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Several high-fill projects are carried out on the Loess Plateau, China, accompanying the progressive failure of slopes due to excavation. The compelling need requires a deep understanding of variation in the creeping behaviors of intact loess exposed to unloading. A series of creep tests of intact loess were performed under two separated unloading paths: decrease in confining pressure at constant deviator stress and decrease in confining pressure at axial stress. The results demonstrated that axial deformation followed the first unloading path always appears as compression while the three forms of axial deformation followed the second path, depending on the applied axial stress level. At a low unloading stress level, the elongation of axial deformation was observed. At a relatively unloading stress level, the axial deformation of the soil experienced the first elongation and then compression. At a high unloading stress level, the axial deformation appeared as compression, and finally, failure occurred with the increase of the unloading stress level. The failure approach index was introduced to use as the criterion for the loess to transform from stable to accelerated creeping. Finally, a modified Burgers model was proposed to characterize the creeping behavior of intact loess followed unloading paths. There was a good comparison between the calculated and measured data of the soil that establishes the rationality and validity of the proposed model.
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INTRODUCTION
In recent years, with the rapid economic development, many engineering construction activities have been carried out in the Loess Plateau area, accompanied by a large number of loess slopes subjected to excavation and high-fill projects. Due to the unique physical properties of loess, once improperly disposed of, engineering accidents and damage to the local ecological environment can quickly occur. When soils are subjected to long-term loading, creep deformation increases over time, posing a safety hazard to the actual project. Therefore, the study of creep deformation of loess has tremendous significance for the construction of loess projects. With the rapid development of economic construction, it is necessary to broaden its development space, and then the project of gully control and land construction has been carried out in Yan’an New Area, China. Yan’an New Area is divided into three parts: the North District, the East District, and the West District (Figure 1). The total amount of excavation and filling in the first phase of the construction project in the north district is 363 × 106 m3, and the maximum filling height is 100 m. Due to the difference between the original loess on its sides and bottom and the compacted fill in the middle and upper part, the soil is very easy to produce deformation under the rainfall and long duration loading, which causes foundation deformation and uneven settlement. It is beneficial to alleviate the shortage of land reserve resources in the urban area and is also conducive to protecting the revolutionary sites in the old urban area, promoting the development of the tourism industry, stimulating the healthy and sustainable growth of the economy, and improving the living environment.
[image: Figure 1]FIGURE 1 | Study area and location of soil samples.
Yan’an City is located in the north-central part of the Loess Plateau and belongs to the hilly and gully area of the Loess Plateau. Quaternary Aeolian loess is exposed in the area, mainly loess hills and gullies. The terrain in the area is high in the west and low in the east, with some uplifts in the central part and relatively large ups and downs in the north relative to the south. The geomorphology can be divided into the valley stage area and the loess beam area according to the geomorphic unit. Landforms can be divided into river landforms and loess landforms according to their genesis, and loess landforms can be subdivided into loess erosion landforms, submerged landforms, gravity landforms, and accumulation landforms. Due to the uplift of the stratum (Late Pleistocene-Holocene) in the Loess Plateau, more water systems and valleys were formed, and the erosion effect of water flow (tracing erosion, lateral erosion, and down erosion) continued to reshape the landform, leading to forming a comprehensive landscape with undulating terrain and ravines.
The excavation process is also the unloading process of the soil, and its deformation characteristics have unique laws. The traditional soil mechanics theory uses conventional triaxial test (loading test) parameters to calculate the slope deformation. This stress path is completely different for the slope excavation unloading stress path and cannot truly reflect the unloading process of the slope excavation. For example, due to excavation, some parts of the surrounding stratum have stress relaxation and rebound deformation, while other parts have stress concentration and compression or shear deformation, which changes the pore density. Due to the complexity of the problem, the current experimental research and theoretical analysis on the deformation and failure mechanism of the soil under unloading are not perfect. Therefore, it is necessary to strengthen the research on the unloading characteristics of the soil, a more comprehensive understanding of the deformation and failure mechanism of the soil under unloading state, providing the theoretical basis and reasonable calculation parameters for the calculation of soil deformation under unloading.
During slope excavation, the stress paths of the soil at different parts of the slope are completely different. In order to correctly simulate the stress path in excavation engineering, several kinds of typical stress paths are abstracted from the soil at different parts of the slope during the excavation process, carrying out unloading tests that simulate the slope excavation process. And there are relatively few studies on the creep behavior of soil under the unloading path. For excavated slopes, the unloading path is more consistent with the actual working conditions, and the creep behavior of the soil under the unloading path should be studied. In order to accurately simulate the change of the soil stress path during the slope excavation process, the drainage conditions during the test must first be determined. The slope excavation project should adopt a fast excavation method, the water in the outer soil body will not be discharged, and it is approximately regarded as an undrained process.
