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Abstract

:

Due to the high elevation and huge potential energy of high-level landslides, they are extremely destructive and have prominent kinetic-hazard effects. Studying the kinetic-hazard effects of high-level landslides is very important for landslide risk prevention and control. In this paper, we focus on the high-level landslide that occurred in Xinmo on 24 June 2017. The research is carried out based on a field geological survey, seismic signal analysis, and the discrete element method. Through ensemble empirical mode decomposition (EEMD) and Fourier transformation, it is found that the seismic signals of the Xinmo landslide are mainly located at low frequencies of 0–10 Hz, and the dominant frequency range is 2–8 Hz. In addition, the signal time-frequency analysis and numerical simulation calculation results reveal that the average movement distance of the sliding body was about 2750 m, and the average movement speed was about 22.9 m/s. The movement process can be divided into four main stages: rapid start, impact loading, fragmentation and migration, and scattered accumulation stages. We also provide corresponding suggestions for the zoning of high-level landslide geological hazards.
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1. Introduction


Landslides have the characteristics of a fast movement speed, wide range of disasters, and strong destructive power. These features are more pronounced for high-level landslides in alpine and canyon regions [1,2,3,4]. High-level landslides are difficult to witness and record on video due to the high altitudes of their source areas and their fast movement processes [5,6]. At present, the inverse analysis of the disaster process of high-level landslides has mainly been carried out through analysis of the seismic signals generated by such landslides, numerical simulation, and field geological surveys [7,8]. These methods can effectively reveal the landslide movement behavior and finally realize the inverse analysis of the disaster-forming mechanism of the landslide [9,10].



In the analysis of high-level landslide disasters, the seismic signals of such landslides can completely record the entire movement process. The change in the signal amplitude can be used to divide the landslide process into stages, to calculate the change in the movement speed, to determine the destructive strength, and to estimate the speed and movement distance [11,12]. Since landslides mostly occur in remote mountainous areas, the collection of seismic signals is mainly affected by the distribution of the seismic stations. Generally, only large-scale landslide vibration signals are relatively easy to obtain. This is because landslide vibration signals have a smaller distribution of high and low frequency ranges and a smaller vibration amplitude range than conventional seismic signals, and stronger landslide vibration signals are relatively easier to identify and analyze [13,14]. Therefore, the analysis and identification of landslide vibration signals is one of the main factors restricting the study of landslide seismology [15,16]. At present, in the analysis of landslide kinetic disasters, numerical simulation is another important means of landslide disaster analysis, and the movement parameters that can be obtained mainly include the maximum movement speed, the farthest movement distance, and the thickness of the accumulation body [17,18]. These results can be compared with and verified using seismic analysis results. The results of such studies can provide important references for engineering design and layouts for the prevention and control of landslides [19,20]. Currently, the combined use of landslide seismology and numerical simulation analysis in landslide disaster research has been gradually popularized and has produced good results [21].



The Xinmo landslide is a typical example of the high-level landslide geological disasters that have occurred in the alpine and canyon regions in southwestern China in recent years, providing samples for the study of landslide kinetic disasters [22]. The research on the Xinmo landslide has mainly focused on analysis of the landslide-inducing geological mechanism, the disaster evolution process, and the dynamic process [23,24,25,26]. In this study, based on the above-mentioned existing studies, the spectral characteristics of the Xinmo landslide were analyzed using the ensemble empirical mode decomposition (EEMD) method and fast Fourier transformation. The stages of the landslide movement were preliminarily divided via time-frequency signal analysis and ere compared with the landslide movement process calculated using the discrete element method. Finally, the high-level landslide disaster partition method was investigated. The results of this study provide a reference for high-level landslide kinetic research.




