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Water content has a significant effect on the creep properties of soil-rock mixtures (SRM). Multi-loading shear creep tests are carried out on SRM samples with different water contents. The test results show that deformation gradually increase with increasing water content, while long-term strength gradually decrease with increasing water content. The deformation mechanism shows that increasing of water content causes the change of rock particles at on the shear surface from fracture to rotation. Based on the creep test results, a modified Burgers model considering the water content is proposed by the empirical relationship between the parameters of the traditional Burgers model and the water content. And the results predicted by the modified Burgers model agree well quite well with the experimental creep data.
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INTRODUCTION
A large number of deposit landslides of soil-rock mixtures (SRM) exhibit the characteristics of long-term and creep deformation under the action of rainfall and other internal and external geological forces [1,2]. The creeping deposit landslide in the reservoir area is a threat to the long-term safe operation of power stations. Therefore, it is necessary to study on the creep characteristics and long-term stability of large-scale deposit landslides.
There have been many studies on the mechanical properties of SRM, mainly through laboratory tests[3,4], numerical simulations [5,6], and in-situ tests [7,8]. Furthermore, there are a number of studies on the creep properties of SRM strength [9,10], which were not considering the effect of water content on the creep properties of SRM. However, water content of SRM in the deposit landslide changes under the action of rainfall or reservoir water. Although there is a body of work which focused on the effect of rainfall and other environmental factors from remote sense observations and statistical modelling [11,12], the effect of creep behavior on the SRM in the deposit landslide evolutional process under different water contents is poorly understood.
In order to study the influence of water content on the characteristics of long-term deformations and stability of SRM, multi-stage shear creep tests of SRM samples with different water contents are conducted. The creep characteristics of SRM are analyzed, the long-term strengths of SRM with different water contents are obtained, and a modified Burgers model considering water content is developed based on the results of the shear creep test.
TESTING PROCEDURE
The Dahua landslide located on the right bank of Lancang River is a typical deposit landslide[13]. The main components of the landslide are a mixture of soil and rock debris. The filed displacement monitoring data show that the landslide is still in the creeping state and has the characteristics of time-dependent deformation. The density of the selected SRM is 2.2 g/cm3, the distribution of particle size is shown in Figure 1. The water contents of SRM samples are determined to be ranging from 3.9% to 16.4%.
[image: Figure 1]FIGURE 1 | Particle size distribution of SRM.
Shear creep tests are conducted using a shear creep test system. The sample is a cube with a side length of 150 mm. Tests are conducted in the laboratory environment with constant temperature (20 ± 0.5°C) and humidity. Considering the depth of SRM at the sampling site, a normal pressure of 300 kPa is applied to represent the confining pressure at the sampling site. The shear stress loading scheme for the creep test is listed in Table 1. Procedure of shear creep test is as follows:
1. Place the sample into the test platform and adjust the initial setting of the LVDTs.
2. Apply the normal pressure to the desired value (300 kPa) under displacement-controlled conditions with a rate of 0.2 mm/min and keep it constant throughout the test.
3. Increase the shear stress to the desired value under displacement-controlled conditions with a rate of 0.2 mm/min and keep it for approximately 72 h.
4. Apply multiple shear stress loadings following the loading scheme in Table 1 until the sample fails.
TABLE 1 | Shear stress loading scheme for the creep test.
[image: Table 1]SHEAR CREEP TEST RESULTS AND ANALYSIS
Creep Strain Behavior
The multi-loading deformations of the samples with water contents of 3.8%, 7.9%, 12.2%, and 16.4% are presented in Figure 2. It can be seen that shear creep deformations are observed from all SRM samples. For the same shear stress, the higher the water contents, the greater the creep deformation. Taking shear stress of 80 kPa as an example, the strains after stabilization of the SRM samples with water contents of 3.8%, 7.9%, 12.2%, and 16.4% are 2.14%, 3.52%, 4.25%, and 5.08%, respectively. The presence of water has a significant softening effect on SRM, weakening the mechanical properties of SRM and increasing the SRM deformability [14].
[image: Figure 2]FIGURE 2 | Shear creep of samples with different water contents (A) 3.8%, (B) 7.9%, (C) 12.2%, and (D) 16.4%.
It is also seen that the creep deformation of SRM experiences three creep stages: transient creep, steady-state creep, and accelerated creep. Instantaneous deformation occurs at the beginning of each loading process. The higher water content, the greater instantaneous deformation. The strain then remains constant in the steady-state creep stage. Before the final shear stress level, the SRM undergoes the transient creep and steady-state creep stages. In the transient creep, the strain rate is relatively high but decreases with time, showing that strain rate approaches a fixed value. Accelerated creep occurs at the final shear stress level.
The shear strain and strain-rate versus time at the final shear stress level are shown in Figure 2. Compared to the results of preceding stress levels, the transient creep stage at the final stress level is less apparent. During this stage, the strain-rate decreases rapidly in a very short time, then remains almost constant, and finally increases rapidly. The final stress levels of SRM samples with four levels of water content are maintained for 54.73, 51.02, 39.33, and 32.86 h, respectively. The higher the water content, the longer the duration of the accelerated creep.
Long-Term Strength
The isochronic curve method is an effective method to determine the long-term strength [15,16]. The isochronic curves are drawn by the following method:
• Draw the shear creep strain versus time under various loading conditions according to the Boltzmann linear superposition principle.
