the sliding zone soil of the Huangtupo landslide was part of a creep process, and derived a constitutive equation with linear and nonlinear viscoplastic terms to fit the creep process of the sliding zone soil [2]. At present, the direct shear creep test of sliding zone soil is mostly focused on the creep damage stage but not on the attenuation creep stage of sliding zone soil [12,13]. Through direct shear tests, Zhu et al. found that the red-bed sliding zone soil was in the accelerated creep stage and proposed the long-term strength of the sliding zone soil [14]. Jiang et al. found that the creep characteristics of the Suoertou landslide were related to the stress state, and the stress state of the landslide indicated that it was under conditions allowing it to enter an accelerated creep state [15]. Previous studies have shown that the stress history directly affects the distribution of particles in the soil, resulting in shear dilatancy (shrinkage) in the shear process [16]. Li et al. carried out triaxial tests on expansive soil and found that the soil showed shear shrinkage characteristics at the initial stage of stress loading. When soil enters the accelerated creep stage, its volume strain changes from shrinkage to expansion [17].



The rheological constitutive relation of soil is the key to studying its rheological property [18,19]. The rheological model is a description of the stress–strain–time relationship of soil during loading, which can effectively and intuitively explain the rheological characteristics of the stress–strain–time of soil [20,21,22]. Zhu et al. proposed an improved Mesri creep model using triaxial tests [23]. Based on the concept of a binary medium, Wang et al. established a binary medium creep model suitable for frozen soil [24]. With the long-term research on the rheological theory of soil by various researchers, many previous rheological constitutive models applicable to geotechnical materials can be broadly classified into the following four types: the element model, the damage rheological model, the yield-surface model, and the empirical model [17,25]. The above four types of models are applicable to different working conditions and stress states. For instance, the Burgers creep model [26,27,28], which belongs to the element model, is more appropriate for describing the shear creep curve of the soil before the third stage and has been widely used. An improved Burgers model involving the stress–suction–strain–time model was established by Chang et al. by connecting the nonlinear dashpot on the Burgers model [29].



In this study, we investigated a famous landslide in the Three Gorges Reservoir area of China called the Huangtupo landslide. Its location is the south bank of the Yangtze River and belongs to Badong County, Hubei Province, China (Figure 1). The reservoir water level of the Three Gorges Reservoir (TGR) is adjusted from 145 m to 175 m throughout the year, and the difference in the water level can reach nearly 30 m [30,31]. That is to say, the landslide under the flood control limit water level will bear the periodic dynamic osmotic pressure of 0~300 kPa amplitude on the basis of the original steady water pressure. In the process of rising reservoir water levels, in particular, the effective stress of the sliding zone soil below the reservoir water level line decreases, showing an unloading state (Figure 2). Thus, in order to provide the basis for the landslide evolution and stability analysis, a direct shear creep experiment for the sliding zone soil in the Huangtupo landslide under the unloading condition was conducted, and the creep characteristics of the sliding zone soil were studied by analyzing its creep curve.




2. Materials and Methods


2.1. Test Materials


The Huangtupo landslide is mainly composed of Riverside Slump #1, Riverside Slump #2, the Substation Landslide, and the Garden Spot Landslide (Figure 3b); its area is 1.35 × 106 m2, and the volume is 6.934 × 107 m3. The regional bedrock is the Middle Triassic Badong Formation (T2b).



After long-term monitoring of the landslide, we found that the degree of deformation of Riverside Slump #1 was the most serious, and its sliding mass was creeping at a steady rate [32]. The plan view is shown in Figure 3a. In order to further understand the sliding zone soil of Riverside Slump #1, the tunnel group of the Badong field test site crossing Riverside Slump #1 was completed in 2013. Many researchers have conducted related studies, as well as monitoring efforts. The soil samples used in this experiment were from Riverside Slump #1 (see Figure 4) and were sampled from branch tunnel no. 3, as shown in Figure 3c.



