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Abstract

:

This paper contains the results of a newly developed residual-state creep test performed to determine the behavior of a selected geomaterial in the context of reactivated landslides. Soil and rock creep is a time-dependent phenomenon in which a deformation occurs under constant stress. Based on the examination results, it was found that the tested clayey material (from Kobe, Japan) shows tertiary creep behavior only under shear stress higher than the residual strength condition and primary and secondary creep behavior under shear stress lower or equal to the residual strength condition. Based on the data, a model for predicting the critical or failure time is introduced. The study traces the development of the limit state based on the contact model corresponding to Blair’s body. The time to occurrence of the conditions necessary for unlimited creep on the surface is estimated. As long-term precipitation and infiltrating water in the area of the landslides are identified as the key phenomena initiating collapse, the work focuses on the prediction of landslides with identified surfaces of potential damage as a result of changes in the saturation state. The procedure outlined is applied to a case study and considerations as to when the necessary safety work should be carried out are presented.






Keywords:


residual-state creep; saturation front; landslides












1. Introduction


Landslide processes pose a real threat to engineering structures. Reasonably accurate prediction of failure allows the application of protective actions, thus avoiding human casualties and reduction in property damage. Many methods have been developed for spatial analysis of the phenomenon from a mechanical point of view, supported by a regional reliability approach [1,2,3]. The transfer of risk management to the level of geographic information system (GIS) tools has been accompanied by methods of building risk maps, supporting the assessment and management of spatial phenomena [4,5]. A different direction of research focused on describing the dependence of slope stability over time. In such a case, the mechanical properties of the substrate or contact layer were related to the time of action of forces causing slippage [6] or environmental factors, especially, for example, rainfall [7]. The selected aspect of rainfall action and stable infiltration conditions in previously partially saturated soil and its influence on landslide initiation have been analyzed by many authors [8,9,10]. The regional general scale of the issue based on the Italian experience is analyzed in Ref. [11]. A comprehensive review of different methods for predicting landslide failure time can be found in Ref. [12]. The connection of physical phenomena with prediction of stability changes and possible threat gives a chance to create early warning systems for rapture damage occurrence [13,14]. The methodology used in warning systems includes echoes of acoustic waves, statistical observations and spatial and temporal variability of regional landslides, as well as changes in pore pressure measured by sensors.



In issues of slope stability, the creep of geomaterials is especially important [15]. In general, landslides are created more or less rapidly depending on the conditions. Creep is one of various types of landslides, characterized by an imperceptibly slow, steady, downward movement and is found mainly in clayey soils. Soil creep as a physical phenomenon is a time-dependent effect in a which deformation occurs under constant stress. Theoretically, an ideal creep curve consists of three stages that have different deformation properties according to the shape of the strain–time curve. Primary creep, the so-called transient or fading phase, can be defined as a creep deformation during which the strain rate decreases continuously with time (i.e., decreasing strain rate). Secondary creep, the secondary phase, consists of deformations at a constant rate (i.e., constant strain rate), which is sometimes also called the non-fading phase. With tertiary creep, the deformation is continuously increasing and leads to creep failure (i.e., increasing and accelerating strain rate). A widely acknowledged concept of creep distinguishing between the different phases of creep movement was discussed in Refs. [16,17]. In the primary and secondary stages of creep, soil materials are in a stable condition, but they may collapse when reaching the tertiary stage of creep. Many extensive laboratory investigations have been conducted with triaxial apparatus and oedometers to examine the creep behavior of various kinds of soils [18,19,20], but almost all of them focus only on the pre-peak-state creep behavior of soil materials. Numerous theories, equations and models have been proposed to account for the creep behavior of clayey soils [21,22,23] and various geotechnical issues [24,25]. However, they have also focused on the pre-peak state of shear stress. Nevertheless, since the long-term strength of the shear zone soil of a reactivated slow-moving landslide is nearly equivalent to its residual strength [26], a creep test should be conducted at the residual state of shear stress for understanding the actual creep characteristics of clay soil materials.



The issue of slope stability can be analyzed in both ultimate and serviceability states [27]. In the case of a material with rheological features and the existence of a clear yield point, correct description of the phenomena requires spatial recognition of the variability of soil features. Many researchers have been interested in predicting creep failure. However, capturing the extremely slow movement of large-scale landslides through instrumentation is very difficult. Moreover, if a small number of field monitoring data are available, the actual trend of the movement variation with time will not be clear. On the other hand, standard laboratory tests are not feasible for representing long-term behavior, and long-term tests are not easy to perform. An estimation of damage time based on a clay creep study was introduced in Ref. [28]. Afterwards, it was extended in Ref. [29] to all subsequent areas of material work in the creep regime. The first successful attempts to describe the phenomena of tertiary creep in stability applications were introduced in Refs. [30,31] and later developed in Ref. [32]. There have been also attempts to perform a spatial description of creep phenomena affecting landslides by means of numerical models [33,34].



The main objective of this study was to deal with the above mentioned issues by means of an extended residual-state creep test. Based on this, an attempt to develop a method of predicting landslide displacement was made. The work focuses on the problem of landslides with identified surfaces of potential damage. Long-term precipitation and infiltrating water in the vicinity of the landslide area are identified as the key initiating phenomena for the considered type of landslides (creep). Based on the residual-state creep test results of typical clayey soils, prediction curves were proposed, and the time to occurrence of the conditions necessary for unlimited creep on this surface was estimated. In the description of the material, the fractional derivative theory has been used [35,36,37]. It is a form of a well-functioning fit to test results involving a two-layered model based on Blair-type elements. It gives good fitting results for a small amount of experimental data, while reducing the number of initial assumptions. Numerous articles describing fractional derivatives [38,39] and a wider interest in their possibilities in mechanics [40,41,42,43] have been introduced. The presented concept of the critical time related to the extended laboratory tests is not deterministic. The approach allows for estimating the stability of a rock or soil block with the defined slip surface, taking into account the expected time of its operation and the change in the indicator with the climate’s influence. Loss of equilibrium was connected with changes in the movement of the saturation front (negative pressure in the profile).