Excavation of slope is a typical excavation unloading problem. In slope excavation, the soil will exhibit different mechanical properties when it goes through different unloading paths from the same stress state. Therefore, it is necessary to carry out a creep test of soil under different unloading stress paths. In recent years, through long-term monitoring of landslides and other data, most landslides have creeping behavior (Sasaki et al., 2000; Mansour et al., 2011; Di Maio et al., 2013, 2015; Wen and Jiang, 2017). As creep accumulates in the soil of the most sensitive slip zone of the landslide, it may eventually trigger a large-scale slip of the slope under the action of external factors (Pytharouli and Stiros, 2010). It is recognized that the recent human casualties and property damage in loess areas are closely related to the creep behavior of landslides (Sun et al., 2016; Palmer, 2017). The porous structure and well-developed vertical cracks of loess contribute to the unique creep properties of loess (Tan and Yang, 1988; Derbyshire, 2001; Zhang et al., 2014; Zhou et al., 2014; Peng et al., 2015; Xu and Coop, 2016; Xu et al., 2018). Many researchers have analyzed the creep behavior of soils. Xin et al. (2016) conducted a kinematic analysis of large-scale landslides on the Loess Plateau in Baoji, China, and concluded that creep movements in the slip zone predispose to landslides. Yates et al. (2018) conducted a statistical analysis of landslides caused by loess creep in Canterbury, New Zealand, and found that loess landslides with creep behavior are mainly controlled by the liquid behavior of saturated loess, potential failure surfaces, and seasonal wetting/drying cycles. Wang et al. (2020) analyzed the creep behavior of loess at different water contents and proposed a modified Burgers model that accurately describes the accelerated creep stage curves. Xie et al. (2018) found that the creep behavior of loess is closely related to microstructural changes. Among them, elemental models are widely used in loess soils. Zhou et al. (2016) conducted creep tests under different confining pressure and temperature conditions and established a rate-dependent constitutive model for frozen loess. Tang et al. (2020) conducted triaxial creep tests using a rheological triaxial test apparatus and proposed a dual-element creep model to describe the creep process of loess. Zhu et al. (2014) investigated the creep properties of red-layer slip zone soils under different vertical loading and water content conditions through direct shear creep tests. In addition, many scholars have also achieved many results in the experimental study of the creep behavior of different geotechnical materials (LO PRESTI, 1996; Gasc-Barbier et al., 2004; Fabre and Pellet, 2006; Wang et al., 2014, 2015; Ye et al., 2015; Yu et al., 2015; Zheng et al., 2015). Although scholars have studied the strength of loess extensively, research on the creep properties of loess has been relatively limited. The progress of creep test on loess is mainly based on loading principal stress in steps under constant confining pressure. There is rarely research on unloading confining pressure creep test under different stress paths, while for the actual engineering construction of filling and excavation process, the surrounding soil is in the state of cyclic unloading and loading relative to the stress state before mining.
The mechanical properties of soils under unloading stress paths from different perspectives have been analyzed. Li and Kong (2019) analyzed the creep properties of Nanyang expansive soil under different levels of deviator stress by unloading creep tests and proposed a nonlinear four-element model to describe the creep deformation of soil. Yang et al. (2020) conducted an undrained unloading test to analyze the effects of different unloading stress paths and unloading rates on the mechanical properties of the Tianjin blowing soil and proposed a prediction formula for soil damage strength considering these two factors. Mei et al. (2010) pointed out that the shear strength parameters of the soil under different unloading paths were significantly different. Zhen et al. (2008). analyzed the stress-strain curve of clay soil, based on triaxial unloading tests under K0 consolidation undrained and pointed out that its initial tangential modulus is proportional to the soil consolidation perimeter pressure.
Furthermore, some researchers have also constructed creep models based on empirical, yielding surfaces, and damage effects (Sivasithamparam et al., 2015; Chang et al., 2020). For loess, creep models have been proposed, based on the results of triaxial creep tests and theoretical analysis (Li et al., 2011), and there are four creep models, including Cam–Clay model, Duncan–Chang model, Kelvin model, and Burgers model (Graham et al., 2001; Liu and Carter, 2002; Nguyen et al., 2011; Wan et al., 2011). Among these creep models, the Burgers model is widely used to describe the creep behavior of various rocks and soils due to its intuitive concept, clear parameters and physical implications, and simple calculations. However, in the Burgers model, the deformation of the loess followed unloading paths is generally not considered, and the compelling need requires a modified Burgers model to characterize the creeping behavior of the loess followed unloading paths.