The laboratory geotechnical tests of the sliding zone soil in the Huangtupo landslide show that the natural moisture content was 13~14%, the average density was 2.05 g/cm3, the average liquid limit was 36.02%, the average plastic limit was 17.51%, and the average plastic index was 18.51. The average particle size distribution of the samples is shown in Figure 5. Since the original sample contained gravel, the sliding zone soil needed to be reshaped. The sample was screened with a standard sieve of 2 mm, and the soil particles less than 2 mm in size were taken to prepare the sample. The moisture content of the remolded sample was controlled at 13.87%, and the density was 2.05 g/cm3. The size of the prepared ring-knife sample was 61.8 mm (diameter) × 20 mm (height). In order to avoid excess air in the specimen to the greatest extent possible, the ring-knife sample was put into a vacuum-saturated cylinder and saturated for 4 h by pumping, and then left to stand in a vacuum for 20 h.




2.2. Test Apparatus and Procedures


The instrument used in this experiment was the DZR-8 type direct shear creep apparatus. The experiment was carried out in the Laboratory of Soil Mechanics, Engineering Experimental Building, China University of Geosciences (Wuhan). The instrument included a pressure system, a shear box, a displacement measurement system, and a data acquisition system. The vertical load was controlled by weight, and the horizontal load was controlled by driving the piston through oil pressure; the shear force, horizontal displacement, and vertical displacement were collected by a computer with a time interval of 10 s. The loading method adopted in this experiment was step loading [33]. The creep curve based on the step loading test was stepped up. In order to reflect the creep characteristics more intuitively, the curve needed to be processed. According to the Boltzmann superposition principle, i.e., “when multiple forces act on the object together [34], the final deformation is related to the action of individual loads, that is, the action of each load is independent and can be superimposed on each other”, we assumed that the creep deformation of the specimen under the action of each shear stress was the same as that under the direct application of this shear stress, and the creep curves were independent of each other.



Before the creep test, each group of samples was consolidated under drainage conditions. Four consolidation paths were designed in this test, as shown in Table 1. Firstly, the specimens were consolidated for 24 h under an initial consolidation pressure of 300 kPa; the stress was adjusted to 300, 400, 500, and 600 kPa after deformation stability; finally, we unloaded the stress to 300 kPa for reconsolidation. The standard for the stability of the consolidation deformation of the specimen was 0.005 mm/h. Direct shear tests were performed on each group of specimens after consolidation to determine the peak shear strength after loading–unloading stability. According to the results of the direct shear test, the peak shear strengths    τ f    were 119.02 kPa, 147.69 kPa, 176.37 kPa, and 205.04 kPa after loading the samples to 300, 400, 500, and 600 kPa and then unloading them, respectively.



According to the results of the direct shear test, the loading scheme of the creep test was determined. The shear stress was applied to the consolidated specimen by way of graded loading, and the shear stress level of each stage was 0.15   τ f   , 0.34   τ f   , 0.5   τ f   , 0.67   τ f   , and 0.85   τ f   , respectively (loading paths are shown in Table 1) [35]. The rate of loading for this experiment was 0.002 mm/min. After a 24-h period of creep, it was necessary to determine whether the displacement was stable (    d ε   d t     ≤ 0.0005 h−1), if it was, the next shear stress was applied. The standards for all the experiments followed the Standard for geotechnical testing method (GB/T 50123-2019) [36].





3. Results of the Creep Tests


3.1. Compressibility of Remolded Samples


The remolded samples of the sliding zone soil were consolidated under different stress paths, and then the porosity ratio—time curve of the remolded samples was plotted according to the obtained vertical displacement data, as shown in Figure 6. The porosity ratio is the ratio of pore volume to solid particle volume in the soil, which is an indicator of soil structure.



Figure 6 shows that the remolded sample were compressed when the vertical stress was loaded or unloaded, and the porosity ratio changed instantaneously. With the extension of time, the porosity ratio tended towards a stable value. R represents the stress amplitude of loading–unloading on the basis of a 300 kPa initial consolidation stress. The loading–unloading amplitudes of the specimens in this paper were 0.100 kPa, 200 kPa, and 300 kPa, respectively. With the increase in vertical stress, the porosity ratio of the consolidated specimen gradually decreased.