2. Site Overview


2.1. Landslide Event


At 05:39 on 24 June 2017, a super-large high-level consequent bedding rockslide occurred on Fugui Mountain. Xinmo Village in Songpinggou, Mao County, Sichuan Province, was buried and 83 people were killed (Figure 1a,b). The trailing edge of the Xinmo landslide was located on the ridged top of Fugui Mountain, which was covered with dense vegetation. The elevation of the trailing edge was 3450 m, the elevation of the leading edge was about 2250 m, and the height difference was about 1200 m. The horizontal movement distance was up to 2850 m, and the volume of the entire landslide accumulation was about 1.59 × 107 m3 (Figure 1c). The Xinmo landslide is located at the intersection of the Songpinggou fault zone and the Minjiang fault zone. Affected by the continuous reverse movement of the fault zone, the Fugui mountain body exhibits an upward uplift trend, which aggravates the concealment of the disaster development of the Xinmo landslide. In addition, the tensile stress of the ridge mountain is concentrated, and the fracture development in the slip source area is aggravated. There are two sets of anti-dip slip fracture zones with widths of about 5–10 m in the sliding source area, which provide the dominant weak surface for the bulging deformation and sliding shear of the rock mass. In addition, on the surface of the slope, there are old residual landslide deposits triggered by the 1933 Diexi Ms7.5 earthquake and old landslide deposits composed of inverted debris cones formed by the upper gravity in the later period. The average thickness is about 20 m, and it is composed of upper, middle, and lower sections, with a total volume of about 873.6 × 104 m3 (Figure 1c). The exposed strata are mainly the meta-morphic quartz sandstone and splint rock of the Zagunao Formation. Several studies have shown that the rock of Fugui Mountain on the left bank of Songpinggou in the Minjiang River Basin, where the Xinmo landslide occurred, has developed a fragmented-scattered structure under earthquake activity [27,28]. Under the influence of long-term rainfall, the landslide mass of about 500 × 104 m3 started to undergo shearing at a high elevation. Under the action of the gravitational potential energy, a continuously impact load was applied to the upper part of the loose accumulation body of the old landslide, resulting in destabilization and reactivation of the loose accumulation body. During the movement process, the middle section of the old landslide was disturbed and transformed into a landslide-debris flow, which finally buried Xinmo Village, causing huge losses of life and property.




2.2. Seismic Signals


The National Seismic Network recorded the occurrence of an Ms 2.3 earthquake at 05:38:53 on 24 June 2017, in MaoXian County, Sichuan Province (N 32.08°, E 103.72°), with a focal depth of 0 km and no aftershocks reported. This earthquake was caused by the Xinmo landslide in MaoXian County. The seismic record of the landslide was completely recorded by the MaoXian Seismic Station (MXI), which was located about 47 km from the Xinmo landslide (Figure 1a). The entire shaking duration was about 121 s (Figure 2). Based on analysis of the seismic signal in the up-down (UD) direction, we investigated the characteristics of the landslide vibration signal recorded by the Maoxian Seismic Station (MXI). In addition, we studied the kinetic characteristics of the Xinmo landslide.





3. Methodology


3.1. Ensemble Empirical Mode Decomposition


The EEMD method is an empirical method proposed by Wu to deal with non-stationary time series and nonlinearly changing signals, and it is an improvement on the empirical mode decomposition (EMD) method [29]. The principle of the EMD method is to decompose the original signal based on the time scale characteristics of the signal and to obtain the sum of the intrinsic mode function (IMF) and the remainder (r) at different frequencies. Among them, the IMF represents the characteristics of the local information on different time scales. The remaining items are also called trend items, which represent the trend of the signal changes as follows [30]:


  x ( t ) =   ∑  i = 1  N    f  i m f  i    + γ ,  



(1)




where   x ( t )   is the signal to be processed;    f  i m f  i    is the ith IMF (empirical mode decomposition function at each level);  γ  is the trend item; and N is the total number of decomposed IMFs.