The objectives of this work are to understand the creep behavior of intact loess followed the unloading path. The unloading creep tests with constant principal stress and deviator stress are carried out on undisturbed Malan loess. The creep deformation characteristics of the undisturbed Malan loess under the two stress paths were analyzed. The failure approach index was introduced to evaluate the degree of soil damage during the unloading creep test. An improved Burgers model was proposed by connecting a nonlinear dashpot element in series with the Burgers model and combining the functional relationship between the viscoelastic modulus and creep behavior.
Sample and Test Methods
Sample Preparation
The loess specimen was taken from the construction site of Yan’an New Area, which belongs to the late Pleistocene loess (Q3, Malan loess), and the coordinates of the sampling point are N36°45′13.5″, E109°11′4.2″. To prevent the soil from being affected by the external environment (frost, rainfall, sunshine), excavate 0.5 m horizontally before sampling, and avoid disturbing the soil. After removal, soil samples were marked top-bottom, then quickly sealed by wrapping with cling film, and subsequently wrapped with bubble film to avoid soil disturbance during transportation. Soil samples were placed in a dry and ventilated place after being transported back to the room to avoid direct sunlight.
The liquid limit of the soil was 27.9%, and the plastic limit was 18.6%, as determined by the LG-100D combined liquid-plastic limit tester. Using the compaction test, the optimum moisture content and maximum dry density of loess in the study area were measured as 16.3% and 1.82 g/cm3, respectively (Table 1).
TABLE 1 | Physical and mechanical properties of soil in the study area.
[image: Table 1]Testing Programs
The three groups of the creep tests were performed by following unloading paths to investigate the creep behavior of intact loess. The first groups involved unloading the confining pressure in steps with constant deviator stress. The [image: image], deviator stress is [image: image]–[image: image], [image: image] is principal stress, and [image: image]is confining pressure. The test results were used to investigate the creep characteristics under unloading the confining pressure in steps. the unloading creep samples were identified as UC-X. Therefore, three intact specimens (UC-1, UC-2, and UC-3) are kept under different constant deviator stress ([image: image]–[image: image]=150, 125, and 100 kPa) and carry out the creep test under the same unloading path. The stress paths of UC1-3 are shown in Table 2. Meanwhile, the relationship of mean net stress and deviator stress are shown in Figure 2A. For the second experiment, three intact specimens (UC-4, UC-5, and UC-6) are kept under different constant principal stress ([image: image]=500, 450, and 400 kPa) through the same unloading confining pressure in steps to investigate creep characteristics of intact loess with constant principal stress. The third test is comparative, the loading creep samples were identified as LC-X, and three intact specimens (LC-1, LC-2, and LC-3) are kept under different constant confining pressure ([image: image]=0, 100, and 200 kPa), loading the principal pressure in steps, used to compare with the former two sets of unloading path experiments and compare the loading and unloading of two different types of stress paths creep deformation characteristics. The stress paths of LC-1–3 are shown in Table 2.
TABLE 2 | Loading and unloading programs.
[image: Table 2][image: Figure 2]FIGURE 2 | Stress path of the testing program.
Testing Method
The equipment selected for this creep test is the FSR-20 triaxial creep meter for unsaturated soil. The instrument mainly consists of a pressurization system, data acquisition system, and air compressor. The maximum axial load that the equipment can provide is 2,000 kPa, the maximum pore air pressure is 500kPa, the maximum axial deformation that can be measured is 18 mm, and the volume deformation is 50 cm3. For the preparation of undisturbed loess triaxial creep type samples: take out the cling film-wrapped loess original soil sample, determine the upper and lower position of the soil sample, cut it flat and place it in the triaxial chipper, and cut the soil sample into a cylinder of 61.8 mm diameter (Figure 3).
[image: Figure 3]FIGURE 3 | (A) FSR-20 Unsaturated Soil Triaxial Creep Apparatus. (B) Schematic diagram of creep apparatus. (C) Creep experiment.
The unloading stress path of slope excavation can be generally simplified into three paths (Figure 4). The first unloading path is the stretching path, and it can be considered that the horizontal load decreases while the vertical load remains unchanged under the limit condition; the second unloading path is a triaxial shearing path, which shows that the horizontal and vertical loads are unloaded at the same time, and it can be considered that the partial stress remains unloaded under the limit condition; the third unloading path is the direct shearing path, which corresponds to the bottom area in Figure 4 and can be considered as vertical unloading and transverse unloading. Comprehensive existing research, most of the current research on unloading characteristics is based on direct shearing path, and the reduction of vertical load while the lateral load remains unchanged generally does not cause damage to the soil, so this article focuses on zone stretching and triaxial shearing path.
[image: Figure 4]FIGURE 4 | Sketch map of unloading stress paths.