2. Materials and Methods


2.1. Creep Tests—Creep Test Apparatus and Test Methods


The standard ring shear machine allows for continuous shearing of soil samples up to very large shear deformations in one direction without a change in the geometry of the specimens [44,45]. It is used mainly to investigate the residual strength of soils [46,47,48]. However, it is not suitable for creep tests at the residual state of shear. In order to identify creep behavior, it is necessary to modify the standard version of the apparatus that was introduced by Bhat et al. [49,50,51]. The modification is mainly based on the transitional change of strain-controlled shear into creep load shearing without completely releasing the applied shear stress, as shown in Figure 1. In other words, the machine has been modified in such way that it can shear clayey soil material in strain-controlled as well as stress-controlled patterns under drained conditions. In the beginning, the material is sheared under a strain-controlled pattern, and after the specimen reaches its residual state of shear, different sets of constant creep loads are applied until it fails repeatedly. The modified ring shear machine enables measurement of the shear deformation (i.e., displacement) with respect to time under the applied constant creep stress [52,53].



In the residual-state creep test, there are two main steps: (1) the ring shear test and (2) the residual-state creep test. The test scheme is shown in Figure 2. The ring shear test is performed to obtain the residual state of shear of fully saturated specimens. This state is confirmed when constant values of readings for the load cell and displacement sensors after a large displacement are achieved. The details of the ring shear test that is related to this study have been discussed by Bhat et al. [54,55]. Next, in the residual-state creep test, the creep stress is initially applied at a certain value of the residual creep stress ratio (RCSR). The value of RCSR is the ratio of the applied constant creep stress to the residual strength of soil. The specimen is maintained for several hours in the same condition to determine whether the effect of the creep behaviors is significant or not. Similarly, the creep load is applied accordingly to the subsequent load factor values until the specimen fails.




2.2. Creep Test on Clayey Soils


In this study, a clayey soil sample collected from the Toyooka-kita landslide area is considered. This is one of the major reactivated landslides, which is located at Yokawa-cho of the city Miki in Hyogo Prefecture, Japan. The details of the study area, such as the topographic map, the geological map, location sampling points, etc., are presented in Ref. [55]. A series of laboratory tests were performed to estimate the physical properties and mechanical properties according to the Laboratory Testing Standards of Geomaterials [56,57,58,59]. The specific gravity of the tested soil was 2.67 g/cm3. A plastic limit of 47%, liquid of 81% and, consequently, a plasticity index of 34% were obtained. The specimen consisted of a 21.3% clay fraction (<2 μm), 52.8% silt fraction (2–75 μm) and 25.9% sand fraction (75−425 μm). X-ray diffraction tests confirmed the presence of clay minerals in the tested samples and revealed that smectite is a major clay mineral.



The samples formed in the laboratory were used in examinations, and the precise procedure is described in Ref. [52]. Specimens were tested in accordance with the methodology described in Section 2.1. First, the ring shear test was performed to obtain the residual-state of shear. In each case, it was achieved after 10 cm of shear displacement. For certainty, the ring shear tests were conducted up to 15 cm of shear displacement. The value of the effective stress was fixed at a constant (i.e., 98.10 kPa) for both the ring shear test and the creep tests. With this load, the soil was in an over-consolidated state with an overconsolidation ratio (OCR) value of 2. The residual shear strength of the tested soil was 8.86 kPa. After achieving residual strength, the constant creep stresses were applied step by step until the specimen reached failure. In this work, the sequence of RCSR values from 0.9000 to 1.0300 was used. The concept and overall experimental procedure for one complete test pattern (Test I) are presented in Figure 3, and the results are summarized in Table 1. In this study, different stages of creep were defined based on the change in displacements. In the primary stage of creep, the change in displacement decreases. When the change in the displacement remains constant, it is called the secondary stage of creep. In the tertiary stage of creep, the change in displacement is suddenly increased, which leads to failure. In Table 1, the value t1 represents the total time at the end of the primary stage of creep (i.e., beginning of secondary creep) and δ1 is the corresponding displacement. Similarly, the values tf and δc represent the total time at the end of secondary creep (i.e., beginning of tertiary creep) and the total displacement, respectively (as shown in Figure 3c). These are also called the failure time and the critical displacement. A “failure” indicates that the specimen has reached tertiary creep, and “no failure” represents secondary creep. In the case of Test I, the sample reached failure at RCSR 1.0025. In subsequent tests, the sample was subjected to subsequent loads up to failure. A compilation of the procedures for Tests II-X is shown in Figure 4. A summary of the creep test of a clay soil is presented in Figure 5. The test results confirmed that the tested soils exhibit the secondary stage of creep when RCSR ≤ 1.0 and the tertiary stage of creep for RCSR > 1.0 (Figure 5).




2.3. Fractional Integrals and Derivatives


To describe the creep clay behavior, a rheological model based on fractional derivatives was used. The model contains three material parameters. A brief introduction to the fractional derivative account was limited to the definition of Caputo for the sake of clarity. The necessary prerequisite is the gamma function:


  Γ  z  =   ∫  0 ∞   e  − t    t  z − 1   d t ,  



(1)




where the variable z belongs to real numbers. Selected values of this function are as follows (where n is a natural):


  Γ    1 2    =  π  , Γ    1 2  + n   =     2 n   !  π     4 n  n !     .  