During the actual decomposition of the EMD signal, the signals of each eigenmode function are mixed, so the decomposed IMF cannot represent the local characteristics of the actual original signal. Therefore, Wu proposed the EEMD in 2009 to overcome this problem. In the EEMD method, white noise is introduced to construct a reference background for signal analysis, and then, the EMD method is used to decompose the signal, thus eliminating the mixing of the eigenmode signals. The specific steps are as follows [31]:



Step (1) Add a random Gaussian white noise signal to the original signal.


   x i  ( t )  = x ( t )  + n  w i  ( t ) ,  



(2)




where    x i  ( t )   is the processed signal;    x ( t )    is the signal to be processed;    w i  ( t )   is the added Gaussian white noise, i = 1, 2, 3……N; and  n  is the amplitude coefficient.



Step (2) Decompose the items    x i  ( t )   in step 1 sequentially using the EMD method to obtain m intrinsic mode decomposition functions (IMF) and one trend item.


   x i  ( t ) =   ∑  j = 1  m    f  i j    ( t )   +  γ i  ( t ) ,  



(3)




where    f  i j    ( t )   is the jth eigenmode function obtained in the ith decomposition process. The other terms have the same meaning as above.



Step (3) Repeat steps 1 and 2 multiple times. It should be noted that the white noise added each time is added randomly and may not be the same.



Step (4) Average all of the obtained intrinsic mode functions (Equation (4)) to obtain the original signal decomposition results of the EEMD method.


   x i  ( t ) =  1 N  (   ∑  i =  N     ∑  j = 1  m    f  i j   ( t )     +   ∑  i = 1  N    γ i   ( t )   )  



(4)







The EEMD method has been widely used in signal analysis research, especially for non-stationary and nonlinear signals, such as seismic signals, mechanical vibration signals, and photoelectric signals; however, few studies have been conducted on the decomposition of seismic signals generated by landslides. Wu suggested setting the number of white noise signals added N as 100 and the radiation coefficient as 0.2. At present, the research on the EEMD and EMD methods is relatively mature, and their related programs have also been packaged into a programming toolbox, which is convenience for decomposing landslide seismic signals [32].




3.2. Fourier Transformation


The landslide seismic signal can be transformed from the time-domain into the frequency-domain via Fourier transformation, and the signal characteristics such as the dominant frequency range and the amplitude of the signal frequency can be analyzed. This method has been widely used in the analysis of seismic signals, vibration signals, and sound waves. The basic formula is as follows [33]:


  F ( ω ) =    ∫  − ∞   + ∞    ρ ( t )    exp ( − i ω t ) d t ,  



(5)




where  ω  is the signal frequency;  t  is the signal time; and   exp ( − i ω t )   is a complex variable function.




3.3. Time-Frequency Signal Analysis


The time-frequency analysis method mainly combines the time and frequency data to analyze the changes in the frequency with time [34]. Then, the signal can be divided according to the changes in the frequency amplitude. At present, there are many commonly used time-frequency signal analysis methods, such as the Winer-Ville method, short-time Fourier method, wavelet transformation method, and S transformation method. In this paper, the S change method is used [35,36,37]. This method uses a Gaussian window to analyze the relationship between the time signal and frequency [38]. As Equation (6) shows, it can effectively overcome the fluctuation caused by the signal instability and can better maintain the high resolution of the low frequency section. At present, this method has been compiled into a corresponding program, which can be implemented in the toolboxes of mainstream software programs such as Matlab and FORTRAN.


  S ( τ , f ) =    ∫  − ∞   + ∞    x ( t )    f      2 π        e x p [ −     ( τ − t )  2   f 2   2  ] ( − j 2 π f t ) d t ,  



(6)




where f is the signal frequency;  τ  is the control parameter of the Gaussian window in time; t is time; j is an imaginary number; and   S ( τ , f )   is the S change result of the signal.