• Select a series of time points in the creep curves under different shear stresses. Draw vertical lines at the selected time instances, which intersect the creep strain curves to give a series of shear stress and strain values. The shear strains are then plotted versus the shear stresses.
The isochronous curves are shown in Figure 3. The shear stress corresponding to the inflection point on the isochronous curve is considered to be the long-term strength [16]. Furthermore, inflection point may not be unique [17]. When there are two inflection points in an isochronous stress-strain curve, the shear stress value corresponding to the second inflection point is considered to be long-term strength. That is because, within a period of time after the second inflection point, the sample will be more likely to fail. From Figure 3, the long-term strengths of the four SRM samples are approximately 280, 266, 240, and 220 kPa, respectively, which show a trend of decrease with the increase of water content.
[image: Figure 3]FIGURE 3 | Isochronous curves with different water contents (A) 3.8%, (B) 7.9%, (C) 12.2%, and (D) 16.4%.
CREEP CONSTITUTIVE MODEL CONSIDERING WATER CONTENT
A modified Burgers model, which considers the effect of water content but not the accelerated creep phase, is developed.
Burgers Model
A Burgers model consists of a Kelvin model and a Maxwell model in series [17]. It is capable of describing the characteristics in the attenuation and steady-state creep stages of SRM.
The total creep strain ε of a Burgers model consists of the instantaneous elastic strain ε1 corresponding to the spring in Maxwell model, the constant velocity strain ε2 corresponding to the viscous damper in Maxwell model, and the creep strain ε3 corresponding to the Kelvin model:
[image: image]
In a shear creep test, for each fixed shear stress τ, Eq. 1 can be rewritten as
[image: image]
where [image: image].
Parameters in the Burgers model of Eq. 2 can be determined from regression analysis by fitting the creep process curves. Results for the case with water content of 3.8% are listed in Table 2.
TABLE 2 | Parameters of the Burgers model.
[image: Table 2]Modified Burgers Model Considering Water Content
Having obtained the four parameters G1, η1, G2, and η2 of the Burgers model given by Eq. 2, the relationships between these model parameters and water content are shown in Figure 4. It can be seen that parameters G1, η1 and the water content follow an exponential relationship, whereas parameters G2, η2 and the water content follow a parabolic relationship. Regression analysis is performed to obtain the following empirical relationships between the four parameters and the water content. Substituting Eq. 3 into Eq. 2, the Burgers model considering the effect of water content can be obtained.
[image: image]
[image: Figure 4]FIGURE 4 | Correlation between model parameters and water content.
In order to verify the accuracy of the proposed Burgers model, the model is applied to predict the shear creep curves of SRM and the results are shown in Figure 5. As can be seen, the results obtained using the Burgers creep model agree very well with the shear creep test data.
[image: Figure 5]FIGURE 5 | Prediction results of the Burgers model (A) w = 3.8%, (B) w = 16.4%.
DISCUSSION
There are mainly two mechanisms affecting the shear deformations of SRM:
1. Rock particles continue to rotate and shift with time under the action of the shear load (Figure 6A). In this case, rock particles on the shear surface will rotate and squeeze the surrounding soil particles under the action of the shear stress;
2. Rock particles, especially the flake rock particles on the shear surface, undergo time-related fatigue fracture under the continuous application of loading (Figure 6B).
[image: Figure 6]FIGURE 6 | Schematic diagram of deformation mechanisms (A) low water content, (B) high water content.
In the shear creep tests, it is observed that many of the flake rock particles on the shear surface are fractured in SRM sample with low water content, as shown in Figure 7A. Rock particles rotate with time under the action of shear stress in SRM sample with high water content, as shown in Figure 7D. In shear creep test of SRM, the deformation of the SRM is contributed by both deformation mechanisms. Mechanism one can affect the creep properties of soil at high and low shear stress values, while Mechanism 2 characterizes the creep deformation of SRM with low water content. Similar phenomena are also observed by Hu et al. [9] and Wei et al. [19]. Discrete element method could resolve the motion of every single grain in the system under consideration of a model for the inter-particle forces [20–22]. Therefore, focusing on particle-based simulations of the processes that are investigated in our experiments is necessary in future work [23].
[image: Figure 7]FIGURE 7 | Deformation characteristics of SRM samples (A) w = 3.9%, (B) w = 7.8%, (C) w = 12.2%, (D) w = 16.4%.
CONCLUSION
Multi-loading shear creep tests are performed on SRM samples obtained from the Dahua landslide with different water contents. Based on the test results, the following conclusions can be drawn:
1) There are three stages of creep deformation in a shear creep test of SRM including transient creep, steady-state creep, and accelerated creep. The shear strain accumulated after stabilization increases with water content under the same shear stress.
2) The long-term strength of SRM can be obtained using the isochronous curve method. The long-term strength of SRM decreases with the increase of water content.
3) Based on the results of the shear creep tests, a modified Burgers model is proposed, which takes into account of the effect of water content on the creep behavior of SRM. The creep curves of SRM with different water contents predicted using the Burgers model developed agree well with the test data.
4) Shear creep deformation is dominated by fractures of large particles at low water content, but by rotations of large particles at high water content.
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