(2)




Another important dependence is the Laplace representation of a function derivative:


  L      d n  y  t    d  t n    ,   t , s   =  s n  Y  s  −   ∑   k = 1  n   s  n − k    y    k − 1     .  



(3)




The fractional derivative Caputo function   y  t  :   0 , T   → R   for the physical case in [t1, t2, t3] when    α 1  ∈   0 , 1     and    n c  = ceil    α 1      has the following form:


        C   D a      α 1    y  t    =  1  Γ    n c  −  α 1        ∫  a t    ( t − τ )    n c  −  α 1  − 1    y   n c     τ  d τ ,   



(4)




In the case of fractional derivatives (also called differintegral), integration and differentiation are inverse operations:


        α 1   C   D   ∝ 1    y  t    =      α 1       I  n −  ∝ 1     y   n     t    



(5)




Solving the differential equation of the model with the operator method (Laplace transform ℒ{⋅}), it is necessary to determine the fractional derivative transform:


  L {        C   D a      ∝ 1    y  t  , t , s } =  s   α 1    Y  s  −   ∑   κ = 1    n c     s   α 1  − κ    y  κ − 1    0  .  



(6)







The classical approach to modeling real bodies is based on using the basic elements as for a perfectly elastic body (Hooke’s law), where the relationship between strains and stresses is described by the following:


  σ  t  = E ∈  t  ,  



(7)




and for Newtonian liquid by the following:


  σ  t  = η d ∈  t  ,  



(8)




where E and η are material constants. The physical body is characterized by both elastic and viscosity features. The combination of these can be modeled by means of basic element systems, e.g., as commonly used Maxwell’s fluid, Voight’s body and standard models. A number of variants have been developed and described in the literature. The proposed model has an element that mixes both relations of pure elasticity with viscosity. The introduced concept of fractional derivatives allows for simple description of a combination of these two features in the basic Blair element as follows:


  σ  t  =  X   α 1       · C   D   α 1    ∈  t  ,  



(9)




where      c   D   α 1      is a fractional derivative of Caputo for a = 0. The value of    X   α 1        is the constant coefficient accounting for the dimensional relationship between the material constant X and the order of the derivative    α 1   . Equation (9) gives a perfectly elastic body for    α 1  = 0  :


  σ  t  =  X   α 1       · C   D 0  ∈  t  ,  



(10)




where    X   α 1    = E  ; and a Newtonian liquid for    α 1  = 1  :


  σ  t  =  X   α 1      ·    C   D 1  ∈  t  ,  



(11)




where    X α    1  = η  . For    α 1  ∈   0 ,  1 2     , the body has predominantly elastic properties, and when    α 1  ∈    1 2  , 1    , it has viscous properties. Hence, the relaxation module for the single time step based on springpot body has the following form:


  G  t  =  E  Γ   1 −  α 1           t τ      −  α 1    ,  



(12)




where   τ =  η E  ,     and the creep module is its reverse:


  J  t  = G    t    − 1   .  



(13)







The adjustment of creep function parameters to experimental data involves determining the mechanical parameters E and η and the fractional derivative value α1 with the least square method.




2.4. Filtering and Fitting Calculation Results


In order to establish the time to reach the third stage of creep, the data from the experiment were analyzed using the signal filtering method. When evaluating the measurements in the second creep phase, discrete values of displacement readings were found as noise around local average values. The reason is the limited resolution of the AC/DC sensor. In order to normalize the data and to eliminate reading errors, a number of filtering tests were carried out. For further calculations, the Wiener filter was used. The results obtained are presented in the following figures. Figure 6 shows datasets (RCSR = 1.000, 0.9500, 0.9000) with mean, median and variance values and filtered values. Figure 7 compares the raw data with the filtered ones, and Figure 8 presents a compilation of these values with the model. As can be seen, the approach presented is adequate for describing the residual-state creep test results presented in the article.



The maximum displacement depends on RCSR, where for RCSR > 1, the value xlim means the appearance of a sudden non-linear displacement increase. The formula was fitted in a nonlinear procedure, resulting in the following forms:


   x  l i m   = − 0.1079 + 0.1079    e  3.4996    RCSR          RCSR   ≤   1 ,  



(14a)






   x  l i m   = − 11.59 + 15.38    RCSR                          RCSR > 1 .  



(14b)







Hence, the time to reach the state of tertiary stage is presented in the form of an exponential function:


   t c  = 101.768 + 0.0001088    e  − 1144.32  ( − 1.02 + RCSR )     



(15)




which is presented together with the laboratory results in Figure 9.



The results obtained led to the description of the creep phenomenon for the investigated soil. A representation of the material as a contour map of the creep zones is shown in Figure 10, where the zones are separated from each other by colors. Zone III was classified as a prohibited area due to the very short duration to material rupture.




2.5. Water Flow in Unsaturated Substrate


The outcomes from the previous sections were used to estimate the time needed for the landslide to lose stability as a result of changes in the water content of the identified layer, e.g., due to long-term precipitation. As the water content increases, the cohesion of the partially saturated material decreases exponentially, following the concept of Matsushi and Matsukury [60]. In the paper, an abrupt loss of cohesion was assumed with the contact surface reaching full saturation θs. In this case, the strength parameters are reduced to the minimum values, corresponding to the saturation state as in the experimental procedure described in the previous subsections.