After unloading, the porosity ratio of the specimen was not fully recovered within the observation time, which indicated that the specimen produced plastic deformation, and the unrecovered porosity ratio was larger as the stress increased.




3.2. Analysis of Creep Displacement–Time Relationship


In order to study the influence of different consolidation stresses on the creep characteristics of the specimen, the horizontal displacement–time relationship curve of the sample was drawn (Figure 7). It can be seen that the creep trends of the four specimens were consistent. Under the same level of shear stress, the horizontal displacement of the specimen decreased with the increase in loading–unloading amplitude R. For example, under a shear stress of 0.85   τ f   , the maximum horizontal displacements of the specimens were 2.907 mm, 1.961 mm, and 0.884 mm for loading–unloading amplitudes of 100 kPa, 200 kPa, and 300 kPa, respectively. Compared with an R of 0, the horizontal displacements of the specimens at stabilization were reduced by 13.37%, 41.57%, and 73.66% when the loading–unloading amplitudes R were 100 kpa, 200 kpa, and 300 kpa, respectively.



According to the Boltzmann superposition principle [34], the curve of horizontal displacement with time was plotted (Figure 8). Generally speaking, creep has three stages; namely, the attenuation creep stage, the stable creep stage, and the accelerated creep stage. However, the creep curve of this test only shows the attenuation creep stage and the stable creep stage. At the moment of the application of each shear stress, the specimen deformed in a short amount of time. After this, the creep of the specimen gradually stabilized. Additionally, for each group of specimens, with the increase in shear stress, the time required for the specimen creep to reach stability was longer.




3.3. Analysis of Isochronous Creep Characteristics


Figure 9 shows that the strain of the specimen increased with the increase in shear stress. With the increase in creep time, the isochronous curve of each group of specimens gradually deviated to the strain axis. Additionally, under the action of high shear stress, the offset degree of the isochronous curve was more obvious. This shows that the creep of the sliding soil was nonlinear creep. The stress–strain curve was roughly linear with the low shear stress (τ = 0.15   τ f   , 0.34   τ f   , 0.5   τ f   ), so the strain was elastic; as the shear stress increased (τ = 0.67   τ f   , 0.85   τ f   ), the stress–strain curve began to deviate to the strain axis; thus, the strain exhibited visco-plastic properties at this time. Under the same shear stress, the shear strain of the specimen eventually converged to a limit value, which indicated that the creep state of the specimen was attenuation creep. For example, under the action of shear stress 0.67   τ f   , the strain of the specimen with a loading–unloading amplitude of 300 kPa was 0.356% at a creep time of 30 min, 0.369% at a creep time of 8 h, and 0.371% at a creep time of 20 h. Under the shear stress 0.85   τ f    for 20 h, the specimens reached the maximum strain at loading-unloading amplitudes of 100 kPa, 200 kPa, and 300 kPa, which were 5.237%, 3.367%, and 1.264%, respectively. There was an obvious inflection point on the stress–strain isochronous curve, and the slope of the curve before and after this point changed greatly. The shear stress corresponding to this point is generally called the yield strength of the sliding zone soil.




3.4. Analysis of Creep Rate


Figure 10 shows that the variation in the shear strain rate–time curve was similar under different shear stresses. Under the same consolidation path, the shear strain rate began to increase at the instant of loading after applying all the levels of shear stress to the specimen, and the strain rate of the specimen reached the maximum value at about 3 min, after which the shear strain rate decreased continuously with the increase in the applied load duration, and finally stabilized at a creep rate close to zero. The maximum creep rates of the specimens under 0.85 shear stress increased simultaneously with the increase in loading amplitude R, which were 2.53034, 2.45955, 0.18079, and 0.07805%/min, respectively.



The creep rate of the sliding zone soil increased with the increase in shear stress. For example, when the loading–unloading amplitude was 300 kPa, the maximum creep rate of the specimen under shear stresses of 0.15   τ f   , 0.34   τ f   , 0.5   τ f   , 0.67   τ f   , and 0.85   τ f    were 0.01165, 0.01456, 0.02913, 0.03495, and 0.07805%/min, respectively. The higher the shear stress level applied to the specimen, the longer it took to reach stability.