Testing Results
Unloading the Confining Pressure in Steps With Constant Deviator Stress
Assuming that the soil is mainly deformed in elasticity at the beginning of unloading, the deformation law of the axial strain of the soil during the unloading process can be analyzed according to the linear elasticity theory. For the first type of triaxial creep test with constant deviator stress, the axial strain [image: image]of the soil can be expressed by Eq. 1:
[image: image]
According to the generalized Hooke’s law, as the unloading stress level increases (the confining pressure [image: image] decreases), the axial strain will decreases (shown as axial elongation), expressed as the way of change of section AB and section DC in Figure 5A.
[image: Figure 5]FIGURE 5 | Strain-time curves of samples, (A) UC-1, (B) UC-2, (C) UC-3, and creep curves of samples, (D) UC-1, (E) UC-2, (F) UC-3.
Figures 5A–C show the strain-time curves of deviator stress under the control of 150, 125, and 100 kPa, respectively. Figures 5D–F are obtained according to the Boltzmann superposition principle. As can be seen from Figure 4, the axial strain variation of unloading confining pressure in steps under different deviator stresses is similar, which is manifested in three forms of deformation. As shown in Figures 5A,D, the variation of axial strain is slight at the initial unloading stage, the confining pressure is gradually unloaded from 400 kPa to 300 kPa, and the axial strain decreases (shown as axial elongation, corresponding to the ABD section in Figure 5A, which is the same as the above analysis results based on the generalized Hooke’s law. When the confining pressure is unloaded from 300 kPa to 200 kPa, the axial strain decreases at the moment of unloading (shown as axial elongation) and gradually increases over time (axial compression, corresponding to the DCE section in Figure 5A). When the confining pressure is unloaded from 100 kPa to 50 kPa, the axial strain increases significantly (shown as axial compression, corresponding to the EF section in Figure 5A), and noticeable creep occurs. With the further increase of unloading stress level, the soil samples show an accelerated creep stage, and the soil is damaged.
By comparing Figures 5A–C, it can be seen that the unloading stress points of soil under the above three deformation forms are different under different deviator stresses. The curve segments ABD, GHIJK, and OPQRSTU showed axial elongation deformation; the curve segments DCE and KLM showed axial elongation deformation followed by axial compression deformation; and the curve segments EF, MN, and UV showed axial compression deformation. When the deviator stress is 100 kPa, the second deformation form does not appear, and the axial elongation deformation is directly transformed into axial compression deformation.
The reason for the above phenomenon is that, at the initial stage of unloading the confining pressure, the soil can be considered to be in an elastic deformation stage, which corresponds to the first deformation form (axial extension) mentioned above; as the level of unloading stress increases, tiny cracks appear inside the soil, and the deformation of the soil gradually changes from elastic deformation to plastic deformation, which corresponds to the second form of deformation (first axial extension and then axial compression); with the further increase of the unloading stress level, the internal micro-cracks of the soil are penetrated, and the deformation of the soil is mainly plastic deformation, which corresponds to the third form of deformation (axial compression).
Unloading the Confining Pressure in Steps With Constant Principal Stress
Refer to the analysis in the previous section, assuming that the soil is mainly elastically deformed in the initial stage of unloading, so the deformation law of the axial strain of the soil during the unloading confining pressure can be analyzed according to the linear elasticity theory. For the second type of triaxial creep test with constant principal stress, the axial strain [image: image]of the soil can be expressed by Eq. 2:
[image: image]
According to the generalized Hooke’s law, as the unloading stress level increases (the confining pressure decreases), the axial strain increases (shown as axial compression).
Figures 6A–C show the strain-time curves when the first principal stress is controlled at 500kPa, 450 kPa, and 400 kPa, respectively. Figures 6D,E,F are obtained according to the Boltzmann superposition principle. It can be seen from Figure 6 that the axial strain of the unloading confining pressure under different [image: image] conditions is similar. With the increase of the unloading confining pressure stress level, the axial strain of the soil gradually increases, which is the same as the above analysis results based on the generalized Hooke’s law. In AC, GJ and NP sections, the increase of deformation within 24 h is same, showing a linear characteristic of Δε and Δσ3 when unloading the same confining pressure, while in CF, JM and PS sections, the increase of deformation within 24 h is obviously increased when unloading the same confining pressure. The characteristics of Δε and Δσ3 are nonlinear. It shows that the creep deformation of soil changes from elastic to plastic with the increase of unloading stress level.
[image: Figure 6]FIGURE 6 | Strain-time curves of samples, (A) UC-4 (B) UC-5, (C) UC-6, and creep curves of samples, (D) UC-4, (E) UC-5, (F) UC-6.