The work adopts the description of water flow in unsaturated soil according to the Buckingham Darcy law, implemented in Richard’s equation:


    ∂ θ   ∂ t   =  ∂  ∂ z     k     ∂ h   ∂ z   + 1     ,  



(16)




where h is the pressure expressed in meters of water height, θ is the actual water content, t is time and z is a vertical coordinate corresponding to the influence of potential energy. In Equation (16), k describes the permeability of soil under conditions of variable pore saturation with water:


  k =  k s   k r  ,  



(17)




where kr is a dimensionless coefficient, with values from the range (0, 1] modifying the full saturation water permeability ks. Richard’s Equation (16) describes the flow in a porous material with a number of simplifying assumptions. It does not take into account the full balance of masses, including gas phase, and the influence of temperature and takes into account only the flow of liquid phase in open pores. There are many variants of solving this one-dimensional flow problem in unsaturated soils, starting from many approximate analytical solutions describing the time of saturation movement and direct empirical solutions via the Talbot–Ogden method or percolation to numerical methods. These latter methods can be applied in the classical version, represented by, e.g., FlexPDE, or taking into account the specificity of the nonlinearity of the problem and optimizing for solution stability and time, executed by Hydrus-1D solution [61,62,63], where the kr value is described with Van Genuchten’s [64] model:


  θ =  θ r  +    θ s  −  θ r        1 +      α 2  h      n 1       m    ,         h > 0 ,  



(18a)






  θ =  θ s  ,                                           h ≤ 0 ,  



(18b)






   k r  =  Θ   1 2        1 −     1 −  Θ     1 m       m     2  ,  



(19)






  Θ =   θ −  θ r     θ s  −  θ r    ,  



(20)




where   m = 1 −  1   n 1    ,    n 1    for the Mualem model; n1 is the exponent in the soil water retention function;  Θ  is effective saturation; θs is the saturated soil water content and θr is the residual soil water content. The typical soil water characteristic curve [65,66] was described using the parameters collected in Table 2 for different types of soils.




2.6. Application of the Proposed Model—Case Study


The solution presented can be applied in specific geotechnical cases. In the paper, a slip over the identified surface within a potential landslide as a result of precipitation and change in the saturation state of the layer is considered. The scheme of the task is presented in Figure 11. A one-way downward flow forced by a constant value of pore overpressure as the upper boundary condition and free drainage as the downward boundary condition were assumed. Calculations were made with use of the Hydrus-1D program for all combinations of variables: h (m) = {2.00, 3.00,…, 6.00}; α2 (cm−1) = {0.0100, 0.0133,…, 0.0200}; and ks (cm/h)= {0.100, 0.150,…, 0.300}. The complete set of assumptions for the issue was defined as follows:








	
Duration of the experiment: 1000 h;



	
Minimum value of time increment: 0.01 h;



	
The maximum value of time increment: 1.0 h;



	
Maximum of 200 iterations;



	
Soil water characteristic curve (SWCC) without hysteresis;



	
Upper bound condition (along z axis) constant pressure head;



	
Lower bound condition (along z axis) free drainage;



	
Initial condition as pressure heads.










3. Results and Discussion


Different times of water flow in the pores cause different times for the front to moisturize the discontinuity area—the condition for layer slippage. In order to illustrate the concepts presented, calculations of the time to achieve failure in the identified surface were made. In the case study, a layer of homogeneous intact material with a set of variables, {h, α2 = 0.0100, ks}, was assumed. All variables were treated as deterministic, and the wavefront velocity vF was an interpolating function. The results of saturation front velocity are presented in Figure 12, where a wide range of ks and h values are considered for four different values of α2.



Critical failure time tcft is equal to the sum of Equation (15) and the time of wave transmission through a layer with thickness h:


   t  c f t   =     3600 · 24 · h    v F    +  t c   



(21)







The magnitude of tcft is important for planning the management of a landslide-prone slope. The result of the time is illustrated in Figure 13, where four RCSR variants are shown for a fixed α2 value equal to 0.010. A general assumption of a constant value of the RCSR load factor is made for illustration.



In the approach, a method for combining tertiary rheological effects with the concept of filtration in partially saturated soils is presented. The effect of wetting the material layer while it is subjected to shear forces at the contact surface leads to destruction. The main research problem was to estimate the time from the onset of surface wetting (rain, suspended or standing water) to the loss of slope stability tcft. With the initial identification of the surface location of the existing potential failure and the determination of the tcft, an important aspect is also the determination of methods and treatments to increase the critical failure time—especially for the purpose of evacuation or protection works. The obtained results presented in Figure 14 allow for comparing the influence of a change in thickness and a change in water permeability coefficient. For RCSR 1.0000, the change in thickness from 2 to 3 m resulted in a tcft change within the range of 5–10% (for the range of ks {0.10–0.25 cm/s}, the change in ks from 0.10 to 0.20 cm/s results in a time change of 105% (for constant thickness 2 m)). This indicates that it is essential to determine the permeability of soils in the area of the projected landslide. It also highlights potential methods to improve stability and increase critical failure time.