3.4. Numerical Analysis


Numerical simulation analysis is an important methods for analyzing the dynamic processes of landslides. The motion parameters obtained from the simulation mainly include the farthest motion distance, the maximum motion speed, and the thickness of the landslide deposits, which can be used to analyze the entire landslide process. In this paper, the particle discrete element method is used to conduct the simulation. This method mainly simulates the landslide body as a collection of particles and simulates the entire landslide movement process by analyzing the trajectories of the particles and the change in the force chain [39]. In addition, the interaction force between the particles is primarily determined based on contact theory. The contact model used in this paper is the Hertz-Mindlin (no slip) model, from which the equations of the tangential damping force, radial damping force, angular velocity, and angular acceleration between the particles can be obtained as follows [40,41]:


   F n d  = − 2    5 6    β    S n   m ′     v n  r e l   ,  



(7)






   F t d  = − 2    5 6    β    S t   m ′     v t  r e l   ,  



(8)






   u x  (  t 0  ) =    F x   m  ,  



(9)






   ω x  (  t 0  ) =    M x     I x    ,  



(10)




where    F  d    is the damping force;  β  is the contact coefficient; m′ is the equivalent mass; S is the stiffness;    v   r e l     is the relative velocity; n denotes the normal direction; t denotes the tangential direction;    u x    is the average acceleration of the particle in the x direction at t0;    F x    is the unbalanced force on the particle in the x direction; m is the mass of the particle;    ω x  (  t 0  )   is the average acceleration of the particle in the x direction at t0;    M x    is the unbalanced moment on the particle in the x direction; and    I x    is the angular momentum of the particle in the x direction. The formulas for calculating the average acceleration and angular velocity of the particles in the y direction are similar to Equations (7) and (8) for the x direction, so they are not repeated here.



Based on a field geological survey and data collection, a 2-D discrete element numerical model of the Xinmo landslide was established. Considering the impact loading effect of the new landslide on the upper part of the old landslide, the particle-filled area was divided into the new landslide (red zone) and the old landslide accumulation area (Figure 3). The particle size in the new slide source area was 0.2–1 m, and the total number of particles was 1753. The particle size in the old landslide deposits was 0.2–0.8 m, and the total number of particles was 1685. The microscopic parameters of the particles, such as the density of the particles and slide bed, Poisson’s ratio, shear modulus, and other parameters, were mainly determined through numerical calibration tests (e.g., triaxial, direct shear, and angle of repose calibration tests) and from related research results [42,43,44]. For the contact parameters between the particles and the sliding bed, spherical particles were selected for use in the numerical tests. This is not consistent with the real situation, that is, the actual debris flow is mainly composed of rough irregularly shaped particles with edges and corners. According to the existing DEM contact parameter research results, we decided to appropriately reduce the rolling friction parameters of the particles and increase the static friction parameters between the sliding bed and the particles. The specific parameter values are presented in Table 1.





4. Results and Analysis


4.1. EEMD Characteristic Analysis


The seismic waveform produced by the Xinmo landslide and recorded by the Maoxian Seismic Station (MXI) is mainly composed of UD, north-south (NS) and east-west (EW) components, all of which can be used to characterize the movement process of the high-level Xinmo landslide. Due to several limitations, in this study, the UD vibration record was used to carry out the signal analysis. The vibration signal of the Xinmo landslide was decomposed into 13 modal eigenfunctions (IMF1–13) and one residual term (r) using the EEMD method. It can be seen from Figure 4 that the energy proportions of IMF1–13 are 21.3%, 7.53%, 9.4%, 11.92%, 17.2%, 6.31%, 4.2%, 13.6%, 1.83%, 1.4%, 0.98%, and 0.84%, respectively. Based on the time history curves of each IMF, IMF-5 characterizes the fluctuation characteristics of the original landslide signal better, and IMF-5 exhibits obvious vibrations in the two intervals from 39 m at 5.0 s to 39 m at 18.9 s and from 39 m at 38.0 s to 40 m at 36 s. According to the field geological survey and impact force analysis, the first interval represents the continuous loading after the rapid initiation of the landslide, and the latter interval represents the overall instability stage of the landslide after the impact loading and until the old landslide became unstable. The IMFs were analyzed from the perspective of the instantaneous frequency (Figure 5), the frequency range of IMF1–8 was 0–10 Hz, the frequency range of IMF9–11 was 0–5 Hz, and the frequency range of IMF12–13 was 0–2 Hz.