Analyzing the above reasons, it can be seen that removing the confining pressure [image: image] while maintaining [image: image] is equivalent to imposing tensile stress [image: image] on the basis of the original stress conditions (shown as a decrease in confining pressure). This situation is likely to cause tensile fractures in the soil along the confining pressure direction, which is macroscopically manifested as axial compression and lateral bulging of the soil. At the initial stage of unloading confining pressure, it can be approximately considered that the soil is in an elastic deformation stage. As the stress level of unloading confining pressure increases, the internal damage of the soil continues to accumulate. When it develops to a certain degree, the internal micro-cracks of the soil can penetrate, soil deformation changes from mainly elastic deformation to mainly plastic deformation, deformation increases rapidly, and when the deformation accumulates to a certain level, soil damage occurs.
Loading the Principal Pressure in Steps With Constant confining Pressure
Under different confining pressures and different deviator stress, the creep curves of loess all show prominent creep deformation characteristics: first is instantaneous deformation, then deformation at the decaying creep stage, and the deformation at the stable creep stage. The loess is dominated by instantaneous deformation under the deficient deviator stress level (generally the first deviator stress level). The instantaneous deformation of the soil occurs at the moment of loading, and with the increase of time, a tiny creep deformation occurs. With the increase of time, the creep deformation rate gradually decreases, and approaching zero, the creep curve shows the decay type. Under a higher deviator stress level, the loess first produces instantaneous deformation. As time increases, its creep deformation rate decreases, gradually approaching a specific value greater than zero, and the creep curve presents a steady flow type. Under high deviator stress levels, the deformation rate of loess increases rapidly, and the soil is damaged. Under the same confining pressure, the greater the deviator stress, the greater the instantaneous deformation of loess, the more severe the creep deformation, and the more significant the creep effect. Increasing deviator stress under constant confining pressure, referring to the analysis in the former section, and assuming that the soil is predominantly deformed elastically at the beginning of loading, the deformation pattern of the axial strain in the soil during the increase of the first principal stress can be analyzed according to the theory of linear elasticity (Figure 7).
[image: Figure 7]FIGURE 7 | Strain-time curves of samples, (A) LC-1 (B) LC-2, (C) LC-3, and creep curves of samples, (D) LC-1, (E) LC-2, (F) LC-3.
RESULTS ANALYSIS
By analyzing the test curves, when keeping the principal stress and the deviator stress constant, the creep test law of soil unloading confining pressure is different. Unloading the confining pressure in steps with constant principal stress, the axial deformation shows an increasing trend (manifested as axial compression). Unloading the confining pressure in steps with constant deviator stress, when the unloading stress level is low, the axial deformation will show a decreasing trend (shown as axial elongation); while the unloading stress level is high, it will first decrease and then increase (shown as the first axial elongation and then axial compression). When the loading stress level is higher, it shows an increasing trend (shown as axial compression).
Both unloading methods will damage the soil, but their stress paths are not the same. Unloading the confining pressure in steps with constant principal stress, the axial deformation of the soil has been increasing and the change rule is obvious, which is suitable for studying the unloading creep characteristics of the soil. Unloading the confining pressure in steps while keeping the deviator stress constant, according to the different unloading levels, the variation law of axial deformation presents three forms. The transition stress state points of the first deformation form (axial elongation) and the second deformation form (axial elongation followed by axial compression) can be used to distinguish the elastic deformation from the plastic deformation.
In order to describe the dangerous degree of the stress state of the soil under different stress loading paths, this article analyzes the damage proximity based on the Mohr-Coulomb strength criterion, where the parameters are as shown in Eqs 5–9:
[image: image]
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[image: image]
The failure approach index R refers to the state function of soil material damage, and its value range is (0, 1). When R=0, the stress point is on the yield surface, and the soil yields; when R=1, the stress point is in a three-dimensional isostatic stress state, which is relatively safe.
The creep test curves of UC-1, UC-2, and UC-3 are analyzed by the failure approach index. Figure 8A shows the failure approach analysis of each soil sample under different stress states. Comparing Figure 5 and Figure 8A, it can be seen that when R > 0.4, unloading the confining pressure in steps while keeping the deviator stress constant will only cause the soil to produce axial tension; when 0.1 < R < 0.4, the soil has obvious creep deformation; when R < 0.1, the soil has an accelerated creep stage, the axial deformation of the soil increases rapidly, and the soil is damaged. Similarly, the creep test curves of UC-4, UC-5, and UC-6 are analyzed by the failure approach index. Comparing Figure 6 and Figure 8B, it can be seen that when R > 0.4, the confining pressure is removed while principal stress remains unchanged, and only a small axial deformation is generated in the soil. When 0.1 < R < 0.4, the axial deformation of soil increases obviously. When R < 0.1, the soil shows accelerated creep stage.
[image: Figure 8]FIGURE 8 | (A) Comparison of R under different deviator stress. (B) Comparison of R under different principal stress. (C) Comparison of R in different stress paths.