4. Conclusions


Situations resulting in the loss of slope stability are characterized by a pattern in which significant roles are played by terrain, pre-existing landslides and environmental factors, such as continuous precipitation. A method for determining the critical time required to initiate the landslide process as a consequence of moisture change is presented. The contact feature observed and examined in the modified ring shear apparatus, also taking into account the overburden factor, is relevant here. Clayey soil samples were subjected to residual-state creep tests. The objective was to obtain the results for the contact surface in the state of full soil saturation. The values from the laboratory investigations were filtered in order to remove measurement errors and noise. A Wiener-type denoising model was selected. To describe the rheological side of the phenomenon, a rheological model based on fractional derivatives was used. This model, requiring only few parameters, allowed to obtain correct matches to the results of the experiment. In the article, the complex model was introduced to assess the stability of the joint in originally unsaturated material subjected to hydraulic load. The initiated filtration process resulted in a front passage through the layer. The change in the contact parameters to fully saturated led to the start of the destruction process. The overload parameter has been introduced as part of the estimation of the survival time of objects in a hazardous state, associated with changes leading to an increase in saturation, such as sudden rainfall, flooding or failure of the drainage system. A calculation example is presented to illustrate the methodology for dealing with the post-continuous states. The main conclusion is the demonstration of the influence of the permeability and thickness of the layer on critical time in the selected case. The application of the above methodology to specific geotechnical cases can significantly improve the estimation of the time at which action should be taken. Additionally, it indicates potential directions for the development of methods to increase this interval. A future direction for the development of the approach given is the use of reliability analysis, which would allow the formulation of a comprehensive operating system.







Author Contributions


Conceptualization, D.R.B. and J.V.K.; methodology, D.R.B. and J.V.K.; software, J.V.K.; validation, D.R.B., J.V.K. and M.T.; formal analysis, D.R.B., J.V.K. and M.T.; investigation, D.R.B.; resources, D.R.B.; data curation, D.R.B., J.V.K. and M.T.; writing—original draft preparation, D.R.B., J.V.K. and M.T.; writing—review and editing, D.R.B., J.V.K. and M.T.; visualization, J.V.K.; supervision, J.V.K.; project administration, J.V.K.; funding acquisition, M.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data available on request due to restrictions eg privacy or ethical.




Acknowledgments


The first author would like to acknowledge Ryuichi Yatabe (Emeritus Professor, Ehime University, Japan) and N. P. Bhandary (Professor, Ehime University, Japan) for giving a series of advice on the residual-state creep test during his PhD (2011–2014) at Ehime University, Japan.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fell, R.; Corominas, J.; Bonnard, C.; Cascini, L.; Leroi, E.; Savage, W. On Behalf of the JTC-1 Joint Technical Committee on Landslides and Engineered Slopes (2008) Guidelines for Landslide Susceptibility, Hazard and Risk Zoning for Land Use Planning. Eng. Geol. 2008, 102, 85–98. [Google Scholar] [CrossRef]

	



Van Westen, C.J.; Castellanos, E.; Kuriakose, S.L. Spatial Data for Landslide Susceptibility, Hazard, and Vulnerability Assessment: An Overview. Eng. Geol. 2008, 102, 112–131. [Google Scholar] [CrossRef]

	



Le, Q.H.; Nguyen, T.H.V.; Do, M.D.; Le, T.C.H.; Pham, V.S.; Nguyen, H.K.; Luu, T.B. TXT-Tool 1.084-3.1: Landslide Susceptibility Mapping at a Regional Scale in Vietnam. In Landslide Dynamics: ISDR-ICL Landslide Interactive Teaching Tools: Volume 1: Fundamentals, Mapping and Monitoring; Sassa, K., Guzzetti, F., Yamagishi, H., Arbanas, Ž., Casagli, N., McSaveney, M., Dang, K., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 161–174. [Google Scholar] [CrossRef]

	



Dietrich, W.; Montgomery, D. A Digital Terrain Model for Mapping Shallow Landslide Potential. Univ. Calif.-Univ. Wash. 1998. Available online: http://calm.geo.berkeley.edu/geomorph/shalstab/index.htm (accessed on 12 April 2021).

	



Rossi, G.; Catani, F.; Leoni, L.; Segoni, S.; Tofani, V. Hiresss: A Physically Based Slope Stability Simulator for HPC Applications. Nat. Hazards Earth Syst. Sci. 2013, 13, 151–166. [Google Scholar] [CrossRef]

	



Tianbin, L.; Mingdong, C. Time Prediction of Landslide Using Verhulst Inverse-Function Model. J. Geol. Hazards Enveronment Preserv. 1996, 3, 13–17. [Google Scholar]

	



Stedinger, J.R.; Vogel, R.M.; Lee, S.U.; Batchelder, R. Appraisal of the Generalized Likelihood Uncertainty Estimation (GLUE) Method. Water Resour. Res. 2008, 44, 12. [Google Scholar] [CrossRef]

	



Kim, J.; Jeong, S.; Park, S.; Sharma, J. Influence of Rainfall-Induced Wetting on the Stability of Slopes in Weathered Soils. Eng. Geol. 2004, 75, 251–262. [Google Scholar] [CrossRef]

	



Jeong, S.; Lee, K.; Kim, J.; Kim, Y. Analysis of Rainfall-Induced Landslide on Unsaturated Soil Slopes. Sustainability 2017, 9, 1280. [Google Scholar] [CrossRef]

	



Chen, X.; Guo, H.; Song, E. Analysis Method for Slope Stability under Rainfall Action. Landslides Eng. Slopes 2008, 7, 1507–1515. [Google Scholar]

	



Ponziani, F.; Pandolfo, C.; Stelluti, M.; Berni, N.; Brocca, L.; Moramarco, T. Assessment of Rainfall Thresholds and Soil Moisture Modeling for Operational Hydrogeological Risk Prevention in the Umbria Region (Central Italy). Landslides 2012, 9, 229–237. [Google Scholar] [CrossRef]

	