4.2. Spectral Analysis and Time History Analysis


The Fourier transform analysis of the UD component of the Xinmo landslide vibration signal revealed that the vibration signal was dominated by low frequencies of 0–10 Hz, and the energy was mainly concentrated within 2–8 Hz (Figure 6), which corresponded to the typical characteristic frequencies of the IMFs obtained via EEMD decomposition. Therefore, it was quickly determined to be a landslide-induced earthquake based on the frequency composition characteristics of the seismic signal. This provided a basis for the next step of the analysis of the evolution of the sliding motion.



According to the frequency range and amplitude change characteristics of the time-frequency signal, the motion was divided into four stages (Table 2, Figure 7): rapid start, impact loading, fragmentation and migration, and scattered accumulations stages.



The first stage was the rapid start stage (Figure 7a). This stage started at 05:39:00, ended at 05:39:29, and lasted for about 29 s. The landslide initiated rapidly due to the occurrence of collapse. The slope length of the slide source area was about 380 m, and the average speed of the movement of the material from the trailing edge of the landslide to the shear outlet was about 13.1 m/s. The main frequency range of this stage was 2.6–4.6 Hz.



The second stage was the impact loading stage (Figure 7b). This stage started at 05:39:29, ended at 05:39:47, and lasted for about 18 s. In this stage, an ~350 × 104 m3 sliding mass was loaded to the middle and back sections of the old landslide mass, which caused the the old landslide mass to become unstable. Since the length of the covering area was about 350 m, the average velocity of the sliding body was about 19.4 m/s. Compared with the rapid start stage, the energy and frequency of this stage were significantly higher. The main frequency range of this stage was 3.2–5.7 Hz.



The third stage was the fragmentation and migration stage (Figure 7c). This stage started at 05:39:47, ended at 05:40:26, and lasted for about 39 s. In this stage, under the action of the impact load, the sliding body was severely broken, and the old landslide body was destabilized and reactivated, causing the sliding body to exhibit debris flow type movement. This stage was the main sliding movement stage. The energy and frequency were still high, and the main frequency range was 2.8–8.5 Hz. The movement distance of the sliding body reached 1150 m, and the average movement speed was about 29.4 m/s.



The fourth stage was the scattered accumulation stage (Figure 7d). This stage started at 05:40:26, ended at 05:41:00 s, and lasted for about 34 s. As the terrain became more open, the slippery bodies scattered and accumulated in the surrounding area, and the movement gradually slowed down. In this stage, the energy and frequency began to decrease compared with the previous three stages, and the dominant frequency range was 2.1–5.2 Hz. The movement distance of the sliding body was about 850 m, and the average movement speed was about 25.0 m/s.



In summary, the total duration of the Xinmo landslide’s movement was about 120 s, the movement distance was about 2750 m, and the average movement speed was about 22.9 m/s, making this a typical high-level long-distance landslide disaster.