Based on the above analysis, it can be seen that when R < 0.4, the soil gradually changes from elastic deformation to plastic deformation; when R < 0.1, the soil enters the accelerated creep stage. Therefore, the failure approach index R = 0.4 can be used as the critical value to distinguish between elastic deformation and plastic deformation; use R = 0.1 as the critical value to distinguish the stable creep stage and accelerated creep stage of the soil.
DISCUSSION
This study found that the creep characteristics of soil are different under different stress paths. When principal stress is constant, the deviator stress increases gradually under unloading confining pressure, and the soil exhibits prominent creep characteristics, which is consistent with the creep behavior of soil under the stress path of increasing deviator stress in steps when confining pressure is constant; however, when deviator stress is constant, the soil exhibits different creep characteristics under unloading confining pressure. The reason is that when the unloading stress level is low, the stress state of the soil is far away from the Mohr-Coulomb failure surface. At this time, the application of deviator stress only causes the relative dislocation among the soil particles, and the internal structure of the soil is reorganized and balanced, so when the unloading stress is low, the soil only shows axial elongation; with the increase of the unloading stress, the stress state of the soil gradually approaches the Mohr-Coulomb failure surface. At this time, the lateral limit of the soil decreases, and the soil particles are easy to move around, resulting in tiny cracks in the soil. The macroscopic performance is lateral swelling and axial compression, so when the unloading stress is high, the soil will be firstly elongated and then compressed. With the further increase of the unloading stress level, the internal cracks of the soil are penetrated, and the axial deformation rapidly increases, which leads to the destruction of the soil. Therefore, when the unloading stress level is higher, the soil directly shows axial compression.
With the gradual increase of the axial strain caused by unloading, it is accompanied by the adjustment of the soil structure. Micro-cracks are weak structural planes in loess, and the unloading effect causes loess to have a tendency to expand along the cracks, and the cracked planes are softened, resulting in a certain deformation of the soil along with the cracked planes, and serious damage to the integrity of the soil sample. Under the same axial strain, the existence of cracks magnifies the unloading damage effect at the same axial strain. In the same way, When the principal stress remains and unloading the confining pressure, due to the simultaneous axial and radial action, microcrack generation and expansion are stronger than other stress paths, and damage and degradation effects are relatively enhanced.
Figure 8C shows the comparison of the closeness of soil damage under two stress paths ([image: image]=100 kPa, [image: image]=400 kPa under unloading confining pressure stress path and [image: image]=500 kPa, [image: image]=400 kPa under unloading confining pressure stress path), when the principal stress [image: image] and the deviator stress[image: image] are kept constant, the failure approach index R gradually approaches 0; as the confining pressure decreases, it will gradually approach the yield surface. When the initial confining pressure is equal to the unloading confining pressure, the failure approach index R of unloading confining pressure when the principal stress [image: image] is constant is smaller than that when the deviator stress[image: image] is constant, indicating that the unloading confining pressure path when [image: image] is constant can lead to soil sample failure more quickly. It shows that, in the actual slope engineering, the soil pressure value under this stress path is close to the active soil pressure under the condition of small lateral deformation. If the horizontal displacement of the retaining wall cannot be effectively controlled, this part of the soil is easy to appear Slip damage.
The path of unloading confining pressure stress with constant principal stress can be considered as stepwise increasing deviator stress is superimposed on the stress path of unloading confining pressure with constant deviator stress, and the removed confining pressure ∆[image: image]=50 kPa is equal to the additional applied deviator stress ∆[image: image]=50 kPa; UC-3 stress path is superimposed on UC-4 stress path, which further indicates that the unloading confining pressure path can lead to soil sample failure more quickly when [image: image] is constant. The additional applied deviator stress ∆[image: image]=50 kPa has a more significant impact on the axial deformation than the unloaded confining pressure ∆[image: image]=50 kPa, so when [image: image] is constant, the stress path of the progressively unloaded confining pressure always shows axial compression.
Comparative Analysis of Different Stress Paths for Loading
The loading and unloading experiments under different stress paths are unloading the confining pressure with constant deviator stress and loading the deviator stress with constant confining stress. Align the following three comparisons: the relationship of mean net stress and deviator stress, strain-time curves, and double logarithmic curves of strain time. Observe the law of curve change and draw the following conclusions.