Intrieri, E.; Carlà, T.; Gigli, G. Forecasting the Time of Failure of Landslides at Slope-Scale: A Literature Review. Earth-Sci. Rev. 2019, 193, 333–349. [Google Scholar] [CrossRef]

	



Rosser, N.; Lim, M.; Petley, D.; Dunning, S.; Allison, R. Patterns of Precursory Rockfall Prior to Slope Failure. J. Geophys. Res. Earth Surf. 2007, 112. [Google Scholar] [CrossRef]

	



Vilhelm, J.; Rudajev, V.; Lokajíček, T.; Živor, R. Application of Autocorrelation Analysis for Interpreting Acoustic Emission in Rock. Int. J. Rock Mech. Min. Sci. 2008, 45, 1068–1081. [Google Scholar] [CrossRef]

	



Singh, D.P. A Study of Creep of Rocks. Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 1975, 12, 271–276. [Google Scholar] [CrossRef]

	



Hunter, G.J.; Khalili, N. A Simple Criterion for Creep Induced Failure of Over-Consolidated Clays. In Proceedings of the ISRM International Symposium. International Society for Rock Mechanics and Rock Engineering, Melbourne, Australia, 19 November 2000. [Google Scholar]

	



Petley, D.; Mantovani, F.; Bulmer, M.; Zannoni, F. The Interpretation of Landslide Monitoring Data for Movement Forecasting. Geomorphology 2005, 66, 133–147. [Google Scholar] [CrossRef]

	



Feda, J. Interpretation of Creep of Soils by Rate Process Theory. Géotechnique 1989, 39, 667–677. [Google Scholar] [CrossRef]

	



Augustesen, A.; Liingaard, M.; Lade, P.V. Evaluation of Time-Dependent Behavior of Soils. Int. J. Geomech. 2004, 4, 137–156. [Google Scholar] [CrossRef]

	



Brandes, H.G.; Nakayama, D.D. Creep, Strength and Other Characteristics of Hawaiian Volcanic Soils. Géotechnique 2010, 60, 235–245. [Google Scholar] [CrossRef]

	



Ter-Stepanian, G. Creep of a Clay during Shear and Its Rheological Model. Géotechnique 1975, 25, 299–320. [Google Scholar] [CrossRef]

	



Leoni, M.; Karstunen, M.; Vermeer, P.A. Anisotropic Creep Model for Soft Soils. Géotechnique 2008, 58, 215–226. [Google Scholar] [CrossRef]

	



Yin, Z.-Y.; Chang, C.S.; Karstunen, M.; Hicher, P.-Y. An Anisotropic Elastic–Viscoplastic Model for Soft Clays. Int. J. Solids Struct. 2010, 47, 665–677. [Google Scholar] [CrossRef]

	



Cascini, L.; Calvello, M.; Grimaldi, G.M. Groundwater Modeling for the Analysis of Active Slow-Moving Landslides. J. Geotech. Geoenviron. Eng. 2010, 136, 1220–1230. [Google Scholar] [CrossRef]

	



Bhat, D.R.; Wakai, A. Numerical Simulation of a Creeping Landslide Induced by a Snow Melt Water. Tech. J. 2019, 1, 71–78. [Google Scholar] [CrossRef]

	



Wang, S.; Wu, W.; Wang, J.; Yin, Z.; Cui, D.; Xiang, W. Residual-State Creep of Clastic Soil in a Reactivated Slow-Moving Landslide in the Three Gorges Reservoir Region, China. Landslides 2018, 15, 2413–2422. [Google Scholar] [CrossRef]

	



Sharifzadeh, M.; Tarifard, A.; Moridi, M.A. Time-Dependent Behavior of Tunnel Lining in Weak Rock Mass Based on Displacement Back Analysis Method. Tunn. Undergr. Space Technol. 2013, 38, 348–356. [Google Scholar] [CrossRef]

	



Tavenas, F.; Leroueil, S. Creep and Failure of Slopes in Clays. Can. Geotech. J. 1981, 18, 106–120. [Google Scholar] [CrossRef]

	



Amitrano, D.; Helmstetter, A. Brittle Creep, Damage, and Time to Failure in Rocks. J. Geophys. Res. Solid Earth 2006, 111. [Google Scholar] [CrossRef]

	



Saito, M. Forecasting the Time of Occurrence of a Slope Failure. In Proceedings of the 6th International Conference Soil Mechanics and Foundation Engineering, Montreal, QC, Canada, 8–15 September 1965; pp. 537–541. [Google Scholar]

	



Saito, M. Forecasting Time of Slope Failure by Tertiary Creep. In Proceedings of the 7th International Conference on Soil Mechanics and Foundation Engineering; Sociedad Mexicana de Mecánica de Suelos: Mexico City, Mexico, 1969; Volume 2, pp. 677–683. Available online: https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.612.2877&rep=rep1&type=pdf (accessed on 12 April 2021).