4.3. Analysis of Numerical Simulation Results


The numerical simulation results show that the total duration of the landslide movement was about 120 s, the farthest movement distance was about 2830 m, and the average speed was 23.58 m/s, which are similar to the seismic analysis results. At a horizontal distance of about 1175 m, the velocity reached a maximum velocity of 62.3 m/s (Figure 8). The specific movement process was as follows. After the sliding mass rapidly began to slide, some of the particles at the front edge moved to the middle and rear of the old landslide body, and the velocity at the front edge was about 6.66 m/s (Figure 9a). The movement speed of the particles on the surface of the slip source area was fast, about 1.37–4.02 m/s. The particles inside the slip source area were still in a relatively static state. When the landslide mass slid on a large scale, continuous impact loading was applied to the middle and back sections of the old landslide body, and the surface particles on the old landslide were scraped and entrained. The front edge reached a maximum velocity of 10.7 m/s (Figure 9b). According to the particle counter statistics, about 424 particles, that is, 0.17 × 104 m3 particles, hit the front edge of the old landslide and slipped at a speed of about 3 m/s. When about 722 particles had accumulated, that is, 0.29 × 104 m3 particles were loaded on the old landslide body, the old landslide lost its stability and slid as a whole (Figure 9c). The numerical model established in this study was a two-dimensional model. When the result of the 2-D model was converted into a three-dimensional model, the loading volume that led to the instability of the ancient landslide was (0.29 × 104) × 350 = 101 × 104 m3, where 350 m was the width of the landslide source area. At this time, the average speed of the sliding body was about 8.05 m/s. When the sliding body impacted on the old landslide, it destabilized and reactivated the old landslide. In addition, the landslide scraped and entrained the loose deposits of the old landslide, and then, it transformed into a landslide debris flow, exhibiting overall sliding (Figure 9d). Finally, the leading edge of the landslide was blocked by the opposite mountain, and it began to gradually stagnate. The average accumulation thickness of the accumulation body reached 30 m, and there was no accumulation in the slip source area and the debris flow area. This was mainly because the particles were greatly affected by the slope of the terrain and could not be fixed on the slope.





5. Discussion


In traditional landslide geological hazard divisions, the landslide is generally divided into a landslide source area, debris flow area, and accumulation area [45,46,47,48]. This classification method is primarily based on the spatial-temporal characteristics of each region [49]. This classification method helps us understand the mechanism of landslide movement in the early stage, but it ignores the characteristics of high-level landslides such as strong impact loading and a hidden disaster-forming process. According to the results of the field geological survey and the seismic signal analysis, in this paper, we propose a new division method for high-level landslide hazards (Figure 10), including four zones: rapid star, impact loading, fragmentation and migration, and scattered accumulation zones (Figure 10).



	(1)

	
Rapid start zone







In the high-level landslide rapid start zone (elevations of 3100–3400 m), the sliding force of the landslide body gradually increased under the action of the earthquake, rainfall, and freezing-thawing. Thus, the internal energy of the locked section of the rock mass gradually increased, and the locked section finally ruptured [50]. At the moment when the sliding body was cut out, the energy released increased the kinetic energy of the landslide, resulting in the sliding body having a higher initial velocity at the beginning of its movement process.



	(2)

	
Impact loading zone







In the impact loading area (elevations of about 2900–3100 m), because the surface was covered with loose deposits created by the 1933 earthquake, it was defined as the old landslide mass. Before the occurrence of the Xinmo landslide, due to the weathering and erosion of the parent rock in the rapid start zone, the loose stones on the surface of the parent rock fell off, and they were scattered and accumulated in the impact loading area, creating inverted stone cones and defining the initial scope of the impact loading area. After the large-scale shearing of the sliding body in the rapid start zone, the sliding body was continuously loaded to the middle and rear of the old landslide body, and the strong kinetic impact force caused instability and sliding. The numerical simulation results indicate that when the 101 × 104 m3 sliding mass was loaded on the old landslide accumulation, the old landslide mass became unstable and was reactivated.



	(3)

	
Fragmentation and migration zone







In the fragmentation migration area (elevations of about 2550–2900 m), due to the dynamic impact loading force, the sliding bodies collided with each other, broke, and disintegrated; and the number of block fractals gradually increased. Moreover, limited by the terrain, the movement path of the Xinmo landslide was pipe-shaped. During the movement of the sliding body, it proceeded in the movement mode of a continuous debris flow. It scraped the loose accumulation on the ground, further increasing the volume of the sliding body.