3.5. Analysis of Dilatancy


Shear dilation (shear contraction) indicates that the soil on the shear surface rises (falls) with the increase in horizontal displacement during the shear process. At this time, the skeleton particles of the soil produce relative displacement. Dafalias studied the dilatancy of sand and found that the dilatancy changes with density and confining pressure [37]. Majid et al. applied the dilatancy of soil to a stability analysis of the slope [38]. Figure 11 shows the vertical displacement-horizontal displacement curve of the sliding zone soil after different consolidation paths. In this study, the vertical displacement value was negative and the shear contraction was positive when the soil on the contact surface showed dilatancy. According to Figure 11, it was found that the soil samples in this test underwent shear shrinkage during the shear process. The growth rate of the vertical displacement decreased with the increase in shear displacement, which indicated that the vertical displacement of the contact surface tended to be stable. Zhao et al. also found that the contact surface soil will shrink under loading conditions [39].





4. Shear Creep Model and Verification


4.1. Construction of Burgers Constitutive Model


The Burgers constitutive model constructed in this section is shown in Figure 12, which was connected by a Maxwell model and a Kelvin model in a series, where G1 and G2 are the shear modulus of the Maxwell model and the Kelvin model, respectively;    η 1    and    η 2    are the viscosity coefficients of the Maxwell model and the Kelvin model, respectively [40].



The Burgers model constructed by the Maxwell model and the Kelvin model in a series shows the following:


  γ =  γ 1  +  γ 2   



(1)







In Equation (1),  γ  represents the shear strain of the Burgers model;    γ 1    and    γ 2    represents the shear strain of the Maxwell model and the Kelvin model, respectively.



The Maxwell model is composed of an elastic element G1, a viscous element    η 1    in a series, and its creep equation can be written as


   γ 1  =  τ   η 1    +  τ   G 1     



(2)







The Kelvin model is composed of an elastic element G2 and a viscous element    η 2    in parallel, and the creep equation can be written as


  τ =  G 2   γ 2  +  η 2   γ 2   



(3)







If    d   d t    = B  , insert Equations (2) and (3) into Equation (1):


  γ = τ  (   1  B  η 1    +  1   G 1    +  1   G 2  + B  η 2     )   



(4)







A differential equation can be obtained by a joint solution:


  τ +  (     η 1     G 1    +    η 1  +  η 2     G 2     )  τ +    η 1   η 2     G 1   G 2    τ =  η 1  γ +    η 1   η 2     G 2    γ  



(5)







Solve Equation (5) and obtain its creep equation, such as by Equation (6):


  γ = τ  (   t   η 1    +  1   G 1    +  1   G 2     (  1 −  e  −    G 2     η 2    t    )   )   



(6)







It can be seen from Equation (6) that the creep equation can fit instantaneous strain, initial creep, and stable creep; for creep in the attenuation stage, the viscous element in the Maxwell model needs to be removed in order to fit. In the equation, when t ≈ 0,   γ =  τ   G 1     , the instantaneous shear modulus G1 can be determined by the instantaneous strain.




4.2. The Comparison of Fitted Curves and Experimental Curves


The Burgers model was used to fit the creep process of the sliding zone soil under different consolidation paths. The results are shown in Figure 13. Table 2 shows the fitting results of the constructed creep model parameters, and it can be seen that the Burgers model fits the experimental data to a high degree and can represent the creep characteristics of the sliding zone soil.



The comparative analysis showed that the Burgers model had a high degree of fitting to the curve, and R2 was concentrated between 0.88 and 0.99. The Burgers model was composed of elements with mechanical properties. The parameters in the equation reflect the mechanical meaning of the elements in the model, and changes in the parameters can reflect the variation of the internal mechanical properties of the specimen during the test. Therefore, this model is more accurate and applicable to the creep description of sliding zone soil, and research using this method is more meaningful.