	



Federico, A.; Popescu, M.; Murianni, A. Temporal Prediction of Landslide Occurrence: A Possibility or a Challenge. Ital. J. Eng. Geol. Environ. 2015, 1, 41–60. [Google Scholar]

	



Chen, H.; Lee, C.F. A Dynamic Model for Rainfall-Induced Landslides on Natural Slopes. Geomorphology 2003, 51, 269–288. [Google Scholar] [CrossRef]

	



Antolini, F.; Barla, M.; Gigli, G.; Giorgetti, A.; Intrieri, E.; Casagli, N. Combined Finite–Discrete Numerical Modeling of Runout of the Torgiovannetto Di Assisi Rockslide in Central Italy. Int. J. Geomech. 2016, 16, 04016019. [Google Scholar] [CrossRef]

	



Atanacković, T.M.; Pilipović, S.; Stanković, B.; Zorica, D. Fractional Calculus with Applications in Mechanics; Wiley Online Library: Hoboken, NJ, USA, 2014. [Google Scholar]

	



Diethelm, K. The Analysis of Fractional Differential Equations: An Application-Oriented Exposition Using Differential Operators of Caputo Type; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2010. [Google Scholar]

	



Kilbas, A.A.; Srivastava, H.M.; Trujillo, J.J. Theory and Applications of Fractional Differential Equations; Elsevier: Amsterdam, The Netherlands, 2006. [Google Scholar]

	



Podlubny, I. Fractional Differential Equations: An Introduction to Fractional Derivatives, Fractional Differential Equations, to Methods of Their Solution and Some of Their Applications; Elsevier: Amsterdam, The Netherlands, 1998. [Google Scholar]

	



Kilbas, A.A.; Marichev, O.; Samko, S. Fractional Integrals and Derivatives (Theory and Applications); Gordon and Breach Science Publishers: Yverdon, Switzerland, 1993. [Google Scholar]

	



Paola, M.D.; Zingales, M. Exact Mechanical Models of Fractional Hereditary Materials. J. Rheol. 2012, 56, 983–1004. [Google Scholar] [CrossRef]

	



Di Paola, M.; Pirrotta, A.; Valenza, A. Visco-Elastic Behavior through Fractional Calculus: An Easier Method for Best Fitting Experimental Results. Mech. Mater. 2011, 43, 799–806. [Google Scholar] [CrossRef]

	



Di Paola, M.; Pinnola, F.P.; Zingales, M. A Discrete Mechanical Model of Fractional Hereditary Materials. Meccanica 2013, 48, 1573–1586. [Google Scholar] [CrossRef]

	



Di Paola, M.; Pinnola, F.P.; Zingales, M. Fractional Differential Equations and Related Exact Mechanical Models. Comput. Math. Appl. 2013, 66, 608–620. [Google Scholar] [CrossRef]

	



Bishop, A.W.; Green, G.E.; Garga, V.K.; Andresen, A.; Brown, J.D. A New Ring Shear Apparatus and Its Application to the Measurement of Residual Strength. Géotechnique 1971, 21, 273–328. [Google Scholar] [CrossRef]

	



Stark, T.D.; Eid, H.T. Modified Bromhead Ring Shear Apparatus. Geotech. Test. J. 1993, 16, 100–107. [Google Scholar] [CrossRef]

	



Bromhead, E.N.; Dixon, N. The Field Residual Strength of London Clay and Its Correlation with Loboratory Measurements, Especially Ring Shear Tests. Géotechnique 1986, 36, 449–452. [Google Scholar] [CrossRef]

	



Tiwari, B.; Brandon, T.L.; Marui, H.; Tuladhar, G.R. Comparison of Residual Shear Strengths from Back Analysis and Ring Shear Tests on Undisturbed and Remolded Specimens. J. Geotech. Geoenviron. Eng. 2005, 131, 1071–1079. [Google Scholar] [CrossRef]

	



Hong, Y.; Yu, G.; Wu, Y.; Zheng, X. Effect of Cyclic Loading on the Residual Strength of Over-Consolidated Silty Clay in a Ring Shear Test. Landslides 2011, 8, 233–240. [Google Scholar] [CrossRef]

	



Bhat, D.R.; Bhandary, N.P.; Yatabe, R. Method of Residual-State Creep Test to Understand the Creeping Behaviour of Landslide Soils. In Landslide Science and Practice: Volume 2: Early Warning, Instrumentation and Monitoring; Margottini, C., Canuti, P., Sassa, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 635–642. [Google Scholar] [CrossRef]

	



Bhat, D.R.; Bhandary, N.P.; Yatabe, R.; Tiwari, R.C. A New Concept of Residual-State Creep Test to Understand the Creeping Behavior of Clayey Soils. In Proceedings of the GeoCongress 2012: State of the Art and Practice in Geotechnical Engineering, Oakland, CA, USA, 25–29 March 2012; pp. 683–692. [Google Scholar] [CrossRef]

	



Bhat, D.R. Residual-State Creep Test in Modified Torsional Ring Shear Machine: Methods and Implications. Int. J. Geomate 2011, 1, 39–43. [Google Scholar] [CrossRef]

	



Bhat, D.R.; Yatabe, R.; Bhandary, N.P. Creeping Displacement Behavior of Clayey Soils in A New Creep Test Apparatus. In Proceedings of the Soil Behavior and Geomechanics, Shanghai, China, 26–28 March 2014; pp. 275–285. [Google Scholar] [CrossRef]

	



Bhat, D.R.; Bhandary, N.P.; Yatabe, R. Residual-State Creep Behavior of Typical Clayey Soils. Nat. Hazards 2013, 69, 2161–2178. [Google Scholar] [CrossRef]

	



Bhat, D.R.; Yatabe, R. Effect of Shearing Rate on Residual Strength of Landslide Soils. In Engineering Geology for Society and Territory; Lollino, G., Giordan, D., Crosta, G.B., Corominas, J., Azzam, R., Wasowski, J., Sciarra, N., Eds.; Springer International Publishing: Cham, Switzerland, 2015; Volume 2, pp. 1211–1215. [Google Scholar] [CrossRef]

	



Bhat, D.R.; Yatabe, R.; Bhandary, N.P. Study of Preexisting Shear Surfaces of Reactivated Landslides from a Strength Recovery Perspective. J. Asian Earth Sci. 2013, 77, 243–253. [Google Scholar] [CrossRef]