	(4)

	
Scattered accumulation zone







In the scattered accumulation area (elevations of about 2350–2550 m), due to the gentle slope, the sliding mass transformed from a pipe-shaped mass into a diffuse debris flow, resulting in a fan-shaped accumulation. During the movement and accumulation process, the sliding bodies squeezed or sheared each other, forming a motion ridge landform. The accumulation body was divided into block stone facies, slide body facies, and bedrock facies from top to bottom, and some of the block stones were cracked but not scattered, forming a puzzle structure. Finally, the sliding body was blocked by the terraces and mountains on the other side, and its movement speed gradually decreased until the accumulation stopped.



In summary, compared with the traditional landslide hazard zonation method, the hazard zonation method proposed in this paper highlights the kinetic characteristics of high-level landslides (Figure 10). Most high-level landslides are caused by the rupture of a locked section, which releases the energy of the sliding mass, leading to the sliding mass having a high initial velocity. High-level landslides generally have a large volume (>100 × 104 m3). The huge landslide hits the loose accumulation on the ground surface, causing it to become destabilized and to reactivate, and thus, the volume of the landslide increases [51]. When the Yigong landslide occurred in Tibet in 2000, an ~3 × 107 m3 landslide mass impacted the loose deposits formed by the 1990 landslide in the ditch. The resulting strong compaction effect resulted in the sliding mass colliding with and engulfing the old landslide accumulation, and the final accumulation volume reached 3 × 108 m3 [52]. Tectonic movements are active in alpine and canyon areas, and old landslides are widely distributed. Current research has mainly focused on the stability of ancient landslides under rainfall, earthquakes, and human engineering activities and has largely ignored the impact of high-level kinetic impact loading on destabilization and revival of ancient landslides [53,54]. After the impact loading stage, the sliding mass broke up and disintegrated, exhibiting debris flow type migration, and finally, the accumulation stopped after being blocked by mountains and rivers, forming long-distance accumulation landforms such as motion ridges [55,56]. The zonation of high-level landslide hazards improves our understanding the evolution stages of the dynamic process of such landslides, strengthens our understanding of landslide kinetic mechanisms, and provides important guidance for high-level landslide risk assessment and other work.



In view of the analysis and research on the dynamic process of a high-position and long runout landslide in western China, scholars have carried out some effective numerical analyses and research on the dynamic process [57,58,59,60]. The numerical simulation methods used included the empirical method, continuum method, and discrete element method. Among them, the empirical method has relatively simple calculations and is mostly used in the emergency rescue stage. It is relatively conservative in evaluating the landslide speed, and it is feasible to use it in risk planning. Considering the changes in the topography and geomorphology, the continuum method can simulate a high-level landslide under complex terrain conditions, and it provides a variety of base resistance models, but it cannot show the interaction force such as the collision between the blocks inside the sliding body. The discrete element method can better simulate the collision and accumulation characteristics of sliding bodies and can completely show the dynamic processes such as the rapid start, impact loading, and reactivation of the old landslide. The above method provides technical support for studying the dynamic disaster effect of high landslides.




6. Conclusions


Due to its huge destructiveness, the study of the kinetic disaster effect of the high-level Xinmo landslide has been the focus of research. Based on a large amount of previous research, in this study, the movement process of the Xinmo landslide was investigated via landslide seismic signal analysis and discrete element numerical simulation. The main conclusions of this study are as follows.



	(1)

	
In the seismic signal analysis, the Xinmo landslide vibration signal was decomposed into 13 modal eigenfunctions and one remainder via ensemble empirical mode analysis, and the energy proportion of each modal eigenfunction was calculated. Through spectrum analysis, it was found that the frequency of the landslide vibration signal was mainly low, the vibration signal was mainly located at low frequencies of 0–10 Hz, and the dominant frequency range was 2–8 Hz. This provides a method for the preliminary identification of landslide seismic signals.