Comparing the curves under different stress paths, it can be seen that the strain-time curve is obviously non-linear; the shape of the curve is roughly similar before the soil is damaged, showing an attenuation stable type (hyperbolic type). From the strain-time diagrams of the two stress paths when the soil sample reaches the confining pressure of 0 kPa and the axial pressure of 100 kPa (Figures 8E, 9C), it can be seen that unloading the confining pressure in steps with constant deviator pressure will destroy first compared to loading deviator pressure in steps with constant confining pressure. Meanwhile, from the strain-time diagrams of the two stress paths when the soil sample reaches the confining pressure of 400 kPa and the deviator stress of 100 kPa (Figures 8F, 9D, it can be seen that loading the axial pressure with constant confining pressure will cause more deformation. This is because the soil has accumulated a certain deformation in the case of deviator pressure of 100 kPa and confining pressure of 400 kPa. It shows that in the stress path of unloading the confining pressure with constant deviator stress, the deformation is not as obvious as in the stress path of increasing the deviator pressure with constant confining pressure, due to the accumulation of internal damage, loading (unloading) to the same stress state, and unloading the confining pressure state of the soil damage required for the minor deviator stress.
[image: Figure 9]FIGURE 9 | Comparison of unloading the confining pressure in steps with constant deviator stress and loading the deviator stress in steps with constant confining pressure, (A) (B) the relationship of mean net stress and deviator stress, (C) (D) strain-time curves, (E) (F) double logarithmic curves of strain time.
Meanwhile, use the same method to compare the unloading experiments of the following two stress paths: unloading the confining pressure with constant deviator stress and principal stress. The following conclusions can be drawn from comparing the relationship of mean net stress and deviator stress, strain-time curves, and double logarithmic curves of strain time.
Form the strain-time diagrams of the two stress paths when the soil sample reaches the confining pressure of 300kPa and the principal stress of 450 kPa (Figures 9E, 10C, the curve shows that the deformation of unloading confining pressure with constant deviator stress is immense; meanwhile, the following steady-state creep rate is low, it is due to the fact that the unloading confining pressure with constant deviator stress has accumulated a certain amount of deformation in the initial state, and the creep deformation is evident in this case. The curves (Figures 9F, 10D) reach another final stress via the same stress path ([image: image]=300 kPa [image: image]=400 kPa) showing similar results; unloading the confining pressure in steps with constant deviator stress has large deformation. Meanwhile, it has a lower steady-state creep rate.
[image: Figure 10]FIGURE 10 | Comparison of unloading the confining pressure in steps with constant deviator stress and unloading the confining pressure in steps with constant principal stress, (A) (B) the relationship of mean net stress and deviator stress, (C) (D) strain-time curves, (E) (F) double logarithmic curves of strain time.
Constitutive Model
Analysis of the results of the unloading confining pressure in steps creeping test with constant principal stress shows the following:
1) At each stress level, the soil sample produces instantaneous strain, and the value increases with enhancing the unloading stress level.
2) When the unloading level is low, the soil sample goes through the decay creep phase and the stable creep phase (its stable creep rate is close to 0).
3) When the unloading stress level is high, the soil goes through the decay creep phase and the stabilization creep phase and then enters the accelerated creep phase; eventually, the soil is destroyed.
The complete creep curve of soil sample includes decay creep phase, stable creep phase, and accelerated creep phase; Burgers model can describe the decay creep phase and stable creep phase of soil well. However, because the elements in the Burgers model are linear elements, the accelerated creep phase of the soil cannot be described. The whole process of creep deformation is the process of gradual cracking and damage accumulation inside the soil until the crack propagation is destroyed. Therefore, a parameter can be introduced to characterize the microstructure change of the soil due to irreversible deformation until failure. Considering that the stress-strain relationship often loses its one-to-one correspondence after the soil enters the nonlinear characteristic, and the creep deformation of the soil is irreversible, the strain parameter can be chosen to indicate whether the soil enters the accelerated creep phase and a nonlinear accelerated dashpot Liu et al. (2018) is introduced to describe the deformation of the soil in the accelerated creep phase, as shown in Figure 11A. The stress-triggered means, the nonlinear viscous pot is rigid when the strain generated by the model is less than [image: image], and the pot does not function at this time; the nonlinear viscous pot is triggered when the model generates the strain more significant than [image: image]. Let [image: image] be the viscosity coefficient of the nonlinear accelerated viscous pot, and define the intrinsic relationship of the nonlinear viscous pot as
[image: image]
where [image: image] is the viscosity coefficient of the nonlinear accelerated viscous pot, t is time, and n is the rheological coefficient.
[image: Figure 11]FIGURE 11 | (A) Nonlinear accelerated dashpot. (B) Improved Burgers component model. (C) Nonlinear accelerated dashpot. (D) Improved Burgers component model.
Based on the previous analysis on the failure approach index of soil, when R < 0.1, the soil enters the accelerated creep stage. Therefore, classify whether the soil enters the accelerated creep stage according to R.