4.3. Analysis of the Parametric Properties of the Burgers Model


According to the fitting creep curve of the Burgers model, it can be seen that there was a connection between the values of each parameter and the applied shear stress, as well as the consolidation path.



Figure 14 is the curve of the instantaneous shear modulus versus shear stress at different loading amplitudes R. It was found that the instantaneous shear modulus G1 of the series Maxwell element parameters decreased with the increase in shear stress. Since the Maxwell elastic element was in a series in the structure, the magnitude of G1 depended on the shear stress level at each stage, and the instantaneous strain characteristics of creep were reflected by G1. G1 decreased nonlinearly with the increase in shear stress, which also indirectly indicated that the graded loading method produced nonlinear damage to the specimen. With the increase in shear stress and creep time, the soil particles became increasingly dense, and the specimen showed the characteristics of shear hardening, which indicated that the parameter G1 reflecting the elasticity was decreasing. On the other hand, when the shear stress was the same, G1 increased with the increase in R. The reason for this phenomenon is that with the increase in R, the compression degree of the sample increased, the porosity ratio of the soil sample became increasingly small, and the cohesion between particles increased. Therefore, when subjected to shear stress, the creep of the sample became smaller, and the ability of the sample to resist shear strain increased.



The curve of shear modulus G2 versus shear stress under different loading amplitudes R is shown in Figure 15. It can be seen that the long-term shear modulus G2 in the Kelvin model decreased with the shear stress. When the shear stress was the same, the long-term shear modulus increased with the increase in R, but with the increase in the stress level, the gap gradually tended to zero. In the creep test, the long-term shear modulus eventually decreased to a stable value.



Figure 16 shows the trend of variation in the viscous element parameters in the structure. Overall, the viscosity coefficient increased first and then decreased with the increase in shear stress. The reason for the above phenomenon was that the sample is affected by the elastic elements, and when the shear stress was small, the sample was mainly in the elastic deformation state, and the viscosity coefficient was small. With the change in shear stress and force duration, the soil particles became dense, and the cohesion increased, resulting in an increase in the viscosity coefficient. When the shear stress was greater than the yield strength of the soil, the structure of the soil sample was gradually damaged, so the viscosity coefficient of the model decreased with the continuous increase in shear stress. Additionally, when the shear stress was the same, with the increase in R, the porosity ratio of the soil particles decreased, and the cohesion increased, so the viscosity coefficient increased.





5. Discussion


The long-term strength of a soil sample refers to the turning point at which soil creep is converted from stable creep to unstable creep with increasing time under a constant load [41], also known as the third yield stress value of a soil sample. The theory of long-term strength has not yet been unified. In the engineering field, it is generally believed that the long-term strength of rock–soil masses is less than the short-term strength [42]. At present, rheological research on soil is mostly focused on the creep phenomenon, and there is little research on long-term strength and its determination method. In China, the long-term strength is generally determined based on the three boundaries proposed by Chen [43], while it is determined by the Vyalov method [44], the Shlbata method, and other methods abroad [45]. Currently, the isochronous curve method and creep rate–stress relationship curve are most commonly used to determine the long-term strength; the steady-state creep rate method was selected in this study (Figure 17a).



According to the creep curve characteristics, the stable creep stage is the key process by which to distinguish the creep acceleration stage. As shown in Figure 17b, when the shear stress is less than the yield strength of the sliding zone soil, the strain curve tends to change horizontally with time, and the rate gradually decays to zero, as in section AB; as the shear stress increases, the strain rate decays to a stable value, and the strain changes with a certain slope, as in section BC; when the shear stress is greater than the yield strength of the sliding zone soil, the creep rate increases rapidly with time, resulting in the deformation and destruction of the sample, as in section CD. The shear stress of the BC section is taken as the long-term strength of the soil.