	(2)

	
According to the discrete element calculation results, when the 101 × 104 m3 sliding mass was loaded on the old landslide accumulation, the old landslide mass became unstable and was reactivated. At a horizontal distance of 1175 m, the maximum speed of the sliding body was 69.93 m/s. By comparing the continuum method and the sled model, it was determined that the discrete element method can better describe the kinetic impact behavior of high-level landslides.




	(3)

	
Regarding high-level landslide kinetic disaster zoning, in this study, seismic signal analysis and discrete element calculation analysis were combined and the traditional zoning method based on the spatial relationships of the landslide sections was replaced with a new zoning method based on the kinetic behavior of the landslide. The proposed landslide division includes rapid start, impact loading, fragmentation and migration, and scattered accumulation zones. We also preliminarily analyzed the kinetic characteristics and geomorphic characteristics of each region. The results of this study have important guiding significance for risk assessment of high-level landslides. And these also provide a basis for the formulation of land use planning in mountainous areas, and promote economic construction and sustainable development in mountainous areas.
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Figure 1. (a) Landslide location at the Min river catchment, Sichuan Province; (b) Plan view after sliding; (c) Engineering geological profile map of the Xinmo high-position landslide. 






Figure 1. (a) Landslide location at the Min river catchment, Sichuan Province; (b) Plan view after sliding; (c) Engineering geological profile map of the Xinmo high-position landslide.



[image: Sustainability 15 05851 g001]







[image: Sustainability 15 05851 g002 550] 





Figure 2. The seismic record from the seism station MXI. 
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Figure 3. The numerical mode of the Xinmo landslide. 
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Figure 4. EEMD decomposition of the seismic signal (UD). 
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Figure 5. Instantaneous frequency of the different IMF and the residual term. 
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Figure 6. Frequency power spectra of the seismic signal (UD). 
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Figure 7. The time-frequency spectra of the seismic signal (UD). 
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Figure 8. The velocity variations and thickness variations of the Xinmo landslide. 
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Figure 9. Movement process scenario for the Xinmo landslide. (a) Sliding starting in the source area (T = 1 s), (b) Impact loading of sliding mass to the middle and rear of the old landslide mass (T = 10 s), (c) Overall sliding of the old landslide (T = 25 s), (d) Landslide debris flow (T = 40 s). 
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Figure 10. Schematic diagrams showing the high-level landslide disaster zones. (a) Before sliding; (b) After sliding. 
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Table 1. Particle and contact parameters used in discrete element simulation.
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	Parameter
	Value





	Particle/slide bed parameters
	



	Density (kg/m3)
	2600/2600 (particle/slide bed)



	Poisson’s ratio
	0.2/0.35 (particle/slide bed)



	Shear deformation modulus (GPa)
	21/7 (particle/slide bed)



	Contact parameters
	



	Coefficient of static friction between particles
	0.5



	Coefficient of rolling friction between particles
	0.03



	Particle recovery coefficient
	0.5



	Coefficient of static friction between particles and slide bed
	0.8



	Coefficient of rolling friction between particles and slide bed
	0.05



	Recovery coefficient of friction between particles and slide bed
	0.35
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Table 2. Division of landslide movement stages based on time-frequency diagram.
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	Order
	Stage
	Start Time
	Stop Time
	Duration (s)
	Distance (m)
	Average Speed (m/s)
	Main Frequency Range (Hz)





	a
	Rapid start
	05:39:00
	05:39:29
	29/120
	380
	13.1
	2.6–4.6



	b
	Impact loading
	05:39:29
	05:39:47
	18/120
	350
	19.4
	3.2–5.7



	c
	Fragmentation and migration
	05:39:47
	05:40:26
	39/120
	1150
	29.4
	2.8–8.5



	d
	Scattered accumulation
	05:40:26
	05:41:00
	34/120
	850
	25.0
	2.1–5.2
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