Based on the above analysis, the improved Burgers component model for the loading creep process of the high-fill loess in this area is shown in Figure 11B, and the total strain and differential form of the constitutive equation of this model can be expressed as follows:
1) when [image: image], [image: image],[image: image], the differential form of the constitutive equation is
[image: image]
2) When [image: image], [image: image],[image: image], the differential form of the constitutive equation is
[image: image]
Under the action of constant stress[image: image], the solution is obtained:
1) When[image: image],[image: image]. Referring to (Yang, et al., 2011) research on nonlinear rheological models shows that the initial conditions are [image: image],[image: image],[image: image], and the Laplace transform of Eq. 11 yields the following equation:
[image: image]
2) When[image: image],[image: image], the initial conditions are [image: image],[image: image],[image: image], and the Laplace transform of Eq. 12 yields the following equation:
[image: image]
3) When[image: image], the initial conditions are [image: image],[image: image],[image: image], and the Laplace transform of Eq. 11 yields the following equation:
[image: image]
Carry out Laplace inverse transformation on Eqs 13–15 to obtain the creep constitutive equation:
[image: image]
[image: image],[image: image] is the moment when the soil is about to enter the accelerated creep phase.
According to the research on the viscosity coefficient in soil creep, the viscosity coefficient is the attenuation function of stress and an increasing function of time. The nonlinear formula of the viscosity coefficient is
[image: image]
[image: image] is the initial viscosity coefficient and c is the material parameter.
Figure 1(C) is the constitutive equation shown by the nonlinear viscous element constructed by the above formula.
[image: image]
In order to avoid mathematical problems on the derivation of nonlinear creep model from former research Xia et al. (2011), the above equation can be obtained:
[image: image]
The nonlinear dashpot element is used to replace the[image: image] part of the series dashpot element, as shown in Figure 11D. The creep constitutive equation in this article is
[image: image]
Fit the creep test curves under the four stress states of A, B, C, and D in Figure 8A, Figure 12 is the fitting results under different stress paths, and Table 3 is fitting parameters.
[image: Figure 12]FIGURE 12 | Fitting curve of unloading confining pressure in steps with constant principal stress. (A) Stress state at point A. (B) Stress state at point B. (C) Stress state at point C. (D) Stress state at point D.
TABLE 3 | Fitting parameters.
[image: Table 3]The fitted results in Figure 12 and the fitted data in Table 3 show that the theoretical values of the improved Burgers model are in good agreement with the experimental results. It not only fully reflects the instantaneous elastic deformation of the soil after loading but also reflects the initial creep of the first stage and the stable creep of the second stage; especially, the model overcoming the traditional linear element model cannot describe the difficulty of the accelerated creep stage, and the deformation of the accelerated creep stage of the soil is successfully fitted. The result is significantly better than the traditional Burgers model. Since accelerated creep is the key stage of slope failure prediction, the successful description of the accelerated creep stage by this model shows that it has a certain guiding significance for slope failure prediction.
CONCLUSION
In this article, the undisturbed Malan loess from Yan’an is taken as the research subject, and the unloading creep tests are carried out to analyze the creep deformation characteristics of undisturbed Malan loess under different stress paths by progressively unloading confining pressure in steps under constant principal stress and constant deviator stress; the conclusions are as follows:
1) Under the two unloading stress paths, the axial deformation of soil is different. Under constant [image: image] confining pressure unloading, the axial deformation always shows compression. The axial deformation of unloading confining pressure under constant deviator stress shows three forms: when the unloading stress level is low, the axial deformation is expressed as elongation, and when the unloading stress level is high, it is expressed as axial elongation first and then axial compression. When the load stress level is higher, it appears as axial compression. It shows that, with the increase of the unloading level, the soil gradually changes from elastic deformation to plastic deformation and finally fails.
2) By introducing the concept of the failure approach index, the stress state of the soil under the two unloading stress paths and the degree of near failure of the soil can be well described. The failure approach index R=0.4 can be used as the critical value for distinguishing between elastic deformation and plastic deformation, and R=0.1 is used as the critical value for distinguishing between the stable creep stage and the accelerated creep stage of the soil.
3) By comparing the failure approach index of the soil under the two stress states, it is found that the failure approach index R of unloading confining pressure when the principal stress [image: image]is kept constant decreases faster than when the deviator stress [image: image] is kept constant. It shows that the path of unloading confining pressure can cause soil sample damage faster when [image: image] is kept constant.
4) The Burgers model is widely used to describe the creep behavior of soils due to its intuitive concept, clear parameters, physical implications, and simple calculations. By connecting a nonlinear dashpot element in series with the Burgers model and combining the functional relationship between the viscoelastic modulus and creep behavior. It can be concluded that the improved Burgers model proposed in this article has higher relevant results and can more accurately describe the creep characteristics under different unloading stress paths by comparing the modeling results to the testing results.
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