The latter half of the creep rate–stress curve was fitted in order to determine the long-term strength, and the intersection point of the fitting line and the stress axis was used as the reference value of the long-term strength. The steady-state creep rate–shear stress curve of each specimen was plotted according to the isochronous curve, as shown in Figure 18, where the blue section is the tangent of the latter half of the curve, and its intercept in the transverse axis is regarded as the long-term strength value. The long-term strength of the sliding zone soil was found to be approximately 71%–72% of the peak strength. Li at al. also believe that the long-term strength is about 70% of the peak strength [35].



The long-term strength of sliding zone soil under different stress states was obtained using the steady-state creep rate method, which was 85.69 kPa (a), 107.22 kPa (b), 128.57 kPa (c), and 155.83 kPa (d). It was found that with the increase in the loading–unloading amplitude R, the long-term strength value increased nonlinearly. The reason for this phenomenon may be related to the porosity ratio of the specimen. Zhu et al. also found that when the soil structure changed from loose to dense, the porosity ratio of the soil decreased, and the bonding force between the soil particles became weaker, which greatly reduced the shear strength of the soil [46]. As shown in Figure 6, it was found that the porosity ratio under the initial consolidation state was the largest, the height of the sample after consolidation was the highest, the cohesion between the particles on the shear surface was low, and the long-term strength was the smallest. When the consolidation pressure of the specimen increased, the sample particles became denser, and the porosity ratio of the specimen decreased accordingly, reflecting that the long-term strength of the sliding zone soil increased.



In summary, the soil particles exhibited different degrees of compactness, and the porosity ratio showed certain regularity after the consolidation path of loading–unloading with different magnitudes R, which can be constructed to reflect the long-term strength of sliding zone soil under different consolidation paths [47], these results provide a reference value for the determination of the strength value of sliding zone soil of landslide.




6. Conclusions


In this paper, based on the influence of reservoir water level changes in the Three Gorges Reservoir area of the Yangtze River on the force of the landslide and the unloading effect on the sliding zone soil under the water when the reservoir water level rises, a direct shear creep test of the sliding zone soil in the Huangtupo landslide under unloading condition was carried out, and the Burgers model was used to fit the creep test curve. The following conclusions were obtained.



	
The direct shear creep of the sliding zone soil was mainly divided into the attenuation creep stage and the steady creep stage; the accelerated creep stage was not observed. At the moment of the application of shear stress, the sliding zone soil produced instantaneous deformation, and the degree of deformation was positively correlated with the shear stress. The sliding zone soil was in the attenuation creep stage, and the creep rate decayed rapidly to zero with the low shear stress; the sliding zone soil was in the steady-state creep stage, the creep rate decayed to a constant value, and the visco-plastic creep characteristics were more obvious with the higher shear stress.



	
With the increase in the pre-consolidation pressure applied to the sliding zone soil, the creep displacement was correspondingly reduced. When the level of loading stress was high, the shear strain of the sliding soil was also at a high level. Additionally, the strain rate of the sliding zone soil was positively correlated with shear stress and negatively correlated with the previous consolidation pressure. In this study, shear shrinkage occurred during the shear process.



	
We found that the Burgers model can accurately fit the creep process of sliding zone soil. The shear modulus of the Burgers model was positively correlated with the applied shear stress. When the applied shear stress increased, the viscosity coefficient increased first and then decreased. The long-term strength value of the sliding zone soil was obtained using the steady-state creep rate method, and the value was about 72% of the peak strength. The long-term strength also increased with the increase in consolidation stress.
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Figure 1. Location of Huangtupo landslide in China. 
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Figure 2. Changes in effective stress in sliding zone soil caused by reservoir water level fluctuations. (a) Water level rising and (b) water level dropping. 
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Figure 3. (a) The plan view of the Riverside Slump #1. (b) Composition of Huangtupo landslide. (c) Sampling site. 
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Figure 4. A-A’ profile of the Riverside Slump #1. 
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Figure 5. The particle size distribution of the sliding zone soil. 
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Figure 6. The porosity ratio–time curve under different loading paths. 






Figure 6. The porosity ratio–time curve under different loading paths.