	



JIS. A 1202:2009 Test Method for Density of Soil Particles; JIS: Tokyo, Japan, 2009. [Google Scholar]

	



JIS. A 1203:2009 Test Method for Water Content of Soils; JIS: Tokyo, Japan, 2009. [Google Scholar]

	



JIS. A 1204:2009 Test Method for Particle Size Distribution of Soils; JIS: Tokyo, Japan, 2009. [Google Scholar]

	



JIS. A 1205:2009 Test Method for Liquid Limit and Plastic Limit of Soils; JIS: Tokyo, Japan, 2009. [Google Scholar]

	



Matsushi, Y.; Matsukura, Y. Cohesion of Unsaturated Residual Soils as a Function of Volumetric Water Content. Bull. Eng. Geol. Environ. 2006, 65, 449. [Google Scholar] [CrossRef]

	



Simunek, J.; Van Genuchten, M.T.; Sejna, M. The HYDRUS-1D Software Package for Simulating the One-Dimensional Movement of Water, Heat, and Multiple Solutes in Variably-Saturated Media. Univ. Calif.-Riverside Res. Rep. 2005, 3, 1–240. [Google Scholar]

	



Simunek, J.; Jacques, D.; van Genuchten, M.T.; Mallants, D. Multicomponent Geochemical Transport Modeling Using HYDRUS-1 D and HP 1. J. Am. Water Resour. Assoc. 2006, 42, 1537–1547. [Google Scholar] [CrossRef]

	



Šimůnek, J.; Van Genuchten, M.T.; Šejna, M. The HYDRUS Software Package for Simulating Two-and Three-Dimensional Movement of Water, Heat, and Multiple Solutes in Variably-Saturated Media. Tech. Man. Version 2006, 1, 241. [Google Scholar]

	



Van Genuchten, M.T. A Closed-Form Equation for Predicting the Hydraulic Conductivity of Unsaturated Soils. Soil Sci. Soc. Am. J. 1980, 44, 892–898. [Google Scholar] [CrossRef]

	



Mualem, Y. A New Model for Predicting the Hydraulic Conductivity of Unsaturated Porous Media. Water Resour. Res. 1976, 12, 513–522. [Google Scholar] [CrossRef]

	



Singh, V.P. Kinematic Wave Modeling in Water Resources: Environmental Hydrology; John Wiley & Sons: Hoboken, NJ, USA, 1997. [Google Scholar]








[image: Materials 14 01968 g001 550] 





Figure 1. Structural features of creep test apparatus. 
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Figure 2. Overall experimental flow of the residual-state creep test. 
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Figure 3. Overall experimental procedure for Test I: (a) application of constant creep load for residual-state creep stress ratio (RCSR) values from 0.9000 to 1.0025; (b) automatically recorded data from the creep test; (c) analysis results for the interpretation of different creep stages. 
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Figure 4. Overall experimental procedure for Tests II-X: (a) application of constant creep load for RCSR values from 1.0050 to 1.0300; (b) automatically recorded data from the creep tests; (c) analysis results for the interpretation of different creep stages. 
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Figure 5. Summary of creep tests for RCSR up to 1.0150: (a) complete time range of 0–30,000 s; (b) initial time of experiment of 0–300 s. 
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Figure 6. Effect comparison of filters, prepared for (a) RCSR = 1.0000, (b) RCSR = 0.9500 and (c) RCSR = 0.9000. 
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Figure 7. Wiener’s filter based on raw data for RCSR = {0.9000, 0.9500, 1.0000}. 
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Figure 8. Comparison between the fitted Blair model and filtered data for RCSR = {0.9000, 0.9500, 1.0000}. 
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Figure 9. The dependency of RCSR vs. time. 
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Figure 10. The contour map of creep phenomenon areas. 
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Figure 11. The task scheme (GTW—ground water table). 
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Figure 12. The velocity of the wetting head vF for four cases of the soil water retention function parameter: (a) α2 = 0.0100 cm−1; (b) α2 = 0.0133 cm−1; (c) α2 = 0.0166 cm−1; (d) α2 = 0.0200 cm−1. 
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Figure 13. The differences (as in Equations (15) and (21)) in time to reach the limit tcft state for the four load factor RCSR values: (a) RCSR = 1.0000; (b) RCSR = 1.0050; (c) RCSR = 1.0100; (d) RCSR = 1.0150 (time is in 24 h). 
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Figure 14. Values of tcft at selected RCSR values and profiles (a) for RCSR = 1.0150 and (b) RCSR = 1.0000. 
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Table 1. Residual state creep tests summary for Test I.
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	Test No.
	RCSR
	t1 (s)
	δ1 (mm)
	tf (s)
	δc (mm)
	Remarks





	I (1)
	0.9000
	3526
	2.3672
	25,692
	2.3045
	No failure



	I (2)
	0.9500
	6872
	2.8793
	26,570
	2.8840
	No failure



	I (3)
	1.0000
	8338
	3.2688
	28,844
	3.3599
	No failure



	I (4)
	1.0025
	18,184
	3.7340
	54,308
	3.8970
	Failure
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Table 2. Hydraulic properties of various soils.






Table 2. Hydraulic properties of various soils.





	Soil
	n1 (-)
	α2 (m−1)
	ks (m/s)





	sand
	4–8.5
	1–5
	10−2–10−5



	silt
	2–4
	0.1–1
	10−6–10−9



	clay
	1.1–2.5
	0.01–0.1
	10−9–10−13
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