[image: Applsci 12 12439 g006]







[image: Applsci 12 12439 g007 550] 





Figure 7. Horizontal displacement with time curves under step loading. 
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Figure 8. Horizontal displacement curves of sliding zone soil with different consolidation paths according to the Boltzmann superposition principle. 
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Figure 9. Stress–strain isochronous curve with different consolidation paths. 
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Figure 10. Strain rate–time curve with different consolidation paths. 
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Figure 11. Vertical displacement and horizontal displacement curve of the contact surface. 
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Figure 12. Burgers model. 
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Figure 13. Comparison between the fitting curve and the experimental data. 
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Figure 14. The curve of shear modulus G1 versus shear stress at different loading amplitudes R. 
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Figure 15. The curve of shear modulus G2 versus shear stress under different loading amplitude R. 
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Figure 16. The curve of viscous element parameters versus shear stress under different loading amplitude R. 
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Figure 17. (a) The steady-state creep rate method to determine the long-term strength. (b) Creep process curve; A–D represents the dividing point of each creep stage. 






Figure 17. (a) The steady-state creep rate method to determine the long-term strength. (b) Creep process curve; A–D represents the dividing point of each creep stage.



[image: Applsci 12 12439 g017]







[image: Applsci 12 12439 g018 550] 





Figure 18. The steady-state creep rate versus shear stress curve. 
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Table 1. Applied shear stresses paths.
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	Sample Number
	Loading–Unloading Amplitude R (kPa)
	Consolidation Path    σ   
	Shear Stress (kPa)





	HD-1
	0
	300
	17.85→40.47→59.51→79.74→101.17



	HD-2
	100
	300-400-300
	22.15→50.21→73.85→98.95→125.54



	HD-3
	200
	300-500-300
	26.46→59.97→88.19→118.17→149.91



	HD-4
	300
	300-600-300
	30.76→69.71→102.52→137.38→174.28
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Table 2. Burgers constitutive model parameters.
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Sample Number

	
τ (kPa)

	
G1 (kPa)

	
G2 (kPa)

	
    η 1     (kPa h)

	
    η 2     (kPa h)

	
R2






	
HD-1

	
17.85

	
1358

	
3198

	
2.07 × 104

	
468

	
0.885




	
40.47

	
759

	
1501

	
5.18 × 104

	
1960

	
0.964




	
59.51

	
293.4

	
807.4

	
6.67 × 104

	
501.2

	
0.94




	
79.74

	
160.9

	
198.8

	
5.21 × 104

	
28.8

	
0.91




	
101.17

	
23.29

	
50.6

	
3.74 × 104

	
6.78

	
0.88




	
HD-2

	
22.15

	
1567

	
3215

	
2.20 × 104

	
394

	
0.896




	
50.21

	
803.6

	
1824

	
8.50 × 104

	
1820

	
0.895




	
73.85

	
318.6

	
1158

	
7.23 × 104

	
1982

	
0.967




	
98.95

	
175.4

	
423.9

	
5.84 × 104

	
269.7

	
0.905




	
125.54

	
30.56

	
60.8

	
3.42 × 104

	
10.21

	
0.971




	
HD-3

	
26.46

	
1711

	
4054

	
2.18 × 104

	
714

	
0.919




	
59.97

	
903.2

	
3982

	
9.50 × 104

	
1750

	
0.956




	
88.19

	
600.2

	
2169

	
9.20 × 104

	
3605

	
0.966




	
118.17

	
301.3

	
709.7

	
8.60 × 104

	
348.8

	
0.926




	
149.91

	
3.84

	
39.6

	
3.84 × 104

	
6.31

	
0.971




	
HD-4

	
30.76

	
2048

	
5312

	
2.10 × 104

	
783

	
0.901




	
69.71

	
1699

	
4839.9

	
1.02 × 105

	
2239

	
0.9522




	
102.52

	
749.3

	
3158.4

	
1.40 × 105

	
6172

	
0.9646




	
137.38

	
474.4

	
1273.9

	
1.20 × 105

	
1573

	
0.9454




	
174.28

	
300.2

	
131.24

	
4.20 × 104

	
53.26

	
0.987
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